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Abstract Numerous disease resistance gene-like DNA
sequences were cloned from an intergeneric hybrid of
Poncirus and Citrus, using a PCR approach with degen-
erate primers designed from conserved NBS (nucleotide-
binding site) motifs found in a number of plant resis-
tance genes. Most of the cloned genomic sequences
could be translated into polypeptides without stop co-
dons, and the sequences contained the characteristic mo-
tifs found in the NBS-LRR class of plant disease resis-
tance genes. Pairwise comparisons of these polypeptide
sequences indicated that they shared various degrees of
amino-acid identity and could be grouped into ten class-
es (RGC1-RGC10). When the sequences of each class
were compared with known resistance-gene sequences,
the percentage of amino-acid identity ranged from 18.6%
to 48%. To facilitate genetic mapping of these sequences
and to assess their potential linkage relationship with
disease resistance genes in Poncirus, we developed
CAPS markers by designing specific primers based on
the cloned DNA sequences and subsequently identifying
restriction enzymes that revealed genetic polymor-
phisms. Three of the amplified DNA fragment markers
(designated as 18P33a, Pt9a, and Pt8a) were associated
with the citrus tristeza virus resistance gene (Ctv), and
one fragment (Pt8a) was associated with the major gene
responsible for the citrus nematode resistance (Tyrl);
both genes are from Poncirus and of importance to citrus
survival and production. These polymorphic fragments
were located on two local genetic linkage maps of the
chromosome region from Ctv to Tyr1. These results indi-
cate that resistance-gene candidate sequences amplified
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with the NBS-derived degenerate primers are valuable
sources for developing markers in disease resistance-
gene tagging, mapping, and cloning.
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Introduction

Cultivated citrus species are susceptible to many diverse
pathogens including viruses, viroids, fungi, and bacteria.
This susceptibility causes huge losses to the citrus indus-
try, one of the most important fruit crop industriesin the
world. Breeding for resistance to important diseases has
been one of the top priorities in citrus cultivar improve-
ment programs, but improvement has been severely hin-
dered by the lack of effective and efficient selection pro-
cedures for disease resistance, and the lack of under-
standing of the inheritance of resistance traits.

Molecular-marker technologies have developed very
rapidly in the last decade, and they have allowed citrus
genetists and breeders to locate and map the dominant
gene responsible for the citrus tristeza virus resistance
(designated Ctv) (Gmitter et a. 1996; Deng et al. 1997,
Fang et al. 1998) and the major gene for citrus nematode
(CN, Tylenchulus semipenetrans) resistance in Poncirus
(designated as Tyrl) (Ling et a. 2000). Using similar
technol ogies, markers are being sought to tag other resis-
tance genesin Citrus and its relatives. The availability of
these markers has greatly facilitated genetic analyses and
the utilization of tagged resistance genes in resistant-
cultivar development, and it is even allowing the molec-
ular cloning of resistance genes for transfer into desir-
able cultivars by genetic transformation. So far, the iden-
tification of DNA markers for resistance genes has main-
ly depended on the utilization of the random amplified
polymorphic DNA (RAPD) technique.

A number of disease resistance (R) genes have been
cloned from several model plant species. Many of these



cloned resistance genes appear to encode components of
signal transduction pathways, and their protein products
share some common structural domains (Baker et al.
1997; Hammond-Kosack and Jones 1997). One of the
common domains is the nucleotide-binding site (NBS).
Motifs of this domain are well conserved in several R
genes, including Arabidopsis RPS2 (Bent et al. 1994,
Mindrinos et a. 1994), tobacco N (Whitham et al. 1994),
and flax L6 (Lawrence et a. 1995). Degenerate primers
designed from the conserved amino acids in this domain
have allowed successful PCR-amplification of multiple
DNA sequences from a number of plant species that
share striking similarity to the NBS-LRR (leucine-rich
repeat) class of resistance genes (Kanazin et al. 1996;
Leister et a. 1996; Yu et a. 1996; Seah et al. 1998; Shen
et al. 1998, Speulman et al. 1998). These sequences have
been called resistance-gene analogs (RGAS) (Kanazin et
al. 1996) or resistance-gene candidate (RGC) sequences
(Shen et al. 1998). Genetic analyses have associated a
number of these sequences to known gene loci that con-
fer resistance to viruses, bacteria, fungi, or nematodes
(Kanazin et a. 1996; Leister et al. 1996; Yu et al. 1996;
Aarts et al. 1998; Seah et al. 1998; Shen et al. 1998,
Speulman et a. 1998). Examples include the very close
linkage of two RGA clones from one gene family with
the nematode resistance locus Grol of potato (Leister et
al. 1996). More intriguingly, some of these sequences
appear to be part of the resistance genes themselves. Us-
ing one RGA clone as aprobe, Yu et al. (1996) identified
a soybean genomic clone that contains almost every fea-
ture found in tobacco N and Arabidopsis RPS2 genes.
Meyers et al. (1998) found that one sequence (RGC2B)
isolated with RGA probes contains both NBS and LRR
domains, and it may be their target Dm3 resistance gene.
These studies seem to indicate that PCR approaches us-
ing degenerate primers based on the conserved NBS do-
mains of cloned R genes can provide an attractive strate-
gy to amplify multiple resistance-gene candidate se-
guences and that these sequences can be developed into
molecular markers for use in marker-assisted selection

Table 1 Degenerate primers and vectors used in the cloning of
citrus RGC sequences. * Number of clones sequenced; clones in
parentheses were identical or very similar to the preceding ones,
which are indicated with = or =, respectively. The percentages in
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(MAS) or even lead to molecular cloning of new disease
resistance genes.

