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Biologia, Universidade Estadual de Campinas, 13083–970, Campinas, SP, Brazil (F.T.S.N., V.E.D.R., M.M.,
P.A.); and Centro de Tecnologia Copersucar, 13400–970, Piracicaba, SP, Brazil (E.C.U.)

Tropical and subtropical plants are generally sensitive to cold and can show appreciable variation in their response to cold
stress when exposed to low positive temperatures. Using nylon filter arrays, we analyzed the expression profile of 1,536
expressed sequence tags (ESTs) of sugarcane (Saccharum sp. cv SP80-3280) exposed to cold for 3 to 48 h. Thirty-four
cold-inducible ESTs were identified, of which 20 were novel cold-responsive genes that had not previously been reported
as being cold inducible, including cellulose synthase, ABI3-interacting protein 2, a negative transcription regulator, phosphate
transporter, and others, as well as several unknown genes. In addition, 25 ESTs were identified as being down-regulated
during cold exposure. Using a database of cold-regulated proteins reported for other plants, we searched for homologs in
the sugarcane EST project database (SUCEST), which contains 263,000 ESTs. Thirty-three homologous putative cold-
regulated proteins were identified in the SUCEST database. On the basis of the expression profiles of the cold-inducible
genes and the data-mining results, we propose a molecular model for the sugarcane response to low temperature.

Cold is one of the most important environmental
stresses affecting plant growth and crop productiv-
ity. Chilling (low temperatures above 0°C) and freez-
ing (temperatures below 0°C inducing extracellular
ice formation) limit the geographical distribution and
growing season of many crops and cause significant
crop losses (Xin and Browse, 2000). However, chilling
and freezing stresses differ from each other in that
the former involves a direct effect of low temperature
on cells, whereas freezing often acts indirectly, dam-
aging cells by dehydration (Pearce, 1999).

Plants vary considerably in their ability to survive
under chilling and freezing temperatures. At one
extreme, some herbaceous plants from temperate re-
gions can survive under freezing temperatures rang-
ing from �5°C to �30°C. At the other extreme, plants
from tropical and subtropical regions have virtually
little or no capacity to survive even the slightest
freezing (Thomashow, 2001). In addition, even spe-
cies considered to be sensitive to chilling can show
substantial variation in their response to colder tem-
peratures. Cold (chilling and freezing) tolerance of-
ten increases if plants are first hardened by exposure

to a period of acclimation at low positive tempera-
tures (Thomashow, 2001). Cold acclimation is associ-
ated with biochemical and physiological changes that
include alterations in carbohydrate metabolism,
membrane lipid composition, phenylpropanoid con-
tent, respiration, photosynthesis, and oxidative stress
defenses (Allen and Ort, 2001). In general, plants
exposed to low temperatures show two basic re-
sponses: the adjustment of metabolism to kinetic con-
straints imposed by low temperatures, and the induc-
tion of tolerance to chilling and freezing via the
activation of specific genes. These alterations are fre-
quently caused by changes in gene expression (Guy
et al., 1985), as shown by the isolation and character-
ization of several cold-regulated (COR) genes from
different plant species (Thomashow, 1998).

Cold-induced genes can also be induced by water
stress and, in several cases drought- and cold-
inducible genes are also induced by the phytohor-
mone abscisic acid (ABA). Dehydration caused by
water stress or cold appears to trigger ABA biosyn-
thesis, which in turn induces the expression of sev-
eral genes (Liu et al., 1998). However, an ABA-
independent pathway of gene induction by low
temperature and water stress has been described
(Yamaguchi-Shinozaki and Shinozaki, 1994; Gilmour
et al., 1998; Liu et al., 1998). Direct evidence of an
ABA-independent pathway came from the identifi-
cation of three cold-induced transcription factors
(CBF1, CBF2, and CBF3) from Arabidopsis that en-
code proteins containing AP2 DNA-binding motifs
(Medina et al., 1999). These transcription factors are
not induced by exogenous ABA, suggesting that they
participate in a cold-induced ABA-independent
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pathway (Yamaguchi-Shinozaki and Shinozaki, 1994;
Seki et al., 2001). These factors bind to the
dehydration-responsive element/C-repeat (DRE/
CRT) cis-acting element present in the promoter of
drought-, high salt-, and cold-inducible genes (Liu et
al., 1998). Constitutive overexpression of CBF1 and
CBF3 genes in nonacclimated transgenic Arabidopsis
plants induces the expression of several cold-
inducible genes, thereby increasing the tolerance of
the plant to freezing (Gilmour et al., 2000).

