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The nucleotide-binding site (NBS)—leucine-rich repeat (LRR) gene family is a class of R genes in plants. NBS genes play a
very important role in disease defence. To further study the variation and homology of mango NBS—LRR genes, 16
resistance gene analogues (RGAs) (GenBank accession number HM446507-22) were isolated from the polymerase chain
reaction fragments and sequenced by using two degenerate primer sets. The total nucleotide diversity index Pi was 0.362,
and 236 variation sites were found among 16 RGAs. The degree of homology between the RGAs varied from 44.4% to
98.5%. Sixteen RGAs could be translated into amino sequences. The high level of this homology in the protein sequences
of the P-loop and kinase-2 of the NBS domain between the RGAs isolated in this study and previously characterized R
genes indicated that these cloned sequences belonged to the NBS—LRR gene family. Moreover, these 16 RGAs could be
classified into the non-TIR—NBS—LRR gene family because only tryptophan (W) could be claimed as the final residual of
the kinase-2 domain of all RGAs isolated here. From our results, we concluded that our mango NBS—LRR genes
possessed a high level of variation from the mango genome, which may allow mango to recognize many different

pathogenic virulence factors.

Keywords: nucleotide-binding site (NBS); leucine-rich repeat (LRR); resistance gene; mango; diversity

Introduction

Plant diseases are among the many major factors which
limit the yield of crops; fungal, bacterial and viral patho-
gens, which are ubiquitous, are able to infect almost all
species. Many resistance (R) genes are single genotype
locus genes that confer resistance against one pathogen.
[1] R genes are known to contain two conserved motifs: a
nucleotide-binding site (NBS) and a leucine-rich repeat
(LRR). The proteins encoded by these NBS—LRR genes
are thought to act as receptors that can distinguish aviru-
lence factors of pathogens that trigger plant defence
responses.[2] The NBS domain was proposed to be crucial
for adenosine triphosphate (ATP)-binding and the overall
function of the R-gene product. The LRR domain is
responsible mainly for the genetic specificity of the inter-
action between the R-gene product and the avirulence fac-
tors.[3—6] The NBS domains of all characterized R genes
contain several highly conserved motifs: a P-loop, kinase-
2, kinase-3a, and Gly-Leu-Pro-Leu (GLPL) domains.[7]
The P-loop and kinase-2 motif are thought to be ATP- and
guanosine triphosphate (GTP)-binding sites.[8,9] When a
host plant is infected by a pathogen, the R-gene can distin-
guish the avirulence factors of the pathogen and trigger a
local hypersensitive response, which leads to programmed
death in the plant cells close to the site of infection.

Previous studies have demonstrated that the NBS and
LRR domains of the proteins encoded by the resistance
gene analogues (RGAs) isolated from different plant spe-
cies have highly homologous amino acid sequences. A
polymerase chain reaction (PCR)-based approach has
been developed to clone NBS—LRR-containing R-genes
on the basis of degenerate primers designed from the con-
served regions of the NBS domain. This method has been
applied successfully in many species, such as potato,[10]
soybean,[11] maize,[12] sunflower,[13] lettuce,[14]
Brassica napus,[15] rice,[16] common bean,[17] citrus,
[18] coffee,[19] chickpea,[20] grapevine,[21] apple,[22]
wheat,[23] chicory [24] and sorghum.[25] NBS—LRR
resistance (R) genes have been also used as polymorphic
markers to locate disease resistance genes in Arabidopsis
thaliana,[26] wheat,[27] melon,[28] cowpea,[29] tomato
plants (Lycopersicon esculentum Mill),[30] common
bean,[31] cocoa [32] and cotton.[33]

Mango (Mangifera indica L.) is one of the most
important fruits trees in sub-tropical regions. Many dis-
eases, such as anthracnose, powdery mildew, blackspot,
gummosis, phomopsis citri, etc., can affect mango at dif-
ferent periods of its life-cycle and impair the fruit quality
and yield significantly. However, few studies on the resis-
tance mechanisms in mango have been reported to date,

*Corresponding author. Email: lyfull@163.com

© 2014 The Author(s). Published by Taylor & Francis.