In this study, we cloned and characterized numerous
NBS-LRR class resistance-gene candidate sequences
from an intergeneric hybrid of Poncirus trifoliata and
Citrus grandis. Specific primers were designed for these
sequences and evaluated by PCR-amplification for future
use in developing markers for resistance-gene tagging
and mapping. RGC-based CAPS (cleaved amplified
polymorphic sequence) markers were identified that are
closely linked to Ctv and Tyrl, two important resistance
genesin P. trifoliata.

Materials and methods

DNA cloning and sequence analysis

Six degenerate primers were used in four combinations to amplify
RGC sequences by PCR (Table 1). Primer F11 was one of the two
oligonucleotides designed in the sense direction corresponding to
the amino-acid sequence GVGKTT found in the P-loop of N, L6
and RPS2; primers R11, R16 and R18, were three of the eight oli-
gonucleotides based on the sequence GLPLAL in the anti-sense
direction (which is part of a proposed weak hydrophobic region in
N, L6 and RPS2). Their sequences were: F11, 5- GG(A/GIT)
GT(A/GIT) GGN AA(A/G) AC(AIT) AC; R11, 5-AGI GC(A/CIT)
AGN GGN AGN CC; R16, 5-AGN GC(A/CIT) AGN GG(CIT)
AAN CC; and R18, 5-AAN GC(A/CIT) AGN GG(C/T) AAN
CC. Primers LM637 and LM638 were synthesized from the se-
quences described by Kanazin et a. (1996). The PCR template
used was the genomic DNA of USDA 17-47, an intergeneric hyb-
irid of C. grandis and P. trifoliata, which was isolated from
tender leaves as described by Durham et a. (1992). Amplifica-
tions were performed on a MJ PTC-100 thermal cycler (MJ Re-
search) in a 25-pl reaction volume; each reaction contained 50 mM
Tris-HCI pH 8.3, 2 mM MgCl,, 800 pM dNTPs, 25 uM forward
and reverse degenerate primers, 150 ng of genomic DNA, and
1 unit of Taq polymerase. The initial denaturation was 93°C for
2 min, followed by 42 cycles of 1 min at 92°C, 1 min at 50°C, and
2 min at 72°C. PCR products were separated on agarose or poly-
acrylamide gels; desired bands were excised, re-amplified, and pu-
rified before cloning. Three different vectors, pCR-Script (Straga-
gene), pGem T and pGem T Easy (Promega), were used in the
course of cloning. Clones were characterized by restriction analys-
es with two or three enzymes (Haelll, Hinfl or Taql) and classi-

parentheses show the percent amino-acid identities with the pre-
ceding clones; Pt20 and Pt23 are identical to Pt18 at the amino-
acid level, but differ at five nucleotide bases

Primer Degenerate primers Vectors #of clones*  RGC clones
combinations
Forward Reverse Name Class

| F11 R11 pGem T Easy 7 11P31 RGC3

1 F11 R16 pGem T Easy 4 16R1-13, 16R1-19 RGC7

11 F11 R18 pCR-Script 7 18P33 (=18P32), P203 RGC6
18P34, 18P35 RGC9

vV LM637 LM638 pGem T 21 Pt6 (=Pt12) RGC1
Pt14 RGC2
Pt3 (=Pt4, 99%), Pt7 (=Pt21), RGC4
Pt18 (=Pt20, Pt23) RGC5
Pt8, Pt9 (=Pt11,99%) RGCS8
Pt19 RGC10
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fied based on the restriction fragment patterns. Representative
clones of each class were chosen for sequencing. Double-stranded
plasmid DNA was sequenced by the University of Florida’'s DNA
Sequencing Core Laboratory (Gainesville, Fla) with an ABI 373
automated sequencer and a fluorescently labeled di-deoxy termi-
nator. Sequence editing and analyses were conducted with PC
Gene (Intelligent Genetics), DNASIS (Hitachi Software, South
San Francisco, Calif.), and Genetics Computer Group (Release
9.1; GCG, Madison, Wis.) software programs. Database searches
were performed using Gapped BLAST (Altschul et al. 1997).
Phylogenetic analysis was performed using the CLUSTALX pack-
age (Thompson et a. 1997). Ten iterations of sequence alignment
and tree construction were performed according to Meyers et al.
(1999). In each iteration, a neighbor-joining (NJ) tree (Saitou and
Nei 1987) was generated and used as the guide tree for the next
cycle of alignment. The CLUSTALX default options were used
in the initial alignment. Bootstrap analysis was performed in
CLUSTALX to evaluate the reliability of the nodes of the phylo-
genetic trees.

