
H a r r ju  200^1
DO) 10.1007/S00425-007-0500-8

'■ y i i

Identification o f expression profiles of tapping panel dryness 
(TPD) associated genes from the latex of rubber tree 
{Hevea brasiliensis MuelL Arg.)

Pemma] Venkatachalam »Arjunan Tbulaseedharan 
Kashchandra Raghothama

Received: 22  January 2007 /  A ccepted; 14 February 2007 
C  Springo '-V eiiag  2007

Abstract Tapping panel dryness (TPD) occurrence in 
high latex yielding rubber tree (Hevea brasiliensis) is char­
acterized by the partial or complete cessation of latex flow 
upon tapping leading to severe loss in natural rubber pro­
duction around the world. The goal of this study was to 
identify genes whose niRNA transcript levels are differen­
tially regulated in rubber tree during the onset of TPD. To 
isolate TPD responsive genes, two cDNA libraries (forward 
and reverse) from total RN A isolated from latex of healthy 
and TPD trees were constiiicted using suppression subtrac­
tive hybridization (SSH) method. In total, 1,079 EST 
clones were obtaine.i'  frDm two cDNA libraries and 
screened by reverse Northein blot analysis. Screening 
results revealed that about 352 clones were differentially 
regulated and they wer^ selected for sequencing. Based on 
the nucleotide sequence data, the putative functions of 
cDNA clones were predicted by BLASTX/BLASTN analy­
sis. Among these, 64 were genes whose function had been 
previously identified while the remaining clones were 
genes with either unknown protein function or insignificant 
similarity to other protein/DNA/EST sequences in existing 
databases. RT-PCR analysis was carried out to validate the 
up-regulated genes from both the libraries. Among them, 
two genes were strongly down-regulated in TPD trees. The

level of mRNA transcripts of these two genes was further 
examined by conventional Northern and RT-PCR analysis. 
Results indicated that the expression level of two genes was 
significandy lower in TPD trees compared to healthy trees. 
Many TPD associated genes were also up-regulated in TPD 
trees suggesting that they may be involved in triggering 
programmed cell death (PCD) during the onset of TPD syn­
drome. The results presented here demonstrate that SSH 
technique provides a powerful complementary approach for 
the identification of TPD related genes from rubber tree.
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Introduction

Rubber tree {Hevea brasiliensis Muell. Arg.) is an impor­
tant perennial crop that produces natural rubber which is a 
cis 1,4-polyisoprene. Although over 2,000 species of higher 
plants are recognized for producing latex with polyisop- 
renes, only the rubber tree {H. brasiliensis) has been estab­
lished as a key industrial r u t ^ r  source due to its high yield



and excelleni commercial properties of the natural rubber 
products.. Rubber molecules are produced, aggregated and 
packaged in latex vessels (laticiferous cells) of the rubber 
tree. When the bark of the rubber tree is systematically 
wounded the cytoplasmic contents of these laticifers are 
expelled in the form of latex. Latex, the milky substance, 
up̂ n̂ coagulation and processing yields natural rubber 
(Adiwilaga and Kush 1996). Nearly, 9.5 million hectares of 
cultivated rubber trees produce more than 8.7 million tons 
of dry rubber each year world-wide (Anonymous 2006). 
However, latex producers still face serious economic losses 
due to lapping panel dryness (TPD) syndrome. About 12-50% 
of productive trees are being affected by TPD in almost 
every rubber-growing region. It was estimated that TPD 
contributes to 12-14% loss of the annual rubber production 
(Chen et al. 2003).

The tapping panel dryness syndrome of rubber tree is 
characterized by the partial or ultimately complete stoppage 
of laiex flow upon tapping. Biochemical studies indicate 
due TPD s>-ndromc is a ph)‘siological disorder resulting 
from wounding and over exploitation (over tapping and 
over stimulation by ethephon treatment) (Faridah etal. 
1996). I( was previously shown that a non-compensated 
oxidative stress may be involved in the onset of TPD (Fari­
dah ei al. 1996), The TPD syndrome is associated with 
exhaustion of major nutrients and reduction in protein, 
nucleic acids, thiols and ascorbic acid levels (Fan and Yang 
1994). Membrane destabilization leading to bursting of the 
lutoids and consecutive in situ latex coagulation due to 
over-stimulation has been proposed to be associated with 
the occurrence of an uncompensated oxidative stress within 
the latex cells (Chrestin 1989). Even though the surround­
ing tissues o f tapping panel are not affected much (no 
necrotic symptoms) they show some changes in their 
metabolite profile (Yusof etal. 1995; Krishnakumar el al. 
1999), accumulate proline (Wickremasinghe etal. 1987), 
decrease cytokinins (Krishnakumar etal. 1997), increase 
inorganic phosphorous and bark respiration (Krishnakumar 
et al. 2001a. b). There were several attempts to identify pro­
tein markers for TPD wherein, the protein pattern of 
healthy and TPD tree latex cells was compared by SDS- 
PAGE (Sookmark et al. 2002; Darussamin et al. 1995; Dian 
el al. 1995; Lacrolte et al. 1995). This led to identification 
of several putative protein markers that are associated with 
TPD. but the nature and exact function o f these proteins 
remain unknown.

Molecular mechanism underlying TPD is not known and 
currently there is no effective preveniion or treatment for 
this syndrome. It is reported that different Hevea clones 
showed different levels of TPD severity in the field tests 
(Van and Fan 1995). This indicates the tolerance of rubber 
tree to TPD is apparently genetically determined but genes 
associated with TPD have yet to be identified (Chen et al.

2003). mRNA differential display has been attempted to 
identify genes associated with TPD in which the decreased 
expression of a Myb transcription factor is likely to be asso­
ciated with TPD (Chen et al. 2003). At present, it is not 
clear whether the latex tapping stress induces expression of 
genes or the activation of pre-existing proteins or both are 
responsible for the development of TPD syndrome. The 
physiological significance of the association of TPD related 
genes with the onset of TPD is not studied at the molecular 
level. Many physiological changes associated with TPD are 
controlled at the transcriptional level. As yet, no compara­
tive analysis of gene expression between healthy and TPD 
trees of Hevea have been performed. Therefore, identifica­
tion of genes associated with TPD syndrome is one of the 
prerequisites to understand'the molecular mechanisms of 
this complicated physiological disorder. In order to dissect 
the molecular changes occur during TPD development in a 
comprehensive manner at the genomic level, and to identify 
novel genes involved in this process, it is necessary to sur­
vey global gene expression pattern following the onset of 
TPD syndrome in Hevea. To obtain further information 
about the differences between the mRNA expression pro­
files of the healthy and TPD trees, we used the PGR based 
suppression subtractive hybridization (SSH) method. The 
SSH is a powerful technique that enables one to specifically 
clone ESTs representing genes that are differentially 
expressed in different mRNA populations. The SSH method 
which combines normalization and subtraction in a single 
step, is based on suppression PCR. The normalization step 
equalizes the abundance of cDNAs with the tester popula­
tion and the subtraction step excludes the common mole­
cules between the tester and driver populations and 
achieves a greater than 1,000-fold enrichment o f differen­
tially expressed cDNAs (Diantchenko etal. 1999). The 
technique has already been applied in many studies to iso­
late genes involved in responses to biotic and abiotic 
stresses (Mahalingam et al. 2003; Degenhardl et al. 2005; 
Zhang et al. 2005).

In order to study the genes associated with TPD, we 
selected latex samples which represents cytoplasmic con­
tent of laticiferous cells for RNA isolation. In Hevea tree, 
the latex biosynthesis is greatly affected during the onset of 
TPD syndrome, therefore, it is more appropriate to study 
the gene expression in latex. Here, we report the global 
changes in gene expression in latex during the development 
of TPD syndrome. Two cDNA libraries were prepared, one 
containing cDNA fragments corresponding to mRNAs 
whose levels increased in healthy tree (forward library) and 
the other containing cDNA fragments corresponding to 
mRNAs whose abundance was enhanced in the TPD tree 
(reverse library). This study also resulted in identification 
of candidate genes that could be used as markers in moni­
toring TPD development.