Sugarcane (Saccharum sp.) is generally considered
as a cold-sensitive plant (Tai and Lentini, 1998). The
magnitude of cold (chilling and freezing) damage is
dependent on the severity and duration of the low
temperature, cultivar resistance to post-freezing de-
terioration, and time lapse and temperature fluctua-
tions between the freeze event and harvest (Tai and
Lentini, 1998). However, field observations have
shown that the sensitivity of sugarcane to cold varies
among varieties. Du et al. (1999) demonstrated that
some subtropical hybrid species are more cold toler-
ant than tropical species. Thus, the identification of
sugarcane cold-responsive genes could be an impor-
tant resource in breeding programs to detect genetic
differences among hybrids and to obtain transgenic
plants with improved tolerance to cold and its re-
lated stress.

The rapid advance of genome-scale sequencing has
led to the development of methods for analyzing
transcript abundance in a large set of genes involved
in abiotic stress responses (Perret et al., 1998; Schena
et al., 1998; Schummer et al., 1999; Freeman et al.,
2000; Seki et al., 2001; Fowler and Thomashow, 2002).
Expressed sequence tags (ESTs) are a rich source for
gene discovery in several organisms. EST databases
can be used for large-scale data mining of genes
involved in specific pathways and, in association
with techniques for expression profile analysis, can
be helpful in analyzing the global response of tissues
or whole organisms under biotic or abiotic stress and
in the discovery of novel genes (Cushman and
Bohnert, 2000). In this work, we describe the use of
sugarcane ESTs from the Sugarcane EST Genome
Project (SUCEST; http://sucest.lad.ic.unicamp.br) to
construct high-density filter arrays containing ran-
dom ESTs to identify cold-responsive genes. Using
the expression profile data generated and extensive
data mining in the SUCEST database, we constructed
a putative model for global sugarcane gene expres-
sion under cold exposure.

RESULTS

Construction of Sugarcane EST Macroarrays and
Data Analysis

Using SUCEST cDNA clones and a hand-held tool
with a 96-pin printhead (V&P Scientific, San Diego,
CA), we constructed sets of two high-density filters,
each filter containing 768 random EST targets,

thereby totaling 1,536 ESTs. The macroarray nomen-
clature used was that established for filter-based
methods in which the target is the DNA spotted onto
the filter surface, and the probe is the labeled DNA
that is hybridized to the surface-bound DNA (Rose,
2000).

To decrease variation in the amount of DNA
among spots and filters, each EST clone was spotted
twice at the same position on all filters. This proce-
dure reduced the coefficient of variation (cv) among
spots by 50% (J.M. Felix, R. Drummond, F.T.S.
Nogueira, R.A. Jorge, P. Arruda, and M. Menossi,
unpublished data). Each EST was spotted at two
positions on the filters to assess the reproducibility of
spotting.

Before cDNA probe hybridization, the high-density
filters were hybridized with a probe corresponding
to the plasmid vector (see “Materials and Methods”),
and the signal intensity was measured. The median
value for all spot intensities of each filter was deter-
mined and then we estimated the cv of these median
values to assess fluctuation in the amount of DNA
among replicate filters. Only replicate filters with cv
values lower than 10% were used for subsequent
analysis. In addition, to reduce the variation among
replicate filters caused by differences in the experi-
mental conditions, the average of all signal intensities
obtained with the cDNA probe from each filter was
set to 1 (Schummer et al., 1999). To assess the signal
variation between replicate spots, we estimated the
ratio between the signal intensities of the two repli-
cate spots representing each EST spotted onto filters.
Around 98% of ESTs had ratios ranging from 0.5 to
2.0, indicating that the DNA variation between rep-
licate spots was less than 2-fold for most ESTs (data
not shown). This finding agreed with data for nylon
filter arrays spotted with a manual device (Schum-
mer et al., 1997). Finally, 12 spots representing the
empty plasmid vector were used in each filter as a
negative control to assess nonspecific hybridization.
These spots consistently produced a hybridization
signal above background, probably because of some
degree of similarity between sugarcane cDNA and
the vector sequences. Thus, only those sugarcane
ESTs displaying signal intensities higher than the
average signal intensity of the negative control plus
two sd for three or more arrays were considered for
further data analysis.