Marker development: primer designing, PCR amplification,
and restriction digestion

To develop PCR-based markers for genetic mapping of RGC se-
guences, sequence regions that were divergent among clones were
identified by multiple sequence alignment and subsequently used
as bases for designing specific primers. Computer software Oligo
4.0 was used to facilitate the identification of sequence segments
with desirable internal stability curves as priming sites and to
avoid potential 3 dimer or hairpin formation (Rychlik 1995). The
length of primer oligonucleotides ranged from 21 to 28 bases; this
was intentionally varied to obtain similar melting temperatures.
Oligonucleotides were synthesized by Operon Technologies. PCR
reactions were prepared and run essentially as described previous-
ly (Deng et al. 1997). Initially, each pair of primers was evaluated
for amplification and polymorphism identification with genomic
DNA from ‘Thong Dee’ pummelo (C. grandisL.) and from thein-
tergeneric hybrid USDA 17-40 [ Thong Dee' xPomeroy trifoliate
orange (P. trifoliata)]. ‘Thong Dee'" and ‘17-40" were the seed
and pollen parents, respectively, of the backcross population re-
ferred to as the R family that was used in genome mapping (Ca et
a. 1994) and CTV resistance-gene mapping (Gmitter et al. 1996;
Deng et al. 1997). When restriction digestions were required to re-
veal polymorphisms between the two parents, 5 pl (for polyacrym-
ide gels) or 10 pl (for agarose gels) of each PCR reaction was in-
cubated 3-16 h with 3 or 5 units of restriction enzymes in a 10-pl
or 15-yl vol. PCR products or their digests were separated on
1.4% agarose gels or 6% polyacrylamide gels and detected by
staining with ethidium bromide. Markers defined by a pair of spe-
cific primers and restriction enzyme digestion are referred as
CAPS markers (Konieczny and Ausubel 1993).

Identifying RGC markerslinked to CTV and CN resistance genes

BSA (bulked segregant analysis, Michelmore et a. 1991) was em-
ployed to assess the potential association of RGC-derived markers
with the CTV and CN resistance genes. The resistant and suscepti-
ble DNA bulks for CTV resistance were prepared by pooling ge-
nomic DNA from eight CTV-resistant or -susceptible individuals
of the R family (Gmitter et al. 1996). The CN resistance is a quan-
titative trait; therefore, genomic DNA from the eight most resis-
tant or susceptible individuals of the CN population (Ling et al.
2000) were combined to construct the resistant and the susceptible
bulks. Previously, this pooling procedure allowed the identifica-
tion of RAPD markers linked to Tyr1, the major gene for CN re-
sistance (Ling et a. 2000). PCR-amplification of bulked DNA and
restriction digestion of PCR products was performed as described
above. The segregation of putative Ctv-linked markers was then
analyzed among 70 individuals of the R family. Similarly, the seg-
regation of Tyr1-associated markers was determined using 63 indi-
viduals of the CN population. Based on the segregation data, Ctv-

Fig. 1 PCR amplification of genomic DNA of USDA 1747 using
four primer combinations (1, 11, 111, 1V). M: 1-kb ladder DNA size
markers; the size of marker DNA fragments is indicated to the left
of the picture in base pairs

or Tyrl-linked RGC markers were located onto previously con-
structed genetic linkage maps (Gmitter et a. 1996; Ling et al.
2000). Marker orders and genetic distances were calculated with
MAPMAKER 3.0b (Lander et a. 1987; Lincoln et al. 1992) using
a LOD value threshold of 3.0 and the Kosambi mapping function;
the validity of the marker orders was tested with the ‘RIPPLE’
function of MAPMAKER.

Results

PCR amplification and molecular cloning
of RGC sequences

The PCR products amplified from the genomic DNA of
1747 with four degenerate primer combinations are
shown in Fig. 1. Primer combinations I, 11, and 11l each
generated one major band of around 500 bp in size and a
few faint bands. Primer combination 1V produced four
major bands ranging from 200 bp to 500 bp in size. The
approximately 500-bp band from each primer combina-
tion was close to the fragment size expected based on the
sequences of the N, L6 and RPS2 genes; therefore, these
bands were cloned. Restriction analyses of inserts of ran-
domly selected clones indicated that the 500-bp DNA
band from al four primer combinations contained
heterogeneous fragments. Clones showing different re-
striction patterns of insert fragments (occassionlly clones
of identical or similar patterns as well) were identified
and characterized further by sequencing and sequence
analysis.

Sequence analysis

A total of 39 clones were sequenced (Table 1). Searches
of the GenBank database using the BLASTN algorithm
revealed that two clones were highly similar to chloro-
plast rDNA, two clones had no hits in the database, five
clones had no or only very weak similarity to resistance
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-GVGKTTLAREVYNDRSVQDF~~-KFD-~LKAWNVCLSD---NFN-VLSISRAILESITS--—----- APCDLKALNEVQVELKKAVDGK-KILLVVDDVWN
GGLGKTTLAKAVYNDESVKN----HFD--LKAWFCVSE~-~-AYN-AFRITKGLLQEIGS~----——— IDLVDDNLNQLQVKLKERLKEK-KFLIVLDDVWN

GGVGKTTLAKKLYGDKDVRR---—-HF---CCAWVSVTQ-~~DYK-LKDLLLRIITKSFKFKTAL-~-EDLET--EDDLGRYLHKSLQKH-KYLMVLDDIWD
GGVGKTTLARKLYHNNDVKN----KFD--YCAWVSVSQ---DYK-IKDLLLRIIKSFNIMTAL---EDLETKTEEDLARSLRKSLEAY-SYLMVIDDIWH
GGVGKTTLARKLYHHNDVKH----KFD--CCAWVSVSQ---EYR-TEDLLMRIINSFDIDYP----SNLEKMREEDLERCLYQSLQGY-SYLVVIDDVWQ
GGSGKTTLSANIFKSQSVRR~-~-HFE--SYAWVTISK---SYV-IEDVFRTMIKEFYKEADTQIPAELYSLGYRELVEKLVEYLQSK-RYIVVLDDVWT