Materials and methods

Plant material

The eiiie clones (RRU 105) of high latex yielding rubber 
trees of 18-year age from experimental field at Rubber 
Research Institute of India (RRU) were selected for the 
present experiment. These trees are being regularly 
tapped [tapping is a controlled shaving of thin bark sec­
tion (about 2 mm) with a special kind of tapping knife on 
alternate days (d/2 tapping system)] for latex collection 
for the past 13 years. Some of these trees developed TPD 
syndrome and they continued to be tapped along with 
healthy trees to maintain uniform bark wounding stress 
(conditions) before sample collection for SSH experi­
ments. The fresh latex samples were collected from five 
healthy and TPD affected trees and pooled before total 
RNA extraction.

RNA isolation

k.,; Total RNA was extracted from latex samples of healthy
and TPD affected trees according to the method of Venk- 
atachalam ei al. (1999). PoIy(A)^ mRNA was purified 
from total RNA using mRNA isolation system (Iom ega, 
Madison, WI, USA). The mRNA quantity and quality 
were determined by spectrophotometrically at 260 and 
280 nm.

Construction of suppression subtractive hybridization 
cDNA libraries

Suppression subtractive hybridization (SSH; Diantchenko 
et al. 1999) was performed to create forward and reverse 
subtracted cDNA libraries using the PCR-Select cDNA 
subtraction kit (Clontech, CA, USA). For forward sub­
traction, mRNA from healthy trees was used as a ‘"tester” 
and TPD tree mRNA was used as a “driver”. A reverse 
subtracted cDNA pool was made with healthy tree mRNA 
as “driver” and TPD tree mRNA as “tester”. The sub­
tracted and PCR amplified products were cloned into the 
TOPO-pCR 2 plasmid vector by using the TA cloning 
kit (Invitrogen, CA, USA). The ligated products were 
then transferred into chemically competent E. coli (TOPO 
lOF) cells to generate SSH libraries. The library was 
plated onto LB agar plates containing 100 ^g/ml 
kanamycin and 1 mM isopropyl-P-D-thiogalactopyrano- 
side (IPTG) and 40 ^g/ml 5-bromo-4-chloro-3-indolyl b 
d-galactopyranoside (X>Gal) for blue-white screening. 
White colonies were picked and cultured at 37*C in LB 
broth containing kanamycin. The glycerol stocks of bacte­
rial cultures were frozen in liquid nitrogen and stored at 
-SOX .

Amplification of cDNA inserts

For differential screening of transcripts each recombinant 
clone was picked and grown on LB agar plate containing 
1(X) v̂ g/ml kanamycin. An aliquot of the colony waii used to 
amplify inserts by PCR using M13 forward and reverse 
sequencing primers. PCR reactions (20 >d) contained 13 jil 
of DD H2O, 1 1̂ of each M13 forward and reverse primers 
(250 nM), 2 ^l of lOx buffer, 2 îl of dNTPs (2.5 mM), I pi 
of Taq DNA polymerase and bacterial colony as DNA tem­
plate. A MJ research DNA engine was programmed as fol­
lows: 94®C for 4 min; 30 cycles of denaturation at 94®C for
1 min, annealing at 50“C for 1.30 min and extension at 
72®C for 2 min; final extension at 72®C for 7 min was used. 
The samples were then electrophoresed on a 1.2% (w/v) 
agarose gel and the clones yielding a single PCR product 
were selected for further investigation.

Differentia] screening of subtracted cDNA libraries 
by reverse Northern analysis

To identify differentially expressed genes, reverse Northern 
blot analysis was performed with radio labeled (^^P) cDNA 
probes. The tester and driver cDNAs from subtracted and 
unsubtracted library were used in separate labeling reac­
tions. Aliquots of cDNA (2 pi) were added to a mixture 
containing 2 pi of the polymerase provided with the Smart 
Kit (Qontech Inc., CA, USA), 2 pi of 5' PC31 primer IIA 
(10 pM), 2 pi of dNTPs (10 pM dATP, dTTP, dGTP and 
0.05 pM dCTTP) and 5 pi of [o-^^P]dCTP (specific activity 
>3,000 Ci/mol, lOpCi/pl). The labeled cDNA probe was 
obtained and purified on Sephadex 050 columns. cDNA 
fragments of all colonies were amplified with M13 primers 
from forward and reverse subtraction libraries. They were 
denatured with 0.6 N NaOH (1:1 ratio) and 2 pi of each 
fragment was spotted onto nylon membranes. Two identical 
membranes with cDNA inserts («10ng) spotted in dupli­
cate were prepared. Blots were hybridized and washed 
according to standard procedures (Sambrook et al. 1989). 
Afterwards, the membranes were exposed on X-ray film 
(X-Omat, Kodak) at -8 0 “C for 24 h. The fragments that 
hybridized only with the labeled tester cDNA or showed at 
least threefold higher signals on these membranes com­
pared to the signals on the membrane hybridized with the 
labeled driver cDNA were selected for sequencing.

DNA sequencing, sequence analysis and accession 
numbers

Plasmids containing cDNA fragments that were differen­
tially expressed were sequenced using universal M13 for­
ward and reverse primers homologous to vector sequence. 
The sequencing was performed al Purdue University



Genome Core Facility. EST identities and potential func­
tions were determined by sequence comparison to the non- 
n»iuDdsDt GenBank database by BLASTN (http:// 
wwNv.ncbi.nlm.hih.gov) with default parameters. Further 
searches of the protein database were also conducted by 
BLASTX and sequence homology information was used to 
assign putative identities. The similarity scores between the 
cDNA clones and known sequences were represented by 
the BLAST probability £  values. The cDNAs were classi- 
tied according to homologous sequences in the database 
and cDNAs with BLAST scores <45 bits (no homologous 
stretch >50 bp) were designated as having “no similarity”. 
The sequences of the Hevea cDNA clones identified in this 
study were deposited in GenBank (http./Zwww.ncbi. 
nlm.nih.gov/GenBank) and their accession numbers are 
listed in Tables 1 and 2.

Semi-quantitative determination of transcripts levels 
by RT-PCR

Total RNA was isolated as described previously by Venkat- 
achalam et al. (1999), treated with DNasel and subse­
quently used for RT-PCR. Two microgram total RNA of 
each sample was used for tirst-strand cDNA synthesis in 
20 ((I nsaction containing 50 mM Tris-HCI (pH 8.3), 
75 mM KCl. 3 mM MgClj, 10 mM DTT, 5 mM dNTPs. 
200 U MuMLV reverse transcriptase (Promega Inc., Madi­
son. Wl, USA) and 50 pmol oligonucleotides T15. Reverse 
transcription was performed at 42®C fw  60 min with a final 
denaturation at 70®C for 15 min. The cDNA (I |il) was 
used directly for PCR with 1 U of Taq polymerase (Pro­
mega Inc., Madison. WI. USA) in the presence of dNTPs at 
250 ^M and the appropriate primers. Initially primers cor­
responding to seven and six target genes from forward and 
reverse libraries, respectively, along with one control (18S 
ribosomat RNA) were synthesized based on EST 
sequences. The list of primers is provided in Table 3. Fur­
ther gene specific RT-PCR primers for two differentially 
expressed genes which were cloned from cDNA library of 
Hevea clone RRD 105 (Accession Nos. MYB-DQ323739 
and TCTP-DQ323740) through PCR amplification were 
designed. The following primer pairs were used to amplify 
full-length cDNAs; Myb transcription factor MybF (5'- 
ACCATGGATCGGGGAATTGA-3') and MybR (5'-CCT 
AAATCCCCCAAACTTA-3') and for translationally con­
trolled lumor protein gene TCTPF (5'-GCACGAGCGTAC 
TTGTTGCTGCT-3') and TCTPR (5'-CAAAATAGAAG 
GCACGCGGCACC-3'). RT-PCR was done using total 
RNA samples isolated fix^m pooled latex of three trees with 
the following thermal cycling parameters: 94®C for 4 min 
followed by 30 cycles of 94®C for 1 min, 50-63®C for 
1.30 min and 72®C for 2 min. The final extension was 
perforrjied at 72®C for 7 min. A 530 bp 18S rRNA gene

fragment was amplified as positive contcx)! using the primer 
pair 5'-GGTCGCAAGGCTGAAACT-3' and 5'-ACGGG 
CGGTGTGTACAAA-3'. The RT-PCR products of full- 
length cDNA for Myb and TCTP genes were sequenced to 
verify the specificity of PCR amplification. For quantifica­
tion, amplification products were immediately separated by 
electrophoresis in an 1.5% (w/v) agarose gel and the inte­
grated intensity of the PCR bands was corrected with the 
corresponding housekeeping gene data and the normalized 
data were used for quantification analysis with the Fuji film 
Image Guage 3.12 version software package (Fujifilm Inc., 
Japan).

