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Abstract

Casuarina equisetifolia has the widest distribution of
all Casuarina species and is a nitrogen-fixing tree plant-
ed in tropical/subtropical littoral zones of Asia, the Pacif-
ic and Africa for coastal reclamation, charcoal making,
pulp and timber. Trichosporium vesiculosum, the causal
agent of blister bark disease, is a serious pathogen of
C. equisetifolia. The present study was undertaken to
understand the molecular mechanisms involved during
pathogen cell wall elicitation in this hardy tree species.
Transcript profiling during elicitation induced by cell
wall components of 7! vesiculosum revealed expression of
resistance genes; cytochrome oxidase; trans membrane
proteins; genes involved in programmed cell death like
26S proteasome and ubiquitin activating enzyme; early
nodulin gene, wound inducible metallocarboxy peptidase
inhibitor, glucanase, metal binding protein and signal
recognition particle. The fold expression of selected tran-
scripts including glucanase, 26 S proteasome, signal
recognition particle, cytochrome oxidase and the metal
binding protein using RT-qPCR revealed 12-59 fold
increase in expression after 48 hours of elicitor treat-
ment. The expression of these transcripts during abiotic
stresses like heat, mechanical wounding, salt (NaCl) and
drought (PEG) was also analyzed. Glucanase was up-reg-
ulated significantly during wounding and heat stress
while proteasome was up-regulated 1-4 fold during NaCl,
PEG and wounding stress. The novel transcript CeHMA
was up-regulated under all the stress conditions.

This is the first report on molecular defense in C. equi-
setifolia and has provided a pool of candidate genes for
detailed molecular dissection to further broaden the
knowledge on the response of woody perennials during
pathogen cell wall elicitation.

Key words: Abiotic stress; elicitor treatment; transcript profil-
ing; tree defense.

Introduction

The genus Casuarina is a member of the Casuari-
naceae family which is phylogenetically distinct, with no
close relatives and hence assigned to an order of its own,
the Casuarinales (BEADLE, 1981). C. equisetifolia, a
major species under this family is a nitrogen-fixing mul-
tipurpose tree used for landscaping, timber, medicine,
dye, pulp, tannin, wood fuel production, soil stabiliza-
tion, reforestation of marginal ecosystems, amenity
planting and land fertilization (PAN et al., 1996).
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One of the major disease reported in C. equisetifolia is
the blister bark or wilt disease caused by the
hyphomycete fungus Trichosporium vesiculosum (syn-
onym Subramanianospora vesiculosa) (TITZE and VAN
DER PENNE, 1983; MOHANAN and SHARMA, 1993). The dis-
ease is characterized by foliage yellowing, rapid wilting
followed by desiccation, browning and dieback of trees
either singly or in groups. The disease incidence ranges
from 40 percent in India in pockets (SHARMA, 1995) to 90
percent in Binh Thuan provenance in Vietnam (SHARMA,
1994) and has been reported from India, China, Viet-
nam, Thailand, Mauritius and Sri Lanka (MOHANAN and
SHARMA, 1993; PONGPANICH et al., 1996; CHONGLU, 2000).
It is reported mostly from regions were the species has
been introduced. Until recently, 7. vesiculosum was not
categorized based on the mechanism of infection, howev-
er the mode of infection indicates that the pathogen
behaves as an obligate biotroph with limited host range
(as the pathogen is reported to infect only Casuarina
sp.) and requires living cells to complete its life cycle
(VELUTHAKKAL and GHOSH DASGUPTA, 2012).

Research on management of this disease has been lim-
ited to assessment of provenances for tolerant pheno-
types, etiology and epidemiological studies (NARAYANAN
et al., 1996; KARTHIKEYAN et al., 2011).

Plant — microbe interactions are among the most
dynamic and complex biological phenomena as they
involve host contact with multiple microbes including
pathogens, myriad of symptoms and interaction with
unlimited number of pathogen molecules at every per-
ceivable cellular levels (SCHNEIDER and COLLMER, 2010).
Fungal plant pathogens are classified into two major
groups (biotrophs and necrotrophs) based on their mode
of infection. Hemibiotrophy has been defined by PERFECT
and GREEN (2001) including pathogens with initial peri-
od of biotrophy followed by nectrophic phase. Molecular
signaling to different classes of pathogens has been
widely studied and involves three major pathways, the
salicylic acid (SA) dependent pathway predominant in
biotrophs and the jasmonic acid (JA) and ethylene (ET)
dependent pathways operative during necrotrophy and
herbivory (THOMMA et al., 2001; KESSLER and BALDWIN,
2002; GLAZEBROOK, 2005). However, extensive cross-talk
between the signaling pathways involving antagonistic
and synergistic interactions has been reported (NORMAN-
SETTERBLAD et al., 2000; DE Vos et al., 2005). The
defense mechanisms triggered by both pathways are
usually overlapping but the outcome (resistance or sus-
ceptibility) depends on the nutritional preference of the
invading pathogen (FRIESEN et al., 2008; WOLPERT et al.,
2002).
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The SA-dependent pathways operative during
biotrophic interactions is widely documented during
host-pathogen interaction. The initial response to
pathogen invasion occur rapidly resulting in local gene
activation causing hypersensitive reaction (HR) and cell
death (SomssiCH and HAHLBROCK, 1998). Subsequently,
signal transduction cascades through altered cytoplas-
matic Ca?* levels, reactive oxygen species, nitric oxide
and post-translationally regulated mitogen-activated
protein kinase results in transcriptional activation of
genes involved in systemic acquired resistance (SAR)
(ZHANG and KLEssIG, 2001; MUR et al., 2006; FRAIRE-
VELAZQUEZ et al., 2011). SAR is characterized by the
expression of pathogenesis-related (PR) proteins and
induction of the phenyl propanoid pathway. This results
in an extensive reprogramming from primary to sec-
ondary pathways with down-regulation of non-essential
cellular activities (SomssicH and HAHLBROCK, 1998).

Recent studies have revealed that the physiological
and biochemical responses of trees in response to
invading pathogens are homologous to the herbaceous
crops, but variations are likely to occur at gene regula-
tion and signaling pathways (VELUTHAKKAL and GHOSH
DasgupTa, 2010). Studies on molecular responses of
trees to compatible/incompatible pathogens are reported
from Pinus spp. (ADOMAS et al., 2007; MORSE et al., 2004;
RICHARDSON et al., 2010), Castanea spp. (BARAKAT et al.,
2009), Populus trichocarpa (DUPLESSIS et al., 2009;
HACQUARD et al., 2011), Douglar-fir (STURROCK et al.,
2007), Fagus sylvatica (SCHLINK, 2009; 2010; VALCU et
al., 2009), Eucalyptus spp. (FURTADO et al., 2007), hybrid
poplar (MIRANDA et al., 2007; RINALDI et al., 2007; AZAIEZ
et al., 2009) and Norway Spruce (NAGY et al., 2004).
However, there has been no systematic study in the
family casuarinaceae on the molecular aspects of dis-
ease resistance. The only study on the molecular inter-
action is from C. glauca, phylogenetically close taxa to
C. equisetifolia, during symbiotic association with
Frankia (HOCHER et al., 2006; FRANCHE et al., 2011).
Thus, the molecular event during host-pathogen interac-
tion has not been addressed in this genus. Hence, the
present study was taken up to understand the defense
response during C. equisetifolia when challenged with
the cell wall elicitors derived from its pathogen,
T. vesiculosum.

Materials and Methods

Fungal strain and elicitor preparation

Fungal isolate of Trichosporium vesiculosum was
obtained from the culture collection of the Division of
Plant Protection, Institute of Forest Genetics and Tree
Breeding, Coimbatore, India and maintained on potato
dextrose agar medium. Hyphal mass was grown in pota-
to dextrose broth for 30 days. The mycelial mat was har-
vested, rinsed with sterile water several times and re-
suspended in sterile water and homogenized. The slurry
was filtered and the residue was extracted thrice with
water followed by chloroform: methanol (1:1) and finally
with acetone. The preparation was air dried and consid-
ered as mycelial wall. The extract was suspended (1gm
in 10ml) in water and autoclaved twice. The autoclaved
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suspension was clarified by centrifugation and used as
elicitor. One ml of elicitor was used for further studies.

Plant material and Stress treatments

Single tree cuttings were collected from Casuarina
equisetifolia subsp. equisetifolia (CSIRO seed lot number
19129 from Lakei/sibur Bako, Malaysia) maintained by
the Institute of Forest Genetics and Tree Breeding,
Coimbatore at Panampally Research Station, Kerala,
India. The cuttings were rooted and maintained in the
vegetative propagation complex for bioassay studies.
One month old rooted cuttings were used for further
studies.

Elicitor treatment was given to rooted cuttings based
on the protocol described by MOHAN and MANOKARAN
(2001) where in one month old rooted cuttings were sub-
jected to the cell wall elicitor treatment till 48 hours and
observations were made for appearance of wilting symp-
tom in the needles, characteristic of blister bark disease.
Needle tissues from each replication were harvested
after 24h and 48h post treatment. A water control was
also maintained for analysis.