~GVGKTTLLKQVNNKFCS-EE--HDFD--VVIWSVVSR---EPN-LMQIQEDIGKRIGFSTD----- SWQRKSLEERASDITNSLKHK-KFVLLLDDIWE
~GVGKTTLLNQVNNKFCGDEQ--BHFD--VVIRSVVSR---EPN-MKQIQEDIGKRIGFSKN~~--~ SWODKSFEERASDITNTLKHK-KFVLLLDDIWE
GGVGKTTLLTKINNKLLGAP---NGFD--VVIWVVVSK--~-DLO-LEKIQEKIGRRIGFLDE-—--~ SWKNGSLEDKASDILRILSKK-KFLLLLDDIWE
GGVGKTTLLTQINNKFLDSRK--DDFD--VVIWVVVSK---DLK-IERIQDDIWKKIGLCDN-~---- SWRSKSLEDKAVDIFRVLSKK-KFVLLLDDMWK
~GVGKTTLLKQVNNNFRYQQ-~-HMFD--VVIWAAVS-——-=~-—-—— TLODDIGKRIGFSEDR----NGKEKSLQDKAVDIASILSGK-KFVLLLDDIWE
—GVGKTTLLRNLNHKFSN-AE-~-HNFD--RVILVESRT-~--DVINVETVQFVLKNRPAIPNE-~-~~ VWDNKNQOGRAVEIFQRLSQR-RFALLLDDLRG
GGVGKTTLMQSINNELITKG---HQYD--VLIWVOMSR---EFG-ECTIQQAVGARLGLSWD~=~~-~-~~ EKETGENRALKIYRALRQK-RFLLLLDDVWE
GGVGKTTLVKEIQKQAKEMK----MFD--DVAMAVVSQ--~TPT-ITKIQDEIAGWLGVKKL-—~--—-— PDTDESARASFLWERIKEKQRVLVILDDLWG
GGVGKTTIARAIFDTLLGRMDSSYQFD-GACFLKDIKE---NKRGMHSLONALLSELLR-EK-——~~~ ANYNNEEDGKHOMASRLRSK-KVLIVLDDIDN
GGVGKTTLARVVYDLIS--—--- HEFE-GSSFLADVREKFENKGSVISFQRQLLFEILKFEK-—-~-—-— DSIWNVGDGINILGSRLQHK-KVLLVIDDVVD
GGVGKTTLARFVFDNIS------ YQFDDGSSFLANVREVS~QTRGLVALQEQLVSEILLDKN-———-—— VKIWDVHKGCHMIRIKLRHK-RVLLVIDDVDE
GGIGKTTTAKAVYNKIS-——---— SCFD-CCCFIDNIRETQ-EKDGVVVLQKKLVSEILRIDSG~~---SVGFNNDSGGRKTIKERVSRF-KILVVLDDVDE
EDYSSWEDLKAPFLVAAPNSKIILTTRHSHVASTMGP--IEHYNLKRLSDEDCWSVFMKHAFEGRDVDG~HQISELYRKKIDGKCGGLPLA 170
DNYNEWDELRNVFVQGDIGSKIIVTTRKDSVALMMG---NEQISMGNLSTEASWSLFQRHAFENMDPMG-HSELEEVGRQIAAKCKGLPLA 169
K--EAWLSLKSAFPEKMNGSRVIITTRNKGVAERLDGQ-TYVHELRFLTPEESWQLFCKKAFHDSIAN---KGLEKLGREMVEKCRGLPLA 168
K--EDWVSLKSAFPENKIGSRVIITTRIKDVAERSDDR-NYVHELRFLRQDESWQLFCERAFRNSKAE---KGLENLGREMVQKCDGLPLA 171
K--ETWESLKRAFPDSKNGSRVILTTRIKEVAERSDER-THVYELPFLRPDNSWKLFCEKAFQSLNAD---EGLEKLGREMLEKCGGLPLA 170
T--GLWREISIALPDGIYGSRVMMTTRDMNVASFPYGIGSTKHEIELLKEDEAWVLFSNKAFPASLEQCRTONLEPTIARKLVERCQGLPLA 178
S-EIDLTKLGVPLQTLDSGSRIVFTTRFEGTCGKMGAH-KNRYKVFCLGDDDAWKLFEGVVGSYALNK--HPDIPKLAEHVARQCHGLPLA 171
F-EIDLTKLGVPLQTLDSGSRIVFTTRFEGTCGKMGAH-KNRYKVFCLRDDDAWKLFEGVVGRYVLNK--HPDIPKFAEDVARQCHGLPLA 172
-~RVDLTKVGVPFPNLENKSKIVFTTRFLEICGAIKAH-EF-LKVECLGPEDAWRLFRENLRRDVLDN--HPDIPELARSVAKGCAGLPLA 170
-=RVDLTQLGVPLPSPTTASKVVFTTRFVEVCGAMKAH-EY-FKVECLAHEKAWILFQEHVERQTLES~~HPDIPELAETVTKECGGLPLA 171
--RIDLTELGVPLONLNDGSKIVLTTRSAGVCDOMDSK-K--LEVYSLAHDKAWELFQEMVDRSTLDS--HTSIPELAETLARECGGLPL- 162
--PINLAEAGVPVQ---NGSKIVYTTIMEDACNVMGDQ-MK-LKVDCLLPDDAWNLFRLMVKDDVLNF--HHDILELAETVADLCGGLPLA 167
-—EIDLEKTGVPRPDRENKCKVMFTTRSIALCNNMGAE-YK-LRVEFLEKKHAWELFCSKVWRKDLLE--SSSIRRLAEIIVSKCGGLPLA 168
~-RIKLSEVGIPYGKDHRGCNILLTSRSRVVCNOMNAN-K-IVEVGTLTNEESWSRFREVAGPEVDN--~-LQINPTAREVADGCGGFPLA 166
K-DHYLEYLAGDLDWFGNGSRIIITTRDKHLIEKN----DIIYEVTALPDHESIQLFKQHAFGKEVPN-~--ENFEKLSLEVVNYAKGLPLA 171
I-KQ-LEYLAGKREWFGSGSRIIVTSRDEHLLKTHG--MDEIYKPNELNYHDALQLFNMKAFKIQKPL---EECVQLSEGVLRYVGGLPLA 170
F-DQ-LOALAGQRDWFGLGSRIIITTRDRHLIVRCD-~-VEDTYMVEKLNYNEALHLFSWKAFRKGHPT---DGYFELSHSMVNYADGLPLA 170

