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Abstract Plant disease resistance gene (R gene) and defense response gene encode some con-

served motifs. In the present work, a PCR strategy was used to clone resistance gene analogs (RGAs)
and defense gene analogs (DGAs) from Sea-island cotton variety Hai7124 using oligonucleotide

primers based on the nucleotide-binding site (NBS) and serine/threonine kinase (STK) in the R-gene

and pathogenesis-related proteins of class 2 (PR2) of defense response gene. 79 NBS sequences, 21

STK sequences and 11 DGAs were cloned from disease-resistance cotton. Phylogenic analysis of 79

NBS-RGAs and NBS-RGAs nucleotide sequences of cotton already deposited in GenBank identified

one new sub-cluster. The deduced amino acid sequences of NBS-RGAs and STK-RGAs were divided

into two distinct groups respectively: Toll/Interleukin-1 receptor (TIR) group and non-TIR group, A
group and B group. The expression of RGAs and DGAs having consecutive open reading frame (ORF)
was also investigated and it was found that 6 NBS-RGAs and 1 STK-RGA were induced, and 1 DGA
was up-regulated by infection of Verticillium dahliae strain VD8. 4 TIR-NBS-RGAs and 4 non-TIR-
NBS-RGAs were arbitrarily used as probes for Southern-blotting. There existed 2— 10 blotted bands.

In addition, since three non-TIR-NBS-RGAs have the same hybridization pattern, we conjecture that
these three RGAs form a cluster distribution in the genome.

Keywords: cotton, resistance gene analogs (RGAs), defense gene analogs (DGAs).

Plants in their natural environments are constantly
challenged by a wide spectrum of pathogens including
viruses, bacteria, fungi, nematodes, protozoans and
parasites, etc. The interactions of plants and pathogens
lead to either compatible or incompatible reaction, an
outcome shaped by long-term co-evolution of the
plant-pathogen system. The phenotypic manifestation
of an incompatible reaction is disease resistance, a
consequence of a series of complex signal transduction
controlled by two classes of genes, namely resistance
genes (R gene) and defense response genes (DR gene).
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Up to 2004, nearly 50 resistance genes had been
cloned from a wide range of different crops with the
use of techniques such as transposon tagging and
map-based cloning'". Sequence analyses of the pre-
dicted protein sequences of these R genes, which were
cloned from a number of plant species and shown to
confer resistance to a wide range of pathogens, uncov-
ered several conserved structural domains. R genes, on
the basis of conserved structural domains, can be

[

grouped into the following classes’® *: 1) R gene en-

coding proteins containing a nucleotide binding site
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and a leucine-rich repeat (NBS-LRR); 2) R gene en-
coding proteins with a serine/threonine kinase (STK)
domain; 3) R gene encoding product containing a ex-
tracytoplasmic leucine-rich repeat (¢eLRR) and a
C-terminal membrane-anchoring signal etc. NBS class
R genes, based on the existence of an N-terminal Dro-
sophila Toll/mammalian interleukin-1 receptor (TIR)
homology region, can be further subdivided into two
groups: TIR-NBS-LRR- and non-TIR-NBS-LRR- types.
Of all the cloned R genes, 71%!"! contain the conser-
ved structural domain of NBS. It has been proposed
that the structural domains of NBS and STK etc. are
essential for specific recognition between an R-gene
product and the product of its corresponding Avr gene,
and ensuing defense responses in plants as well™.

Specific recognition between products of a plant R
gene and the corresponding Avr gene of the pathogen
triggers a cascade of signal transduction. The elicita-
tion of R gene-mediated plant defense responses plays
a key role in terms of inhibiting growth, proliferation,
and restricting spread of pathogen in plant tissues.
Based on their biological properties, pathogene-
sis-related proteins (PR proteins) can be divided into
several groups[6’7]: (1) glucanase; (2) chitinase; and (3)
peroxidase. Glucanase and chitinase are capable of
hydrolyzing the polysaccharide structures of the fun-
gal cell walls, thus leading to the death of a fungal
pathogen. Furthermore, products derived from de-
graded fugal cell wall structures, in turn, will serve as
elicitors to trigger further host resistance response!® ',
In addition to their roles in local induced resistance,
glucanase and chitinase are also known to be involved
in systemic acquired resistance, an induced defense
mechanism that plants use to confer immunity or in-
creased resistance to the second infection of the same
pathogen and other unrelated pathogens as well. Plant
peroxidase is thought to exert its antimicrobial role by
oxidizing the phenolic residues of the plant cell wall
components in infected tissues, thus restricting the
spread of the pathogen in host plants.