Northern blot analysis

The probe DNA fragment was amplified by PCR amplifica­
tion from a plasmid containing the Myb transcription factor 
and TCTP genes with gene specific primers (full-length 
cDNA) as given above. A cDNA library prepared from 
mRNA isolated from elite rubber clone (RR1I105) was used 
as template. Amplification products were analyzed on 1.5% 
(w/v) agarose gel and then purified for labeling. The puri­
fied DNA fragments (25 ng) were labeled with [oc-̂ ^P] 
dCTP by utilizing the random labeling kit (Ambion. USA), 
according lo the manufaclurer’s protocol, followed by puri­
fication with Sephadex G-50 spin columns. Aliquots 
(10 ^g) of total RNAs fronri samples representing healthy 
and TPD tr^ s  were denaured at 65®C for 15 min in a 
buffer containing formamide, formaldehyde, lOx MOPS 
buffer (0.2 M MOPS, 50 mM sodium acetate, 10 mM 
EDTA, pH 7.0) and ethidium bromide (10 mg/ml). RNA 
samples were fractionated in a formaldehyde-agarose gel 
(1.2% w/v) at 65 V for 3 h in 1X MOPS buffer, then trans­
ferred to nylon membranes by capillary blotting and fixed 
by UV irradiation. Membranes were pre-hybridized at 42®C 
for 2 h in pre-hybridization buffer (50% Formamide, 6x 
SSPE, 5x  Denhardt’s, 0.5% SDS, 0.2 mg/ml salmon sperm 
DNA) and hybridized in the same buffer containing the 
labeled probe at 42*C overnight. The membranes were 
washed and exposed to X-ray film (X-Omat, Kodak) for 
signal detection at —80^C for 24—48 h. Total RNA was iso­
lated from the latex collected from three trees and used for 
Northern analysis. This experiment was repeated thrice. 
The intensity of each band was normalized with the corre­
sponding rRNA band and quantified as mentioned above.

Results

We have undertaken a gene discovery project in rubber tree 
aimed at identifying ESTs representing genes expressed 
during the onset o f TPD syndrome after latex cells tapping. 
The 'I t’D appears to be a result of physiological disorders in

http://www.ncbi


T a b le  1 Identification o f  non-rrdundan( c lones (unigenes) dow n-regulutcd in T PD  trees from  the forw ard  SSH  library

SSH cD N A  insen G enB ank BLA ST sequence homology'* £-value
ciooe ID s iic ^ b p ) accession  n o . '

Scre&s/defense response

SSH-1 667 D Q 306730 REF-like stress related  p rotein  1 (R L P) m R N A 0
SSH -2 520 DQ306731 Translationally  contro lled  tum our protein (TC TP) m RN A 0
SSH -3 706 DQ306732 Latex PI 3.5 p rotein  H ev b5 m R N A 0
SSH -4 346 D Q306737 Putative low tem perature and salt responsive protein gene le -^ '

SSH -5 668 D Q306738 H eavy m etal ussociated-dom ain contain ing  protein 2 e - «
copper chaperone (C C H ) related  gene

SSH -6 327 E>Q306739 T hioredoxin  H -type (TR X -H ) m RN A 3 e - »

C ellu lar m etabolism /pathw ay regulation

SSH -7 338 D Q 30674I G lyoxylate pathw ay regu lato r gene m R N A 0
SSH -8 382 D Q 306742 Putative fiatty acid hydroxylase gene 2 c- ‘3
SSH -9 534 E>Q306783 C. sinensis  V alencene synthase m RN A 9 e - ’’

Cel) grow th, division and developm ent

S S H -10 260 DQ306743 G lycine-rich R N A  binding protein gene m RN A 2 e - «
D \ . \ 'R N A

S S H -11 253 D Q 306744 HIstone H2A like protein m R N A  cds l e - »

SSH -12 612 D Q 306745 M ybl transcription factor (M yb) m R N A 5 e -“

S S H -I3 477 D Q 306748 Putative sm all nuclear ribonucleoprotein  P  (snR N P-F ) gene 8 e -“

Protein synthesis, process and transport

S S H -1.4 526 D Q 306749 26S protcasom e subunit 7 m RN A le - '* '

SSH -IS 387 D Q 306750 Translation initiation factor 5 m RN A 8 e - '"

S S H -16 503 D Q 30675I 60S ribosom al protein L I2  gene S e -’*

S S H -17 308 D Q 306752 Putative 60S acidic ribosom al protein gene 5c-**

SSH-18 296 D Q 306753 V acuolar sorting recep tor protein gene 6 e - «

Structural

S S H -I9 670 D Q 306754 A ctin depolym erizing facto r m RN A l e - '«

A m ino acid biosynthesis

SSH -20 653 D Q 306755 A lanine-glyoxyiate am inotransferase/A G T  gene 5 e - “

SSH-21 763 D Q 306756 b-K eto acyl reductase gene 7 e -“

Protein degradation I-. 4

SSH-22 413 D Q 306757 U biquitin-conjugating enzym e E2 (U B IE2) m RN A 2 e - «

C ellu lar com m unication and signaling

SSH-23 456 D Q 306758 C alcium -binding protein (PC A 18) m RN A l e ' “

UnknowTi function

SSHO-4 376 DQ 306763 A cylphosphaiase fam ily  * 5 e - «

SSH-25 635 D Q 306764 H ypothetical protein l e - “

SSH -26 700 DQ 306765 A. ihaliana  clone 17598 m R N A  com plete  sequence 2 e - '"

SSH-27 346 D Q 306766 O. safiva  cDt4A clone J02307IK 01 full insert sequence 6 e - “

SSH-28 382 DQ 306767 A. Ihaliana  cD N A  sequence from  c lone  G SLTFB 89ZE07 2 e -“
o f  flow er and buds o f  strain  col-0

SSH -29 262 D Q 306768 A. Ihaliana  com plete cD N A  sequence from  clone l e - "
G SLTSIL77ZB 04 o f  silique o f  strain  col>0

SSH -30 190 D Q 306769 M. iruncaiula  clone m th 2 - l8 l7  com plete  sequence 9e‘ ^

SSH-31 421 D Q 306770 Z  m ays  PC O  139688 m R N A  sequence 6 e - ‘^

SSH-32 477 DQ306771 Z  mays PC O  146768 m R N A  sequence l e - “

SSH--V? 454 DQ 306772 A. ihaliana  unknow n protein (A t5g06560) m R N A  com plete sequence le~^'

-It



T ab le  1 c o n tin u e d

S.SM 
d o n e  ID

cD N A  insert 
size (bp)

G enB ank 
accession no. *

b l a s t  scqucnce homology** As-value

S.SH-34 668 DQ306773 L cornlculalus G enom ic DNA T M 0366 com plete sequence 7 e - «

.S.SH-35 308 DQ306774 A- ihallana Genom ic com plete sequence BAG P3L24 6e “

SSH-36 341 DQ306775 N. henthamiana 9*079 unknown mRNA 6 e - ^

SSH-37 635 DQ306776 A. ihaliana G enom ic com plete sequence BAG F9F8 3e-*"

SSH-38 327 DQ306777 A. ihallana mRNA clone 22166 com plete sequence l e - «

SSH-39 501 DQ306778 A- Ihaliana m RN A  clone 94584 com plete sequence 2 c - '^

SSH-40 653 DQ306779 A. Ihaliana com plete cDNA sequence from  clone 
G SLTSIL32ZC12 o f  silique o f  strain col-0

2 e -“

SSH-41 537 DQ306780 A. Ihaliana Genom ic com plete sequence BAG T 16011 3e-»>

SSH-42 296 DQ306781 Cucurbiia m RN A  for PV72 com plete cds 3 e - «

SSH-43 853 DQ306782 A. Ihaliana Kelch repeat-containing F  box fam ily protein 2 e '«

