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Jasmonic acid (JA) and its ester methyl jasmonate (MeJA) are linolenic acid-derived signaling molecules involved in plant
development and stress responses. MeJA regulates gene expression at transcription, RNA processing and translation. We
investigated the changes in gene expression in sugarcane leaves exposed to MeJA using cDNA arrays. Total RNA isolated
at 0, 0.5, 1, 3, 6, and 12 h following MeJA treatment was labeled with a-33P-dCTP and hybridized to nylon filters containing
1,536 cDNA clones. A significant increase in gene expression in response to MeJA was detected for both novel and well known
stress-related genes, while genes participating in photosynthesis and carbohydrate assimilation were down-regulated. Searches
for conserved domains in unknown proteins and digital mRNA expression profile analysis revealed putative new stress-related
proteins up-regulated by MeJA and the tissues where the MeJA-regulated genes are preferably expressed.
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Identificacdo de genes responsivos ao metil-jasmonato em cana-de-acicar usando arranjos de cDNA: O 4cido jasmonico
(JA) e seu éster metil-jasmonato (MeJA) sdo moléculas sinalizadoras derivadas do acido linolénico e estdo envolvidas no
desenvolvimento da planta e na resposta aos estresses. MeJA regula a expressdo génica ao nivel transcricional, do processamento
do RNA e da tradugdo. Investigamos as mudancas na expressdo génica em folhas de cana-de-aglicar expostas ao MeJA usando
arranjos de cDNA. O RNA total isolado a 0, 0,5, 1, 3, 6 e 12 horas apds o tratamento com MeJA foi utilizado para a sintese de
sondas contendo 0-33P-dCTP, as quais foram, posteriormente, hibridizadas em membranas de nailon contendo 1.536 clones
de cDNA. Um aumento significativo na expressdo génica em resposta ao MeJA foi detectado em genes que respondem a
estresses ¢ também em genes com fungdo desconhecida, enquanto os genes que participam da fotossintese ¢ da assimilagédo
de carboidrato foram reprimidos. A busca por dominios conservados em proteinas desconhecidas ¢ a analise digital do perfil
de expressdo de mRNA revelaram possiveis proteinas novas relacionadas a estresses induzidas por MeJA e os tecidos onde os
genes regulados por MeJA sdo preferivelmente expressos.

Palavras-chave: arranjos de cDNA, cana-de-actcar, metil-jasmonato, moléculas sinalizadoras perfil de expressdo génica.

INTRODUCTION

Jasmonic acid (JA) and its methyl ester (MeJA) are sig-
naling molecules involved in several physiological process
in plants, including flower and fruit development, secondary
metabolite accumulation, senescence, and responses to abi-
otic and biotic stress (Creelman and Mullet, 1997; Devoto
and Turner, 2003). The jasmonate pathway is activated by
external stimuli such as UV radiation, wounding, systemin,
elicitors and others (Creelman and Mullet, 1997; Devoto and
Turner, 2003). Following its synthesis, MeJA influences the

expression of several genes, altering the abundance of their
corresponding polypeptides. A positive feedback mechanism
is assumed to auto-regulate jasmonate biosynthesis since the
expression of several genes of the JA-pathway, such as those
encoding lipoxygenase (LOX) and allene oxide synthase
(AOS), is increased by MeJA treatment (Bell and Mullet,
1993; Sivasankar at al., 2000).

Several regulatory components of the signaling path-
way mediated by MeJA have been identified. For example,
COIl, a protein containing an F-box motif and leucine-rich

Braz. J. Plant Physiol., 17(1):173-180, 2005



174 V.E.ROSAJR. etal.

repeats, is implicated in ubiquitin-mediated proteolysis and
wound signaling (Devoto et al., 2002), whereas ORCA3 is
an APETALA2 (AP2)-domain transcription factor that regu-
lates terpenoid indole alkaloid biosynthesis (van der Fits and
Memelink, 2000).

Most studies on the effects of MeJA on gene expression
have been carried out using Arabidopsis thaliana as a model
(Mandaokar et al., 2003). There is little information of MeJA
effects on gene expression in agronomical crops growing in
tropical environments, such as sugarcane.