The PCR-based approach provides a convenient and
efficient way of cloning genes with conserved func-
tional domains, especially from crops with complex
genomes to which transposon tagging and map-based
gene cloning strategy are not readily applicable. R
genes and defense genes are known to contain con-

served structural domains which can be utilized to de-
sign degenerate primers to amplify both resistance gene
analogs (RGAs) and defense gene analogs (DGAsS).
The amplified DNA fragments may represent part of R-
gene and defense gene sequences or sequences linked
to genetic loci of these two classes of genes!"' ™",

Cotton, a major source of cotton fiber for the textile
industry, is an important economic crop. A variety of
pathogens can infect cotton. In China, cotton blight
and cotton verticillium wilt (causative pathogen Verti-
cillium dahliae) are especially severe and cause seri-
ous damage to cotton production annually. It is well
documented that planting disease resistant cultivars is
the most effective approach to controlling the dis-
ease. Gossypium hirsutum is the major cotton species
planted in China and breeding of blight-resistant cul-
tivars has been very fruitful. However, breeding of
cultivars resistant to V. dahliae has proven to be un-
successful, largely due to the lack of germplasm
known to be immune or highly resistant to the fungal
pathogen V. dahliae. The successful cloning of RGAs
and DGAs in various crops prompted us to clone
RGAs and DGAs sequences from cotton. It is hoped
that isolation and characterization of RGAs and DGAs
in cotton should help identify DNA markers closely
linked to the R genes in cotton, and ultimately lead to
the mapping and cloning of cotton R genes. It is ex-
pected that the isolation and identification of R genes
against cotton verticillium wilt should facilitate breed-
ing and development of cotton cultivars which are
highly resistant to this devastating pathogen.

1 Materials and methods
1.1 Extraction of DNA and RNA

Gossypium barbadense L. cv. Hai7124, a widely
used verticillium wilt-resistant cultivar in China for
genetic study and breeding, was employed for cloning
RGAs and DGAs. Genomic DNA was extracted from
fresh leaves of Hai7124 using a cetyltrimethy ammo-
nium bromide (CTAB) method!"®. Seedlings of Hai
7124 with two simple and one heart-shaped leaves
were inoculated with the VD8 strain of V. dahliae by
injecting determined amounts of inoculum suspensions
to the bottom of plastic cultivation pots''”), and roots
were collected 0, 24, 48, 96, and 144 h after inocula-
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tion and total RNA was extracted individually by a
modified hot borate method"®.

1. 2 Primer design and PCR amplification

All primers corresponding to conserved domains of
cloned R gene and B-1,3-glucanase(PR-2) listed in
Table 1 for this study were based on published litera-
tures except for Y782F and Y782R which were de-
signed using a Primer 5 software program. Forward
and backward primers used for PCR amplification of
RGAs of NBS class were designed based on the
P-loop and the hydrophobic domain of cloned R genes,
and the predicted PCR product is about 500 bp. Prim-
ers used for PCR amplification of RGAs of STK class
were designed based on the conserved motifs of I, II,
VII, IX, and the expected size of the PCR fragments is
about 500 bp. The expected size is about 700 bp for
amplification of DGAs using the primer pair of Glu-S
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and Glu-AS.

The total volume for each PCR reaction was 30 uL
containing 1x reaction buffer, 0.2 mmol/L dNTPs, 1.5
mmol/L MgCL,, 50 ng genomic DNA, 1 umol/L of
respective forward and reverse primers, 2U Taq DNA
polymerase. PCR amplification was performed in a
PTC-200 Thermal cycler (MJ Research, USA). PCR
reaction conditions: 94°C for 5 min; 35 cycles of 94°C
for 30 s, 50—55°C for 1 min, and 72°C for 1 min; 7
min at 72°C.

1.3 Electrophoresis, recovery, cloning, and se-
quencing of PCR products

Amplified DNA fragments were separated on a
1.5% agarose gel, and recovered with a DNA Gel Ex-
traction Kit (¥ gene). The obtained DNA fragments
were ligated to pGEM-T easy Vector System (Promega)
overnight, and the resultant of ligation was trans-

Table 1 Primers used for PCR amplification of RGAs and DGAs from cotton

Classification Primers Sequences(5'—3’) Conserved amino acid motifs Reference
RGAs
NBS class
Y782(F) ATGGGNGGNATYGGNAARAC P-loop this study
Y782(R) ATDGCNARDGGSAGNCC hydrophobic domain
P-loop2(F) GGNGGNRTNGGNAAAACAAC GGV/I/MGKTT(P-loop)
P-loop3(F) GGNGGNRTNGGNAAGACGAC GGV/I/MGKTT(P-loop) [19]
P-loop5(F) GGNGGNRTNGGNAARACCAC GGV/I/MGKTT(P-loop)
GLPL3(R) CAANGCCAANGGCAANCC GL/FPL/FAL/V (hydrophobic domain )
SI(F) GGTGGGGTTGGGAAGACAACG GGV/IGKTT (P-loop) [20]
AS1(R) CAACGCTAGTGGCAATCC GLPLA/TL (hydrophobic domain)
Gkt1(F) GGNGTNGGNAARACNAC GGVGKTT(P-loop)
Pal2(R) ARIGCTARIGGIARICC GLPL(S/A)L 1]
Gkt2(F) GGIGGIGTIGGIAAIACIAC GGV/IGKTT (P-loop)
Dmgl(R) AAGATCTCGTCCCATATC DMGRDL
F5 GGNGTNGGAAGACAAC GVGKTT
F12 GGAATGGGNGGNGTNGGNAARAC GMGGVGKT
F13 GGTGGGGTWGGKAARACNAC GGVGKTT 22]
F14 GGNATGGGNGGNNTNGGNAARACNAC GMGGVGKTT
R6 GAANGCCAANGGCAAACC GLPLAL
R9 NACYTTNAGNGCNAGNGGNGNCC GLPLALKV
STK class
P3(F) TNGGNSANGGNGKNTTYGG STK subdomain II [23]
P2(R) ACNCCRAANGARTANACRTC STK subdomain IX
D(F) GGIGGITTYGGIATHGTITWYAARGG STK subdomain I [24]
D(R) ARIARYTTIGCIARICCRAARTC STK subdomain VII
DGAs
Glu-S(F) RYNGGWGTWTGYTAYGG LGVCYG (1
Glu-AS(R) CADCCRCTYTCNGAYAC VSESGW
YOI(F) TTTTTAAACGCCGCAATGA [25]
Y91(R) CAGAAAGCAATGGTGGGAAT