Besides fungal elicitor, the temporal expression of
selected transcripts were evaluated in response to vari-

Table S1. — Primers used for transcript profiling.

Primer Primer Sequence
ID

P1: SATTAACCCTCACTAAATGCTGGGGAS
P2 CSATTAACCOTCACTAAATCGGTCATAGS

P3: S'ATTAACCCTCACTAAATGCTOOTUGS

P4 S'ATTAACCCTCACTAAATGCTGGTAGS

P3: SATTAACCCTCACTAAAGATUTGACTGS

P FSATTAACCCTCACTAAATGCTGGGTGY

P7: S'ATTAACCCTCACTAAATGCTGTATGY

P8: S'ATTAACCCTCACTAAATGGAGCTGGS!

PY: SATTAACCCTCACTAAATGTOGGCAGGS

Tl S“CATTATGCTCAGTGATATCTTTTTTTTTAA-3
T2 CSLCATTATGCTGAGTGATATCTTTTTTTTTAC-3

T3 S-CATTATGCTGAGTGATATCTTTTTTTTTAG-3
T4 CSLCATTATGC IGAGTGATATCT T I TTTCA-Y

TS S-CATTATGCTGAGTGATATCTTTTTTTTTCC-3

6 S“CATTATGCTGAGTGATATCTTTTTTTTTCG-3
17 CSLCATTATGCTGAGTGATATCTTTITTTTTGA-3

T8 F-CATTATGCTGAGTGATATCTTTTTTTTTGC-3

9 S-CATTATGCTGAGTGATATICTITTITTTITGG-3




ous other environmental stimuli including mechanical
wounding, salinity stress, osmotic stress and heat stress
for 24h. Needles were cut into small pieces with sterile
razor blade and were kept in water for 24 h for inducing
transcript expression during mechanical wounding
while salinity stress was imposed by transferring the
rooted cuttings to Hoagland solution containing 1.5M
NaCl. Osmotic stress was given by incubating the cut-
tings in solution of 40 % (w/v) polyethylene glycol (PEG)
6000, while heat stress was given by incubating the
rooted cuttings at 50°C for 24 h. The control rooted cut-
tings were maintained in Hoagand solution at room
temperature and sampled at the same time as the
stressed plants. The needles were harvested at indicated
time intervals, frozen directly in liquid nitrogen and
used for RNA isolation.

Transcript profiling during pathogen elicitation

Total RNA was isolated from the water treated
(control) and elicitor treated needle tissues using an in-
house protocol (patent pending). Subsequently, total
RNA was treated with RNase free DNase I (Fermentas,
USA) according to the manufacturer’s protocol and first
strand ¢cDNA was synthesized from both control and
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elicitor treated RNA wusing cDNA synthesis kit
(Fermentas, USA). The cDNA pools were amplified
using nine arbitrary primers and nine Oligo d (T)
primers provided in the Delta Differential display kit
(Clontech Laboratories Inc., Palo Alto, CA) individually
and in pair — wise combination (Table S1). Further, gene
specific primers (both degenerate and non degenerate)
were designed and synthesized for chitinases, thau-
matin-like proteins, polygalacturonase inhibiting pro-
tein (PGIP), defensins and B-1,3-glucanases. They were
also amplified in the ¢cDNA pools and amplicons were
resolved on a 4% denaturing PAGE and stained with
silver nitrate (BAssaM et al., 1991). A 50bp DNA ladder
(Fermentas, Hanover, MD, USA) was used to determine
the size of the amplicons. Differentially expressed
fragments were re-amplified and cloned in pDrive vector
(Qiagen, Hilden, Germany) following the manufacturer’s
procedure and sequenced using automated ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, Foster
City, CA).

Sequence assembly and analysis

The sequences were edited and their similarity to
existing sequences was analyzed by BLASTn and

Table 1. — Primers synthesized for RT-qPCR of selected transcript.

Genes Targeted Primer Code Primer Sequence
205 Proteasome | QPROTFP GAAAGAGACATCCGUGTTTGAACTT
(CeProf) QPROTRFP TGAACTTUTGUGTATCCCTTGATGA
Novel Transcript with | QHMAFP AGAAAGCTGCACGTAATCTIGGAAG
metal binding domain | QHMARP CATCTICTCTGCAGGCTICTIGIC
(CelIMA)
Signal  Recognition | QSRPHP IGAGATGAGTGCCT TATCACGAAA
Particle {CeSRP) QSRPRP [CGAAGICGCGTITACTTATCTCC
Nodulin (CeNod) QNODEP CCTGCGTTGTCATTTGITCACG
QONODRP GCCCTTAATGGCAGTGGCAATACT
Cylochrome Oxidase | QCOXTP GTACTGGCAGGGGCTATTACAATG
(CeCax) QCOXRP ATCCAGGCAGAATOGGGAATATACA
' Glucanase (Celrlu) QGLUFP ATTCATCTGCACAGTTCCTCTTCC
ACTTGAATGAGCCTTTTGATGGAG
QGLURP
Resistant gene (CeR) | QCERFP CCATAGCACACCATCACCAC
QCERRP CACTGACTACTCCAGCGTCCA
‘ Ubiquitin - (Internal | UBITP GAAAAACCATAACCTTGGAAGTTG
reference) (Celihi) UBIRP GATTCCTTTTGGATGTTGTAATCC
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Figure 1. — Transcript profiles of control and elicitor treated
samples using arbitrary/anchored primer pairs. Denaturing
PAGE (4%) showing differential amplification of transcripts
using P5 and T,_; primers in control and elicitor treated cDNA
pools. The gels were visualized by silver staining.

M: 50 bd Ladder (Fermentas).

C: Amplification in ¢cDNA pool derived from needle tissues har-
vested from cuttings maintained in sterile water.

T: Amplification in ¢cDNA pool derived from needle tissues har-
vested from pathogen cell wall elicitor treated cuttings.

Arrows indicate differentially amplified amplicons.

BLASTx (www.ncbi.nlm.nih.gov/blast/Blast.cgi) against
the GenBank non-redundant database for nucleotide
and translated sequences.

RT-qPCR analysis of gene transcripts during stress
conditions

Total RNA was isolated from 1g of control and treated
needles after 24h and 48h as described earlier. The
quality of RNA was checked on a 1% agarose gel and
concentration was determined spectrophotometrically.
mRNA was isolated from ten microgram of both control
and treated total RNA and first strand cDNA was syn-
thesized using first strand cDNA synthesis kit (Fermen-
tas, Hanover, MD, USA) following the manufacturers’
protocol. The ¢cDNA pools were quantified using Pico-
drop spectrophotometer (Picodrop Limited, Saffron
Walden, UK) and 100ng of each cDNA sample was used
for RT-qPCR amplification.

Primer pairs for RT- qPCR assays were designed from
the transcript sequence using PRIMER3 program
(ROZEN and SKALETSKY, 2000). Primers targeting ubiqui-
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tin was used as internal reference for RT-qPCR analysis
based on earlier reports from its closely related taxa,
C. glauca (LAPLAZE et al., 2000; HOCHER et al., 2006;
SANTOS et al., 2010) (Table I). All primer pairs were
amplified prior to RT-qPCR and validated in 1% agarose
gel.

RT-qPCR was carried out in Applied Biosystems ABI
7700 sequence detection system using the SYBR green
chemistry. The PCR efficiency was optimized for anneal-
ing temperature, cDNA concentration and primer con-
centration. Melting curve analyses were performed after
the 40 cycles of RT-gPCR program by a constant
increase in temperature between 60 and 95°C. RT-qPCR
was performed in a final volume of 10 uL containing
5ul of 2X SYBR Green Jumpstart Taq Ready Mix
(Sigma Aldrich, USA), 500 nM each of forward and
reverse primers and 100 ng of cDNA template. After an
initial activation step of the DNA polymerase at 95°C
for 10 min, samples were subjected to 40 cycles of ampli-
fication (denature at 95°C for 15 s, annealing and exten-
sion together at 58°C for 1 min). Quantification of the
target gene expression was done with comparative CT
method (LivAK and SCHMITTGEN, 2001). The relative
expression level of the gene of interest was computed
with respect to ubiquitin to account for any variance in
the amount of input cDNA. Average CT values from trip-
licate PCRs were normalized to average CT values for
ubiquitin from the same cDNA preparations.

Statistical analysis

The fold expression of transcripts under different
stress conditions were statistically analyzed using the
T-Test using SPSS software (version 20.0) and difference
between treatments were considered statistically signifi-
cant when P<0.05.