This is an open-access article distributed under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/3.0/, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.


mailto:lyfull@163.com
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1080/13102818.2014.931706

418 X Leietal.
TIR/ICC NBS LRR
| P-LOOP | RNBS-A | Kinase-2 | RNBS-B | RNBS-C |GLPL|
S
5-GGYATGGGNGGYMTHGGNAARAC-3 se—
CCANACATCATCMAGSACAA
Figure 1. Primer sequences designed based on the P-loop and kinase-2 domain of NBS.

especially, on R genes. Therefore, the isolation and char-
acterization of R gene sequences in mango is very impor-
tant and can provide the theoretical basis for breeding of
disease-resistant varieties of mango. In this study, we suc-
cessfully isolated 16 RGAs in mango, and these results
will help improve varieties of mango in the future.

Materials and methods
DNA isolation and PCR amplification

Genomic DNA from the elite mango variety, ‘Jinhuang’,
was extracted using the cetyltrimethylammonium bromide
(CTAB) method with some modifications.[34] The degen-
erate primers were designed according to Wang [35]; for-
ward primer: 5'-GGYATGGGNGGYMTHGGNAARAC-
3’ and reverse primer: 5-CCANACATCATCMAGSA-
CAA-3’ (Figure 1). PCR amplification was carried out in
a 20 puL reaction containing 50 ng of template DNA,
1 umol/L primers, 200 umol/L deoxynucleoside triphos-
phates (ANTPs), 1 xPCR buffer, 2.0 mmol/L MgCl, and
1 U of Tag DNA polymerase (Ferment, USA). PCR con-
ditions included denaturation at 94 °C, then 30 cycles of
94 °C for 30 s, 50 °C for 30 s, 72 °C for 90 s and a final
elongation step at 72 °C for 10 min. The amplified PCR
products were electrophoresed in 1% (w/v) agrose gels
and stained with ethidium bromide. PCR fragments were
recovered using the Tiangen DNA gel extraction kit
(Tiangen, China).

Cloning of DNA fragments

Each PCR fragment was cloned into the plasmid, using
the pGEM-T Easy Vector system and transformed into
Escherichia coli strain, following the manufacturer’s
instructions. Transformed colonies were screened and the
presence of an insert was confirmed by colony PCR. Posi-
tive clones were sequenced by BGI (China).

Diversity analysis of cloned DNA fragments using
bioinformatics tools

The DNA sequences isolated in this study were compared
using software DNASTAR 7.0 and DNAMAN 6.0. Poly-
morphic values were analysed using DnaSP 4.9 software.
[36] The nucleotide sequences of the cloned fragments

were translated into amino acid sequences, using the
Expert Protein Analysis System Translate Tool ExPASy,
a proteomics server. The deduced amino acid sequences
were then subjected to motif analyses, using the online
version of the CLUSTALW multiple alignment pro-
gramme of the European Bioinformatics Institute. The
amino acid sequences of the 16 RGAs were compared
with all protein sequences deposited in GenBank, using
BLASTP algorithm.[37] Pair-wise comparisons of RGA
sequences at the NBS region were made using the
BL2SEQ algorithm.[38]

Results and discussion
Isolation of mango R gene analogues

Using degenerate primers designed based on a conserved
motif, we amplified a 250 bp DNA fragment termed RGA-
250 from the genomic DNA of the elite mango variety,
‘Jinhuang’ (Figure 2). PCR products of RGA-250 were
purified and connected to pGEM-T Easy Vector. Then, 23
positive clones were obtained after antibiotic selection.
These 23 positive clones were sequenced, any non-specific
sequences were removed and the identical sequences were
merged. Finally, a total of 16 sequences, numbered pp-
1—16, were obtained. The sequencing results showed that
the sequence lengths of pp-1—16 were between 246 bp
and 261 bp, and for all of them the amino acid sequences
could be deduced. These 16 sequences were submitted to
GenBank (accession number: HM446507-22).