F, R represent for forward and reverse primer respectively; codes for mixed bases:N=A/G/C/T; Y=C/T; R=A/G; D=A/G/T; S=C/G; W=A/T; K=G/T.
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formed into DH50 competent cells by the 42°C heat
shock method, and potential transformants were se-
lected on an LB plate containing ampicillin (50
ug/mL), X-gal and IPTG, at 37°C for 12—16 h. Sin-
gle white colony was picked and inoculated into liquid
LB medium containing ampicillin (50 pg/mL) for 12h
cultivation with vigorous shaking. Primer pairs T7 and
SP6 were used for PCR amplification to determine the
existence of insert of the expected size. Positive clones
were sent to Shanghai Yingjun Biotechnology Co. Ltd.
(China) for sequencing.

1.4 Sequence and phylogenetic analyses

Vector sequences were removed manually using
DNAstar program from the sequence data of cloned
RGAs and DGAs, and BLASTx searches of the pro-
tein database of the GenBank were performed for the
edited sequences. BLASTn search in the GenBank
was conducted if the BASTx search in the protein da-
tabase failed to reveal homology with R genes or
RGAs. The ORF finder program in NCBI was used to
search ORF of cotton RGA. Multiple sequence align-
ments of nucleic acid and amino acid sequences de-
duced from nucleic acid having read-through ORF by
DNAstar program were carried out with Clustal X
program with default options, and Bootstrap N-J tree
(1000 replicates) was drawn. The constructed N-J tree
would be edited using MEGE3 program.

1.5 Southern blot

Southern blotting was performed according to
Sambrook e al.*® and instructions of manufacturers
of DIG-Labeled Detection kit (Roche, Germany).

1.6 Primer synthesis and reagents

Primers were synthesized by Shanghai Yingjun

F13+R9
Y782F+R
Y782F
Y782R

Marker

Fig. 1.

S1+ASl1
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Biotechnology Co., Ltd. Tag DNA polymerase and
RNA reverse transcriptase kits were purchased from
Dalian Bao Biotechnology Co. Ltd. DNA gel extrac-
tion kit was purchased from Hangzhou V-gene Bio-
chemical Co., Ltd. Restriction enzymes were pur-
chased from New England Biolabs (USA). DIG-
Labeling and Detection Kits were from Roche (Ger-
many). Other commonly used reagents were from
Shanghai Shenggong Biotechnology Service Co. Ltd.

2 Results and analysis

2.1 Cloning and characterization of RGAs and
DGAs in cotton

Using various combinations of primers listed in Ta-
ble 1, RGAs and DGAs were amplified from genomic
DNA of resistant variety G. barbadense L.cv. Hai7124.
While some primer pairs resulted in amplified prod-
ucts displaying a diffuse band on a 1.5% agarose gel,
PCR products from most primer sets appeared to be an
apparent single band of the expected size (Fig. 1). Oc-
casionally, we observed PCR products of the expected
size from a single degenerate primer (Fig. 1(b)). To
exclude such false positive amplified DNA fragments,
we used single forward and backward degenerate
primers respectively as controls for amplification of
each primer pair, and PCR products of the expected
size from a primer pair would be recovered for se-
quencing only if PCR amplification of either single
forward or backward primer resulted in no products or
products of unexpected sizes.

For each PCR fragment recovered, at least 5 posi-
tive clones would be sent for sequencing. A total of
277 clones were sequenced. Using individual cloned
sequences as query, BLAST search of NCBI database
revealed that 79 sequences have significant sequence

AS1
Y784F+R
Y784F
Y784R

Marker

S1

PCR products of partial primers for RGAs. The names of primers were indicated at the top of gel.
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homology with NBS class of disease resistance genes,
21 sequences show homology with protein kinase
class of R genes, and 11 sequences are closely related
to pathogenesis-related proteins.

2.2 Sequence analysis of RGAs and DGAs of cotton

(1) Sequence analysis of NBS-encoding RGAs in
cotton. Previously 143 NBS-encoding RGAs were
cloned from cotton by a PCR-based strategy " "),
Our current study further identified 79 novel NBS-
encoding RGAs, among which 13 belonged to the new
sequences relative to NBS-encoding RGAs cloned in
cotton, the rest showed nucleotide identity from 85%
to 99% with RGAs in cotton. Clustering analysis of all
cloned RGAs in cotton (data not shown) revealed 10
subclasses on the basis of genetic distance with the
smallest subclass containing only 1 member and the
largest subclass consisting of 67 members. Signifi-
cantly, all the 5 members of one such subclass were
established by this study (Bootstrap value of 1000)
containing L500, L501, L502, L518, L519, and the
rest of our cloned sequences were assigned to other 5
subclasses.