Results

Transcript profiling during pathogen cell wall elicitation

Expression profiling of the elicitor treated ¢cDNA and
untreated cDNA was conducted using eighty one arbi-
trary/anchored primer pairs and nine gene specific
primer pairs (Figure 1). Most of the gene specific
primers did not amplify except for chitinase and glu-
canase specific primer pairs. Approximately, 125 ampli-
cons which differentially expressed in the elicitor treat-
ed sample were re-amplified, cloned and sequenced. The
sequences were trimmed and those below 100bp were
not considered for further analysis. Fifty two sequences
were submitted to the GenBank (Accession number
GR228669 to GR228718; GR312926 and GR312925).
Sequences which showed significant similarity to known
genes included disease resistance (CeR) genes involved
in HR; genes involved in aerobic metabolism like
cytochrome oxidase (CeCox); trans membrane proteins;
genes involved in programmed cell death like 26S
proteasome (CeProt) and ubiquitin activating enzyme;
symbiosis related early nodulin gene (CeNod), tran-
scripts involved in signal transduction like protein
kinase; wound inducible metallocarboxy peptidase
inhibitor and PR genes like class I chitinase (CeChil)
and glucanase (CeGlu). Two transcription factor includ-



ing class ITII homeodomian leucine zipper TF and CCR4-
NOT were documented in the study. A novel transcript
showing similarity to metal
(CeHMA) was also expressed during elicitation. The
study also revealed the expression of transcript showing
significant similarity to signal recognition particle
(CeSRP), a ribonucleoprotein involved in protein target-

ing (Table 2).

ion binding protein
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RT-qPCR analysis of gene transcripts during pathogen
cell wall elicitation

The expression pattern of selected transcripts was
analyzed using RT-qPCR and the transcripts included
CeGlu, CeCox, CeProt, CeSRP and CeHMA. PCR effi-
ciency was optimized and the specificity of the ampli-
cons was confirmed by the presence of a single peak

(data not shown). Electrophoretic separation of the

Table 2. — Identification of pathogen elicitor-responsive transcripts from Casuarina equisetifolia.
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S1 Clone 1D GenBuank Primer Pairs Amplico | Best dalabase -
No. Accession No. n Size (in | match (Species and Annotation
bp) E-value)
1 CHEIDDI GRI2RE69 F-CATTATGCTGAGIGATATCTIT T TCG-3 414 NA Hypothetical protein
F-ATTAACCCTCACTAAATGUIGTATG-Y
2 CENDIG (GR2I28670 F-ATTAACCCTCACTAAATGCTGGGTG-3 233 NA No significant hit
S-CATTATGCTGAGTGATATCTTTTITITTCG-3
3 CEDDI1 (GR228671 S-ATTAACCCTCACTAAATGCTGTATG-3 313 Stsyabrivm Maturase K
S CATTATGCTGAGTGATATCTTTTI T T TGA-3 afficinale (22-05)
4 CEDDI2 GR228672 F-ATTAACCCTICACTAAAGATCTGACTG-3 275 NA Hypothetical protein
S-CATTATGCTOGAGTGATATCTTTTTTTTTCA-Y
5 CEDD2 GR228673 SCATTATGCTGAGTGATATCTTTTTTTTTAA-3' 220 Arabidopsis lveata Kinase family protein
S-ATTAACCCTCACTAAATGCTGGGUA-Y -Eilb-‘[g)’__; {yrate
2¢-U3)
6 CEDD3 GR228674 S-CATTATGCTGAGTGATATCTTTTTTTTTAC-3 205 NA No significant hit
FATTAACCCTCACTAAATGUTGGUGAY
7 CHND4 GR228675 FLCATTATGCTGAGTGATATCTTTIT T TTAA-Y 222 Arabidapsis irate kinase lamily protein
F-ATTAACCUTCACTAAATGUTGGGGA-3 subsp. lyrata
(2¢-05)
b CLEDDS GR228676 S-CATTATGCTGAGTGATATCTTTITTTTTAA-3 131 Medicage ADF-ribosylation factor
F-ATTAACCCICACTAAAGATCIGACTG-3 E’é“”‘l'z“‘m GTPase-activating protein
he- 15)
9 CEDD6 GR228677 F-CATTATGCTGAGTGATATCTTTITTTTTCG-Y 205 NA Nu significant hit
F-ATTAACCCTCACTAAATGUTIGGHGA-3
0 CEDDY GRI28078 FCATTATGCTGAG TGATATCTTTITTTTTCG-3 466 NA No signiticant hit
S-ATTAACCCTCACTAAATGCTGTATG-3
1 CEDDS GR228679 SCATTAACCCTCACTAAATGCTGGTAG-3 486 Vitis vinifere Putative disease resistance
(de-11) protein
RGA4-like
12 CEDDY9 GR228680 S-ATTAACCCTCACTAAATGCTGGAGTG-3 187 NA Predicted protein
13 CEDDF3a GR228681 FATTAACCCTTACTAAATGOTG- 3 305 Micromanas sp. (2e-  Ribonucleoside-
08) diphosphate reductase
4 CEDDPF3b (GR228082 F-ATTAACCCTTACTAAATGUTG- 3 505 Giveine may Ribonucleoside-
(2e-07) diphosphate reductasce
large subunit
15  CEDDPF3a GR228683 5-AGTCAGATCTTTAGTGAGGGTTAATA- ¥ 264 Brachvpodiun " Predicted: CCR4-NOT
distachyon transeription complex
(5¢-05) .
subunit 1-like
16 CEDDPSh GR228684 FCAGTCAGATCTTTAGTGAGGGTTAATAA-3 31 NA No signiticant hit
17 CEDDPY GR2Z28085 F-ATTAACCCTCACTAAATGOTGTATG- 3 777 Vitis vinifera UDP-glycosyliransferase
3 —ACAGCATTTAGTGAGGGTTAATA- 3 (42-06} 7511 -like
18 CLDDPTa GR228686 FTCCCCAGCATTITAGTGAGGG T TAATA 3 187 NA No significant hit
19 CEDDP7b (GR228687 S-ATTAACCCTCACTAAATGCTGTATG- 3 776 Vitis vinifera UDP-glycosyltransterase
3 -CATACAGCATTTAGTGAGGGTTAATA- 3 (4e-06) i
73D1-like
20 CEGSP 58-2 | GR22868R P -GGOTCGAGAGAAGCCCAGGTATT-3 215 Vitis vinifera Early nedulin-93
FGCCCTTAATGGCAGTGUUAATACT-3" Te-11)
2] CEGSPI GR228089 FAGH AGA AAY RTIOTY ITW GGS YTW GG 276 Arahidapsis Pto kinase interactor,
SSCAT CCO RTC SAC RWT 1GM RTG GTG-3' theliana $6-06) putative
22 CHGSP? GR2286%0 3-AGGTAGGTGGOGCCATGTGA-3 342 Zew {uxuriuns ' cylochrome ¢ biogenesis
FOACCATGICTIGEG CIY GCC TICTCA CAY {he-15)
23 CEGSP3 GR228691 §-ACCAGCACAGTTCCCACTG-3 245 NA Hypaothetical protein
FGACCAT GICTGG CTU GCC TTC TCA CAY
24 CLGSP4 GR228692 FGCLACTTTT ACIATA GAL AAT CAY 166 NA Hypothetical protein
FATANGC CTG IGG ACA CTG ICC-3
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Table 2. — Continued.
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S1 Clone 1D GenBank Primer Pairs Amplico | Best databuse ot
No. Accession No. n Size (in | match (Species and Annotation
bp) H-value)
25 CEGSPs GR228693 5 TGAGATGAGTGCCTTATCACGAAAS 632 Giycine max signal recognition particle
3-TCGAAGTCGCGTTTACTTATCTCC-3" (7e-87) 54 kDDa protein 2-like
26 CEGSRPSE-8 CGR2Z286494 5T GON GAY GOEN GTN YTIN GAY GG 37 297 NA Hypothetical protein
FATAIGCCTGICGACACTG ICCY
27 CECUSPO GRZ2B6YS SSTGACATTGAAGUAGOGGACAASS 274 Ricinus comminis piml, puative
S-CGUCAGAAAACTACUGAACCAC-Y (le-42)
28 CECGSPY GRZ28696 ST-CCATAGCACACCATCACCAC-S 226 Vitls vinifera multiple C2 and trans-
5 CACTGACTACTCCAGUGTCCA-Y (3c-18) membranc domain-
containing protein 2
29 CEGSP8 GR2286G7 5 -CACTGACTACTCCAGCGTCCA-3" 232 Vitis vintfera Early nodulin-G3
F-AGGOTATAAGACCGGAGCCAAG-Y (5c-14)
30 CEGSPG GR228648 3-GATCCCGCTGGAAGTGGAAA-Y al6 Abeliv chinensis Cytochrome oxidase
S-GATGAAAUACCAGATAGATGAGIAT-S (5e-87) cubumit 1
3l T CEGSPGLU GR228640 S-GGCCATCCTOTCTCATCTAC-Y 123 Solanum mberasunr | Metallocarboxy peptidase
S-CIGTCTCTGATATAACGATCTOCAA T3 (2¢-06) inhibitor
32 CEGSPRPIZ  GR22§700 SGCTACI TTT ACT ATA GAT AAT CA-V " 366 Medicago Pentatricopeptide repeat-
SCTTTCTCGCCCATATTTTAGTAGGT-37 truncetule containing protein
(3e-08) -
33 CECSPS1b GRI28701 F-AGOTATGUGAAGTTGGOGCOGCTAGTOT-3 439 Oryoa sativa Regulatory protein-like
S-CAGGATCCCTCGAGCTIG T TCCH AR (2e-) protein
34 CHGSPS3-2 GR228702 5-GCCCICTGO TACATAGGAGCACT-Y 344 Vitis vinifera Prohable disease resistance
S CAAATTGTCCTGCAGGTTGTTA-Y (6e-03) protein At5g63020-like
35 CEGSPS3a GR228703 5 -COGUGOAGCACAAAGATAGAT-3 454 NA Hypothetical protcin
SETGAACTTCTGGTATCCOTTGATGA-3?
36 CEGSPS3b GR228704 5 -GAAAAACCATAACCTTGGAAGTIG-3 533 Medicayo Ubiquitin-activating
S -GATTCCTTTTGGATGTTGTAATCC-3 E;"i‘t}'g;m'“ enzyme Bl
-
37 CEGSPS3d GR228705 5-GCCTCCATCCTTITGACCTC -37 469 Micromownas pusitfa | Oxaprolinase family
F-GTTGGHGGAAGAATCCCATAAGT-3" (5e-06) protein
Kb CHGRPSA-6 GR228706 S-YTGNACCCANAC GTA RTC RA-Y 270 NA Hypothetical protein
5-CGC GGC CAN CON SWY TC-37
39 CEGSPS3-7 GR228707 F-AGAGOTACCGCTGGCTTACACG- 37 344 Arabidopss cysteine-rich repeat
SYTCCAAAACCTCATTTICATAGIGE Hrfiona (2¢-05) secretory protein 18
40 CERACEAR  GR228708 S'CATCACACAGTGAACCTGCTT ¥ 302 Ricinies commieniy Metal ion binding protein,
T 5" AAAGGATGATGGAGAGAAGAAGE 37 (le-24) putitive
41 CERACK] GR228709 5T CGAATTICCCGLOATCGUTAAGCT 37 472 Medicugo Lukaryotic translation
S TCCAAGTCGCGTTTACTTATCTCC 3° E;’”'gg’)“"“ initiation factor 3 subunit
-
F
42 CERACEID GR228710 S'CGAATTCCCGCCATCGCTAAGCT 37 342 NA Hypothetical protein
S'CATCTTCTCTGCAGGCTTCTTGTC-3"
43 CERACEZ " GR228711 5" GGGTCOAGAGANGCCCAGGTATT 3 366 Orvig sativd 268 prowease regulatory
5-ACAAAGCTCGATACAATTTCACCA-3 (Be-33) cubumit 7
44 CERACE) " GR228712 SAGAGGTACCGOTGGCTTACACG §° 392 Cusnaring glowcy chitinase class 1
5'ATA GAC CTG TCT TAA GGO CAG C 3 {3e-10)
45 CERACES CIRZ2I¥TI3 SCGLCAGAAAACTACUGAACCAL- ¥ 462 Physcomitrelin Class 11T homeodomain-
STATGGCCCTTAATGGCAGTGS? pafers (Be-05] leucing zipper
40 CERACES GR228714 571 GAGCACAAAGATAGATCGY 327 Populus rickocarpa | lir-ubs-lrr resistance
5*CGOCAGAAAACTACCGAACCAL ¥ {4e-03) protein
47 CERACEG GRI2E7IS F-AGCAGCACAGTTCCCAGTG- 3 133 Vigno radiale RNA polymerase bera'
5-GGGCTTTCAGCGAAGTTG-T (26-05) cubutil
4%  CERACE7 " GR228716 F-GUTCAGAGAGAAGCTGGAGCAG-Y L Glycing max Blotin carboxyl carrier
5-AGAGGCCICCTIGAAGAGCATAATA-Y (3e-03) protein subumit precursor
49 CERACES GR228717 S-CACTGACTACTCCAGCGICCA- 37 600 CGlyeine max 608 ribusomal protein
SETGAACTTCTGGTATCCCTTGATGA-3 (de-39) LI3A-like
50 CERACES GR228718 5-AGCAGCACAGTTCCCAGTG- 37 514 NA Hypothetical protein
5 TTTGACAACCAGTGOGAGCAGTAAY
51 CEGSPGLUL  GR312925 5'-CGC GGN GTN TGY TAY GG-3° 204 Castanren sotiva (2e- | B-1.3-glucanase
STTTATGCCCTUTTCACAGUTCUCTTC-37 58}
52 CHGRPehi CiR312926 S-CCCHGOTACGHGTUTTOTTACGA- 37 439 Casuarinag glanca class | chitinase
5-GTGGUCTACATGUTATCCACCAAGA-TT (1e-08)
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Figure 2. — Reverse transcriptase quantitative real-time PCR (RT-qPCR)
analysis of transcript accumulation in Casuarina needles in response to cell
wall elicitor from 7. vesiculosum. Transcript levels of five genus (glucanase,
26S proteasome, cytochrome oxidase, signal recognition particle and tran-
script with metal binding domain) are expressed as fold increase normalized
to the transcript level of ubiquitin gene used as internal reference. Results
are means of triplicate data from independent replications.