Identification and Functional Classification of Cold-
Responsive Sugarcane ESTs

To determine the threshold for changes in gene
expression that could be attributable to cold treat-
ment, we used the strategy reported by Friddle et al.
(2000) in which the log2 of the expression ratios (i.e.
ratios between the normalized signal intensity of
each time point for treated and control samples of
each EST) were normally distributed and centered on
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a ratio of 0 (i.e. the average of the expression ratios
was 1). The average and the sd of the expression
ratios (log2 transformed) for each cold-treatment time
point were estimated from two independent experi-
ments. Comparison of the ratio of signal intensities
between two independent, untreated control probes
yielded an R value of around 0.92, indicating a good
correlation between replicate experiments. Assuming
that experimental variation was nonspecific for any
particular EST, we selected as the threshold of sig-
nificance an expression ratio at least 1.65 sd above or
below the average expression ratio for each cold-
treatment time point in two replicate experiments
(P � 0.0025). Moreover, among the previously se-
lected ESTs, we only considered those displaying at
least a 2-fold induction or repression at each interval
of cold treatment relative to the control. A represen-
tative filter comparing control and cold-treated
plantlets samples (48-h time point) is shown in Fig-
ure 1. Fifty-nine high quality sugarcane ESTs in the
SUCEST database showing significantly altered ex-
pression during cold treatment were identified, of
which 34 were up-regulated by cold treatment. Scat-
ter plots of the expression ratios of cold-treated ver-
sus control plantlets are shown in Figure 2. Ratios
below 1.0 were inverted and multiplied by �1 to aid
data interpretation (Girke et al., 2000). In most ESTs,
expression was unchanged by cold treatment (Fig. 2).
The expression of a few ESTs was altered after 6 h of
cold treatment, whereas the highest induction or re-
pression occurred after 24 h of cold exposure. Figure
3 shows the expression profiling of a randomly sam-
pled subset of six cold-inducible sugarcane ESTs
from two independent experiments. Although the
absolute -fold induction values were not identical
between biological samples, the expression profiles
were similar, corroborating the reproducibility of our
array data.

The usefulness of our arrays for screening COR
genes was demonstrated by the identification of sev-
eral cold-inducible genes that had already been re-
ported for other plants (Tables I and II). The putative
relevant biological functions of all cold-responsive

sugarcane ESTs identified are shown in Table II. The
sugarcane cold-inducible ESTs were distributed in
three classes (Table I). The first class contained 14
ESTs with homologs in other organisms in which
they represent drought and cold-inducible genes.
These included xanthine dehydrogenase (XDH), ocs-
element binding factor 1 (OCSBF-1), pyruvate or-
thophosphate dikinase (PPDK), superoxide dis-
mutase (SOD), NADP-dependent malic enzyme
(NADP-ME), a putative sugar transporter, polyubiq-
uitin, and NAC genes (Table II). The second class
consisted of seven ESTs not previously described as
being induced by cold stress. Among them were an
EST encoding ABI3-interacting protein 2 (AIP2) in-
volved in development (Kurup et al., 2000) and an
EST encoding cellulose synthase (Table II). The third
class contained 13 ESTs encoding unknown proteins
with no hits in the GenBank nr database (Table II).

Among the total cold-responsive ESTs, 25 (47%)
were down-regulated by cold exposure, 13 of which
encode proteins presenting no hit in the GenBank nr
database (Table II). Twelve ESTs encode proteins
with a wide range of functions, including transcrip-
tion, signaling (receptor-like protein kinases), amino
acid metabolism (acetohydroxyacid synthase and
Asn synthetase), defense (pathogenesis-related pro-
tein) development (NAM-like protein), and water
status (aquaporin). These results suggest that several
metabolic processes, including perception of stress
signals and regulation of gene expression, were re-
pressed during cold stress.

To estimate the relative contribution of cold-
inducible genes from each SUCEST library used in
the array experiments, we first calculated the normal-
ized number of cold-inducible ESTs (i.e. the ratio
between the number of cold-inducible ESTs from
each library and the total ESTs spotted onto filters for
each SUCEST library) and then estimated the per-
centage of cold-inducible ESTs from each cDNA li-
brary (Fig. 4). Interestingly, the library HR1 (Vettore
et al., 2001) accounted for most of the cold-inducible
ESTs. This library was constructed from bacterium-
infected sugarcane tissues (Vettore et al., 2001) and
could be a good source for the discovery of biotic and
abiotic stress-related genes.

RNA-Blot Analysis

To validate the macroarray data, we did blot anal-
ysis using total RNA from a new set of cold-treated
and untreated plantlets. Five cDNA clones represent-
ing polyubiquitin, OsNAC6, and three novel cold-
inducible genes were analyzed. Figure 5 compares
the gene expression profiling obtained using mac-
roarrays and RNA gel blots. Although the absolute
-fold induction values of the blots were not identical
to those on the array, there was a high consistency
between the two data sets.

Figure 1. Examples of macroarray filters used to analyze gene ex-
pression under cold acclimation. Filters containing 768 random
sugarcane cDNAs in duplicate were probed with [33P]cDNA reverse-
transcribed from total RNA of control (A) and cold-treated (48 h at
4°C; B) sugarcane plantlets. Nor-specific hybridization was moni-
tored using 12 spots representing the empty pSPORT1 vector (dashed
rectangles). The signals were detected in a phosphorimager analyzer.
The arrows indicate examples of cold-inducible sugarcane ESTs.