Forty eight of the 79 cloned NBS-encoding RGAs
have read-through ORFs and BLASTx search of the
NCBI database revealed that the predicted proteins
exhibit homology ranging from 61% to 79% with re-
sistant proteins from cassava (Manihot esculenta),
soybean (Glycine max), cacao (Theobroma cacao),
coffee (Coffea Arabica), 53% to 66% similarity to
products of identified R genes of tobacco N, tomato /2,
Arabidopsis RPS2, RPP5, and flax M. Sequence simi-
larity of these 48 NBS-coding RGAs among them-
selves ranges from 15% to 100% at amino acid level.
Clustering analyses (Fig. 2) indicate that 20 of these
RGAs could be classed into one group with
TIR-NBS-encoding R genes of tobacco N, flax L6, M,
Arabidopsis RPP1, RPP5, and the other 28 RGAs as-
signed to the group of non-TIR-NBS-encoding R
genes of rice Xal, tomato MI-1, Arabidopsis RPS2,
RPM1, consistent with the results obtained by both
Meyers ef al.’® and Tu er al® that NBS-encoding
RGAs can be classified into two distinct classes,
namely TIR- and non-TIR classes.

In 1994, Traut et al. BV identified two conserved nu-
cleotide binding site motifs of P-LOOP and Kinase-2.

Science in China Series C: Life Sciences

Based on the sequence analyses of 481 sequences
containing the isolated R genes from 26 plant species
including Arabidopsis, rice, wheat, corn, soybean and
the sequences of BAC, EST homology to R gene and
RGAs cloned using methods of PCR, Meyers et al.®”
identified conserved motifs known as RNBS-A,
RNBS-B, and RNBS-C etc. in the NBS region. It was
also found that TIR- and non-TIR-containing R genes
or RGAs displayed apparent sequence variations in the
RNBS-A. The conserved sequence of TIR class
RNBS-A is: FLENIRExSKKHGLEHLQKKLLSKLL,
while that of the non-TIR class RNBS-A is: FDLx-
AWVCVSQxF. NBS-encoding RGAs can be classified
into two distinct groups on the basis of this conserved
motif sequence. Alignment of multiple sequences of
TIR- and non-TIR class RGAs identified 6 conserved
motifs for each class respectively in cotton (Fig. 3).
The consensus sequence of RNBS-A motif of
TIR-encoding RGAs in cotton is: FL/IADI/VxxKC/
HGLVS/CLQKQLLSQIF/L; while that of the non-TIR
class RGAs is: FDS/IV/KxW/IA/VC/TVS/TE/QxXF/I.
The characterization of unique sequence features of
these two classes of RGAs could provide the basis for
classification of cotton R genes and related RGAs. In
addition to the 6 conserved motifs mentioned above,
NBS-encoding RGAs in cotton also display significant
homology in other regions of the predicted proteins.
(2) Sequence analyses of STK-encoding RGAs.
Using primer sets of P3, P2 and DF, DR, we isolated
21 STK-encoding RGAs in cotton. BLASTx search
revealed that the best-matched sequence in the NCBI
database for L444 and L455, with the identity of 98%
and similarity of 95%, is the receptor-like protein
kinase 3 from soybean, while L457 and L466, show-
ing the lowest homology with sequences in the data-
base, had the closest matched sequences being the pu-
tative receptor serine/threonine kinase PR5K and puta-
tive protein kinase Xa2l from rice with 57% of iden-
tity, 80% and 78% of similarity respectively. The
above results clearly indicate that STK-encoding
RGAs from dicot plant species share a significantly
higher homology. Twenty of the 21 STK-encoding
RGAs have uninterrupted ORFs and their predicted
products share 74%—98% homology with the identi-
fied protein kinases in the GenBank. The sequence
similarities among STK-encoding RGAs isolated are
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Fig. 2. Cluster analysis, based on the neighbor-joining method, of the deduced amino acid sequences of 48 cotton RGAs of the NBS class and
cloned R genes: Arabidopsis RPS2, PRM1, RPPI, and RPPS5, tomato MI-1, rice Xal, flax L6 and M, tobacco N. The numbers above the branch

represent bootstrap values (out of 1000).

35.7%—99.3% at the amino acid level. Based on the
phylogenetic tree (Fig. 4) constructed with the pre-
dicted products of the above 20 sequences containing
read-through ORFs, serine/threonine kinases from
tomato, rice, and receptor-like kinases from tomato
and rice, STK-encoding RGAs could be grouped into
two subclasses: subclass A comprises 10 STK-en-
coding RGAs and serine/threonine kinases from rice,
tamato; subclass B includes 10 STK-encoding RGAs
and the receptor-like protein kinase-3 from soybean.
Members of subclass 1444, 1.455 and the receptor-like
protein kinase-3 from soybean have the shortest
phylogenetic distance, consistent with the results from
the BLAST searches.

Alignment of predicted protein sequences of the 20
read-through ORFs of STK-encoding RGAs, tomato
serine/threonine kinases and rice receptor-like protein
kinases identified 9 conserved motifs termed [—VIII
(Fig. 5) in the STK-encoding R genes.