* indicates P <0.05.
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Figure 3. — Reverse transcriptase quantitative real-time PCR (RT-qPCR) analysis
of transcript accumulation in Casuarina needles in response to abiotic stresses
(heat, NaCl, PEG and mechanical wounding). Transcript levels of five genus (glu-
canase, 26S proteasome, cytochrome oxidase, signal recognition particle and tran-
script with metal binding domain) are expressed as fold increase normalized to the
transcript level of ubiquitin gene used as internal reference. Results are means of
triplicate data from independent replications.

* indicates P<0.05.

amplicons produced a single fragment of the expected
size, with no visible primer-dimer products. The expres-
sion of CeChil under pathogen elicitation and abiotic
stress conditions have been reported elsewhere
(VELUTHAKKAL and GHOSH DASGUPTA, 2012).

All the five transcripts showed up-regulation subse-
quent to elicitation, with CeGlu showing the maximum
expression of 18 fold and 59 fold increase after 24 hrs
and 48 hrs respectively. Similar expression pattern was
observed for CeProt (24 fold and 34 fold), CeSRP (13 fold
and 36 fold), CeCox (4 fold and 13 fold) and CeHMA (20
fold and 23 fold) during elicitation (Figure 2). The
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expression patterns of most of the transcripts were sta-
tistically significant with p value <0.05.

RT-qPCR analysis of gene transcripts during abiotic
stress conditions

The expression of the five transcripts during abiotic
conditions including NaCl, PEG, heat and mechanical
wounding was also studied. The glucanase transcript
was up-regulated significantly during wounding (18
fold) and moderately during heat stress (2 fold), while
the novel transcript CeHMA was up-regulated in all the
stress conditions. CeCox and CeSRP showed not signifi-
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cant variation in expression under any stress conditions,
while the transcript showing similarity to proteasome
(CeProt) was up-regulated 1-4 fold during NaCl, PEG
and wounding stress with no significant change in
expression upon heat stress (Figure 3).

Discussion

Distinct defense —related responses observed following
elicitor treatment in C. equisetifolia

The present study in C. equisetifolia identified the
expression of defense — related genes involved in HR
(R gene, 26S proteasome, and ubiquitin activating
enzyme); signatures of SAR (chitinase and glucanase);
defense genes like metallocarboxy peptidase inhibitor;
protein kinases involved in signal transduction during
pathogen defense and aerobic respiration related
cytochrome oxidase which are typical response against
biotrophic pathogens. Further, the induction of a class I
chitinase (CeChil) in C. equisetifolia in response to SA
and Trichosporium elicitation supports the hypothesis
that Trichosporium vesiculosum is a probable biotrophic
pathogen eliciting SA — mediated defense responses
(VELUTHAKKAL and GHOSH DASGUPTA, 2012).

Similar studies in tree — pathosystem have also
revealed the up-regulation of 26S proteasome subunit,
polyubiquitin and metallothionin-like protein in Pinus
sylvestris infected with the root pathogen Heterobasid-
ion annosum. However, the study revealed the down-
regulation of protein kinase and resistance gene during
the infection (ADOMAS et al., 2007). In chestnut-Cry-
phonectria parasitica interaction, the expression of
kinases and CCR4-NOT transcription factor was report-
ed by BARAKAT et al. (2009). In another study conducted
on hybrid poplar (Populus trichocarpa X P. deltoides)
infected with the rust fungus Melampsora medusa, tran-
scripts including ADP-ribosylation factor 1 (ARF1), glu-
canase, 40S ribosomal protein, heavy metal transport/
detoxification protein, 26S proteasome and Polyubiqui-
tin were up-regulated after nine days post inoculation
(MIRANDA et al., 2007). In Populus nigra X P. maximow-
iczii, the leucine rich repeat family protein and glu-
canase were up-regulated during interaction with two
biotrophic pathogens Melampsora larici-populina and
M. medusae f. sp. deltoidae (AZAIEZ et al., 2009). Interac-
tion of Fagus sylvatica — Phytophthora citriocola result-
ed in over expression of two distinct defense-related
genes viz., glucanase and protein kinase (SCHLINK, 2009;
VALCU et al., 2009).