Macroarray Analysis and Data Mining of Sugarcane Response to Low Temperature

Plant Physiol. Vol. 132, 2003 1813



Data Mining and Domain Analysis

To complement the expression profiling data of
cold-inducible genes obtained with macroarrays and
to provide a global view of the up-regulation of gene
expression in sugarcane during cold exposure, we
undertook extensive data mining in the SUCEST da-
tabank to find homologs of cold-inducible genes re-
ported in other plant species. Initially, we created a
protein sequence database containing 250 cold-
inducible genes reported in the literature and present
in the GenBank database (http://www.ncbi.nlm.nih.
gov). With the tBLASTN algorithm, these protein
sequences were used as drivers to identify putative
assembled sequences (combined set of contigs and
singlets representing different transcripts from the
SUCEST database). The criteria used to select the
SUCEST-assembled sequences were the E value and
percentage of protein coverage. Assembled se-
quences with an E value � 10�20 and a protein se-
quence coverage greater than 70% were considered to
represent putative cold-inducible gene homologs.
Thirty-three SUCEST-assembled sequences encoding
proteins similar to COR proteins described for other
plants were identified (Table III). Interestingly, one

Figure 2. Scatter plots of the expression ratios of all ESTs analyzed.
The average of the normalized relative intensities of each EST was
used to calculate the expression ratios. The ratios that were higher
with cold treatment (3, 6, 12, 24, and 48 h at 4°C) are plotted
upward, and those that were higher in the controls are plotted
downward. The lateral arrows represent ratios of approximately 1.
Letters on the scatter plots indicate examples of cold-inducible sug-
arcane ESTs. A, EST encoding to no hit protein; B, OsNAC6 gene; C,
EST encoding to unknown protein; D, OsNAC4 gene and E, cellulose
synthase gene. Asterisks in the 12, 24, and 48 h panels indicate
expression ratios that surpassed the ratio scale. Only one replicate
macroarray experiment is represented in this figure.

Figure 3. Examples of the expression profile of cold-inducible sug-
arcane ESTs. The average expression was calculated from normalized
relative intensities of each time point of each EST from two indepen-
dent experiments (white and black circles). CeSA4, Cellulose syn-
thase 4; Pht1-2, phosphate transporter; and OsNAC4, rice NAC gene
4.

Table I. Cold-inducible sugarcane ESTs identified by macroarray
expression profiling

Summary No. of ESTs % ESTs

Total cold-inducible ESTs 34 100
Cold- and drought-inducible ESTsa 14 41
ESTs unrelated to coldb 7 21
Novel cold-inducible ESTsc 13 38
aESTs homologous to previously described cold- and drought-

inducible genes. bESTs homologous to previously described
genes, but not induced by cold. cESTs encoding proteins that
have not been described previously.
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CBF transcription factor was found among these 33
SUCEST putative genes (Table III). Recently, Jaglo et
al. (2001) identified components of the CBF regulon
(DRE/CRT-containing genes that are induced by
CBF transcription factors) in other plant species.

Thus, sugarcane may have novel genes in the CBF
regulon with roles in mediating the responses to
cold. In Arabidopsis, proteins encoded by the CBF
regulon protect cells against freezing and other stress
associated with dehydration (Thomashow, 2001).

Table II. Average expression ratios and sequence similarities of cold-responsive sugarcane ESTs

Clone Identification BLAST Hita E Value Descriptionb
Ratiosc

3 h 6 h 12 h 24 h 48 h

Up-regulated
Proteolysis

SCEPCL6029G10 AAC16012 7E � 86 Polyubiquitin protein 1.1 1.4 2.1 2.0 3.4
SCCCHR1002E03 S28426 1E � 133 Polyubiquitin protein 1.0 1.2 1.8 2.5 3.0
SCCCAD1002H02 CAA66667 1E � 131 Polyubiquitin protein 0.8 1.1 1.7 2.0 3.0
SCCCHR1002A02 CAA66667 1E � 119 Polyubiquitin protein 0.9 1.2 1.6 1.6 2.8
SCEPCL6028G03 S17435 0.0 Polyubiquitin protein 1.0 1.2 1.6 1.7 3.0

Plant development
SCMCCL6027D02 BAA89800 1E � 141 OsNAC6 protein 2.2 3.3 4.0 6.2 8.5
SCCCHR1004F11 BAA89798 1E � 52 OsNAC4 protein 1.2 1.7 3.4 3.2 4.3
SCRLCL6032B05 BAB09485 3E � 16 NAM protein 1.0 1.0 2.0 2.1 2.6