(3) Sequence analysis of DGAs in cotton. Of the
11 DGAs isolated from cotton, the 265 bp stretch of
the most 5’ part of L20, L268, and L269 displayed
98% —100% homology with genes encoding the iden-
tified ¥ Dahliae-induced PR proteins in cotton**, but
the matched sequences in the database contain only
partial sequences of these three DGAs. BLASTx
searches revealed that L279 exhibits 100% homology
with 60 amino acids of a cowpea protease inhibitor,



536 Science in China Series C: Life Sciences

(@) 152

LRIDSGSVGHW! DSGERKTHK-ER

,..
@
m
W

DN INKMK-E T,
DN INKMK-E T,

r
@
a
©

- PAMEF|

L314 :

¥

D!
L346 : EVPKED
N : V-PNEN|
RPP1

RPPS : KAH- - 168
L& GTLNE- NQC] K- - 177
L463 : AHF ISQMFDLEASTS-CGH JLQVLGSSLSSKSVSSUKSAL : 203
Ls09 AHF ISQMFDLEASTSTCG! 204

(b) Lz88 ONLNOLQLKLKEKLL o [NEKYVDUEERSPFCFG- : 98
1326 LNQLQLKLKEKLL ] NEKYUDVEEWRSPFCFG- : 99
QNLNQLQLKLKEKLL F) EKYVDVEEMRSPFCFG- : 98
ONLNQLQLKLKEKLL g NEKYUDVEE@RSPFCFG- : 98
LNQLQLKLKEKLL! q UNEKYVDVEERSPFCFG- : 98
ONLNQLQLKLKEKLL 7| NEKYVDVEEMRSPFCFG- : 98
QNLNQLQLKLKEKLLGEFIF) EKYVDVEEMRSPFCFG- : 98
ONLNOQLQLKLKEKLL 5 NEKYUDVEEWRSPFCFG- : 98
UNLRSADUDEMRIPFSFG- : 100

NOLQLKLKDKL IHFSFG- : 99

- KDLNLLQVSLKEKLF T UNENYEQUEVMRMEFIAR- : 98
KDLSLLQVSLKEKLFGT) NENYEQUEV@RMPFIAA- : 98
ISNLDTLQODLEEQHK: ETRTDDVKKMLAPLRPND : 100

- ENID-VADKLRKQLF DTTT--LDE@TREFPEA- : 96
YREADTQIPAELYELGYRELVEKLVEYLQS --TTGLUREESTALPDG- : 103
IEE-KAEDIFQUVL-C! UERFDLTRAGYTLETQEN- : 98
IEE-KAEDIFQVL~C! ERFDLTRVGHTLETQEN- : 98

AGDTFNVL-C UEVFDLAGAGEPLETQEN- : 100

- Q-KAVDIYRIL-: JERVDLNQUGHPKPSQEN- : 102
AVDIYRIL- UERVDLNQUGHPKPSQEN- : 102

- KAVD IYGVL-LN &F| KRVDLKQUGHPQPSQTK- : 100
P-QS---WKNK-VDQ-KATD ICGHL— (KKVDLSLVGHPEPSQTR- : 93
SVDQ-KATDIYRVL-R’ ERVDLNQUGHPKPSKRN- : 101

E ALKIYRAL-R( EEIDLEKTGEPREDREN- : 99
EEQEMVG-KAFRLRERL-MG T EKLDIEEVGMPLGDEHK- : 96

E AFRLRERL-HG GT, JEKLDIEEVGHPLGDEHK- : 96
AFRLRERL-HEGT] UEKLDIEEVGHPLGDEHK- : 96

AFRLRERL-HELG1] EKLDIEEVGMPLGDEHK- : 96

EEQEMVG-KALRLRERL UGKVDIEEVGHPLGDEHK- : 97

E ALRLRERL UGKVDIEEVGMPLGDEHK- : 97

EEHC TDG-KALRLRERL GKVDIEEVGMPLGDEHK- : 99
ENKLLEETKTKPLY 1 KPEQKRAAVLENELRQIHUL EG-FVLERVGHPIBIFSN- : 100

Lzes IATSEN 1173
1326 : IATSEA 1171
L296 : 2173
1299 : ~LTATGEA 1173
Lz92 ~LTATGEA 1173
L291 : ATGE 1173
L306 : ATGE : 168
Lz95 ~LTATGEA : 169
L310 : y ~LMATGKA : 183
L350 : IGKA - 171
1379 : LRGIGEE] : 171
La17 1171
XAL ¢ 1 GRS : 181
KI-1 : 5 FGNE--SCPDE-LLDVGKE] : 168
RPH1 : KEDE A SNKAFPASLEQCRTONLEPTARK] : 181
L293 EClPPERA E RKLAKA : 169
1319 : EC@PPERA ~RKLAKA ;169
L3095 : ClPPGEA] ~CKLAEA 1174
L3az TER. ~PNLAKQ s 171
1345 : ECHEPEKA ~QNLAKQ : 171
L303 : A ~PNLAKQ 1172
1298 : ~PNLARQ 1 165
L297 A ~RELAKQ 1173
RPSZ : EF] A 5SI--RRLAEI] 2171
La31 : A VESCDL--KPIARE| : 165
Laaz A RPIANE : 165
L434 : A VESCDL--RPIANE| 1 165
L439 : A ~KPIANE) : 165
La3z : A KPTAHNE) : 166
L4243 A —KPTAHNE) 1 166
1438 : A KKKAG--DCVESCDL-—-RPTAIE| : 168
L322 : RGILKVPSL--EEILGD) : 165