Beta-1,3 glucanase classified under PR-2 play a direct
role in fungal defense by hydrolyzing fungal cell walls
and an indirect role by generating oligosaccharide elici-
tors (KLARZYNSKI et al., 2000). The expression profile of
CeGlu during elicitation was characteristic of PR pro-
teins with distinct up-regulation (18 fold and 59 fold)
suggestive of systemic defense reaction. The up-regula-
tion of the transcript during mechanical wounding to a
highly significant 18 fold is in agreement with studies in
Ziziphus jujube (T1AN et al., 2007) and Castanea sativa
(SCHAFLEITNER and WILHELM, 2001). This suggests that
casuarina glucanase can directly act on opportunistic
pathogens invading though the wounds and mount a
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defense response either by directly hydrolyzing the
pathogen cell wall or indirectly by releasing oligosaccha-
ride elicitors which in turn would induce a cascade of
defense reactions (CHEONG et al., 2000).

In the recent years the critical role of protein degrada-
tion by Ubiquitin-26S proteasome (UPS) pathway has
been recognized as a critical regulator in plant defense
response (DELAURE et al.,, 2008; DIELEN et al., 2010;
PAJEROWSKA-MUKHTAR and DONG, 2009). Detailed stud-
ies on the specific role of proteasome and ubiquitin com-
plex during pathogen interaction was reported from
crops like barley (AzEVEDO et al.,, 2002); Nicotiana
benthamiana (PEART et al., 2002); Medicago sativa
(WRZACZEK et al., 2007); Arabidopsis thaliana (BOYES et
al., 1998; AUSTIN et al., 2002) and potato (BHASKAR et al.,
2008). In trees, the expression of proteasome during
pathogen interaction has been reported but their level of
expression was not validated. The present study con-
firmed the role of protein degradation by proteasome
unit in casuarina where in 24 fold and 34 fold increase
in expression was observed in 24 hrs and 48 hrs post
elicitation. The involvement of the UPS in regulation
during abiotic stress conditions is well documented in
crop plants and mutations in the regulatory particle
subunit of 26S proteasome are reported to reduce the
rate of ubiquitin-mediated proteolysis, thus altering the
stress response in plants (SMALLE et al., 2003; SMALLE
and VIERSTRA, 2004; KUREPA et al., 2008). Several abiotic
stresses like heat and oxidative stress inhibit 26S pro-
teasome activity due to increase in substrate load of
mis-folded proteins (KUREPA et al., 2009), while the
process of ubiquitinization is rapidly induced during
desiccation, cold and mechanical wounding (CHO et al.,
2006; 2008). Contrarily, in the present study 24 hrs of
abiotic stress induction revealed up-regulation of protea-
some expression with maximum of 4 fold during
mechanical wounding. This variance could be due to
high abiotic stress tolerance exhibited by casuarina with
efficient protein degradation mechanism against stress
conditions. This is the first comprehensive report on
expression of proteasome during abiotic stress tolerance
from tree species.

The expression of metal detoxifying proteins including
metallothionins during biotic stress in trees has been
reported in Pinus sylvestris (ADOMAS et al., 2007) and
hybrid poplar (RINALDI et al., 2007). In Casuarina equi-
setifolia, the novel CeHMA was up-regulated to the level
of 20 and 23 fold post elicitation for 24 hrs and 48 hrs
respectively. The role of metallothionin during infection
is its involvement in regulating available metal ions,
which subsequently affect the intracellular active oxy-
gen species (AOS) produced in stressed plants and also
as scavengers of AOS during oxidative burst (CHUBATSU
and MENEGHINI, 1993; CHOI et al., 1996). Metal detoxify-
ing gene up-regulated during pathogenesis was reported
from Nicotiana glutinosa during TMV infection (CHOI et
al., 1996); Arabidopsis (BUTT et al., 1998) and Abutilon
theophrasti (DAUCH and JABAJI-HARE, 2006). In plants,
these genes are also known to confer abiotic stress toler-
ance by detoxifying AOS. They also expressed during
PEG induced osmotic stress (SINGH et al., 2011). Salt
and drought stress are reported to induce expression of



metal binding/ metallothionin like proteins in barley
(OZTURK et al., 2002), rice (YANG et al., 2009), maize
(ANDJELKOVIC and Thompson, 2006), Mesembryanthe-
mum crystallinum (KORE-EDA et al., 2004) and Tamarix
hispida (L1 et al., 2009). The CeHMA identified in the
present study was up-regulated under all the stress
treatments confirming the significant role of AOS scav-
enging during both biotic and abiotic stress conditions.

The CCR4-NOT complex is involved in the control of
diverse aspects of transcription and mRNA metabolism,
including mRNA deadenylation and its subsequent
degradation (DENIS and CHEN, 2003; COLLART et al.,
2004). AtCAF1a and AtCAF1b which encodes CAF'1 pro-
tein, a subunit of the CCR4-NOT were identified as JA
induced in Arabidopsis and was also induced by
mechanical wounding and pathogen infection (LIANG et
al., 2009). The deadenylation of mRNA during stress
response has been reported and its role in defense
response was studied in tomato (SAROWAR et al., 2007)
and Cocoa (LoPES et al., 2010). In C. equisetifolia, a
transcript (accession number GR228683) with signifi-
cant similarity to CCR4-NOT was identified from elici-
tor induced needle tissues. Further, the present study
also identified the expression of homeodomain leucine
zipper class III transcription factor in elicitor treated
tissues (accession number GR228713). Homeobox pro-
teins are ubiquitous in higher organisms and represent
master control switches involved in developmental
processes and cellular adaptation to changes in the envi-
ronment. Functional characterization of some members
of the homeobox family supports a role as key regulators
of hormone signaling (HIMMELBACH et al., 2002), adap-
tive responses to environmental cues (STEINDLER et al.,
1999; ZHU et al., 2004), and pathogen-derived signaling
processes (MAYDA et al., 1999). In Arabidopsis, a mutant
ocp3 (for overexpressor of cationic peroxidase 3) with
impaired hoemodomain TF activity showed increased
resistance to necrotrophic pathogens (CoEGo et al.,
2005). A similar report from transgenic tomato lines
revealed that the HD Zip TF was involved in cellular
protection by limiting PCD in infected plants (MAYDA et
al., 1999).

In plants, mictochondria are a major site for AOS pro-
duction and the generation of AOS by the respiratory
chain is a physiological and continuous process (TIWARI
et al., 2002). Abiotic stress is also demonstrated to sig-
nificantly shift the cytochrome pathway to alternate res-
piratory pathway with the induction of alternate oxi-
dase to scavenge the AOS (LAMBERS et al., 2005; RiBAs-
CARBO et al., 2005). Salinity induced CAM transition
resulted in increased COX activity in Mesembryanthe-
mum crystallinum, which was suggested as an efficient
energy conserving strategy in the halophyte
(NIEWIADOMSKA et al., 2004). However, the study in
casuarina revealed no marked change in the CeCox
expression in response to any of the abiotic stresses
posed on the needle tissues. However, pathogen elicita-
tion up-regulated the transcript expression by 4 fold and
13 fold subsequent to 24 hr and 48 hr post treatment.
There are limited reports on the expression pattern of
Cox during pathogen infection. An earlier study in sweet
potato showed an increase in cytochrome oxidase activi-
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ty during wounding and infection by Ceatocystis fimbri-
ata (AsAHI et al., 1965). Recently, up-regulation of COX
from tomato infected with tomato bushy top virus was
reported. The differential expression of the transcript
was demonstrated where in higher levels of expression
was observed in resistant cultivars in comparison to the
susceptible cultivar (HAFEZ and MousTaFas, 2011).
Increased level of expression of CeCox in casuarina may
be indicative of a basic tolerant nature of the species to
pathogenic microbes. The limited disease incidences of
the species under natural habitat would suggest a high-
ly proficient innate immune system of the species.