We took advantage of the existence of a large collection
of'sugarcane ESTs (SUCEST,; http://sucest.lad.ic.unicamp.br/
public) to evaluate the gene expression profiles following
MeJA treatments using cDNA arrays, an approach already
successfully used to identify genes differentially expressed
in response to MeJA and stress conditions in plants (Sasaki
et al., 2001; Nogueira et al., 2003). The SUCEST database
contains over 260,000 ESTs from different sugarcane
libraries representing around 32,000 putative unique genes
(Vettore et al., 2001). Interestingly, almost 20 % of the
annotated genes in the SUCEST database was proposed
to function as signaling factors and stress-related proteins
(Vettore et al., 2003).

In this work we analyzed the effects of MeJA on the
expression profiles of 1,536 random sugarcane cDNA
clones from the SUCEST database. The putative roles of
the identified genes are discussed based on their annotated
functions, tissue expression profile and domain analysis.

MATERIAL AND METHODS

Plant material and MeJA treatment: Sugarcane one-eyed
seed sets (cv. SP80-3280, Copersucar, Brazil) were planted
in 200 ml plastic cups containing a commercial planting
mix (Plantmax, Eucatex), plus a commercial fertilizer, and
cultivated for 20 days under greenhouse conditions. The
plantlets were subsequently transferred to a growth chamber
at 26°C on a 16 h/8 h light/dark cycle with a photon flux
density of 70 uE.m2.s"!. Plantlets were then sprayed with a
100 umol.L-! MeJA solution. Control plantlets were treated
with distilled water. Leaves were collected 0, 0.5, 1, 3, 6
and 12 h after exposure to MeJA and immediately frozen in
liquid nitrogen. Six plantlets were used for each time point.

High-density filter arrays and probe preparation: Sixteen 96-
well plates containing sugarcane cDNA clones (Vettore et al.,
2001) were randomly sampled from the following sugarcane
cDNA libraries: heat and cold-treated and untreated
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callus (CL6), plantlets inoculated with Herbasperillum
rubrisubalbicans (HR1) or Acetobacter diazotroficans
(AD1), and leaf roll (LR1). A total of 1,536 cDNAs clones
were fixed onto sets of two high-density filters (85 mm x
125 mm) using a hand-held tool with a 96-pin printhead
(V&P-Scientific, USA) in a 4 x 4 array configuration (768
cDNAs/filter).

To estimate the level of gene redundancy, two strategies
were adopted. Initially, the 1,536 EST clones were
compared with each other using default parameters of the
CAP3 assembler (Huang and Madan, 1999) that allowed
similar sequences to assembly in contigs. Subsequently,
the similarities between these contigs and sequences in the
NCBI nt were retrieved using the BLASTN algorithm (http:
/Iwww.ncbi.nih.gov/blast). Using this methodology, 1,428
putative unique genes were estimated to be spotted on the
filters (8 % redundancy).

Total RNA was isolated from sugarcane leaves using Tri-
zol Reagent (Invitrogen, USA), according to the manufactur-
er’s instructions. For hybridizations, 30 ug of total RNA was
reverse transcribed with Superscript II (Invitrogen, USA)
using 100 pmol of the dT18V primer, o-33P-dCTP (sp. act.
3000 Ci.mmol!) and unlabeled dATP, dGTP, dTTP and dCTP
(1 mM each) for 20 min at 42°C. The cDNA probes were
purified using ProbeQuant G-50 micro columns according
to the manufacturer’s instructions (Amersham Biosciences,
USA). Variations in the amount of DNA in the spots were
estimated by hybridizing the filters with an oligonucleotide
probe that hybridize to the 4mp ‘gene of the pPSPORT1 vector
used in the construction of SUCEST cDNA libraries. This
probe was synthesized using the primers 5’-GTGGTCCT-
GCAACTTTATCCGC-3’ and 5’-TAGACTGGATGGAG-
GCGGATAA-3’ in the presence of 0-33P-dCTP as described
by J.D. McPherson (http://www.tree.caltech.edu/protocols/
overgo.html.). Only replicate filters with coefficients of vari-
ation (CV) <10 % were used for further analysis.