Fig. 3. Alignment of the deduced amino acid of the cotton NBS-encoding RGAs with the known NBS-encoding R genes (Arabidopsis RPS2, PRM1,
RPPI, and RPPS, tomato MI-1, rice Xal, flax L6, tobacco N) and conserved motif analysis.
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Fig. 4. Phylogenetic tree for 20 predicted amino acid sequences with
the known protein kinases. STK TOMATO and STK RICE represent
serine/threonine kinases of tomato and rice respectively, RLK3
SOYBEAN and RLK RICE represent receptor-like protein kinases of
soybean and rice respectively. Bootstrap values (out of 1000) are noted
above the branches.

and BLASTn searches showed that the identity is
100% between L279 and the region of 276 bp of a
gene from the cotton curl virus. The shared homology
is 85% or 86% between the predicted products of
L354, 1359, L361, L362 and the B-1,3-glucanase from
citrus, the predicted L355 protein exhibits 81% ho-
mology with B-1,3-glucanase from the rubber trees,
and the predicted products of L356 and L363 have
significant homology with the precursors of
B-glucanases. Of these 11 DGAs, L354, L355, L361
and L362 possess ORFs uninterrupted by stop codons.
Alignments of multiple sequences with the translated
amino acid sequences of these 4 DGAs and the
B-1,3-glucanase from the orange and rubber trees (Fig.
6) showed that identities among L354, L355, L361,
and L362 range from 56.4% to 98.7%, and that all four
sequences display high homology with the rubber
B-1,3-glucanase.

2.3 Cotton genome probed with NBS class of RGAs

NBS class of genes in plants is often found to be

present as a cluster of a multigene family on the
chromosomes. To assess the size of NBS-encoding
RGAs multigene family, we arbitrarily used 4 clones,
from TIR- and non-TIR-NBS-encoding RGAs respec-
tively, as hybridization probes to probe the Hai7124
genome digested with various restriction enzymes.
The hybridization patterns in Fig. 7 indicate that the
Hai7124 genome has 3 copies of TIR-NBS class L326
and L379, and two copies of non-TIR-NBS class L314.
The rest of the NBS class of RGAs have a copy num-
ber of 5—10. Thus, NBS class of RGAs resides as
multigene families in the cotton genome. The fact that
the hybridization patterns of the non-TIR-encoding
sequences 1344, 1346, L473 are identical suggests
that they are present as tandem arrays in the genome.

2.4 Expression analyses of RGAs and DGAs

Cotton verticillium wilt is still difficult to control
and Gossypium barbadense L. cv Hai7124 is a well-
known resistant variety. To identify RGAs and DGAs
associated with resistance to verticillium wilt, specific
primers (not listed) were designed respectively based
on the sequences of 48 read-through ORFs of NBS-
encoding RGAs, 20 read-through ORFs of STK-
encoding RGAs, and 4 DGAs. Expression analyses
were performed using cotton roots inoculated with the
fungal pathogen V. dahliae on a time course of 0, 24,
48, 96, and 144 h. As shown in Fig. 8, the expression
of 6 NBS class of RGAs, and 1 STK class of RGA was
induced after infection, and the levels of expression of
1 DGA were up-regulated. RT primers of these genes
were listed in Table 2. The expression levels of 7
RGAs were undetectable before the fungal pathogen
challenge and the expression of L290 was detectable
24 and 48 h after inoculation. L.296 expression was
increased gradually with the progress of infection, and
the expression pattern of L297 and L298 was consis-
tent with no apparent changes in the amount of tran-
scripts detected between 24 and 144 h after inocula-
tion. The transcripts of L309, L347 and L477 were
detectable at time points of 48, 96, and 144 h
post-inoculation. The expression levels of L355 were
strongly induced at the time points of 48 and 96 h after
inoculation. It should be pointed out that no detection
of transcripts cannot be viewed as evidence to show
that the specific RGAs under study are not inducible
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L370
L3
1490 :

¥G-54 : 83
¥G-5A : B3
¥G-34 : B3

1497 ¥G-54 @ B3
L372 ¥N-Q5 : B2
PTO TG-5D : 125
1488 : YK-ND : B4
1491 : YK-ND : B4
L376 @ IYK-ND : B4
L374 ¥D-TT : B4
1458 : FD-EP : B2
1445 : F--56 : 79
L446 : I--PD : 79
L448 FY-KD : 80
L447 FG-ED : B2
1450 : FG-ED : B2
1453 : FG-ED : B2
L449 FA-QE : B2
1457 FGRDD : B1
L444 HG-KK : 83
1455 : HG-KK : 83
fa21 : HPETN : 762
L370 : 182
L3 S)4AAAMDQGHV--3TAVK---GSFGYLDPEYFRRQQLTEKSDVYSFG : 182
L490 : S/4AAAMDQGHV--5TAVK---GSFGYLDPEYFRRQQLTEKSDVYSFG : 162
1497 : S/4ARAMDQGHV--STAGK---GSFGYLDPEYFRRQQLTEKSDVYSFG : 182
L372 : SJAFNLPDEEH---SVDVK---GTFGYLDPEYFLSLQLTDKSDVYSFG : 188
PTO : SJATRP--QLYQ--TTDVK---GTFGYIDPEYFIKGRLTEKSDVYSFG : 218
1486 : S MGPVLMENVPITTKVK---GTFGYMDPEYFRRLHLTEKSDVYSFG : 164
L491 SIAMGPVLMENVP ITTKVK---GTFGYHDPEYFRRLHLTEKSDVYSFG : 164
L376 SJAMGPVLHEDVPITTKVE---GTFGYHDPEYFRRLHLTEKSDVYSFG : 164
L374 : SELDPKLDH-——LNTGVK———GTUGYLDPEYARGHTLTQKSDVYSFG : 161
L458 : K : 141
L445 : 1 137
L446 : 1 138
L448 : 1 139
L447 : : 140
L450 : 1 140
1453 : 1 140
L449 : 1 140
L457 1 140
L444 : Al- D142
L455 : AliL : 142
a2l : GIgRRL A ILVEGSSLHQQS TSSHGIRGTIGYAAPEYGVGNTASTHGD IYSYG « 889