Antioxidant metabolism
SCCCHR1004E11 T10235 0.0 Xanthine dehydrogenase 1.1 1.6 2.1 2.2 2.8
SCCCLR1068H03 P93407 1E � 42 Cu/ZnSOD protein 2.0 1.5 1.1 2.2 2.0

Transcription regulation
SCEPCL6021E11 P24068 3E � 57 OCSBF-1 protein 1.2 1.8 1.6 2.0 2.6
SCEPCL6028F01 BAA97498 2E � 21 Negative transc regulator 1.2 1.2 1.1 1.5 2.2
SCCCHR1003E12 CAB75509 2E � 26 AIP2 protein 2.1 1.4 1.1 1.0 0.9

CO2 fixation
SCEPCL6023E08 CAA06247 0.0 PPDK protein 1.4 1.8 1.8 2.1 1.3
SCEPCL6023H04 AAK91502 0.0 NADP-ME 1.6 2.2 2.1 1.2 1.1

Cell wall metabolism
SCMCCL6027C02 AAF89964 0.0 Cellulose synthase-4 1.3 2.4 2.0 2.8 3.6
SCCCAD1003B03 T04331 2E � 75 se-wap41 protein 1.3 1.8 2.1 1.9 3.2

Protein metabolism
SCCCHR1003G02 AJ309824 0.0 25S ribosomal gene 1.3 1.2 1.4 2.8 3.2
SCCCAD1001H05 AJ309824 0.0 25S ribosomal gene 1.5 1.7 2.3 3.5 4.0

Transporter
SCCCAD1001G06 AAK25880 5E � 47 Putative sugar transporter 1.1 1.2 2.0 1.9 2.5
SCCCHR1003H07 AAM14593 0.0 Pht1-2 1.5 1.6 1.9 2.1 2.6

Unknown/unclassified
SCEPCL6021A10 T04466 1E � 94 Unknown protein 1.2 1.9 1.8 2.1 3.1
SCMCCL6027G02 AAD20139 3E � 54 Unknown protein 1.2 1.3 1.5 1.8 3.4
SCCCHR1003D12 T45625 5E � 30 Unknown protein 2.1 1.2 1.0 1.0 0.9
SCCCHR1004E10 AAD32824 3E � 55 Unknown protein 1.0 1.6 2.9 2.4 3.9
SCEPCL6028F02 AAD20391 2E � 45 Unknown protein 1.1 1.2 1.1 1.6 2.4
SCCCAD1003C07 BAB56055 4E � 19 Unknown protein 0.8 1.4 1.7 2.2 2.5
SCCCHR1003A12 NP_567065 3E � 13 Unknown protein 1.4 2.1 2.6 2.8 2.7
SCCCAD1002F02 NP_564419 3E � 12 Unknown protein 1.0 1.1 1.7 2.3 2.1
SCCCLR1068G12 BAB07950 4E � 24 Unknown protein 1.3 1.2 2.1 1.8 1.7
SCCCHR1003H01 – – No protein match 4.0 4.1 8.7 15.3 29.9
SCEPCL6028G02 – – No protein match 0.8 1.1 1.3 1.9 2.6
SCEPCL6029H09 – – No protein match 0.8 1.2 2.1 1.4 2.4
SCUTCL6036C05 – – No protein match 1.5 0.9 1.3 0.9 3.1

Down-regulated
Plant development

SCRLCL6032B11 AAN64996 1E � 24 Putative NAM protein 0.7 0.4 0.7 0.8 0.6
Transcription regulation

SCRLCL6032F11 BAC55608 0.0 Scarecrow-like protein 0.7 0.5 0.7 0.6 0.5
Signal transduction

SCEPCL6028A06 AAK43512 1E � 141 Putative receptor kinase 1.2 0.4 1.1 0.9 1.1
SCRLCL6032H12 AAL67082 0.0 Putative receptor kinase 0.7 0.5 0.7 0.7 0.6

(Table continues)
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To identify putative conserved domains, the inserts
of all cDNAs encoding for unknown/unclassified
cold-inducible proteins were completely sequenced.
Most of the domains identified were related to pro-
teins involved in the regulation of gene expression
and signal transduction (Table IV). It is possible that
these unknown proteins belong to novel cold-
response pathways and cold/drought-tolerance. Fi-
nally, Figure 6 shows a possible panel of the up-
regulation of gene expression during sugarcane cold
adaptation, based on the cold-inducible gene expres-
sion profiling data and the data mining results de-
scribed above.