The discovery of the conserved motif in the NBS—LRR
resistance gene provided a novel approach to clone RGAs,

M 1 2 3¢
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3
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100bp
Figure 2. PCR amplification products of NBS RGAs in mango.

M: DNA Marker V; Lane 1: blank control; Lane 2: control using
water as a template; Lane 3: PCR products of NBS genes ampli-
fied with forward and reverse primers for mango.



using the PCR-based method. This approach has been suc-
cessfully applied in different species to investigate resis-
tance analogues and their evolutionary relationship. But
research works on isolating RGAs based on degenerate pri-
mers have not been documented in mango so far, to the best
of our knowledge. In this article, we have isolated and char-
acterized 16 RGAs, using the PCR-based strategy. Sixteen
RGAs isolated from genomic DNA of mango can be trans-
lated into amino acid sequences, which indicate this method
is also practicable for cloning disease resistance genes of
mango.

Gene polymorphism and homologous analysis of mango
R-gene analogues

Multiple sequence alignment (DNAMAN 6.0 software)
results showed that there were significant differences
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Figure 3. Alignment of NBS-type gene sequences in mango.
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between the pp-1—16 sequences (Figure 3). Allelic varia-
tion among these 16 isolated analogues was analysed
using DnaSP4.9 software. There were many types and
numbers of variation sites between pp-1—16 (Table 1).
Figure 4 demonstrates that the 16 analogues isolated in
this study had high level of genetic variation. The total
nucleotide diversity index Pi was 0.362, the lowest Pi
value was 0.106 (245—265 bp), and the highest Pi value
was 0.510 (135—167 bp). In the first and last 20 bp DNA
fragment range, the Pi values were lower. It is because
these regions were located within the P-loop and kinase-2
of NBS conserved regions that the sequence variation was
little. In the region between 21 and 254 bp, the Pi value
was almost above 0.3, and was higher, the closer it was to
the neutral position which has the lower intensity of
genetic linkage, and is more prone to genetic variation. In
short, these results indicate that a variety of resistance

.!1IGAGAG!IIGGGIIIIIC 97
-ECGICGAGCTTGGETTICCH 97

. .GCTCEGEAATTITAGE BrcTcRATCARCEATEC . BCET 190
PTGATTTGAAICTGCE. . .GECA 188
BAnAGETGAATACEGAAGATCE 197
[ATACTCCCAATATIGGATIC .ATCT 190
ATACQETCCCAATATIGGATIC.ATCT 190
ATACETCCCAATATIGGATIC.ACCT 190
GIAMETCCCARTATIGGATIC . ATCT 190
GIAMETCCCAATATIGGATIC.ATCT 190
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Table 1 Variation sites of 16 RGAs sequences in mango.

Number of

Type of variation sites variation sites

Total number of sites (excluding sites with 236
gaps/missing data)

Sites with alignment gaps or missing data 29

Invariable (monomorphic) sites 57

Variable (polymorphic) sites 179

Singleton variable sites 17

Parsimony informative sites 162

genes are available to recognize diverse biotic challenges
in the mango genome.

DNASTAR 7.0 software was used to measure the
extent of the homology between the 16 RGA sequences.
The extent of the homology between these RGA ana-
logues varied from 44.4% to 98.5%. pp-03 had high
homology with pp-13 and pp-16 (average of 98.5%). The
lowest identity (44.4%) was found between pp-03 and
pp-14. It is possible that pp-03, pp-13 and pp-16 have
arisen from the recent duplicate event of a common ances-
tor gene. However, pp-03 and pp-14 may experience a
long period of accumulated divergences since the origin
of duplication event. Other RGA analogues showed low
to moderate identities ranging from 50% to 80%. These
results demonstrate that there was high diversity among
the RGAs isolated in the study (Table 2).