'  The G enB ank accession num bers o f  (he nucleotide sequences are given

 ̂ BLASTX w as used to  d etenn ine hom ologous genes and p u u tiv e  functions o f  genes. BLASTN was used in case  o f  failure to retum  any hits by 
BLASTX. C lones that d id not share significant hom ology with known sequences are not shown and c c ^ s p o n d  to: SSH -44 (218 bp; DQ306784), 
SSH-45 (617 bp; D Q 306785). SSH -46 (670 bp; D Q 306786) and SSH -47 (121 bp; DQ306787)

the bark tissue of high latex yielding Hevea clones (Fig. la). 
It has been proved that high yielding rubber clones are 
more prone to TPD syndrome (Anonymous 2002). In order 
to maximize our chances of identifying TPD associated 
genes in Hevea, we generated subtracted and normalized 
cDNA libraries from mRNA isolated firom latex cells cyto* 
plasm of healthy and TPD trees. One of the objectives of 
this study was to isolate genes up-regulated during the 
onset of TPD in high latex yielding Hevea R R II105 clone. 
This led to the identification of cDNAs representing low 
abundance genes or those expressed in response to latex 
cells tapping (Fig. lb). It is quite clear that bark cells fix»n 
tapping panel of TPD tree are being dried (cell death) and 
rubber biosynthesis (latex production) was ultimately 
inhibited partially (Fig. Ic) or ceased completely after tap­
ping (Fig. Id) while no such symptom was noticed in 
healthy tree in the subsequent tapping (Fig. lb). To capture 
a wide spectrum of difTeremially expressed genes, latex 
samples were collected and pooled from different trees for 
mRNA isolation and cDNA library construction. A total of 
1,079 vector-containing bacterial colonies were obtained 
from two libraries and assayed for the presence of cDNA 
insert by PCR. Analysis of the PCR products showed that 
the cDNA inserts ranged firom 200 bp to 1.2 kb (data not 
shown). The resulting subtractive clones were then used to 
identify differentially expressed genes by reverse Northern 
blot analysis.

Identitication and differencial expression analysis 
of cDNAs by SSH

The ‘forward’ subtraction set lead to identification of the 
clones down-regulated in TPD trees compared to healthy 
trees after tapping, while the ‘reverse’ set enabled identifi­

cation of clones up-regulated in TPD trees compared to 
healthy trees. To increase the specificity of healthy tree- 
and TPD tree-specific cDNAs prior to sequencing, differen­
tial screening steps (Diantchenko etal. 1999) were 
performed. PCR amplified products of 1,079 cDNA clones 
from the subtractive library were spotted onto nylon mem­
branes. The differentially expressed genes were first identi­
fied by successive screening with unsubtracted tester and 
driver cDNAs as probes separately. The forward SSH 
library blots showed strong hybridization signals for many 
clones with the probe from healthy tree (Fig. 2a), whereas 
most of them did not hybridize to the cDNA probe from 
TPD tree and those clones were considered as differentially 
regulated cDNAs specific to healthy trees (Fig. 2b). On 
SSH blot from reverse subtraction library, the cDNA probe 
from TPD tree was strongly hybridized to many clones that 
were considered as specific cDNAs up-regulated by TPD 
syndrome (Fig. 2c), whereas the healthy tree probe did not 
hybridize with a large number of clones or hybridized 
weakly with few (Fig. 2d). Some clones hybridized to both 
cDNA probes (healthy and TPD trees) indicating that they 
were not differentially expressed between healthy and TPD 
trees. Similarly, secondary screening was also performed 
with subtracted probes (data not shown). This serening 
step made it possible to rapidly eliminate a number of false 
positive clones. On the forward SSH library, 310 clones 
were identified following differential screening and 112 
clones among them displaying differentially expressed sig­
nals specific to healthy tree were selected for sequencing. In 
the case of reverse SSH library, a total of 769 clones were 
obtained and about 240 clones showing differential expres­
sion specific to TPD tree were sequenced. Sequence analy­
sis revealed that 134 clones represent non-redundant cDNA 
inserts. Further bioinformatics analysis lead to the identifi-



T ib le 2 Identilication o f  non-rcdundant clones (unigenes) up-regulnicd in T PD  trees from the reverse SSH library

SSH 
clone ID

cD N A  insert 
size (bp)

G enB ank 
accession no.*

BLAST scquencc hom ology” H-value

Stress/defense response

S S H I 106 DQ306788 C hitiniuc gene mRNA cds 2 e ”

SSH-2 853 DQ306789 Pscudohevein gene m RN A  cds 0

SSH-3 606 D Q 306790 Latex allergen m RN A  (1,444 bp) 0

SSH-4 293 I5Q306791 P uu iivc  senescence-associated protein l e - «

SSH-5 297 D Q 306792 Universal stress protein (U SP) fam ily protein 7 e - ‘*

SSH-6 536 DQ306793 Phoxphatidic acid phosphatase— related PA P2 gene 2e-^^

SSH-7 462 DQ306794 Pathogenesis-related protein O sm otin precursor (N P24) gene 0

SSH-8 563 DQ306795 Ethylene b iosynthesis gene m RN A  cds 0

SSH-9 323 DQ306796 Heat-shock protein (H SP) 19 class I mRNA 5 e- '^

SSH-10 390 DQ306797 D esiccation protectant protein (L E A I) mRNA 7 e -“

S S H -11 676 DQ306798 Violaxanthin de-epoxidase precurs<H^ m RN A  (T V D E l) ,e - i3 6

S S H -12 129 E)Q306799 Hev b3 (922) (MDtein mRNA l e - «

S S H -13 711 D Q 306800 Pro-hevein p recursor (M ajor hevein contains H evein le - '^
allergen H ev b6) w in-like protein

S S H -14 323 DQ306801 17.3 KDa c lass heat shock protein (H SP17.3) 2 e - '^

SSH -15 387 DQ306802 Late em bryogenesis abundant (LEA 3) fam ily protein 0

S S H -16 603 D Q 30684I L esculentum beta-carotene hydroxylase (C rtR -2 gene) mRNA 0

Cellular m etabolism /pathw ay regulation

SSH-W 271 DQ306803 G \yceraldd)yde-3-phosphate dehydrogenase (G a p C l)  m R N A 2 e -“

SSH-18 516 D Q 306804 A cid invertase gene mRNA l e - ' ”

SSH-19 403 DQ306805 C TP synthase/U TP am m onia ligase m RN A 9 e -“

Ceil growth, division and develc^m ent

SSH-20 456 DQ306806 Cell w all protein mRNA l e - ' “

SSH-21 269 DQ306807 C yclophilio gene mRNA 6 e - «

SSH-22 400 E)Q306808 M e m tn ^ e  related protein CP5 mRNA I e - “

SSH-23 422 DQ 306842 .4. ihaliana inosine-uridine nucleoside hydrolase protein le - '*

DNA/RNA binding

SSH-24 346 DQ 306809 Z inc Finger fam ily protein 5 e '“

EYotein synthesis, process and transport

SSH-25 451 D Q 3068I0 C ysteine protease like mRNA l e - “

SSH-26 488 DQ306811 Polyubiquitin gene l e - ^

SSH-27 359 D Q 3068I2 Translation elongation factor eE F—lb e ta  chain 5 e - ^

SSH-28 512 D Q 3068I3 D naJ |Nt)tein m RN A  com plete cds 0

SSH-29 449 DQ 306814 SOS ribosom al protein L31 m RN A  com plete cds 5 e - ”

SSH-30 267 DQ306815 60S ribosom al protein L37 a  (RL37a) m RN A  com plete cds 2 e - '^

SSH-31 287 D Q 306816 28S ribosom al RNA gene l e - ‘“

Structural genes

SSH-32 568 D Q 3068I7 A ctin (A C T I) mRNA com plete cds 0

Cellular com m unication and signaling

SSH-33 512 DQ306818 A SR-iike {KOtein 2  (A SRLP2) m RN A 2 e ' ’^

Rubber biosynthesis

SSH-34 213 DQ306819 HM G -CoA  synthase 2  m RN A l e - ‘«

Unknown function

SSH-35 590 DQ306820 A. Ihaliana expressed protein gene 8 e -”



T a b le  2 continued

SSH 
clMie ID

cD N A  insert 
size (bp)

G enB ank 
accession  no.*

B LA ST sequence homology** £-value

SSH-36 455 D Q 30682I A. thaliana hypothetical protein gene 3^-21

SSH-37 390 D Q 306822 A. thaliana nodulin-related  p rotein  gene 3 e - »

SSH-38 296 D Q 306823 Mus musculus form ing b ind ing  protein  2  m R N A 0

SSH-39 293 D Q 306824 A. thaliana A t3 g 4 l9 7 0  m R N A  sequence le -* “

SSH -40 198 D Q 306825 H. sapiens D C 48  m R N A  com plete  cds 2 e - »