Fig. 2 Alignment of deduced amino acid sequences of 13 citrus
RGCs and the NBS domains of five R genes: tobacco N (Witham
et a. 1994), tomato 12C-2 (Simons et al. 1998), Arabidopsis
RPM1 (Grant et al. 1995), RPS2 (Bent et al. 1994; Mindrinos et al.

genes, therefore these clones were excluded from further
analysis. Eight sequences showed similarity to cloned
disease resistance genes at the DNA level, but contained
one or more stop codons or frame shifts. The other 22 se-
guences could be translated to polypeptides without any

Table 2 Percent amino-acid identities of ten classes of citrus
RGCs when compared to each other and to five R genes. Values
were calculated using the GCG ‘GAP program (at UF/ICBR)
with a gap creation penalty =12 and a gap extension penalty =4.

1994) and flax L6 (Lawrence et al. 1995). The computer program
CLUSTALX was used in the alignment analysis. Arrows indicate
the priming sites; kinase-2 and kinase-3a motifs are underlined

stop codons, and they showed strong overall similarities
to several plant R-gene sequences and many RGA or
RGC sequences recently cloned from other plant species
using similar PCR-based approaches (BLAST search da-
ta not shown). Multiple alignments performed with these

The first and last six amino acids of each RGC were excluded in
the comparisons. * No sensible values were obtained using the
above parameters of GCG ‘GAP' program

RGC1 RGC2 RGC3 RGC4 RGC5 RGC6 RGC7 RGC8 RGC9 RGC10 12C-2 L6 N RPM1
RGC2 47.1
RGC3 27.6 22.9
RGC4 209 22.3 30.5
RGC5 245 229 34 62.8
RGC6 —* 215 238 219 24.7
RGC7 241 24.4 20.8 221 23.6 57.2
RGC8 —* —* 238 24.0 23.0 55.3 53.7
RGC9 —* - 224 17.6 19.5 44.6 40 38.0
RGC10 — —* 23 20.7 216 32.0 313 30.2 273
12C-2 26.1 27.2 44 33.8 30.8 27.8 26.2 27.6 23.2 28.3
L6 319 331 —* 215 21.8 —* —* —* = —* 29.1
N 454 48 —* 29.0 28.8 20.7 221 —* —* —* 25.2 36.8
RPM1 - - 25.8 34.8 34.2 204 18.6 219 - 234 29.0 - -
RPS2 —* 232 22.0 224 247 40.3 38.9 40.2 34.9 24.2 234 —* —* 25.2
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Fig. 3 Phylogenetic tree based 0.197
on alignment of the deduced 18P33 (RGC6)
amino-acid sequences of 13 cit- 518
rus RGCs and the NBS do- i 0.057
mains of five R genes. Thetree 0.157 16R1-13 (RGC7)
was constructed using the - 1000
neighbor-joining method pro- 0.041 == 0048
vided in CLUSTRALX. Branch 32 — {6RI-I9 (RGCT)
lengths (proportion of amino- =
acid differences distinguishing 0.172 PI8 (RGCS)
classes) are indicated above the 0.017 0.051
linesin italics; bootstrap values — 931
based on 1000 replications are 803 o 0.169 P9 (RGCS)
underlined and boldfaced
0.046
0.301
977, 18P34 (RGCY)
0.046 0.302
977 RPS2
0.336
P19 (RGC10)
0.327
RPMI
0.039
0.172
966 Pt18 (RGCS5)
L 0.136
1000 0.036 - P13 (RGC4)
0.912 -
Py 846 0.138
639 = P17 (RGC4)
1000 0.251
- 12C-2
0.059
299 0.279
11P31 (RGC3)
0.329 16
0.058 0.257 v
291 0.045
0.245
976 Ptl4 (RGC2)
.09
603 0.252

citrus RGCs and the five most similar R-gene peptide se-
guences showed that the similarity was especially high at
the three NBS motifs (P-loop, kinase-2, and kinase-3a)
(Fig. 2). While the P-loop sequences might have been
derived from the degenerate primers F11 or LM 638 used
in the PCR amplification, the other two motifs should
have been amplified from the Poncirus or Citrus ge-
nome. This overal similarity and the existence of the
two internal motifs seem to indicate that the 22 sequenc-
es belong to the NBS-LRR resistance-gene superfamily.
Pairwise comparisons of the translatable sequences,
using the GCG *‘GAP' program, indicated the percentage
indentities at the amino-acid level. Several sequences
were highly similar (>99% identity) (Table 1). Using a
70% identity threshold value, these sequences were