A phylogenetic tree of the 16 RGAs was constructed
by using MegAlign Cluster W program of DNAStar 6.0
software (Figure 5). The 16 mango NBS RGAs were
divided into three categories (the threshold value 0.35).
The first class includes pp-07, pp-08, pp-10, pp-15, pp-04,
pp-06, pp-05, pp-12, pp-01, pp-11 and pp-14. The second
class includes pp-16, pp-03, pp-13 and pp-09. The third
class includes pp-02 only. It can be seen that these three

0.5 Pi

0.4 x 4
0.3 N ' \
0.2

0.1 4

0 100 200 300
Nucleotide Position

Figure 4. Polymorphism characteristic of NBS—LRR ana-
logues isolated from mango (pp-01—16). The vertical axis repre-
sents the nucleotide diversity (Pi), and the horizontal axis
represents the nucleotide position (bp), the curved line represents
the change of Pi in different nucleotide positions.

classes showed a greater degree of genetic disproportion-
ation in the evolution.

Sequence analysis of conserved motifs

The amino acid sequences of the 16 RGAs sequences
were deduced (Figure 6) and the length of the amino
acid sequence was 82 (pp-04, pp-05, pp-06, pp-07, pp-08,
pp-10, pp-12 and pp-15), 83 (pp-01, pp-02 and pp-11), 84
(pp-14) and 88 (pp-03, pp-09, pp-13 and pp-16). All 16
amino acid sequences were deduced to contain the P-
Loop (GMGGIGKT) and kinase-2 (VLDDVW/D) domain
of NBS resistance genes conserved sequence. In addition,
kinase-2 (VLDDVW/D) sites were very conservative, all
16 sequences were identical, while the P-Loop
(GMGGIGKT) domains were quite conservative, and
only glycine mutated to arginine at the sixth point (pp-
10). Moreover, in other plants, such as Arabidopsis, the
protein sequence of NBS revealed a large variation in
RPP2 and RPPS; in the configuration of the conserved
domain ‘GMGGIGKTT’, ‘M’ at the second position was
mutated to ‘P’ or ‘Q’, at the fifth position ‘I’ and at the
seventh position ‘T° were also mutated to ‘“V’ and ‘S’.
Furthermore, RPP5, the last point of the conserved
domain ‘“VLDDVW? also mutated into ‘D’. These results
also showed that the NBS conserved region of mango
RGAs was more conservative.

Amino acid sequences of 16 RGAs were compared
with other known R genes (RPS2, RPS5 and PPS5 of Arabi-
dopsis, 12C-1 of tomato, Xal of rice, L6 of linen, RPM1
of Chinese Kale and SNLR of sorghum), using the CLUS-
TAL W multiple alignment program. From the Blast
result, the two motif domains of the R gene, P-LOOP
(GMGGIGKT) and kinase-2 (VLDDVW), kept high con-
servation among the RGAs, Arabidopsis, rice, tomato,
linen, Chinese Kale, and sorghum, which indicated the
RGAs isolated in the present investigation may be
NBS—LRR resistance genes responsible for specific bind-
ing with avirulence factors to promote defence response
in mango. PP-02 showed a high identity with 12C-1 of
tomato, with a percentage identity of 60%. The identity
between the amino acid sequences of PP-01, PP-04, PP-
05, PP-06, PP-07, PP-08, PP-10, PP-11, PP-12 and PP-14
varied from 55% to 60%. From Figure 1, the P-loop of the
NBS domain seems to be a more conservative region
compared with the other sequence in the 16 analogues in
nucleotide sequence.

Phylogenetic analysis of RGA sequences with already
characterized R genes was done by establishing average
distance tree, using BLOSUMS62 in the Jalview Java
alignment editor. We assigned the 24 amino acid sequen-
ces into three phylogenetically clustered groups (Figure 7).
The largest group contains 11 RGAs (PP-01, PP-11, PP-
04, PP-06, PP-05, PP-12, PP-10, PP-15, PP-07, PP-08 and
PP-14) and two characterized R-gene (L6 of linen and
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Figure 5. Phylogenetic tree of NBS resistance RGAs in mango.

PP5 of Arabidopsis). The four RGAs, PP-02, PP-03, PP-
16 and PP-13, are clustered together with four character-
ized R genes, 12C of tomato, Xal of rice, PPM1 of Chi-
nese Kale and RPS5 of Arabidopsis. The other group
consisted of RPS2 and RPS5 of Arabidopsis.