Up-regulation of unique transcripts during defense
reaction

Signal recognition particle (SRP) is ubiquitous and
abundant small cytoplasmic ribonucleoprotein particle
(RNP) involved in targeting the translation of specific
pre-secretary proteins to the endoplasmic reticulum.
They play a critical role in the sorting of nascent secre-
tory and membrane proteins. In E. coli they are report-
ed to maintain protein homeostasis and general fitness
of the cell (WICKSTROM et al., 2011). SRPs are also asso-
ciated with degradation of mis-targeted cytoplasmic
membrane proteins. SRP mediated degradation of secre-
tary proteins like amylase and defense-related proteins
like endochitinase and proteases were demonstrated in
barley (BrobL and Ho, 1991) and heat shock inhibited
the release of SRP from ER in aleurone layers of barley
(CHU et al., 1997). Direct evidence on role of SRP during
pathogen defense is not reported to our knowledge.
However, the present work revealed a distinct up-regu-
lation 13 and 36 fold post 24 hrs and 48 hrs elicitation.
Abiotic stresses did not show any significant change in
expression. The probable up-regulation of the SRPs dur-
ing elicitation could be associated with degradation of
secretary proteins during localized apoptosis associated
with HR.

In the present study, the molecular response of
C. equisetifolia to cell wall elicitors derived from 7ri-
chosporium has provided an insight into the molecular
mechanisms involved in host immunity in this tropical
tree species. The induction of transcripts involved in
HR, SAR and signal transduction highlights that the
basic response to pathogen infection in trees could be
similar to their annual counterparts. However, the sig-
nificantly high level of induction of transcripts like pro-
teasome, glucanase, cytochrome oxidase and metal bind-
ing proteins support a highly plastic immune system
evolved to reduce the tissue damage by delimiting the
pathogen movement. Further, the expression of SRP
during pathogen elicitation adds a new realm to host-
pathogen interaction, indicating the probable role of pro-
tein targeting and their subsequent degradation during
immune responses.

Acknowledgements

The authors acknowledge Dr. R. VISWANATHAN, Princi-
pal Scientist and Head (Plant Protection), Sugarcane
Breeding Institute, Coimbatore, India for providing
facilities to conduct RT-qPCR and Dr. V. MOHAN, Scien-

169



tist, Division of Forest Protection, Institute of Forest
Genetics and Tree Breeding, Coimbatore, India for pro-
viding the fungal strain. The authors thank the Depart-
ment of Biotechnology, Ministry of Science and Technol-
ogy Government of India, for the financial support.

Reference

Apomas, A., G. HELLER, G. Li, A. OusoN, T. M. CHu,
J. OSBORNE, D. CraiG, L. vaAN ZvL, R. WOLFINGER,
R. SEDEROFF, R. A. DEAN, J. STENLID, R. FINLAY and
F. O. ASieGBU (2007): Transcript profiling of a conifer
pathosystem: response of Pinus sylvestris root tissues to
pathogen (Heterobasidion annosum) invasion. Tree
Physiol 27: 1441-1458.

ANDJELKOVIC, V. and R. THOMPSON (2006): Changes in
gene expression in maize kernel in response to water
and salt stress. Plant Cell Rep 25: 71-79.

Asani, T., Y. HonDA and I. UriTaNI (1965): Increase of
mitochondrial fraction in sweet potato root tissue after
wounding or infection with Ceratocystis fimbriata.
Plant Physiol 41: 1179-1184.

AusTiN, M., P. MuskeTT, K. KAHN, B. FEYS, J. JONES and
J. PARKER (2002): Regulatory role of SGT1 in early gene-
mediated plant defences. Science 295: 2077-2080.

AzAIEZ, A., B. BOYLE, V. LEVEE and A. SEGUIN (2009): Tran-
scriptome profiling in hybrid poplar following interac-
tions with Melampsora rust fungi. Mol Plant Micr
Interact 22: 190-200.

AzevVEDO, C., A. SADANANDOM, K. KiTAGAWA, A. REIALDEN-
HOVEN, K. SHIRASU and P. SCHULZE-LEFFERT (2002): The
RARI1 Interactor SGT1, an Essential Component of R
Gene-Triggered Disease Resistance. Science 295:
2073-2076.

BARAKAT, A., D. S. DILORETO, Y. ZHANG, C. SMITH, K. BAIER,
W. A. PoweLL, N. WHEELER, R. SEDEROFF and J. E. CARL-
SON (2009): Comparison of the transcriptomes of Ameri-
can chestnut (Castanea dentata) and Chinese chestnut
(Castanea mollissima) in response to the chestnut
blight infection. BMC Plant Biology 9: 51.

Bassawm, B. J., G. C. ANOLLES and P. M. GRESSHOFF (1991):
Fast and sensitive silver staining of DNA in polyacry-
lamide gels. Anal Biochem 196: 80-83.

BeapiLe, N. C. W (1981): The vegetation of Australia.
Cambridge University Press, Cambridge.

Boves, D. C., J. NaM and J. L. DANGL (1998): The Ara-
bidopsis thaliana RPM1 disease resistance gene prod-
uct is a peripheral plasma membrane protein that is
degraded coincident with the hypersensitive response.
Proc Natl Acad Sci USA 95: 15849-15854.

BropL, M. R. and T. H. D. Ho (1991): Heat shock causes
selective destabilization of secretory protein mRNAs in
barley aleurone cells. Plant Physiol 96: 1048-1052.

Burt, A., C. MousLEy, K. Morris, J. BEYNON, C. CAN,
E. HoLus, J. T. GREENBERG and V. BUCHANANWOLLASTON
(1998): Differential expression of a senescence-
enhanced metallothionein gene in Arabidopsis in
response to isolates of Peronospora parasitica and
Pseudomonas syringae. Plant J 16: 209-221.

CHEONG, Y. H., C.Y. KM, H. J. CHUN, B. C. Moon, H. C.
Park, J. K. Kivm, S. LEE, C. HAN, S.Y. LEE and M. J. CHO
(2000): Molecular cloning of a soybean class III beta-1,3-
glucanase gene that is regulated both developmentally
and in response to pathogen infection. Plant Sci 154:
71-81.

170

DOI:10.1515/sg-2013-0021
edited by Thinen Institute of Forest Genetics

Dasgupta et. al.-Silvae Genetica (2013) 62/4-5, 161-173

CHoO, S. K., H. S. CHUNG, M. Y. Ryu, M. J. PARK, M. M. LEE
and Y. Y. BAHK et al. (2006): Heterologous expression
and molecular and cellular characterization of CaPUB1
encoding a hot pepper U-Box E3 ubiquitin ligase
homolog. Plant Physiol 142: 1664—-1682.

CHoO, S. K., M. Y. Ryu, C. SoNG, J. M. KWAK and W. T. Kim
(2008): Arabidopsis PUB22 and PUB23 are homologous
U-Box E3 ubiquitin ligases that play combinatory roles
in response to drought stress. Plant Cell 20: 1899-914.

CHol, D, H. M. Kim, H. K. YuN, J. A. PARK, W. T. Kim and
S. H. Bok (1996): Molecular Cloning of a metalloth-
ionein-like gene from Nicotiana glutinosa L. and its
induction by wounding and tobacco mosaic virus infec-
tion. Plant Physiol 112: 353—-359.

CHONGLU, Z. (2000): A new record on Casuarina blister
bark disease in Southern China. Nitrogen fixing tree
news 3: 6-7.

Cuu, B., M. R. BropL and F. C. BELANGER (1997): Heat
shock inhibits release of the signal recognition particle
from the endoplasmic reticulum in barley aleurone lay-
ers. J Biol Chem 272: 7306-7313.

CHUBATSU, L. S. and R. MENEGHINI (1993): Metalloth-
ionein protects DNA from oxidative damage. Biochem J
291: 193-198.

COEGO, A., V. RaAMIREZ, M. J. GIL, V. FLORS, B. MAUCHMANI
and P. VERA (2005): An Arabidopsis Homeodomain Tran-
scription Factor, OVEREXPRESSOR OF CATIONIC
PEROXIDASE 3, Mediates Resistance to Infection by
Necrotrophic Pathogens. The Plant Cell 17: 2123-2137.

CoOLLART, M. A. and H. T. TIMMERS (2004): The eukaryotic
CCR-NOT complex: a regulatory platform integrating
mRNA metabolism with cellular signaling pathways?
Proc Nucleic Acid Res Mol Biol 77: 289-322.

Dauch, A. L. and S. H. JaBAJI-HARE (2006): Metalloth-
ionein and bZIP transcription factor genes from
Velvetleaf and their differential expression following
Colletotrichum coccodes infection. Phytopathology 96:
1116-1123.

DELAURE S. L., W. vaNn HEMELRIJCK, M. F. C. DE BOLLE,
P. A. CAMMUE and B. M. A. CONINCK (2008): Building up
plant defenses by breaking down proteins. Plant Sci-
ence 174: 375-385.

DENis, C. L. and J. CHEN (2003): The CCR4-NOT complex
plays diverse roles in mRNA metabolism. Proc Nucleic
Acid Res Mol Biol 73: 221-250.

Dk Vos, M., V. R. vaN OOSTEN, R. M. VAN POECKE, J. A. VAN
PeLT, M. J. Pozo, M. J. MUELLER, A. J. BUCHALA, J. P.
MEeTRAUX, L. C. vAN LooN, M. Dicke and C. M. PIETERSE
(2005): Signal signature and transcriptome changes of
Arabidopsis during pathogen and insect attack. Mol
Plant Microbe Interact 18: 923-937.