Data analysis: All spot signals were quantified using Array-
Vision™ software (Imaging Research, Canada) and the local
background was subtracted automatically. To normalize the
variation among replicate filters, the signal intensity of each
spot was calculated as a ratio of the average intensity of all
spots on each filter (Schummer et al., 1999). The signal vari-
ation between replicate spots on each filter was estimated as
the ratio between their signal intensities. Additionally, 12
spots representing the empty plasmid vector were used in
each filter to assess background hybridization. Only those
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spots with signal intensities higher than the average non-
specific signal intensity plus two standard deviations (SD)
for three or more arrays were considered for further analysis.
The signal intensity values of replicate spots on each filter
were averaged and used to calculate the expression ratios be-
tween MeJA-treated and untreated samples. To establish the
threshold in which a given spot displayed and altered gene
expression, the average and the SD of the expression ratios
(log, transformed) for each time point after MeJA treatment
were estimated. A significant expression ratio threshold of at
least 2 SD above or below the average expression ratio for
each time point was used (p<0.05). The relative expression
of each spot was calculated using the time point that showed
the maximum or minimum ratio (showed as fold in the Table
1) from two independent replicate experiments.

RNA-blot analysis: RNA-gel blot analysis was carried out
according to Nogueira et al. (2003). Total RNA from a new
set of MeJA-treated and untreated plantlets were isolated
and the cDNA clone inserts were used as probes for RNA
gel-blot hybridization. RNA-gel blot hybridization was done
according to the protocol supplied with Hybond N+ nylon
filters (Amersham Biosciences, USA). The hybridized filters
were exposed to imaging plates for 48 h and the digitized
images were quantified using Image Gauge software v. 3.12
(Fujifilm, Japan).

Bioinformatics: The cDNAs encoding the MeJA-induced or
-repressed genes were completely sequenced and analyzed
for similarity with the non-redundant GenBank protein
database using the BLASTX algorithm. For conserved

Table 1. Expression ratios and sequence similarities of MeJA-responsive sugarcane cDNAs

Clone ID Fold? Accession Description® E-value Function®

Up-regulated

SCCCCL6002G04 12.6 CAB86383 AOS 0.0 JA biosynthesis
SCCCHR1003H09 433 AAKS52316 Serine carboxipeptidase E-111 Secondary metabolism
SCCCHR1002A11 8.0 S39502 VSP E-29 Nitrogen storage
SCCCCL6002E02 4.0 AAK95148 60S ribosomal L4 E-101 Protein synthesis
SCCCCL6004C08 3.5 AAK95148 60S ribosomal 122 2E-23 Protein synthesis
SCCCCL6003E06 2.9 P20080 PPIASE 6E-16 Protein metabolism
SCCCAD1001C08 3.5 AAC49821 Peroxidase E-100 Stress response
SCACCL6006G09 3.1 JC6171 LEA-like SE-26 Stress response protein
SCCCCL6002H05 34 P41152 HSF1 6E-30 Transcriptional regulation
SCCCCL6004F11 33 BAB12694 Putative ZINC finger 3E-56 Transcriptional regulation
SCACCL6010C08 35 NP_913180 kinase protein 2E-40 Signal transduction
SCCCAD1001B06 2.8 BAB92816 Unknown 8E-47 Unknown
SCCCCL6002H10 14.3 --- No hit --- Unknown
SCACCL6006G07 3.4 --- No hit --- Unknown
SCCCHR1003HO01 7.0 --- No hit --- Unknown
Down-regulated

SCCCHR1002D08 0.4 P23993 PSAL 7E-91 Photosynthesis
SCACCL6007G08 0.2 BAA21653 PPDK 8E-96 Photosynthesis
SCCCHR1004H08 0.2 AAKO08655 Senescence-associated prot 7E-48 Senescence
SCCCAD1002H04 0.1 NP_777096 PUMP E-42 Stress response
SCACCL6010F10 0.4 AANB6274 DnaK 0.0 Stress response; transport
SCCCCL6005F03 0.5 AAK11734 STY kinase 2E-17 Signal transduction
SCCCCL6005H06 0.2 BAC57307 Putative kinase 3E-87 Signal transduction
SCCCHR1002H12 0.3 NP 564946 Putative kinase E-152 Signal transduction
SCCCCL6003F04 0.3 AALS58201 Putative ATP(GTP) protein E-133 Unknown
SCCCCL6001A0S 0.1 - No hit - Unknown
SCCCCL6003G09 0.2 - No hit -—-- Unknown

4 Values represent the maximum or minimum average expression ratio of that of control (untreated).
b Putative identity of cDNA based on sequence similarity searches with known protein sequences in GenBank using the BLASTX algorithm. No hit proteins

have no similarity to proteins and unknown proteins share similarity to proteins of unknown function in the GenBank database

¢ Putative functions based on the similarity with known proteins in GenBank databases.
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domain analysis, the unknown protein sequences were
analyzed using the RPS-BLAST algorithm, Pfam (Bateman
et al., 2000) and SMART (Schultz et al., 2000) databases.
Only domains with minimum E-value < than 10~ were
considered for further studies.