RGAs have been isolated based on the PCR-based
method using degenerate primers designed according
to a conserved motif in a large range of species. Our
investigation provided the first presentation of com-
plexity and diversity of R NBS—LRR class genes in
mango. Some documents have demonstrated rich diver-
sity of RGAs in a given plant genome which has prob-
ably been subjected to an unequal cross-over event.

[39—41] From our experimental results, RGAs isolated
in this investigation also showed a high genetic varia-
tion range either in nucleotide sequence or in amino
acid sequence except for the P-loop and kinase motif
of the NBS domain functioning as an ATP- and GTP-
binding site, which may be advantageous to recognize
different pathogen avirulence factors. So far, however,
it is not known what genetic mechanism is responsible
for rich genetic variation of RGAs in plant genomes.
NBS—LRR resistance class genes are a large family
with several conserved motifs and have rich copies in
plant genomes. For example, there are approximately 150
copies in Arabidopsis and nearly 600 copies in rice.

Table 2 Results from the BL2SEQ algorithm showing the extent of identity between the RGAs isolated in the present study.

Percent identity

pp-01 pp-02 pp-03 pp-04 pp-05 pp-06 pp-07 pp-08 pp-09 pp-10 pp-11 pp-12 pp-13 pp-14 pp-15 pp-16
Divergence

pp-01 490 465 833 809 817 793 78.0 47.1 789 928 81.7 46,5 61.7 780 46.1
pp-02 86.5 52.8 48.1 473 485 49.0 481 488 48.1 481 485 532 475 502 520
pp-03 939 747 475 475 459 47.1 475 591 475 478 492 985 444 467 985
pp-04 19.0 89.6 903 89.0 939 858 858 485 874 805 91.1 46.7 654 878 463
pp-05 223 93.1 90.3 120 89.0 846 846 481 874 809 976 483 642 882 488
pp-06 212 88.0 959 64 120 82.1 827 481 850 80.1 89.0 459 646 854 450
pp-07 246 863 91.6 159 17.5 20.7 984 46.1 854 768 858 479 658 874 463
pp-08 26.6 89.1 90.2 160 17.6 18.6 1.6 46.5 858 77.6 854 475 658 86.6 46.7
pp-09 91.7 904 595 874 886 885 96.0 942 494 496 494 584 522 48.1 588
pp-10 250 88.7 90.8 139 139 169 164 159 844 80.1 874 483 646 947 47.1
pp-11 77 89.6 89.5 229 224 234 283 271 836 233 80.1 478 63.0 77.6 482
pp-12 212 885 85.0 9.6 2.5 120 161 165 845 139 234 483 633 87.8 483
pp-13  93.7 73.7 1.5 93.0 876 959 889 902 614 880 89.5 877 452 483 969
pp-14 540 90.5 1024 468 49.0 484 457 457 764 481 513 50.7 99.0 64.6 452
pp-15 263 823 932 134 129 165 139 149 88.7 55 269 135 877 48.1 45.9
pp-16 953 76.9 1.6 946 863 99.0 945 93.0 604 923 881 87.6 3.1 992 96.1
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Figure 6. Alignment of amino acid sequences from 16 RGAs of mango, RPS2, RPS5 and PP5 of Arabidopsis, Xal of rice, L6 of linen,
RPMI of Chinese Kale and SNLR of sorghum. Identical amino acid sequences are blocked with black.
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R-genes.



[42,43] The NBS domain, which contains the P-loop,
kinase-2, kinase-3a and GLPL, is highly conserved in its
protein sequence for the ATP- or GTP-binding and hydro-
lysis activity.[7] The R-class genes can be separated into
two clusters according to the presence and absence of a
TIR domain at the N-terminus of the protein. The last resi-
dues of the NBS domain have been used to predict
whether RGAs can be classified into the TIR—NBS family
or no-TIR—NBS family, the conservation of tryptophan
(W) and aspartic acid (D) are separately characteristics of
no-TIR—NBS—LRR protein and TIR—NBS—LRR pro-
tein.[44] In our study, 16 RGAs isolated from the genomic
DNA of mango were translated into amino acid sequen-
ces, sharing good identity with characterized R-class
genes of L6, PRRS, 12C-1, Xa-1, RPM1, SNLR, RPS2
and RPSS5 in the P-loop and kinase-2 domain, which indi-
cates that these RGAs may belong to the R class of
NBS—LRR. From our results, the RGAs isolated in this
study can be grouped into 2 clusters. But only tryptophan
(W) occurred in the last residue of the kinase-2 of the 16
RGAs, which indicates that these RGAs may belong to
the non-TIR—NBS—LRR class of the R gene family.