DiIELEN, A. S., S. BapAoUI, T. CANDRESSE and S. G. RETANA
(2010): The ubiquitin/26S proteasome system in
plant—pathogen interactions: a never-ending hide-and-
seek game. Molecular Plant Pathology 11: 293-308.

DupLEssis, S., M. IaN, FranciS and S. ARMAND (2009):
Poplar and pathogen interactions: insights from Popu-
lus genome-wide analyses of resistance and defense
gene families and gene expression profiling. Critical
Reviews in Plant Sciences 28: 309-334.

FRAIRE-VELAZQUEZ, S., R. RODRIGUEZ-GUERRA and L.
SANCHEZ-CALDERON (2011): Abiotic and Biotic Stress
Response Crosstalk in Plants, pp 3-26. In: Abiotic
Stress Response in Plants — Physiological, Biochemical
and Genetic Perspectives, edited by A. Shanker and
B. VENKATESWARLU. InTech.



FraNCHE, C., H. GHERBI, M. BENABDOUN, S. SVISTOONOFF,
V. HocHER and D. Bogusz (2011): New insights in the
molecular events underlying actinorhizal nodulation in
the tropical tree Casuarina glauca. BMC Proceedings 5:
Number Suppl 7: 033.

Friesen, T. L., J. D. Faris, P. S. SoLoMON and R. P. OLIVER
(2008): Host-specific toxins: effectors of necrotrophic
pathogenicity. Cellular Microbiology 10: 1421-1428.

FurtapO, E. L., D. D. Rosa, K. C. ZamprogNO, C. L.
MAarINO, C. F. WILCKEN, E. D. VELINI, E. S. MORI and
I. A. GUERRINI (2007): 14-3-3: Defense and regulatory
proteins coding by Eucalyptus genome. Scientia Fore-
stalis 73: 9-18.

GLAZEBROOK, dJ. (2005): Contrasting mechanisms of
defense against biotrophic and necrotrophic pathogens.
Annual Review of Phytopathol 43: 205—-227.

HaArEz, E. E. and M. F. M. MoUSTAFA (2011): Differential
expression of P19, cytochrome oxidase and ALY-family
genes in resistant and susceptible tomato cultivars
(Solanum lycopersicum) inoculated with tomato bushy
stunt virus. Genomics and Applied Biology 2: 10-18.

HivmmeLBACH, A., T. HorFrMANN, M. LEUBE, B. HOHENER
and E. GrILL (2002): Homeodomain protein ATHBG6 is a
target of the protein phosphatase ABI1 and regulates
hormone responses in Arabidopsis. EMBO J 21:
3029-3038.

HocHER, V., F. Auguy, X. ARGouT, L. LAPLAZE, C. FRANCHE
and D. Bogusz (2006): Expressed sequence-tag analysis
in Casuarina glauca actinorhizal nodule and root. New
Phytol 169: 681-688.

KARTHIKEYAN, A., T. MUTHUKUMAR and I. SUREKA (2011):
Etiology of Trichosporium vesiculosum Butl. causing
Blister Bark Disease in Casuarina equisetifolia Forst.
Plant Pathology Journal 10: 85-88.

KESSLER, A. and I. T. BALDWIN (2002): Plant responses to
insect herbivory: the emerging molecular analysis.
Annu Rev Plant Biol 53: 299-328.

KrArzyNski, O., B. PLESSE, J. M. JOUBERT, J. C. YVIN,
M. Koprp, B. KLOAREG and B. FrITiG (2000): Linear b-1,
3-glucans are elicitors of defense responses in tobacco.
Plant Physiol 124: 1027-1037.

Kore-Ena, S., M. A. CusHMAN, I. AKSELROD, D. BUFFORD,
M. FRrREDRICKSON, E. CLARK and J. C. CUSHMAN (2004):
Transcript profiling of salinity stress responses by
large-scale expressed sequence tag analysis in Mesem-
bryanthemum crystallinum. Gene 341: 83-92.

KUREPA, J., A. ToH-E and J. SMALLE (2008): 26S protea-
some regulatory particle mutants have increased oxida-
tive stress tolerance. Plant J 53: 102-114.

KUREPA, J., S. Wang, Y. L. and J. SMALLE (2009): Protea-
some regulation, plant growth and stress tolerance.
Plant Signaling and Behavior 4: 924-927.

LamBERSs, H., S. A. RoBINSON and M. RiBAS-CARBO (2005):
Regulation of respiration in vivo, pp 1-15. In: Plant
Respiration: From Cell to Ecosystem, Advances in
Photosynthesis and Respiration Series, edited by
H. LaMBERS and M. RiBAS-CARBO, Springer, Dordrecht.

Larraze, L., A. RiBEiRo, C. FrANCHIE, E. DUHOUX,
F. Aucuy, D. Bocusz and K. PawLowskI (2000): Charac-
terization of a Casuarina glauca Nodule-Specific Subtil-
isin-like Protease Gene, a Homolog of Alnus glutinosa
ag12. Mol Plant Microbe Int 13: 113-117.

L1, H.,, Y. WanNg, J. Jiang, G. Liu, C. Gao and C. YANG
(2009): Identification of genes responsive to salt stress
on Tamarix hispida roots. Gene 433: 65-71.

DOI:10.1515/sg-2013-0021
edited by Thinen Institute of Forest Genetics

Dasgupta et. al.-Silvae Genetica (2013) 62/4-5, 161-173

Liang, W., C. L, F. Liu, H. Jiang, S. L1, J. SuN, X. WU and
C. L1 (2009): The Arabidopsis homologs of CCR4-associ-
ated factor 1 show mRNA deadenylation activity and
play a role in plant defence responses. Cell Research 19:
307-316.

Livak, K. J. and T. D. SCHMITTGEN (2001): Analysis of rela-
tive gene expression data using real-time quantitative
PCR and the 2-AACT method. Methods 25: 402—-408.

Lopes, M. A., B. T. Hora Jr., C.V. Dias, G. C. SANTOS,
K. P. GRAMACHO, J. C. M. CASCARDO, A. S. GESTEIRA and
F. MicHELI (2010): Expression analysis of transcription
factors from the interaction between cacao and Monilio-
phthora perniciosa (Tricholomataceae). Genetics and
Molecular Research 9: 1279-1297.

MAyDA, E., P. TORNERO, V. CONEJER and P. VERA (1999): A
tomato homeobox gene (HD-Zip) is involved in limiting
the spread of programmed cell death. Plant J 20:
591-600.

MIraNDA, M., S. G. RaLpH, R. MELLwWAY, R. WHITE, M. C.
HeaTH, J. BOHLMANN and P. C. CONSTABEL (2007): The
transcriptional response of hybrid poplar (Populus tri-
chocarpa X P. deltoides) to infection by Melampsora
medusae leaf rust involves induction of flavonoid path-
way genes leading to the accumulation of proantho-
cyanidins. Mol Plant Microbe Intract 20: 816-831.

MoHAN, V. and P. MANOKARAN (2001): Disease problems of
Casuarina species and their management, pp 171-176.
In: Casuarina improvement and utilization, edited by
K. GURUMURTHI, A. NICODEMUS and SIDDAPPA, Institute
of Forest Genetics and Tree Breeding, Coimbatore,
India.

MoHANAN, C. and J. K. SHARMA (1993): Diseases of Casua-
rina equisetifolia in India. Commonwealth Forestry
Reviews 72: 48-52.

MOoRSE, A. M., A. NELSON, S. F. CoveErT, A. G. HOLLIDAY,
K. E. SMITH and J. M. Davis (2004): Pine genes regulat-
ed by the necrotrophic pathogen Fusarium circinatum.
Theor Appl Genet 109: 922-932.

Mur, L. A. J., T. L.W. CrRAVER and E. PraTs (2006): NO
way to live; the various roles of nitric oxide in plant-
pathogen interactions. Journal of Experimental Botany
57: 489-505.

Naay, N. E., C. G. FosspAL, P. KROKENE, T. KREKLING,
A. LONNEBORG and H. SOoLHEIM (2004): Induced respons-
es to pathogen infection in Norway spruce phloem:
changes in polyphenolic parenchyma cells, chalcone
synthase transcript levels and peroxidase activity. Tree
Physiol 24: 505-515.

NARAYANAN, C., M. J. Dupzinski, J. K. SHARMA and
C. MOHANAN (1996): The Extent, recognition and man-
agement of blister bark disease, pp 74-79. In: Recent
Casuarina research and development, edited by K.
PINYOPUSARERK, J.W. TURNBULL and S. J. MIDGLEY,
CSIRO Forestry and Forest Products, Canberra, Aus-
tralia.