Fig. 5. Amino acid alignment of the cotton RGAs of STK class with homologues regions of R gene encoding kinase. Conserved motifs are marked

at the top of sequences.

1354
L361
L362

CAAD3908 :

L355

AAPB72B1 :

L1354
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L362 : ‘ PLIADSRIR JF
CAAD3908 : LI‘PLIHFLI
L355

AAPB72B1 : EM(LD P IIEFLEEN

PSAGAFAAT--FDNGRTYLSNLIQH

Fig. 6. Alignment of the deduced amino acid sequence of cotton DGAs with 3-1,3-glucanase of orange and rubber trees.

by V. dahliae because of the uncertainty regarding the
possibility that the studied RGAs could contain introns,
and that the specific primers designed could be located
within the intron regions.

3 Discussion
3.1 Isolation and analysis of RGAs and DGAs in cotton
PCR-based cloning of RGAs and DGAs from vari-

ous plants has already attracted the attention of inves-
tigators in this field. It is evident that PCR-based
cloning strategy is more convenient compared with
transposon tagging and map-based cloning approaches.
However, we have noticed occasional occurrence of
interference of PCR products from single primer am-
plification likely due to the use of degenerate primers,
especially given that our PCR amplification involves a
polyploid cotton genome. We effectively eliminated
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Fig. 7.
Restriction enzymes used: B, BamHI, H, HindIll, E, EcoRI, X, Xbal.

Genome bloting of NBS-encoding RGAs of cotton. Probes of (a) and (b) come from TIR-NBS class and non-TIR-NBS class respectively.

Table 2 The RT primers of RGAs and DGAs

Sequence No. F(5'—3") R (5—3")

L290 GGTGGGGTAGGTAAGACAAC CCATTGGCATATTCCACTAC
L1296 GGTGGGGTTGGTAAGACA TAAGAGCAAGTGGGAGGC

1297 CAAGTTCAGCACCACACCG AACCTTCAGAGCGAGGGG

L298 TCAGCGCGAGAGGAAGAC GTTGTTATCTGGGCGGTG

L309 AACGACCCTCCTTAGCCA GGGGAACGGGAGTTTCAA

L347 ATGGGGGGAATTGGAAAA AGCCCACCAGCATAATTT

L447 GAAGAGCAGTTCATGGCGGA ACAAAGCTTGGCTAATCCGA
L355 TGAAGTCCCTCCATCATCT CCGAGTATAACGAATCCAAC

Oh 24h 48h 96h 144h nome contains about 150 NBS-encoding genes, repre-

_/

L290

L296

L297

L.298

L309

L347

L447

v}
Q
>

L355

e

EFla

Fig. 8. RT-PCR expression analysis of RGAs and DGAs of cotton.
EFla is constituted expression gene of cotton. 0—144h indicate 0—
144 h post inoculation.

this kind of interference by using single forward and
backward primer as controls.

NBS class of R genes accounts for a significant
proportion of the genomes of several plants. For ex-
ample, it has been estimated that the Arabidopsis ge-

senting 0.5% of all its predicted ORFs"?!; in rice ap-
proximately 600 genes of NBS class have been identi-
fied, accounting for 1.5%*** of all predicted ORFs of
the rice genome. In cotton 143 NBS-encoding RGAs
sequences have been cloned. Here we report the clon-
ing of 79 novel NBS-encoding RGAs from G bar-
badense L. cv. Hai7124. Clustering analysis of all
cloned RGAs of NBS class resulted in the establish-
ment of one novel subclass consisting of members
cloned by this study only. An additional 5 subclasses
also contain our isolated sequences. Therefore, our
results have enriched both the number of the
NBS-encoding RGAs and the number of its subclasses.
All members of our identified novel subclass were
isolated by PCR with the primer pair P-loop3(F) and
GLPL3(R). P-loop3(F) is less degenerate than P-loop5
(F) and the difference between P-loop3(F) and P-loop2
(F) is that for the former the nucleotide A is replaced
by G both at the third and the fifth positions of the 3’
end, arguing that it is more likely to obtain divergent
PCR products when PCR amplification was performed
with multiple less degenerate primers than a single
highly degenerate primer pair.