Conclusions

In this study, 16 RGAs isolated from the genomic DNA of
mango were translated into amino acid sequences sharing
good identity with characterized R-class genes of L6,
PRRS5, 12C-1, Xa-1, RPM1, SNLR, RPS2 and RPS5 in the
P-loop and kinase-2 domain, indicating that these RGAs
may belong to the R class of NBS—LRR. Our results sug-
gested that the RGAs isolated in this study could be
grouped into three clusters. Only tryptophan (W) occurred
in the last residue of the kinase-2 of the 16 RGAs, which
indicates that these RGAs may belong to the non-
TIR—NBS—LRR class of the R gene family.

Funding

This study was supported by the National Natural Science Foun-
dation of China [grant number 30760147].

References

[1] Timmerman-Vaughan GM, Frew TJ, Weeden NF. Charac-
terization and linkage mapping of R-gene analogous DNA
sequences in pea (Pisum sativum L.). Theor Appl Genet.
2000;101:241—-247.

[2] Hammond-Kosack KE, Jones JDG. Plant disease resistance
genes. Annu Rev Plant Phys. 1997;48:575—607.

[3] Walker JE, Saraste M, Runswick MJ, Gay NJ. Distantly
related genes in the alpha and beta submits of ATP
synthetase, myosin, kinases and other ATP-requiring
enzymes and a common nucleotide-binding fold.
EMBO 1J. 1982;1:945-951.

[4] Saraste M, Sibbad PR, Wittinghofer A. The P-loop-a com-
mon motif in ATP- and GTP-binding protein. Trends Bio-
chem Sci. 1990;15:430—434.

(6]

(1]

[12]

[14]

[15]

[20]

Biotechnology & Biotechnological Equipment 423

Milligan SB, Bodeau J, Yaghoobi J, Kaloshian I, Zabel P,
Willianmson VA. The root knot nematode resistance gene
Mi from tomato is a member of the leucine zipper, nucleo-
tide binding, leucine-rich repeat family of plant genes.
Plant Cell. 1998;10:1307—1319.

Yoshimura S, Yamanouchi U, Katayose Y, Toki S, Wang
ZX, Kono I, Kurata N, Yano M, Iwata N, Sasaki T. Expres-
sion of Xal a bacterial blight-resistance gene in rice is
induced by bacterial inoculation. Proc Natl Acad Sci USA.
1998;95:1663—1668.

Tameling WIL, Elzinga SDJ, Darmin PS, Vossen JH,
Takken FLW, Harling MA, Cornelissen B. The tomato R
gene products I-2 and Mi-1 are functional ATP binding
proteins with ATPase activity. Plant Cell. 2002;
14:2929—-2939.

Traut TW. The functions and consensus motifs of nine
types of peptide segments that form different types of
nucleotide binding-sites. Eur J Biochem. 1994;222:9—19.
Meyers BC, Dickerman AW, Michelmore RW, Sivaramak-
rishnan S, Sobral BW, Yong ND. Plant disease resistance
genes encode members of an ancient and diverse protein
family within nucleotide-binding superfamily. Plant J.
1999;20:317—-332.

Leister D, Ballvora A, Salamini S, Gebhardt C. A PCR
based approach for isolating pathogen resistance genes
from potato with potential for wide application in plants.
Nat Genet. 1996;14:421—429.

He CY, Tian AG, Zhang JS, Zhang ZY, Gai JY, Chen SY.
Isolation and characterization of a full-length resistance
gene homolog from soybean. Theor Appl Genet. 2003;
106:786—793.