Niewiapomska, E., B. KarriNSkA, E. ROMANOWSKA,
I. SLESAK and S. KARPINSKI (2004): A salinity-induced
C3-CAM transition increases energy conservation in the
halophyte Mesembryanthemum crystallinum L. Plant
Cell Physiol 45: 789-794.

NORMAN-SETTERBLAD, C., S. VIDAL and E. T. Parva (2000):
Interacting Signal Pathways Control Defense Gene
Expression in Arabidopsis in Response to Cell Wall-
Degrading Enzymes from Erwinia carotovora. Mol
Plant Micr Interact 13: 430-438

171



OZTURK, Z. N., V. TALAME, M. DEYHOLOS, C. B. MICHALOWS-
Ki, D.W. GALBRAITH, N. GOzUKIRMIZI, R. TUBEROSA and
H. J. BOHNERT (2002): Monitoring large-scale changes in
transcript abundance in drought- and salt-stressed bar-
ley. Plant Molecular Biology 48: 551-573.

PAJEROWSKA-MUKHTAR, K. and X. DoONG (2009): A kiss of
death- proteasome-mediated membrane fusion and pro-
grammed cell death in plant defense against bacterial
infection. Genes Dev 23: 2449-2454.

PAN, Y., Y. L1 and T.Y. TAN (1996): Casuarina provenance
test. For Res 9: 138-145.

PEARrT, J. R., R. LU, A. SapaNnaNDOM, I. MaLciT, P. MOF-
FETT, D. C. BRICE, L. SCHAUSER, D. A.W. JAGGARD,
S. X1a0, M. J. CoLEMAN, M. Dow, J. D. G. JONES,
K. SHIRASU and D. C. BAuLCcOMBE (2002): Ubiquitin lig-
ase-associated protein SGT1 is required for host and
non host disease resistance in plants. Proc Natl Acad
Sci 99: 10865-10869.

PerrECT, E. S. and J. R. GREEN (2001): Infection struc-
tures of biotrophic and hemibiotrophic fungal plant
pathogens. Mol Plant Pathol 2: 101-108.

PoNGPANICH, K., V. LUANGVIRIYASAENG and M. J. DUDZINSKI
(1996): Diseases in international provenance trials of
Casuarina equisetifolia in Thailand, pp. 86-92 in Pro-
ceedings 3r? International Casuarina workshop on
recent Casuarina research, Da Nang, Vietnam.

RiBas-CARBO, M., N. L. TavLOR, L. GILES, S. BUSQUETS,
P. M. FINNEGAN, D. A. DAy, H. LAMBERS, H. MEDRANO,
J. A. BERRY and J. FLEXAS (2005): Effects of water stress
on respiration in soybean leaves. Plant Physiol 139:
466-473.

RicHARDSON, B. A., A. K. M. EKRAMODDOULAH, J. J. LU,
M. S. Kim and N. B. KLOPFENSTEIN (2010): Current and
future molecular approaches to investigate the white
pine blister rust pathosystem. For Path 40: 314-331.

RinaLpi, C., A. KoHLER, P. FrEy, F. DUCHAUSSOY,
N. NINGRE, A. CouLoux, P. WINCKER, D. LE THIEC,
S. FLucH, F. MARTIN and S. DUPLESSIS (2007): Transcript
profiling of Poplar leaves upon infection with compati-
ble and incompatible strains of the foliar rust Melamp-
sora larici-populina. Plant Physiol 144: 347-366.

RozeN, S. and H. J. SKALETSKY (2000): Primer3 on the
WWW for general users and for biologist programmers,
pp. 365-386. In: Bioinformatics Methods and Protocols:
Methods in Molecular Biology, edited by S. KRAWETZ and
S. MISENER, Humana Press, Totowa, NJ.

SANTOS, P., A. FORTUNATO, I. GRACA, S. M. MARTINS, M. M.
Gouvels, F. Aucuy, D. Bogusz, C. P. P. RICARDO,
K. PawLowskI and A. RiBEIRO (2010): Characterization
of four defense-related genes up-regulated in root nod-
ules of Casuarina glauca. Symbiosis 50: 27-35.

SAROWAR, S., H-W. OnH, H. S. CHo, K. H. BaEk, E. S.
SEONG, Y. H. JouNnGg, G. J. CHol, S. LEE and D. CHoOI
(2007): Capsicum annuum CCR4-associated factor
CaCAF1 is necessary for plant development and
defence response. Plant J 51: 792-802.

SCHAFLEITNER, R. and E. WILHELM (2001): Assessment of
stress gene expression in chestnut (Castanea sativa
Mill.) upon pathogen infection (C. parasitica [Murr.]
Barr) and wounding. For Snow Landsc Res 76:
409-414.

ScHLINK, K. (2009): Identification and characterization of
differentially expressed genes from Fagus sylvatica
roots after infection with Phytophthora citricola. Plant
Cell Rep 28: 873-882.

172

DOI:10.1515/sg-2013-0021
edited by Thinen Institute of Forest Genetics

Dasgupta et. al.-Silvae Genetica (2013) 62/4-5, 161-173

ScHLINK, K. (2010): Down-regulation of defense genes and
resource allocation into infected roots as factors for
compatibility between Fagus sylvatica and Phytophtho-
ra citricola. Functional and Integrative Genomics 10:
253-64.

SCHNEIDER, D. J. and A. COLLMER (2010): Studying plant-
pathogen interactions in the genomics era: beyond mol-
ecular Koch’s postulates to systems biology. Annu Rev
Phytopathol 48: 457-479.

SHARMA, J. K. (1994): Pathological investigations in forest
nurseries and plantations in Vietnam. Consultant’s
report. UNDP/FAO Project Vie/92/022, Hanoi, Vietnam.

SHARMA, J. K. (1995): Current pathogen-host stress condi-
tions in Asian tropical forests. 20 IUFRO World Con-
gress, Tampere, Finland.

SINGH, R. K., S. ANANDHAN, S. SINGH, V. Y. PATADE,
Z. AHMED and V. PANDE (2011): Metallothionein-like
gene from Cicer microphyllum is regulated by multiple
abiotic stresses. Protoplasma 248: 839-847.

SMALLE, J., J. KUREPA, P. YANG, T. J. EMBORG, E. BABIY-
CHUK, S. KUSHNIR and R. D. VIERSTRA (2003): The
pleiotropic role of the 26S proteasome subunit RPN10
in Arabidopsis growth and development supports a sub-
strate-specific function in abscisic acid signaling. The
Plant Cell 15: 965-980.

SMALLE, J. and R. D. VIERSTRA (2004): The Ubiquitin 26S
proteasome proteolytic pathway. Annu Rev Plant Biol
55: 555-590.

SomssicH, I. E. and K. HAHLBROCK (1998): Pathogen
defence in plants-a paradigm of biological complexity.
Trends Plant Sci 3: 86-90.

STEINDLER, C., A. MarTeEuccl, G. SEssa, T. WEIMAR,
M. OnagisHi, T. Aovyama, G. MoORELLI and I. RUBERTI
(1999): Shade avoidance responses are mediated by the
ATHB-2 HD-Zip protein, a negative regulator of gene
expression. Development 126: 4235-4245.

STURROCK, R. N., M. A. IsLAM and A. K. M. EKRAMODDOUL-
LAH (2007): Host-Pathogen interactions in douglas-fir
seedlings infected by Phellinus sulphurascens. Phy-
topathology 97: 1406-1414.

Taomma, B. P. H. J., 1. A, M. A. PENNINCKX, W. F.
BROEKAERT and B. P. A. CAMMUE (2001): The complexity
of disease signaling in Arabidopsis. Curr Opin Immunol
13: 63-68.

Tian, S. P, H. J. Yao, X. DENG, X. B. Xu, G. Z. QIN and
Z. L. CHAN (2007): Characterization and Expression of
B-1,3-glucanase genes in Jujube fruit induced by the
microbial biocontrol agent Cryptococcus laurentii. Phy-
topathology 97: 260—-268.

TiTzE, J. F. and E. VAN DER PENNEN (1983): Provisory list
of diseases of Casuarina species, pp. 17-21. In: Casuari-
na ecology, management and utilization, Proceedings of
a workshop, edited by S. J. MiDGLEY, R. D. TURNBULL
and R. D. JouNsTON, CSIRO, Canberra, Australia.

Tiwari, B. S., B. BELENGHI and A. LEVINE (2002): Oxida-
tive stress increased respiration and generation of reac-
tive oxygen species, resulting in ATP depletion, opening
of mitochondrial permeability transition, and pro-
grammed cell death. Plant Physiol 128: 1271-1281.

VaLcu, C. M., M. JUNQUEIRA, A. SHEVCHENKO and
K. SCHLINK (2009): Comparative proteomic analysis of
responses to pathogen infection and wounding in Fagus
sylvatica. Journal of Proteome Research 8: 4077-4091.

VELUTHAKKAL, R. and M. GHOSH DASGUPTA (2010): Patho-
genesis-related genes and proteins in forest tree
species. Trees — Structure and Function 24: 993—-1006.