DISCUSSION

Cold-Responsive Genes in Sugarcane

We employed high-density filters to assess the ex-
pression profile of sugarcane ESTs when plants were
submitted to cold treatment for up to 48 h. Eleven of
the cold-inducible ESTs found in our experiments
represented genes reported to be induced by cold
and drought in other plants. Acclimation to cold
induces several biochemical and physiological alter-

ations in the cellular machinery and probably im-
proves plant tolerance to cold and other cold-related
stress (Guy et al., 1985; Allen and Ort, 2001). Cold-
and drought-related stresses induce a set of common
genes (Liu et al., 1998). In this study, we identified
five cold-inducible sugarcane ESTs encoding for
polyubiquitin proteins (Table II). These proteins oc-
cur in all eukaryotes either as a free monomer or
covalently linked to a variety of other proteins. One
of their major functions is in tagging proteins for
selective degradation by the 26S proteasome
(O’Mahony and Oliver, 1999). As far as we know,
there are no reports showing the induction of polyu-
biquitin gene expression by chilling or freezing in
plants. However, O’Mahony and Oliver (1999) iso-
lated a polyubiquitin cDNA involved in vegetative
desiccation. Accordingly, it is possible that the late
cold-induced expression of sugarcane polyubiqitin
genes (Table II; Fig. 5) could be related to recovery
from water stress caused by exposure to chilling
temperatures.

One sugarcane EST encoding a putative XDH was
significantly induced after 12 h of cold exposure (Ta-
ble II). XDH is an NAD-dependent dehydrogenase

Table II. Continues

Clone Identification BLAST Hita E Value Descriptionb
Ratiosc

3 h 6 h 12 h 24 h 48 h

Amino acid metabolism
SCCCHR1001G10 CAA45117 0.0 Acetohydroxyacid synthase 0.9 0.8 1.0 0.5 0.4
SCCCLR1068G05 AAK49456 1E � 159 Asn synthetase 0.7 0.5 0.9 0.8 0.6

Water channel
SCCCHR1004G12 AAK26758 1E � 163 Aquaporin 0.7 0.6 0.6 0.3 0.2

Defense
SCRLCL6032B09 T05694 6E � 67 Pathogenesis-related protein 1.2 0.4 1.0 1.4 1.0

Heat shock response
SCEPCL6023F09 CAA77978 0.0 HSP82 0.9 0.8 0.6 0.6 0.3
SCAGCL6016D10 CAA77978 0.0 HSP82 0.8 0.7 0.6 0.6 0.3

Lipid metabolism
SCRLCL6032B08 NP_178516 0.0 Acyl-CoA synthetase 0.7 0.5 1.0 0.9 0.6

Protein metabolism
SCCCHR1001C11 P49210 1E � 95 Ribosomal protein L9 0.9 0.7 0.7 0.4 0.4

Unknown/unclassified
SCEPCL6023A10 BAA92204 4E � 52 Unknown protein 0.9 0.9 0.5 0.5 0.5
SCEPCL6029A12 AAL36075 1E � 155 Unknown protein 0.4 0.3 1.2 0.5 0.4
SCCCHR1001B11 BAB64285 5E � 13 Unknown protein 0.7 0.5 0.4 0.2 0.2
SCCCHR1004B05 BAB64285 5E � 13 Unknown protein 0.8 0.5 0.4 0.3 0.2
SCCCAD1002A11 – – No protein match 0.6 0.6 0.4 0.2 0.3
SCEPCL6023A04 – – No protein match 1.3 0.3 1.4 1.3 1.2
SCAGCL6016A10 – – No protein match 0.4 0.9 0.9 0.7 0.6
SCUTCL6036B02 – – No protein match 0.9 1.0 0.5 0.5 0.4
SCCCHR1001B05 – – No protein match 0.6 0.4 0.4 0.2 0.2
SCRLCL6032D11 – – No protein match 0.6 0.4 0.7 0.6 0.4
SCRLCL6032E11 – – No protein match 0.6 0.4 0.7 0.8 0.5
SCRLCL6032G07 – – No protein match 0.8 0.4 0.8 0.9 0.6
SCRLCL6032E10 – – No protein match 0.7 0.5 0.8 0.7 0.5
aBLAST hit of each sequence was obtained using the BLASTX algorithm, except for the ribosomal genes, which were also analyzed by the

BLASTN algorithm. bDescription indicates the putative functions of the gene products expected from similarity sequences. cEach value
represents the average of the expression ratios between the normalized relative intensity of each interval of cold treatment and the control (0-h
exposure to cold) from two independent experiments.

Nogueira et al.