Pt6 (RGCI)

grouped into ten classes, designated RGC1-RGC10 for
simplicity. The percent identities within each of the
groups ranged from 73% to 99%, and the identities be-
tween groups were generaly less than 57% (Table 2).
The exception to this was groups RGC4 and RGCS5,
which shared nearly 63% identity. The percent amino-
acid sequence identities of the ten RGC classes com-
pared with previously cloned plant disease resistance
genes are listed also in Table 2. RGC groups 1 and 2
were most identical to the N gene of tobacco (average
identity was 46.7%). RGC3 was most identical (44%) to
tomato 12C-2, while RGC4 and 5 shared some level of
identity with sequences of all five of the previously
cloned disease resistance genes; identities ranged from
21.51t0 34.8%. RGC groups 6, 7 and 8 shared their great-



est identity (ranging from 38.9 to 40.3%) with RPS2
from Arabidopsis. RGC9 and 10 had a lower similarity
with known resistance genes than the other citrus RGC
groups.

Phylogenetic analysis was also performed to evaluate
further the relationship among citrus RGCs and plant R
genes. The deduced amino-acid sequences of 13 repre-
sentative clones from ten RGC groups and the NBS do-
mains of above five R genes were aligned and a neighbor
joining tree was generated from the alignment. The pro-
cess was performed for ten iterations. This reiterative
process was considered necessary as the alignments and
trees are mutualy dependent (Meyers et a. 1999). A
similar tree topology was observed from the ten itera
tions. Figure 3 shows one typical NJ tree. Pt6 (group
RGC1) and Pt14 (group RGC2) together with N and L6
formed one major cluster; the other 11 RGCs from
groups RGC3 to RGC10, and RPS2, RPM1 and 12C-2,
formed another major cluster. A majority of the tree
nodes were supported with >80% of the 1000 replicates
in bootstrap analysis.

Marker development and association
with disease-resistance genes

To facilitate genetic mapping of the cloned RGC se-
guences and an assessment of their potential linkages
with disease resistance genes in Citrus and Poncirus, we
designed 13 pairs of primers based on the divergent
DNA sequence regions (Table 3). Primers were also syn-
thesized for one DNA sequence that showed similarity to
R genes at the DNA level, but contained stop codons
(clone 11P33). When genomic DNA of 17-40 and
‘Thong Dee’ was amplified with these 14 pairs of prim-
ers, three types of polymorphisms were observed (Table
3). Two primer pairs detected presence/absence polymor-
phisms. Pt3UP and Pt3LW amplified one band from
17-40, but not from ‘Thong Dee’. Pt7UP and Pt7LW
amplified one band from ‘Thong Dee but not from
17-40. Primer pair 11P33F and 11P33R amplified one to
three bands and revealed a fragment size difference be-
tween 1740 and ‘ Thong Dee'. The other primers ampli-
fied one band from the two test templates that appeared
to be of identical or similar sizes, so a panel of restric-
tion enzymes (mainly enzymes with four-base recogni-
tion sites) was used to digest the PCR products to reveal
polymorphisms. One to three restriction enzymes were
able to show polymorphisms for each of the nine primer
pairs, thus alowing CAPS markers to be developed for
nine RGC sequences. When examined in the R family,
these nine markers segregated as co-dominant markers.
No polymorphisms were found in the amplification
products from primer pair 16R1-13F and 16R1-13R,
and primer pair 18P34F and 18P34R.

To demonstrate the potential of associating RGC
markers with disease resistance genes, we screened the
14 pairs of primers using two DNA bulks based on the
CTV resistance phenotype and another two bulks for CN

DNA bands; numbers in parentheses were the sizes (bp) of polymorphic DNA fragments.

RGC sequences. ® Polymorphisms detected between USDA 17-40 and ‘Thong Dee’  Clone 11P33 was derived from degenerate primers F11 and R11 and contained stop co-

Table 3 Polymorphisms identified with RGC-derived primers. a2 Based on the template

donsin its DNA sequence

Hinfl (170), Bfal (500), Nialll (515)

Hinfl (55), Bfal (170), Nlalll (315)
Size differences

Alul (430)

Tagl (80), Alul (430, 220)
None

Hinfl (430, 280, 150)
Taql (440)

Alul (75)

Polymorphisms b
P/A

Alul (230, 70)
Bfal (480)

P/A
None

PCR product
sizes (bp) 2

457
429
477
422
430
356
443
428
484
455
411
450
471

446

Pt14LW: GAGCTCAAAATAACCATCTGTAG
11P31R: CCTCCGCACTTTCCATCAATCTT
Pt7LW: TCCCAACTTCTCCAATCCTTTATTA
Pt18R: TCCAACTATTATCTGGCCTTAGAA
PtOR: CCCTTTAGCTACACTTCTGGCTAGTTCA
18P33R: GGTTTCGGCTAGCTCTGGAATACT

Pt8R: ACACTCTTTCGTCACGGTTTCAG
16R1-13R: CCATGACACTGACGTGCCACATC

Pt6LW: CACCGACATACCGTAGAACACC
Pt3LW: GTCCCTTTTCAGCCTTAGAGTTAC
16R1-19R: ATGACACTGACGTGCCACATGCT
18P34R: GTCGGCCACAGTTTCAGCAAGTT
Pt19R: ATCCGTCAGCCACCTCTCTT