Digital mRNA expression profile: For digital mRNA
expression profile analysis, 25 SUCEST cDNA libraries
(Vettore et al., 2001) were grouped into seven library
pools, as follows: nitrogen fixing bacteria infected plants
(I) - ADI and HR1; meristematic tissues (M) - AM1, AM2,
LB1 and LB2; floral organs (F) - FL1, FL3, FL4, FL6 and
FLS; Leaves (L) - LV1, LR1 and LR2; Root (R) - RT1, RT2
and RT3; Seeds (Sd) - SD1 and SD2; Stem (St) - ST1, ST3,
SB1, RZ1, RZ2 and RZ3. The relative abundance of MeJA-
induced and/or —repressed genes was estimated based upon
the number of ESTs in a given library pool (Vettore et al.,
2001) divided by the total number of ESTs in that library
pool. A statistical test (Audic and Claverie, 1997) was used
to calculate the probability for a gene to be equally expressed
in two different conditions given the observed distribution
of EST counts. Small probabilities (p-values) are associated
with asymmetrical distributions characterizing differentially
expressed genes. ESTs associated with p-values < 0.05 of
being expressed at the same level in the two library pools
were classified as being organ/tissue-enriched genes.

Accession numbers: The sequence data described in this pa-
per are available in GenBank (accession numbers CA095814
to CA120047). The array data described here were submit-
ted to the Gene Expression Omnibus (GEO) under accession
number GSE1546.

RESULTS AND DISCUSSION

¢DNA arrays: High-density nylon filters containing 1,536
random sugarcane cDNAs from SUCEST (Vettore et al.,
2001) were constructed according to the procedure described
by Nogueira et al., (2003). Each filter contained replicate
spots whose signal intensities variation ranged from 0.5 to
2.0 for the majority of spots (data not shown). Twenty-six
MelJA-responsive genes (~1.8% of total) were identified in
two independent experiments. Figure 1 shows scatter plots
of the expression ratios of MeJA-treated versus control
plantlets. Comparison of the signal ratio intensities between
the treated and untreated probes yielded a minimum R-value
of 0.83, indicating that the transcript steady-state expression
of most ESTs was unchanged after exposure to MeJA. To
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Figure 1. Scatter plots of the expression ratios of 1,536 sugarcane
cDNAs. Each point in the scatter plot corresponds to a single
cDNA. The hybridization signals for each spot were log,
transformed and plotted with the signals from control plants on
the x-axis and those from MeJA-treated plants on the y-axis.
Filter hybridizations were done with 0-33P labeled cDNA probes
obtained from the total RNA of MeJA-treated and -untreated
plants after 0.5 (A), 1 (B), 3 (C), 6 (D), and 12 (E) h of exposure.
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validate the array data, nine MeJA-induced or repressed
genes were analyzed by RNA-gel blot. Figure 2 shows the
expression profiling of RNA-gel blots. In general there is a
high consistency between the two data sets.

MeJA-responsive genes in sugarcane: Twenty-six MeJA-
responsive cDNAs were identified, 15 of which (57%) were
up-regulated and 11 were down-regulated (table 1). Among
the up-regulated genes those encoding proteins involved in
different pathways included: allene oxide synthase (AOS),
that catalyzes the first specific step in the octadecanoid
pathway (Bell and Mullet, 1993; Sivasankar et al., 2000) a
serine carboxypeptidase-like enzyme that catalyzes the final
reaction in the formation of sinapoylmalate (Shirley et al.,

Expression profiles of RNA blot analysis
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Figure 2. RNA-gel blot analysis of MeJA up- and down-regulated
cDNAs identified in the cDNA arrays. The time points of MeJA
treatment (0, 0.5, 1, 3, 6 and 12 h) are indicated above each lane in
the RNA-blots. The graphs on the left show the kinetics of up- and
down- regulation observed for each gene, based on the RNA blots.