1816 Plant Physiol. Vol. 132, 2003



that catalyzes the two final reactions of purine catab-
olism (Xu et al., 1996). This enzyme was induced by
cold in fruitfly (Drosophila melanogaster; Duncker et al.,
1995). Because chilling induces oxidative stress (Sato
et al., 2001), it is possible that the sugarcane XDH is
induced in response to oxidative stress generated by
cold exposure. Another protein related to antioxidant
metabolism is copper/zinc SOD (Cu/ZnSOD). This

enzyme belongs to the group of metalloenzymes that
protect cells from superoxide radicals by catalyzing
the dismutation of the superoxide radical to molecular
O2 and H2O2 (Wu et al., 1999). A sugarcane EST en-
coding Cu/ZnSOD was induced after 24 h of cold
exposure (Table II). The induction of two antioxidant
genes suggests an increase in oxidative stress because
cold-acclimating conditions do not result in the cessa-
tion of photosynthesis such that superoxide radicals
were still being generated (Wu et al., 1999).

Kiyosue et al. (1998) observed that dehydration
and chilling stress (4°C) induced a cDNA clone
(ERD6) from Arabidopsis encoding a putative sugar
transporter protein belonging to a multigene family
(Williams et al., 2000). We also identified a sugarcane
EST encoding a putative sugar transporter protein
that was induced after 12 to 48 h of cold exposure
(Table II). Sugar redistribution may be used as an
energy source to protect cells against stress condi-
tions (Kiyosue et al., 1998; Williams et al., 2000).

We also identified a cold-inducible inorganic phos-
phate transporter protein (Pht1-2). The role of nutri-
ents such as nitrogen and phosphorus on cold hardi-
ness has received attention because low temperatures
inhibit photosynthesis and consequently reduce in-
organic phosphate availability (Hurry et al., 2000).
The induction of a sugarcane phosphate transporter
gene may indicate a readjustment of the cellular Pi
status and the recovery of photosynthetic carbon me-
tabolism, thereby re-establishing the ability to pro-
duce Suc.

The recovery of photosynthetic carbon metabolism
during cold stress may be achieved by increasing the

Figure 4. Relative contribution of the SUCEST libraries used in the
macroarray experiments to identify cold-inducible genes. The values
represent the percentage of normalized cold-inducible genes identi-
fied from each cDNA library (see “Results”) in relation to the total
number of ESTs identified as cold inducible in our arrays. CL6, Heat-
and cold-treated and untreated callus; AD1, sugarcane plantlets
infected with Acetobacter diazotroficans; HR1, plantlets infected
with Herbasperillum rubrisubalbicans; and LR1, leaf row tissue.

Figure 5. Comparison between EST macroarray
and RNA-blot analysis for cold-inducible sugar-
cane ESTs. In RNA gel blots, each lane was
loaded with 10 �g of total RNA isolated from
plantlets grown at 26°C (0) and plantlets grown
at 4°C for 3, 6, 12, 24, and 48 h. The graphs
show the induction kinetics observed in the
macroarrays (white circles) and RNA blots
(black circles).
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activities of CO2 fixation-related proteins such as
PPDK and NADP-ME (Hurry et al., 2000). PPDK is an
important enzyme in C4 plant photosynthesis and is
induced by ABA and stress associated with abiotic
factors such as drying, cold, high salt, and mannitol
treatment (Moons et al., 1998). NADP-ME is a major
decarboxylating enzyme in NADP-ME-type C4 spe-
cies and has been reported to be induced by chilling
stress (Fushimi et al., 1994). Sugarcane ESTs encoding
PPDK and NADP-ME proteins were induced by cold
exposition in our arrays (Table II), suggesting a pos-
sible maintenance of photosynthesis, even at low
temperatures.

Members of the NAC protein family contain a
highly conserved amino acid sequence in the
N-terminal region known as the NAC domain (Kiku-

chi et al., 2000). The proteins of this family are spe-
cific to plant genomes and play important roles in
plant growth, development, and senescence (Souer et
al., 1996; Kikuchi et al., 2000). Recently, new mem-
bers of the NAC family have been shown to interact
with virus proteins and are involved in protein-
protein interactions (Xie et al., 1999; Ren et al., 2000).
Some NAC proteins also act as transcriptional regu-
lators (Kikuchi et al., 2000). We identified three sug-
arcane ESTs encoding putative NAC proteins that
were induced by cold exposure. Sequence analysis of
these ESTs suggested that each one encodes a differ-
ent member of the NAC family, with two of them
encoding proteins similar to rice (Oryza sativa) NAC
and the other one encoding a homolog of the Arabi-
dopsis NAM protein (Table II). Interestingly, the ex-

Table III. Cold-regulated sugarcane homolog proteins identified by data mining the SUCEST database

CHS, chalcone synthase; CLP, chitinase-like protein; P5CS, � (1) pyrroline-5-carboxylase synthetase; PLC1, phosphatidyl-specific phospho-
lipase C protein; TLP, thaumatin-like protein; GLP, glucanase-like protein; ADH, alcohol dehydrogenase; GolS, galactinol synthase.