SSH -4I 297 D Q 306826 Z  mays P C 0144363  m R N A  sequence l e - “

SSH-42 536 D Q 306827 A. thaliana A t5g03080 gene com plete  cds 6 e - '^

SSH-43 455 D Q 306828 O. sativa genom ic D N A  PA C P0030G 02 com plete  sequence 9 e - ‘"
SSH-44 748 D Q 306829 A. thaliana full-length cD N A  com plete  sequence 

from  G S L T P G H 1 2 £ 1 2 o f horm one treated  ca llu s o f  strain  C ol-0

SSH-45 646 D Q 306830 A. thaliana unknow n protein (A t4g37680) m R N A  com plete  cds l e - «
SSH-46 329 D Q 30683i C. C -27 ch loroplast D N A  com plete  cds 2 e -“
S S H -i7 331 D Q 306832 0. saliva c lone 001-124-F02 fu ll insert sequence 9c - '5

SSH -J8 590 D Q 306833 A. thaliana com plete sequence G SL  T SIL 72Z P07 
o f  siiique o f  strain  col-0

SSH-49 341 D Q 306834 A. thaliana A tPH 1 m R N A  com plete  cds 2 e - '«

SSH -50 351 D Q 306835 A. thaliana com plete  cD N A  clone  G S L T S IL 95Z E 04 
o f  siiique o f  strain  co l-0

3 e - «

SSH-51 330 D Q 306836 0. saliva cD N A  clone  J013059F 24  full in se n  sequence 3^-12

SSH-52 283 D Q 306837 Z. mays C L 2 0 2 2 -1 m RN A  sequence 3 e -”

SSH-53 559 D Q 306838 H. sapens G enom ic D N A  clone  C M B 9 -8 8 B 16 com plete  sequence 0

SSH-S4 443 D Q 306839 M. truncatula c lone m th2-53p 19 com plete  sequence 7 e - ”

SSH-55 364 D Q 306840 0. saliva cD N A  clone J033107E 20 full insert sequence 6 e - '"

SSH -56 516 D Q 306843 L esculentum m inor allergen beta-fructofuranosidase precursor 5 e - «

S S H 5 7 493 D Q 306844 G. max H M G 1 /2-like p rotein  (SB  11 protein) 7e-«"

SSH-58 330 D Q 306845 A. thaliana ring-box protein  gene 3 e - «

SSH -59 751 D Q 306846 A nnexin-like protein R J4 Ie ~ “

SSH -60 658 DQ 306847 A. thaliana N C dom ain con tain ing  protein 2c">*

SSH-61 479 D Q 306848 A. thaliana putative protein 7 e - ”

SSH -62 180 IDQ306849 Thermococcus sp. A L 662 b g lT  gene l e - '^

* T he G enB ank accession  num bers o f  the nucleo tide sequences are given
** BLA STX  w as to  <fecermine hom ologous genes and putative functions o f  genes. BLAS7T4 w as used in ease of fa ilu re  to  return any hits by 
BLASTX. Q o n e s  that d id  not share significant hom ology w ith  know n sequences are not show n and correspond to : SSH 63-87 (D Q 3068S0-306874)

cadon of 47 cJoncs from forward SSH librai> (Table 1) and 
87 clones from reverse SSH library (Table 2) as consis- 
leoth up-refulated genes.

Functional ctassilication of differentially expressed genes

Differentially expressed genes were classified into 10 func­
tional categories according to the putative function of their 
homologous genes in the databases generated by BLAST 
analysis. Data presented in Tables 1 and 2 show the func> 
tional classification of the differentially expressed genes 
identified from forward and reverse SSH libraries. Based on 
BLAST analysis results, putative functions were assigned 
to 134 clcffies in which (1) 57 genes were with known func- 

4S ESTs had matches with genes in GenBank

database of unknown functions, and (3) 29 had no matches 
(uncharacterized). The sequences generated in this study 
have been deposited in the GenBank database and can be 
viewed on the NCBI website (htlp://www.ncbi.nlm.nih. 
gov) under the accession numbers given in Tables I and 2. 
Sequences that yielded no significant homology are not 
included. There were differences in the distribution of 
expressed genes among functional classes between the 
healthy and TPD trees (Fig. 3a, b).

Stress/defense-related genes

A total of six up>regulated clones identilied in healthy tree, 
had homology to known stress/defense related genes 
(Table 1). This included a member with homology to REF-

http://www.ncbi.nlm.nih


Tabk 3 List of primer sequences used for icmi-quantitative k I IttR analysis

Name of the genes Primer sequrtKCM

Forward (5' 3') Reverse (5'-3')

MYB OGAAACKiCOOGTCCTT g c c c tta g c c tg g tc c
TCTP ACAAACTCOTTGGGTC G ci i c r i c r c T c c i  i r
CBP CGGCCGAOCmSCCCTrAG g g a a a ttc a c a c c c c c a t
TTIX-H A d  11 iu l a a a a a c a g t g c c g t it c a t t a g t c
RLPl CTCAATCOCCOCCGAC a c a tc a a a g a a a g c a t
F*box g g c t g c c a a c it a g c g t t g a c c g a c c g g a c ta tc c c
REF AAC I'l l 11 a c c u g c c t a a t a c tg ttg a g a g ta
CP c g t c a t c a t c c a g a a c t c c c c c ta tc ttg g a tc g g a
PRO g t a c a c a to a o a tg ta a c t c g g a g c a t o t a a c a a c c
EB c g c g g c c g a g g t a c t t a t c tc g a c g a g c a a tg g a tc
ALP a g c t c tc a a g a c c a a c a c c a a c c c a g a c t g g g a g a t
PAP a t a c g c t g c c g c a g g t g t t g ta g a g a t c c t g c g a g t
ASR-2 t g c a c a a c a g a a c c a c c a CCACACXACCACAAGGAA

MYB M yb transcription facto r gene. T C TPT ranslationally  controlled tum our protein gene, CBP C alcium -binding protein. TRX H Thioredoxin H- 
type gene, RLPl REF-like stress related protein I . F-box F  box fam ily protein. REF R ubber elongation factor protein gene, CP C ysteine protease 
like mRNA. PRO PR -O sm odn precur«)r gene. EB Ethylene biosynthesis gene. ALP A nnexin-like protein RJ4. PAP Phosphatidic acid phospha- 
tase-related gene, and  ASR-2 A SR  tike protein 2

Fig. 1 a  An overview  o f  a  high 
yielding Hevea rubber tree 
(clone RRII 105) plantation at 
RRII. b  A healthy tree with 
normal latex flow (indicated by 
arrow) through o u t the tapping 
panel and flow o f  latex to the 
cup. c  A robber tree partially 
affected by T PD  in w hich latex 
flow is (^se rv ed  In patches (indi­
cated by arrow) at the cu t su r­
face o f  tapping panel.'d  A rubber 
tree hilly affected by T PD  syn­
drom e w ith no latex flow (indi­
cated by  arrow) and com pletely 
dried tapping panel

like stress related protein-1 (RLP-1). Another clone from 
healthy plant had homology to translationally controlled 
tumour protein (TCTP), a highly conserved cytosolic cal­
cium binding protein found in various organisms including

plants. Along the same line, we isolated a gene from 
healthy tree that has sequence homology to a Thioredoxin 
H type (TRX-H) protein that is believed to interact with 
ROS-detoxifying enzymes such as ascorbate peroxidase.
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f\g.2 DifTerendal screen ing  o f  cD N A  clones from  the Hevea S SH  li­
braries (forw ard-healthy tree  specific library  and reverse-T PD  tree spe­
cific library). D uplicate do t-b lo ts w ere  p repared  and the m em branes 
were hybridized w ith rad io labeled  probes. T h e  spo ts differing in their 
intensity betw een m em branes w ere classified  as e ith er up- (circled  by 
continuous line) o r  dow n-regu la ted  (circled  by dotted line). T w o  cD- 
NAs, FS (M yb transcription facto r gene), and K1 (T C T P g en e) specific

to  healthy tree are indicated by circle, a  C lones from  forw ard SSH  li­
brary hybrid ized  w ith  unsubtracted  labeled tester cD N A  (healthy  tree), 
b  C lones from  forw ard  SSH  lib ra iy  hybrid ized  w ith unsubtracted  la ­
beled  d river cD N A  (TPD  tree), c C lones from  reverse SSH  library 
hybridized w ith unsubtracted  labeled  teste r cD N A  (T P D  tree), d  
Q o n e s  from  reverse SSH  library  hybrid ized  w ith unsubtracted  labeled 
d river cD N A  (healthy  tree)
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F ig. 3  Functional ca tegories o f  T P D  responsive g enes identified from  
Hevea SSH  libraries. S equences having hom ology to  unknow n protein 
sequences from  B L A ST  com parison w ere classified as unknow n fiinc- 
tional genes. S equences w ith  no  sim ilarity  to  know n D N A /gene/pro-

catalase. glutathione peroxidase, peroxiredoxins and super­
oxide dismutase. A sequence similar to copper chaperone 
related cene u as aJso induced in healthy tree. The principal