Ten micrograms of total RNA were used for all samples.

(Putative ring finger protein)

2001); the vacuolar glycoprotein acid phosphatase (VSP)
that has been shown to be involved in adaptative response
(Staswick, 1994); 60S ribosomal L4 and L22 proteins impli-
cated in stress response (Nakatogawa and Ito, 2002; Zengel
et al., 2003); peptidyl-prolyl cis-trans isomerases (PPIASE)
that catalyze the interconversion of cis and frans rotamers
of amine bonds adjacent to proline (Himukai et al., 1999;
Shaw, 2002); a peroxidase (POX) similar to Class III plant
peroxidases induced by wounding (Curtis et al., 1997) and
pathogen attack (Chittoor et al., 1997); a late embryogenesis
abundant (LEA) protein that has been shown to be up-regu-
lated by water stress (Xu et al., 1996); a heat shock factor
protein (HSFA1) involved in the transcription regulation of
the heat shock genes (Wu, 1995).

A number of up-regulated unknown proteins were also
identified. Among these are the protein encoded by EST
SCCCCL6004F11 (table 1), that contains a putative C-x8-C-
x5-C-x3-H type zinc finger domain (table 2) and a putative
protein kinase domain.

Several metabolic processes, including photosynthesis,
have been reported to be negatively regulated by MeJA
(Creelman and Mullet, 1997). We identified down-regulated
genes that are involved in photosynthesis, stress response
and senescence, as well as genes that have not previously
been reported to be regulated by MeJA (table 1). Among
these are genes encoding a photosystem I reaction center
core protein (PSAL); a pyruvate phosphate dikinase (PPDK)
that catalyzes the ATP- and Pi-dependent formation of phos-
phoenolpyruvate (Shinozaki and Shinozaki, 1997); a senes-
cence-associated protein (Huang et al., 2001); an uncoupling
mitochondrial protein (PUMP) that is involved in oxidative
stress response (Brandalise et al., 2003) and three protein ki-
nases. We also identified down-regulated unknown proteins.
Among these is an ATP (GTP)-binding domain-containing
protein (table 2).

Domain analysis: Searches for conserved domains in MeJA-
regulated proteins having no similarity to proteins in the
GenBank identified four domains that could be involved
in stress adaptation and signal transduction (table 2). The
protein encoded by EST SCCCADI1001B06 revealed a
heavy metal-associated domain found in a number of heavy
metal-detoxifying proteins. The protein encoded by EST
SCCCCL6001A0S5 present a peptide with a DUF domain
found in proteins of cyanobacterium and in the chloroplasts
of algae. The protein encoded by SCACCL6006G07 has a
formin domain found in proteins involved in controlling
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Table 2. Conserved domains of MeJA-regulated sugarcane unknown and no hit proteins.

Clone ID Domain Accession® E-value Similarity Putative function®
SCCCAD1001B06 Heavy-metal domain pfam00403 3E-22 39% Metal ion transport
SCCCCL6001A05 DUF domain pfam04481 6.1E-12 69% Unknown
SCACCL6006G07 Formin pfam02181 9E-07 15% Cytoskeletal rearrangement
SCCCHR1003HO01 LEA 3 pfam03242 1E-06 56% Hydric stress tolerance

aAccession of each domain sequence was obtained by using the RPS-BLAST algorithm and the Pfam and SMART databases.
bPutative functions based on similar domains described in SMART and Pfam domain family databases.

cytoskeleton rearrangements. The protein encoded by EST
SCCCHR1003HO1 contains a LEA domain found in stress-
responsive proteins (Xu et al., 1996).

Digital mRNA expression profile: EST frequencies in a
standard cDNA library can be used to infer levels of gene
expression (Vettore et al., 2003). This is based on the fact
that the number of ESTs from a given gene is proportional
to the abundance of its mRNA. To determine the tissue/
organs in which MeJA-responsive genes are preferentially
expressed, we used a digital mRNA expression profile
analysis to identify significant changes in EST frequencies
among sugarcane library pools.