Receptor-like protein kinases are known to be in-
volved in a wide range of signal pathways, including
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growth of meristem and leaf, regulation of abscission
and self-incompatibility and transduction of brassi-
nosteroid signals. In addition, STK also participates in
plant defense responses. Of the cloned plant R genes,
5 encodes products related to the kinase class. There
has been no report of sequences encoding proteins
related to this class in cotton. This study identified 21
STK-encoding RGA sequences. The products of our
isolated sequences share more than 74% homology
with receptor-like protein kinases, and their shared
homology with soybean protein kinase-3 shows iden-
tity as high as 98%. Based on the analysis of the
translated amino acid sequence of 20 read-through
ORFs, 2 subclasses were identified. One subclass con-
tains the soybean receptor-like protein, and the other
subclass includes the serine/threonine kinase from
tomato. The above result indicates that STK-encoding
genes of dicot plants have features of both structural
conservation and diversity. All predicted products of
cloned RGAs of STK class in cotton contain 9 (I—
VIII) conserved consensus sequences. We also uncov-
ered an STK-encoding RGA whose expression was
shown to be induced after inoculation with V. dahliae.
Successful isolation and mapping of Pro class of
RGAs, and STK class of RGAs from wheat[35],

38 etc. have been docu-

soybean®, grapel”, cocoa
mented. Our current study clearly indicates that
PCR-based strategy for isolation of STK-encoding
RGAs in cotton is a viable option.

Defense response genes play a key role in signal
transduction of plant host in response to pathogen in-
fection. Some defense responses, such as hypersensi-
tive reactions, produce host-encoding proteins, aptly
termed pathogenesis related (PR) proteins, for exam-
ple, glucanase, chitinase and peroxidase etc., to restrict
the transport, and inhibit proliferation of the pathogen.
Using degenerate primers based on the PR2 conserved
motif, we isolated 11 DGAs which share high homol-
ogy with PR proteins. Notably, part of the L279 se-
quence exhibits 100% homology with a gene from the
cotton leaf curl virus. The temptation is to speculate
that this observation might be the outcome of possible
concerted evolution between plants and viruses. Simi-
lar instance has been observed in our lab (not pub-
lished). Elucidation of the mechanism underlying
these intriguing observations will necessitate future

Science in China Series C: Life Sciences

experimentations. Of the 4 sequences with read-
through ORFs that have high homology with B-1, 3
glucanase, L355 was strongly induced at 48 and 96h
post-inoculation. Zhen et alP” treated resistant and
susceptible varieties of cotton with V. dahliae com-
bined with salicylic acid, and it was shown that the
expression levels of B-1, 3 glucanase were higher in
the resistant variety than in the susceptible one, sug-
gesting the potential causative association between V.
dahliae resistance and the expression levels of -1, 3
glucanase in cotton.

3.2 The distribution of RGAs of NBS class in cotton
genome

R genes or RGAs conferring related functions but
highly divergent in sequences are often found to be
present in a cluster in the plant genomes[40]. Our
analysis of some RGAs of the NBS class revealed that
the same hybridization patterns were observed when
the cotton genome was hybridized, with RGAs probes
of 3 non-TIR-NBS class, indicating that these RGA
sequences, with the related function, are clustered in
the genome. Of the 8 RGAs studied, 5 sequences have
more than 5 members, a result that is likely to be ex-
plained by the long-term concerted evolution to main-
tain the diversity of the resistance genetic loci. In ad-
dition, we also identified 6 NBS-encoding RGAs
whose expression was shown to be induced by V.
dahliae infection. It is possible that these RGAs could
be associated with resistance to cotton verticillium wilt.
Future experiments will be needed to test this possibil-

ity.
3.3 The relation between RGAs and DGAs with re-
sistance loci in plant

One direct use of RGAs isolated by PCR is for ge-
netic mapping of these sequences. There are many
reported cases in which RGA sequences were local-
ized in the regions near the resistance loci, for exam-
ple, 3 RGAs from wheat were shown to be cosegre-
gated with stripe rust resistance loci'*", and several
RGAs in barley were identified in the vicinity of bar-
ley leaf rust resistance loci Rph4, Rph7, Rph10™**, and
non-TIR-NBS-encoding RGAs in sunflower were
shown to be linked to the sunflower downy mildew
resistance locus P15/P18™. He et al.*” reported the
genetic mapping of 15 cloned NBS class of RGAs of
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cotton to 7 chromosomes or gene clusters. Hinchliffe
et al.””) mapped 9 RGAs to partial homologous chro-
mosomes 12 and 26 of cotton, and 6 of these RGAs
were shown to be located within a genetic distance of
25.6 ¢cM on chromosome 12, and the remaining 3
RGAs were localized within 40.5 ¢cM on chromosome
26. Currently no resistance genes have been mapped in
cotton. Thus, it is unclear whether any of these se-
quences is linked to cotton resistance loci. Neverthe-
less, with the increasing number of RGAs being iso-
lated and mapped, it might be possible to identify spe-
cific disease resistance trait associated DNA markers
or QTLs in cotton.

Breeding for V. dahliae-resistant cotton varieties is
the long-sought goal of crop breeders. With the isola-
tion of increasing numbers of RGAs and DGAs, it is
reasonable to expect that genetic markers linked to
disease resistance will be found and in turn the im-
plementation of molecular marker-based or gene en-
gineering-aided breeding strategy should greatly ac-
celerate the process of developing cotton varieties
highly resistant to various pathogens.
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