Suess/defenie response 

^  Cell metabolism & pathway 

Cell division and growth 

8  Tnnscription facton

S  Protein synthesis

^  Cell signalling

^  Rubber biosyntitesis

Unknown function 

No homology

0 5 10 IS 20 23 30
N o. o f  genes u p -re g u la te d  in  T P D  tre e

tein sequences in the database w ere classified as no  hom ology. The 
bars represent the num ber o f  gene transcripts: a dow n-regulated in 
TPD  trees (forw ard SSH  library); b  up-regulated in T PD  trees (reverse 
SSH  library)

function of Cu chaperones is to deliver Cu to copper-depen­
dent enzymes such as Cu-Zn-dependent superoxide dismu­
tase, cytochrome oxidase and tyrosinase. This strengthens



an earlier report that SOD enzyme activity was significunily 
higher in healthy tree as compared to that in the 'n*D irce 
(Xi and Xiao 1988).

Most of the stress/defense related genes were isolated 
from TPD affected trees (Table 2). The osmotin-precurser- 
like gene was up-regulated in TPD tree and it was confirmed 
by RT-PCR analysis (Fig. 5a). Since the expre^ion of 
osmotin*like genes is correlated with cell death at the time 
of suberization in bark tissues o f cork oak (Pla et al. 1998), a 
similar type of response may be occurring in TPD affected 
bark tissues in rubber trees. Also among the clones isolated 
from TPD tree, there was a homologue of heat-shock pro­
teins (HSPs) 19 class I and HSP 17,3. This suggests that 
HSPs have chaperone-like activity in refolding of damaged 
proteins in TPD affected trees. We also identified LEAl. 3 
and chitinase genes, which are shown to be regulated by 
ABA and play an important role in protecting macromole- 
cules and membranes from oxidative stress (Shinozaki and 
Yamaguchl'Shinozaki 1999). Also from the TPD library, 
we identified a gene with homology to a putative ethylene 
biosynthesis gene which has been involved in systemically 
induced stress defense response. A putative-senescence 
associated gene that could predispose tissue to senescence 
and cell death was identified in TPD tree. In addition, three 
clones for a hevein-like and pseudohevein-like F»*o*ein genes 
were identified in TPD tree. A clone from TPD tree, that has 
sequence homology to a violaxanthin de-epoxidase precur­
sor mRNA that is believed to act as an ABA precursor in 
wound stressed tree. Another clone from TPD had homol­
ogy to phosphatidic acid phosphatase related gene also 
involved in wound-in(kiced lipid hydrolysis (Wang etal. 
20(X); Park et al. 2004). In addition an universal stress pro­
tein (USP), which is a member of a family of stress-regu­
lated (ABA, drought, salt and cold) genes of unknown 
functions was found to be induced in TPD affected trees.

Protein synthesis, degradation and amino acid biosynthesis 
related genes

In healthy tree, we found up-regulation of five genes associ­
ated with protein synthesis, one for protein degradation and 
two for amino acid biosynthesis. Several transcripts, homo- 
logues to ribosomal proteins and a gene encoding translation 
initiation factor were also up-regulated in healthy tree. We 
also identified a clone of 26S proteosome subunit 7 mRNA 
from healthy tree and it is believed to be associated with 
translation initiation complex during various environmental 
stresses. Another gene encoding vacuolar sorting receptor 
protein (VSR) was identified in healthy tree and this protein 
is implicated in sorting and compartmentation of proteins 
within the endomembrane system o f plant cells (Paris et al. 
1997). In addition, two up regulated genes in healthy tree 
represent Alanine:glyoxylate amino transferase gene (AGT)

and b-keto acyl reductase genes which are believed to be 
involved in amino acid biosynthesis. Also identified In 
healthy trees was a clone with homology to an ubiquitin- 
conjugating enzyme E2 (UBIE2). which is involved in pro­
tein degradation (Hellmann and Estelle 2002).

!n TPD tree, several up-regulated genes involved in pro­
tein synthesis, process and transport were also identified. 
We identified a homologue o f cysteine protease like mRNA 
from TPD tree and It is believed to be involved in nuclear 
degradation. In general, proteases are thought to be 
involved in a range of processes including senescence and 
defense resistance. In TPD tree, a polyubiqutin gene was 
induced and its homolog is known to play important role in 
various cellular functions. Ubiqutin-mediated proteolysis is 
a fundamental process regulating diverse cellular events, 
including plant responses to environmental stresses con­
trolled by jasmonate, ethylene and abscisic acid (Sullivan 
et al. 2(X)3). DnaJ protein mRNA, identified in this study as 
up-regulated in TPD tree may be functioning as a molecular 
chaperone. Also we Isolated a clone encoding translation 
elongation factor (eEF-I) beta chain protein mRNA from 
TPD library and it is presumed to play a role in translation 
initiation. It was also observed that three ribosomal protein 
mRN As (SOS, 60S, and 28S) were up-regulated under TPD 
conditions. Though, the up-regulation of ribosomal genes 
during the onset o f TPD is not clear, it can be correlated 
with the changes occur in protein metabolism to adjust 
nutritional imbalance between healthy and TPD trees.

Cellular metabolism and signaling genes

In healthy tree, there were three up-regulated genes with 
predicted functions in cellular metabolism or signaling. 
Among them, a clone homologous to fatty acid hydroxy­
lases that is thought to play a role in synthesis o f cuticles and 
signaling molecules derived from fatty acids was identified. 
A clone from healthy tree with homology to calcium bind­
ing protein mRNA was isolated. Three genes potentially 
functioning in cellular metabolic pathway were found to be 
up-regulated in response to TPD. They include glyceralde- 
hy(te-3-phosphate dehydrogenase, acid invertase and CTP 
synthase/UTP ammonia ligase. The invertase is assumed to 
increase internal oxygen levels and improve sucrose metab­
olism in plant tissues. CTP synthase/UTP ammonia ligase 
plays an essential role in synthesis o f cell membrane phop- 
holipids in eukaryotic cells. Also among the clones isolated 
from TPD tree was a homologue of ASR like protein 2 pre­
dicted to be involved in abiotic stress signaling.

Cell structure, division and growth related genes

This functional category included two clones (glycine-rich 
RNA binding proteins (GR-RNPs) and actin depolymeriz-



ing factor mRNA) isolated fonn healthy tree library. The 
genes encoding GR-RNPs respond often to environmental 
stresses suggesting a stress-related role for these proteins. 
Glycine-rich proteins possessing RNA-binding domains are 
suggested to have regulatory function in addition to their 
role as cell wall components. Acdn depoiymerizing factor 
(ADF) is required for a number of essential cellular pro­
cesses. including ceil division and cell expansion (Kost 
et al. 1999). In TPD tree, a clone homologus to actin gene 
was isolated and it is thought to be involved in abiotic 
strees response. In addition a homolog o f cell wall protein 
mRNA presumed to be involved in wound healing and 
plant defense was also induced in TPD tree along with a 
cyclophilin gene, which is likely to be involved in protein 
folding.

Genes involved in transcriptional regulation

In this category, we identified four transcription factors 
and only one o f them is differentially regulated in healthy 
trees. This is homologous to a Myb transcription factor 
that appe.ars to be induced due to tapping o f laticiferous 
tis:»ue in healthy tree (Chen et al. 2003). Also in healthy 
tree, one clone corresponding to histone H2A like protein 
was up-regulated and it is well known that histone genes 
are expressed during S-phase specifically in proliferating 
cells. Up-regulation of histone genes during cell cycle 
indicates that normal cell proliferation and growth of bark 
takes place in the tapping panel region of healthy trees. 
The last identified gene induced in healthy trees under this 
category was a putative small nuclear ribonucleoprotein F 
(SnRNP-F) a member o f splicesome binding specific pro­
teins. These proteins are implicated in basic and alterna­
tive splicing of nuclear pre-mRNAs which are crucial for 
regulating gene expression and in controlling development 
and differentiation.