Analysis of the 26 MeJA-responsive genes revealed
14 SAS (Vetore et al., 2003) displaying organ-enriched

expressions when p < 0.05 (p, a probability of the compared
EST abundances being different by chance) was applied
(Table 3). For example the SAS encoding VSP was
significantly more expressed in roots when compared to
floral organs, leaves, meristem and seeds (table 3). This
finding corroborates to the role of VSPs, which accumulate
in roots as a nitrogen store that can be used to initiate
regrowth (Rossato et al., 2002). Among the differentially
expressed genes, only the one encoding a putative STY
kinase and the SAS encoding DnaK were preferentially
expressed in a unique sugarcane organ. The former was
more expressed in roots whereas the later was significantly
more represented in stems (table 3). The SAS encoding AOS
enzyme was preferentially expressed in meristematic tissues
when compared to flowers or seeds. This is consistent with

Table 3. Number of ESTs and significance levels (p-values) from digital mRNA expression profile of identified MeJA responsive genes.

SAS EST number®

SAS2 Description Organ®

Root Stem  Meristem  Leaves Infected Seed Flower
SCEQLB1067F01 VSP Root 9 NS 3" 0" 3NS 0" 3*
SCJFLR1073H09 Kinase Root 74 59" 21" 6" 22" 1" 21"
SCCCRZ1002G01 DnaK Stem 44" 152 79* 29" 50" 17" 109"
SCAGLR1043E04 AOS Meristem NS 2" 8 INS 4NS NS 2"
SCCCLRICO02E07 L22 Meristem 0* 4" 11 5NS 4NS 2NS NS
SCCCCL3140B12 L4 Leaf INS 2% 2NS 4 4NS ONS 3NS
SCACCL6007G08 PPDK Leaf ONS 0 ONS 2 N8 ONS 0*
SCQGLR2025B12 PSAL Leaf 0" 10NS 1" 5 4NS 20NS 2"
SCCCHR1003HO1 No hit Leaf 5NS 12NS 6" 10 10NS NS 5"
SCQSRT2036C09 No hit Infected 2NS 5NS 3NS NS 6 2NS 3*
SCCCCL6003F04 ATP (GTP)-binding Stem 1" 13 3" 3NS 2NS 2NS 8Ns
SCJFLR1073A02 Kinase Seed ONS ONS ONS ONS ONS 1 0*
SCCCCL4005F05 Kinase Seed ONS 0* ONS ONS 2NS 2 INS
SCCCADI1001B06 Unknown Seed ONS NS ONS ONS ONS 2 0*
cDNA library size (Total number of ESTs) 24430 39116 52430 19676 25302 17106 49785

2 Sugarcane assembled sequences.
b Organ in which a gene is preferentially expressed based on the p-values.

CEST number of each SAS in a given library pool. Because the p-values were obtained by using the significance test described by Audic and Claverie (1997),
similar EST numbers can display different levels of significance depending on the total number of ESTs in a particular library pool (see Methods).

* Significance at p < 0.05; NS Non-significant at p < 0.05.
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localization of AOS activity in chloroplasts (Maucher et al.,
2000). The SAS encoding 60S ribosomal proteins L4 and
L22 was preferentially expressed in leaves and meristems
when compared to roots or seeds (table 3). This is in
keeping with the expression of L4 and L22 in chloroplasts
of monocots (Yamaguchi and Subramanian, 2000). The SAS
encoding PPDK and PSAL showed higher expression in
leaves, consistent with their roles in photosynthesis.

From the six SASs encoding proteins for which no
function were attributed, SAS SCCCHRI1003HO1 was
preferentially expressed in leaves, SAS SCQSRT2036C09
was preferentially expressed in infected tissues, SAS
SCCCCL6003F04 was more expressed in the stem
while SASs SCCCAD1001B06, SCJFLR1073A02 and
SCCCCL4005F05 were preferentially expressed in seeds.

The MeJA-differentially expressed genes identified in this
study revealed new components putatively involved in signal
transduction of physiological processes mediated by MeJA.
Genes related to photosynthesis and carbon assimilation as well
as a gene encoding a senescence-associated protein was found
to be down-regulated by MeJA. The new components identified
that could be involved in signal transduction and adaptation to
stress included putative genes encoding ATP (GTP)-binding
domain-containing proteins, kinases and zinc finger proteins.
Finally, the digital mRNA expression profiles provided
additional information about the identified genes, including an
unknown protein preferentially expressed in roots.
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