11P33R: AGGCCGACCTGGTTGAGTTTG

Reverse

Pt6UP: GACTTGATCTCTCATGAATTTGAA
Pt14UP: GACAATATCTCTTATCAGTTTGATG
11P31F: TGCTCGGGAGGTCTACAATGACAG
Pt3UP: CCACAACAATGATGTCAAGAATAA
Pt7UP: TTACGGCGACAAAGATGTCAG
Pt18F: TAAGCATAAATTCGATTGTTGTG
Pt8F: ATTCGCGGAAAGATGATTTTGA

PtOF: AGCTTCTTGGTGCACCAAATGGTT
18P33F: AAGTCAACAACAACTTCCGCTATCA
18P34F: GATCGGGTGATTTTGGTTGAGTC
Pt19F: AGGAAATTCAGAAGCAAGCAAAAG
11P33F: GCAAGCTGCAGGTTGTGGTGTTTA

Primers
Forward

pummelo, the parents of the R family (Gmitter et al. 1996). P/A: presence or absence of

16R1-13 16R1-13F: TGTTAAACCAAGTCAATAACAAATTCAG
16R1-19 16R1-19F: TCTGCAGTGAGGAGCATGATTTTGAT

RGC
clones
Pt6
Pt14
11P31
Pt3
Pt7
Pt18
Pt8
Pto
18P33
18P34
Pt19
11P33
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Fig. 4A, B Local linkage maps of the Ctv and the Tyr1 region.
Maps A and B were constructed using segregation data from the
R family and the CN family, respectively. Marker orders were
generated using the functions ‘GROUP and ‘COMPARE’ in
MAPMAKER EXP 3.0b and tested using the ‘RIPPLE’ function
with its default value (window size 3 and log-likelihood threshold
value 2). The distance between markers is shown above the link-
age groups in Kosambi centiMorgans. SCT08, SCADO08 and
SCO07 are SCAR markers developed previously (Deng et al.
1997); 18P33a, Pt8a and Pt9a are CAPS markers derived from
RGCs; 004 and X10 are RAPD markers amplified with Operon
decamer primer O04 and X10 (Ling et a. 2000), respectively.
Three markers, SCT08, SCADO8 and 18P33a were co-localized
with Ctv based on their segregation data from the R family. Citrus
nematode resistance is a quantitative trait; the major gene for the
resistance, Tyrl, was mapped to the region defined by markers
SCO07 and Pt8a (Ling et al. 2000), as indicated with a solid box
inmap B

resistance. Prior to this study, CTV resistance and CN re-
sistance were characterized in the R family and the CN
family, respectively, and localized genetic maps were
constructed. Bulked segregant analyses revealed that
three pairs of primers (Pt8F and Pt8R, Pt9F and PtIR,
and 18P33F and 18P33R) produced three polymorphic
DNA fragments (Pt8a, Pt9a, and 18P33a) between CTV-
resistant and -susceptible bulks. Further analyses of 70 R
family individuals confirmed that these polymorphisms
were linked to Ctv; a genetic map was constructed using
their segregation data and the data from three previously
developed SCAR markers (SCT08, SCADO08, and
SCOQ07). 18P33a co-segregated with markers SCT08 and
SCADO08 and with Ctv on this map (Fig. 4A). Fragment
Pt8a was aso polymorphic between the two DNA bulks
for CN resistance. It was added onto the genetic map de-
veloped by Ling et al. (2000) (Fig. 4B), in between
marker SCOQ7 and co-segregating RAPD markers O04
and X10, which identified the Tyr1 region. SCAR mark-
ers SCO07, SCADO8 and SCTO08 were placed on the
map to allow for comparisons between maps.

Discussion

RGC sequences are associated with CTV
and CN resistance genes

The use of PCR approaches with degenerate oligo-
nucleotide primers designed from the NBS region of
cloned disease resistance genes has led to the cloning of

resistance gene-like sequences in several plant species
(Kanazin et al. 1996; Leister et al. 1996; Yu et a. 1996;
Aarts et al. 1998; Seah et al. 1998; Speulman et al.
1998). Correlation or co-segregation of some of these se-
guences with known disease resistance gene loci has
been documented. Improvement of disease resistance has
been one of the top prioritiesin citrus breeding; devel op-
ment of DNA markers can significantly expedite this
process. We have been vigorously searching for markers
associated with resistance to several important citrus
pathogens including CTV and CN. For this purpose, the
value of the above-mentioned PCR approach was evalu-
ated in this study. Out of 39 clones that resulted from
PCR with four primer combinations, 22 RGC sequences
were identified. Three polymorphic DNA fragments am-
plified with RGC sequence-derived primers were linked
to Ctv in Poncirus. Fragment Pt8a was also polymorphic
between Swingle citrumelo and LB 62, the donor and
recurrent parents, respectively, of the CN backcross fam-
ily. This marker was mapped to the middle of a previous-
ly identified region that contains Tyr1 for CN resistance.
These results indicate that RGC sequences are valuable
sources for marker development in disease resistance-
gene tagging and mapping. The availability of several
specific PCR-based markers (SCAR and CAPS markers)
for Ctv and Tyr1 should facilitate the selection and intro-
gression of these resistance genesinto new varieties.