Collins NC, Webb CA, Seah S, Ellis JG, Hulbert SH, Pryor
A. The isolation and mapping of disease resistance gene
analogs in maize. Mol Plant Microbe Interaction. 1998;
11:968—978.

Gentzbittel L, Mouzeyar S, Badaoui S Mestries E, Vear F,
DE Labrouhe DT, Nicolas P. Cloning of molecular
markers for disease resistance in sunflower, Helianthus
annus L. Theor Appl Genet. 1998;96:519—525.

Shen KA, Meyers BC, Islam-Faridi MN, Chin, D, Stelly
DM, Michelmore RW. Resistance gene candidates identi-
fied by PCR with degenerate oligonucleotide primers map
to PCR with degenerate oligonucleotide primers map to
clusters of resistance genes in lettuce. Mol Plant Microbe
Interaction. 1998;11:815—823.

Joyeux A, Fortin MG, Mayerhofer R, Good AG. Genetic
mapping of plant disease resistance gene homologues
using a minimal Brassica napus L. population. Genome.
1999;42:735—743.

Mago R, Nair S, Mohan M. Resistance gene analogues
from rice: cloning sequencing and mapping. Theor Appl
Genet. 1999;99:50—57.

Rivkin MI, Vallejos CE, Mcclean PE. Disease-resistance
related sequences in common bean. Genome. 1999;
42:41—-47.

Deng Z, Huang S, Ling P, Chen C, Yu C, Weber CA,
Moore GA, Gmiter JR. Cloning and characterization of
NBS-LRR class resistance-gene candidate sequences in
citrus. Theor Appl Genet. 2000;101:814—822.

Noir S, Combes MC, Anthony F, Lashermes P. Origin
diversity and evolution of NBS-type disease-resistance
gene homologues in coffee trees (Coffea L.). Mol Genet
Genomics. 2001;265:654—662.

Huettel B, Santra D, Muehlbauer F, Kahl G. Resistance gene
analogues of chickpea (Cicer arietinum L.): isolation, genetic



424

(21]

[22]

[24]

(28]

(31]

X Leietal.

mapping and association with a Fusarium resistance gene
cluster. Theor Appl Genet. 2002;105:479—490.

Donald TM, Pellerone F, Adam-Blondon AF, Bouquet A,
Thomas MR, Dry IB. Identification of resistance gene ana-
logs linked to a powdery mildew resistance locus in grape-
vine. Theor Appl Genet. 2002;104:610—618.

Lee SY, Seo JS, Rodriguez-Lanetty M, Lee DH. Compara-
tive analysis of super-families of NBS-encoding disease
resistance gene analogs in cultivated and wild apple spe-
cies. Mol Genet Genomics. 2003;269:101—108.

Lacock L, Van Niekerk C, Loots S, Dupreez F, Botha AM.
Functional and comparative analysis of expressed sequen-
ces from Diuraphis noxia infested wheat obtained utilizing
the conserved Nucleotide Binding Site. Afr J Biotechnol.
2003;2:75-81.

Plocik A, Layden J, Kesseli R. Comparative analysis of
NBS domain sequences of NBS-LRR disease resistance
genes from sunflower, lettuce and chicory. Mol Phylogenet
Evol. 2004;31:153—163.

Totad AS, Fakrudin B, Kuruvinahetti MS. Isolation and
characterization of resistance gene analogs (RGAs) from
sorghum (sorghum bicolor L. Moench). Euphytica. 2005;
143:179—188.

Aarts MGM, Hekkert BTL, Holub EB, Beynon JL, Stie-
kema WJ, Pereira A. Identification of R-gene homologous
DNA fragments genetically linked to disease resistance
loci in Arabidopsis thaliana. Mol Plant Microbe Interac-
tion. 1998;11:251-258.

Chen XM, Line RF, Leung H. Genome scanning for resis-
tance-gene analogs in rice, barley, and wheat by high-reso-
lution electrophoresis. Theor Appl Genet. 1998;
97:345-355.

Mas JG, Van Leeuwen H, Monfort A, Devicente MC,
Puigdome Nech P, Aru SP. Cloning and mapping of resis-
tance gene homologues in melon. Plant Sci. 2001;
161:165—172.