Rubber biosynthetic genes

Interestingly, one o f the rubber biosynthetic genes is up- 
regulated (HMGS-CoA) in TPD tree. The importance of 
up-n?gulation o f the HMGS-CoA gene in TPD tree is not 
clear. However, extended latex dripping in rubber tree is an 
early physiological indicator for the onset of TPD syn­
drome. The extended latex synthesis in TPD prone trees 
can be correlated with up-regulation o f HMGS-CoA gene.

Gene products of unknown function

Though we could classify many genes under several func­
tional categories, still there are several genes identified in 
both forward and reverse SSH libraries that have no signifi­
cant homologies to cDNAs with assigned functions for the

products. In healthy tree library, there were 20 genes up- 
regulated and two o f these genes were previously reported 
to be induced in rubber trees. Acylphosphatase protein is 
one of the previously described members o f the c-terminal 
domain (CTD) proteins identified in rubber. Not much is 
known about the role o f acylphosphatase and its impact on 
gene expression in plants. Another gene homologous to 
Kelch repeat>containing F-box family protein was also 
induced in healthy trees. A  total o f 28 genes with no known 
function were up-regulated in TPD tree.

Validation of differential expression

We selected seven genes (from forward library) involved in 
signaling (1), rubber biosynthesis (1), unknown (I), stress/ 
defense (3) and a MYB transcription factor and six genes 
(from reverse library) representing stress/defense (3), pro­
tein metabolism (I), signaling (1) and unknown (1) to vali­
date their differential expression. The MYB transcription 
factor chosen for Northern analysis has been shown to be 
up-regulated in healthy trees (Chen et al. 2003). Other 
genes were either down-regulated in TPD trees and are 
involved in important processes associated with the onset 
o f TPD. Initially RT-PCR was performed with them to ver­
ify that the corresponding genes were differentially regu­
lated. It was found that all the seven genes [(Myb 
transcription factor gene (MYB), translationally controlled 
tumor protein gene (TCTTP), calcium-binding protein 
(CBP), rubber elongation factor protein gene (REEO. thiore- 
doxin H-type gene (TRX-H), F box family protein (F-box) 
and REF-Iike stress related protein I (RLPI)J were signifi­
cantly up-regulated in healthy trees (Fig. 4a, b). Further, it 
is interesting to note that mRNA transcript accumulation 
for all the six genes [cysteine protease like mRNA (CP), 
PR-osriiotih'precursor gene (PRO), ethylene biosynthesis- 
related gene (EB), annexin-like protein RJ4 (ALP), phos- 
phatidic acid phosphatase-related gene (PAP), ASR like 
protein 2 (ASR-2)] was found to be significantly higher in 
TPD affected trees (Fig. 5a, b). SubsequenUy, two unigenes 
MYB and TCTP expressed in healthy trees were selected 
for Northern analysis. The size of Myb and TCTTP genes 
was 970 and 670 bp, respectively. The sequences were sim­
ilar to the Myb and the TCTP genes reported earlier (Chen 
et al. 2003; Han et al. 2000), As predicted from the SSH 
results and RT-PCR (Fig. 6a), the levels o f the Myb and 
TCTTP mRNA transcripts were higher in healthy trees 
(Fig. 6b). The semi-quantitative RT-PCR analysis showed 
that the mRNA levels of Myb and TCHP genes increased 
by nearly four and three-folds, respectively in healthy trees 
(Fig. 6c). However analysis o f intensity o f radioactive sig­
nals in Northern blots indicated that M yb and TCTP were 
induced by nearly IS and 12 folds, respectively in healthy 
trees (Fig. 6d).
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Fig. 4 a RT-PCR analysis of up-regulated genes in healthy tree. Total 
RNA extracted from latex cells of healthy and TPD trees of a high 
yielding Hevea cloi>e RRII 105 was used for RT-PCR and the 18S 
rRNA served as constitutive ccmtrol gene. Specific primers were used 
for the amplification of indicated genes, b Semi-quantitative analysis 
of mRNA transcript accumulation levels (Reluive units) of various 
genes using Fujifilm ImageGauge version 3.12 software and normal­
ized to account for loading differences in corresponding lanes

CjvtdiM proUase like mRNA (CP)

PR-Ounotln precuraor B«ne (PRO)

Elhylene U osyn tb o ii related gene (EB)

Annexin-Iike proteio RJ4 (ALP)

Phosphatldic add phosphatase-related 
gene (PAP)

ASR like protein 2 (ASR-2)

18S rRNA

CP PRO EB ALP PAP ASR-2 
Name of the Gems

Fig. 5 a  RT-I^CR analysis of up-regulated genes in TPD tree. Total 
RNA extracted from latex cells of healthy and TPD trees of a high 
yielding Hevea clone RRII 105 was used for RT-PCR and the 18S 
riU^A so^ed as constitutive control gene. Specific primers were used 
for the amplification of indicated genes, b ^mi-quantitative analysis 
of mRNA transcript accumulation levels of varimis genes using Fuji- 
film ImageGauge version 3.12 software and nOTmaliied to account for 
loading differences in corresponding lanes

Discussion

The goal of this research was to identify and characterize 
genes that control/associated with the onset of TPD syn­
drome by which the latex biosynthesis (rubber) is affected 
significantly or stopped completely due to cell death (panel 
diyness) in nibber tree. With the advent of genomic meth­
odology that permits the monitoring of ex {» ^ io n  of large 
Dumber o f genes simultaneously, it is now possible to iden­
tify sets of genes that are active during a specific develop­
mental process. Moreover, the existing technology allows 
the assignment of functions to genes based on similarity to 
others in the database. Identiiicauon o f these gene pools is 
an important and necessary first step towards understanding 
TPD developmental processes. In this study, the transcrip­
tion profiles of healthy and TPD trees were compared by 
SSH analysis. Tliis is the first report o f  global analysis o f 
the transcriptional responses o f Hevea trees during the 
onset of TPD syndrome.

The most noticeable difference in gene expression 
between healthy and TPD trees was the induction of large 
number of stress related genes in TPD affected tree. RT- 
PCR result indicates that the accumulation o f mRNA tran­
scripts for ethylene biosynthesis gene was significantly 
high in TPD trees compared to healthy one (Fig. 5a). It is 
well documented that ethylene biosynthesis gene is playing 
an important role in the regulation of stress respcmses in 
plants (Leon et al. 2002). Ethylene exeits its action through 
a complex regulation o f its own biosynthesis, perception 
and signal transduction, leading to changes in gene expres­
sion (Chang and Shockey 1999). Eariier study in Arabidop- 
sis showed that genes responsive to reactive oxygen species 
(ROS) and ethylene were among the earliest to be induced 
suggesting that both oxidative burst and production of eth­
ylene played a role in the activation of cell death (Gechev 
et al. 2004). We also found that phosphatidic acid phospha­
tase, a major enzyme thought to be involved in many signal 
transduction pathway was up-regulated in TPD tree,
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sion 3.12 softw are and  norm alized  to  account fo r  loading differences in 
corresponding lanes

whereas it was not induced in healthy tree. Up-regulation of 
this gene in TPD affected tree was further confinmed by RT- 
PCR analysis (Fig. 5a). An earlier study reports that PA 
may be an important regulator of ROS generation and the 
cel) death during various stress and defense responses of 
plants (Park et al. 2(X)4). Actln is another gene induced in 
TPD trees. Actin structures and phosphatidic acid (PA) lev­
els change during many defense and wound responses in 
plants (Lee et al. 2003). This result implicates that the up- 
regulation of PA gene may influence the induction of ROS 
leading to cell death (bark cell dryness) in the tapping panel 
of the TPD tree. Interestingly RT-PCR results indicate that 
cysteine protease mRNA transcript was accumulated sig­
nificantly in TPD tree but not in healthy tree (Fig. 5a). It is 
well documented that cysteine protease is involved in pro­
grammed cell death in plants (Bozhkov et al. 2005). It has 
been shown that in soybean cells, oxidative stress induced 
an active cell death program that required biosynthesis of a 
set of cysteine proleases (Solomon er al. 1999).