The cloned citrus RGC sequences showed 18-48%
amino-acid identities to cloned R genes. The percent
identities between these RGCs varied significantly as
well. Using a 70% threshold value, the sequences were
grouped into ten classes. The percent identity within
each group was generally greater than 73% and the iden-
tity between groups was less than 57%. Shen et al.
(1998) used percent amino-acid identity in grouping let-
tuce RGCs. In lettuce, members of the same gene fami-
lies shared at least 50% identity and different families
had less than 40% identity. Compared to their criteria, a
much higher threshold value was used in this study. Phy-
logenetic analysis results seem to support this grouping.
Preliminary genetic mapping data seemed also to indi-
cate that members of the same groups, such as Pt8 and
Pt9, shared similar locations on chromosomes (unpub-
lished data). Other approaches used to classify RGC se-
guences include cross-hybridization, but the results vary
with the stringency of post-hybridization washes (Shen
et a. 1998). This approach was not used to classify cit-
rus RGCs.

Meyers et al. (1999) performed extensive analyses of
the NBS domains of the plant NBS-LRR class R genes
and a vast number of RGCs and found that they could be
classified into either TIR (Toll/Interleukin-1 receptor ho-
mology) or non-TIR groups. In their analysis, N and L6
belong to the TIR group, while RPS2, RPM1 and 12C-2,
fal into the non-TIR group. Our data indicate that Pt6
(RGC1) and Pt14 (RGC2) formed a major cluster with N
and L6, and they have an aspartic acid residue (D) at the
final residue position of the kinase-2 motif that is often
seen in the TIR group. Most of citrus RGCs were clus-



tered with RPS2, RPM1, and 12C-2 and have a trypto-
phan residue (W), indicating that they might belong to
the non-TIR group. Attempts are being made to obtain
the upstream sequence information; when this becomes
available, it should assist in the classification of these
citrus RGCs regarding TIR or non-TIR grouping.

The Ctv-Tyr 1 region contains a major cluster
of resistance genes

Previously we reported the clustering of Ctv and Tyrl
based on one common SCAR marker (SCOQ7; Deng et
al. 1997). The current data from RGC marker Pt8a and
SCAR marker SCADO8 support this observation. In ad-
dition, three RGC sequences were mapped to this region.
The 18P33a fragment was cloned and found to be over
95% identical to the original RGC; it contained an unin-
terrupted open reading frame similar to R genes. Recent-
ly, Fang et al. (1998) found that two of their Ctv-linked
RAPD marker fragments (OPJ07g5, and OPC19¢,) Were
very similar to RPS2 (Bent et al. 1994; Mindrinos et al.
1994) and Cf2 (Dixon et al. 1996), respectively. We
cloned the two RAPD fragments from USDA 17-47
(progeny of Pomeroy trifoliate orange) and observed the
same similarity with the two R genes. Considered to-
gether, these data seem to indicate that a major cluster of
resistance-gene candidate sequences may exist in the
Ctv-Tyr1 chromosomal region, and that it may consist of
at least five NBS-LRR class RGC sequences, one LRR
class sequence, and two functional resistance genes of
unknown nature. Such clustering of R genes has been
found in other plants (Kanazin et al. 1996; Meyers et al.
1998; Shen et a. 1998) and seems to be a common dis-
tribution feature in plant genomes. Disease resistance
genes in citrus were not genetically located or mapped
until recently (Gmitter et al. 1996), and the clustering of
R genes in citrus was poorly understood. Therefore, fur-
ther genetic and physical mapping of the Ctv-Tyrl ge-
nomic region and cloning of some of these resistance
genes would provide important information on the evo-
lution and function of disease-resistance genes in Pon-
cirus and Citrus. Toward this end, numerous bacterial ar-
tificial chromosome (BAC) clones containing RGC se-
guences have been isolated. Sequences downstream from
and upstream of some of the cloned RGC regions have
been examined and found to contain the other motifs that
R genes possess, such as LRRs (unpublished data).

Structural re-arrangement(s) in the
Ctv-Tyr1 chromosomal region?

Based on the strong similarity of P. trifoliata strains
shown by molecular fingerprinting (Fang et al. 1997), we
assumed that most strains might share similar gene (or
marker) order and genetic distances in the Ctv-Tyr1 re-
gion. An attempt was made to generate an integrative
map of this region by using segregation data from the R
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family and the CN family, the former being derived from
a large-flowered strain ‘Pomeroy’, and the latter being
the progeny of Swingle citrumelo from an unrecorded
P. trifoliata strain. Markers SCADO08, SCT08 and
18P33a al co-segregated in the R family (and were
mapped within 4 cM in a large population, unpublished
data), but fell far apart on the map generated from the
CN population. This significant disagreement in genetic
distances was unexpected and seemed to indicate that
chromosomal re-arrangement(s) might have occurred in
or around the Ctv-Tyr1 region. Other lines of available
data seem to support this explanation. Segregation of
CTV resistance and associated markers in the R family
was significantly skewed toward the recurrent parent
type (‘Thong Dee'; Gmitter et al. 1996). Fang et al.
(1998) analyzed the segregation of CTV resistance in
several families of different origins and nature, and their
data showed that the segregation of CTV resistance was
significantly skewed in the cross involving ‘Pomeroy’,
as well. We are analyzing more markers located in this
region in several diverse families to compare genetic
maps. If the re-arrangement could be confirmed, it raises
interesting questions about the nature and size range of
the structural change and whether or not the change in-
volves Ctv. Isthis gene identical in different P. trifoliata
strains (large flowered vs small flowered)? Molecular
cloning of this resistance gene is being vigorously pur-
sued; when successful, it should shed light on these
guestions.
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