Gowda BS, Miller JL, Rubin SS, Sharma DR, Timko MP.
Isolation, sequence analysis, and linkage mapping of resis-
tance-gene analogs in cowpea (Vigna unguiculata L.
Walp.). Euphytica. 2002;126:365—377.

Zhang LP, Khan A, Nino-Liu D, Foolad MR. A molecular
linkage map of tomato displaying chromosomal locations
of resistance gene analogs based on a Lycopersicon escu-
lentum x Lycopersicon hirsutum cross. Genome. 2002;
45:133—146.

Lopez CE, Acosta IF, Jara C, Pedraza F, Gaitan-Solis
E, Gallego G, Beebe S, Tohme J. Identifying resistance
gene analogs associated with resistances to different

(32]

[41]

pathogens in common bean. Phytopathology. 2003;93:
88—-95.

Lanaud C, Risterucci AM, Pieretti I, N’goran JAK, Fargeas
D. Characterisation and genetic mapping of resistance and
defence gene analogs in cocoa (Theobroma cacao L.). Mol
Breeding. 2004;13:211-227.

Hinchliffe DJ, Lu Y, Potenza C, Gopalan CS, Cantrell RG,
Zhang J. Resistance gene analogue markers are mapped to
homeologous chromosomes in cultivated tetraploid cotton.
Theor Appl Genet. 2005;110:1074—1085.

Doyle JJ, Doyle JL. Isolation of plant genomic DNA from
fresh tissue. Focus. 1990;12:13—15.

Wang YH, Hou XL, Shen SX, Chen XP, Wang M. Isola-
tion and Characterization of Resistant Gene Analogs from
Brassica campestris ssp. chinensis. Sci Agric Sinica.
2006;39:2621—-2626.

Rozas J, Rozas R. DNASP 2.0: a novel software package
for extensive molecular population genetic analysis. Com-
put Appl Biosci. 1997;13:307—-311.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,
Miller W, Lipman DJ. Gapped Blast and PSI-BLAST: a
new generation of protein database search program.
Nucleic Acid Res. 1997;25:3389—3402.

Tatusova TA, Madden TL. Blast 2 sequence — a new tool
for comparing protein and nucleotide sequence. FEMS
Microbiol Lett. 1999;174:247—250.

Song WY, Wang GL, Gardner J, Olsten T, Ronald PC.
Evolution of the rice Xa2! disease resistance gene family.
Plant Cell. 1997;9:1279—1287.

Ellins JG, Lawrence GJ, Luck JE, Dodds N. Identification
of regions in alleles of the flax rust resistance gene L that
determine differences in gene-for-gene specificity. Plant
Cell. 1999;11:495—506.

Cana EF, Geffroy V, Macadre F, Imbert-Bollore P, Sevi-
gnac M, Langin T. Characterization of expressed NBS-
LRR resistance gene candidates from common bean. Theor
Appl Genet. 2003;106:251—-261.

Meyers BC, Kozik A, Griego A, Kuang H, Michelmore
RW. Genome-wide analysis of NBS-LRR-encoding
genes in Arabidopsis. Plant Cell. 2003;15:809—834.
Monosi B, Wisser RJ, Pennil L, Hulbert SH. Full-genome
analysis of resistance gene homologues in rice. Theor Appl
Genet. 2004;109:1434—1447.

Meyers BC, Dickerman AW, Michelmore RW, Sivaramak-
rishnan S, Sobral BW, Yong ND. Plant disease resistance
genes encode members of an ancient and diverse protein
family within nucleotide-binding superfamily. Plant J.
1999;20:317—332.



	Abstract
	Introduction
	Materials and methods
	DNA isolation and PCR amplification
	Cloning of DNA fragments
	Diversity analysis of cloned DNA fragments using bioinformatics tools

	Results and discussion
	Isolation of mango R gene analogues
	Gene polymorphism and homologous analysis of mango R-gene analogues
	Sequence analysis of conserved motifs

	Conclusions
	Funding
	References