Further. TPD trees exhibit abnormally high level of 
NAD(P)H oxidase activities which leads to the release of 
toxic 02~ form of oxygen (ROS) (Jacob et al. 1994), and 
scavenging of such toxic oxygen species by SOD enzyme 
provides prot^tion against lutoid membrane damage in 
rubber tree (Chrestin 1989). The fact that expression of 
above mentioned genes in TPD trees strongly suggests that

they may be involved in protecting damaged plant tissues 
from further oxidative burst (lutoid membrane burst) by 
inhibiting latex biosynthesis and other associated metabo­
lisms. Perhaps the most pertinent finding is that the up-reg­
ulation of most of the genes in TPD tree is associated with 
the regulation of the PCD process. Also, the TPD tree 
exhibits various stages o f the programmed cell death (PCD) 
phenomenon known in plants (del Pozo and Lam 1998; 
Heath 2000). As discussed above, the differentially 
expressed genes identified in this study showed a signifi­
cant correlation between PCD and TPD development. Inter­
estingly, none of these genes were induced in healthy tree 
which produces latex in the bark tissue upon tapping for 
over 25 years. It is possible that the up-regulation of Cu 
chaperone related gene in healthy tree leads to increased 
SOD activity by transporting more Cu ions resulting in 
reduced ROS. Eventually this could promote normal cellu­
lar metabolism and rubber biosynthesis without TPD syn­
drome (cell death) in healthy rubber trees.

Induction of heat-shock proteins (HSPs) in TPD tree fur­
ther highlight the stress endured by them and HSPs are 
known to play important roles in protecting plants against 
stresses. The smHSPs can act as molecular chaperone that 
bind to partially folded or denatured substrate proteins and 
thereby prevent irreversible aggregation or promote proper 
folding to protect cells from stress damage (Sun et al.



2(X)2). Also, significant number of genes such as senes- 
cenqe-associaled genes, chilinases. hevein, prohevein. path­
ogenesis relaled osmotin. universal stress protein, LEA 
proteins are induced as iate stress response genes. Hevein 
like proteins play a role in plant defense mechanisms which 
are crucial to protect bark tissue against infection after 
tapping. Further, accumulation of mRNA tran.scripts for 
PR-osmolin precursor in TPD trees was also confirmed by 
RT-PCR (Fig. 5a). According to the RT-PCR results, ASR- 
2 gene expression was significantly up-regulated in TPD 
trees as compared to healthy one.

In the present study, a number of genes that are likely be 
involved in the control o f cell division and growth regula­
tion were identified as being specifically up-regulated in 
healthy tree. For example, genes encoding glycine-rich 
membrane related protein and cyclophilin were induced. 
Formation o f lignin and suberin in the cells surrounding 
the tapping site is seen as a mechanism for resistance to 
degradation by microorganisms and as a barrier to mois­
ture loss. Earlier study suggests that NT16 gene encoding a 
novel glycine-rich protein was developmenially regulated 
and induced by mechanical wounding (Yasuda et al. 
1997). Our study showed that in healthy tree the glycine 
rich protein transcript level was induced to a greater level 
th^n that in TPD tree. The up-regulation of this protein 
may contribute to healing at tapping site and thus keep the 
tree in healthy condition. We also found that a glyoxylate 
pathway regulator gene, representing a major regulatory 
enzyme in lipid metabolism, was up-regulated in healthy 
tree. The glyoxylate cycle links lipid and carbohydrate 
metabolism via succinate produced from the condensation 
o f two acetyl-CoA molecules in the glyoxysome (East- 
mond and Graham 2001) providing carbon intermediates 
during tapping to promote biosynthesis of polyisoprene 
molecules (rubber molecules). Up-regulation of calcium 
binding protein gene transcripts was recorded in healthy 
tree compared to the TPD one (Fig. 4a). Induction of cal­
cium binding protein gene was also noticed in healthy tree 
suggesting the potential involvement of Câ *̂  signal trans­
duction during regeneration o f bark following rubber 
tapping. Rubber biosynthesis is a very active process 
involving changes in protein synthesis and activation. This 
was reflected in up-regulation of ribosomal proteins and 
others (translation Initiation factor or elongation factor) 
that are likely be involved in translation. (3enes that are 
predicted to function in the ubiquitin/26S proteasome 
pathway including ubiquitin, polyubiquitin, 26S protea­
some, DnaJ and vacuolar sorting receptor proteins were all 
induced in healthy tree. Ahhough the significance o f mod­
ulation of the ribosomal gene expression in response to 
TPD development is not obvious and or but it can be 
linked to the changes in protein composition between 
healthy and TPD trees.

One of the growth related genes, TCTP was up-regulated 
in healthy tree and this correlates with normal cell division 
taking place at tapped site of healthy tree. Further, a signifi­
cant accumulation of TCTP mRNA transcripts in healthy 
tree was confirmed by both RT-PCR and Northern analysis 
(Fig. 6a, b). The TCTP is one of the recently identified mer- 
istematic cell growth-related proteins that are actively 
expressed in rapidly dividing cells (Kang et al. 200S). In 
plants, TCTP transcription is also regulated by environmen­
tal and stress stimuli. The TCTP proteins have been iso­
lated from cancerous tissues in animals and rapidly 
growing plant parts, suggesting a regulatory role in cell 
proliferation and differentiation. Two novel TCTP genes 
were also found to be preferentially up-regulated under - 
oxidative stress caused by aluminum in the root tips of 
Al-tolerant soybean cultlvars but not in Al-sensitive ones 
(Ermolayev et al. 2003). It is interesting to note that this 
gene was down-regulated in TPD tree (Fig. 6a, b). This 
may be one of the causes for lack of vascular differentiation 
of cells at tapping site which undergo severe necrosis (bark 
dryness) leading to TPD (cell death) and partial or complete 
cessation of latex biosynthesis.

It is well characterized that the immediate effect of tap­
ping is shrinkage in the outermost cells at the site of injury 
and replacement of the lost dssues by bark regeneration. 
The regeneration of bark is of high practical value in Hevea 
rubber tree, since the renewed bark is also exploited com­
mercially for latex production in the usual collection cycle 
(Premakumari and Panikkar 1992; Vinoth e ta l. 1995). In 
the course of development, vascular cambial activity was 
enhanced and bark regeneration takes place normally in the 
healthy tree. The TPD activated response appears to be 
directed to healing of the damaged tissues and to the activa­
tion o f defense mechanism to prevent further damage. Pro­
teins encoded by those genes expressed in TPD trees may 
play one of the following functions: (a) repairing o f dam­
aged plant tissue, (b) producing substances that inhibit 
growth of the microbes, (c) participating in the activation of 
wound defense signaling pathways and (d) adjusting plant 
metabolism to the imposed nutritional demands.

Many regulatory protein genes such as snRNP-F, 
histones and transcription factors were up-regulated in 
healthy tree. Accumulation of mRNA transcripts for Myb 
transcripUon factor was significantly higher in healthy tree 
as compared to TPD trees and it seems to be involved in the 
control o f the cell cycle in plants and other eukaryotes. In 
this context lack of Myb gene expression in TPD trees may 
be correlated with TPD syndrome development. Further­
more, Myb transcription factors are crucial to the control of 
proliferation and differentiations in a number o f cell types 
(Dietrich et al. 1997; Weston 1998, Mayda et al. 1999). TTie 
tapping panel dryness in TPD trees is likely due to lack of 
active cell division or proliferation as revealed by
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decreased expression of Myb and TCTP genes. It is possi­
ble that the increased expression of Myb transcription fac­
tor may regulate TCTP gene that can lead to normal cell 
division and growth of bark tissues at tapping panel of 
healthy tree.

Results o f this study provide the first comprehensive and 
global analysis o f gene expression associated with TPD 
syndrome for H. brasiliensis. Genes identified in this study 
are likely to provide a link between TPD syndrome and 
PCD. There is a potential for using Myb transcription factor 
and TCTP as molecular markers in monitoring the develop­
ment of TPD syndrome in rubber trees.
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2007, have been forwarded to BARC on 6.03.07. When enquired over phone regarding 
the confirmation o f our participation, it was learnt that our application has not been 
received there. The officer concerned informed us to send an official letter regarding our 
participation by fax so that our name can be included in the fmal list of participants.

In this context, it is required to send an official communication regarding our application 
at the earliest. The copy o f the application and DD for Rs. 6000/- can be taken along 
with and submitted after arrival there. Hence it is requested to send an official 
communication to BARC by fax at the earliest.

M.B. MOHAMED SATHIK 
Scientist S3

Dy. Director (in-charge)

DS (Res)