Assembled Sequences
Identificationa Protein Similarity

Accession
No.

Coverageb E Value Identityd Similarityd References

% % %

SCEPRZ1008C06 OsCDPK7 BAB16888 88 0.0 90 93 Saijo et al. (2000)
SCQSHR1023B08 CBF1 NP_567721 95 4E � 25 34 46 Stockinger et al. (2001)
SCBGLR1095B10 GCN5 O22929 80 4E � 34 57 72 Stockinger et al. (2001)
SCCCRZ1C01B03 ADA2b AAK31320 99 1E � 137 49 59 Stockinger et al. (2001)
SCCCRZ1001D02 14-3-3 T04153 100 1E � 136 96 96 Jarillo et al. (1994)
SCRLLR1059D11 LIP15 S58692 100 6E � 48 70 74 Kusano et al. (1995)
SCCCRZ2001H12 NpCaM-1 P13565 100 1E � 80 100 100 van der Luit et al. (1999)
SCVPLR2027D06 CORTMC-AP3 CAA09867 100 3E � 37 52 62 Baldi et al. (1999)
SCCCLR1001F04 WCOR410b T06802 100 2E � 27 33 39 Danyluk et al. (1998)
SCUTLR2015A11 WCOR413 AAG13395 96 2E � 89 82 86 Allard et al. (1998)
SCEQRT1028G10 CHS AAD41878 99 0.0 96 96 Berberich et al. (1997)
SCJLRT1020F06 CLP 383024 99 1E � 143 75 80 Yu et al. (1999)
SCCCRZ1002G07 SUS1c AAA68209 100 0.0 98 98 Déjardin et al. (1999)
SCEZRZ1016F07 �-Amylase AAF63239 100 1E � 179 68 79 Wegrzyn et al. (2000)
SCACLR2014H05 �-Amylase CAB58423 82 1E � 114 84 89 Seki et al. (2001)
SCCCRZ2C01H04 Ferritin P29036 95 1E � 108 75 76 Seki et al. (2001)
SCQGLR1062E12 Glyoxalase I BAA36759 100 1E � 149 88 92 Seki et al. (2001)
SCEPAM2011H12 atPUMP CAA11757 96 1E � 127 73 79 Maia et al. (1998)
SCBFLR1026E05 V-ATPase P49087 73 0.0 96 96 Carystinos et al. (1995)
SCCCRZ2C03E07 V-PPasec S72527 94 0.0 96 97 Carystinos et al. (1995)
SCQGLR1085F11 DHN2 T14819 92 2E � 20 60 60 Zhu et al. (2000)
SCSGLR1045D05 HVA22 A48892 80 7E � 46 77 90 Shen et al. (2001)
SCCCLR1072E07 APXc T03595 100 1E � 132 91 94 Zhang et al. (1997)
SCJLLR1054F05 HSC70 P24067 97 0.0 90 90 Li et al. (1999)
SCJFLR1073H12 P5CS O04226 100 0.0 75 83 Gilmour et al. (2000)
SCSBHR1052C05 PLC1 AAK01711 75 0.0 71 77 Hirayama et al. (1995)
SCCCCL3003G05 60S Ribos. L13 BAA92738 94 2E � 95 86 89 Saez-Vasquez et al.

(2000)
SCVPRT2073B04 TLP 444344 85 7E � 72 83 88 Yu et al. (1999)
SCJLRT1023E06 GLP AF230109 91 3E � 75 49 65 Yu et al. (1999)
SCVPLR2005E09 ScRS7c AAD26256 100 3E � 97 91 96 Berberich et al. (2000)
SCEZLR1031F04 GBF-1 T02084 97 1E � 162 78 80 de Vetten et al. (1995)
SCCCST2003C12 ADH AAC34997 100 0.0 92 92 de Bruxelles et al. (1996)
SCCCLR1075C10 GolS AAD26116 90 1E � 144 77 85 Pearce (1999)

aSUCEST-assembled sequence homologous to cold-regulated proteins reported for other plant species. bSUCEST-assembled sequence size
relative to the total amino acid sequence of the driver protein. cSugarcane protein homologs not been induced or repressed by cold treatment
in our arrays. SUS1, Sucrose synthase 1; V-PPase, H�-translocating pyrophosphatase; APX, ascorbate peroxidase; ScRS7, ribosomal protein
S7. dThe identity and similarity percentages were obtained using the BLOSUM62 matrix (http://www.ncbi.nlm.nih.gov).
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pression profiles of these ESTs differed from each
other (Table II).

An EST encoding a protein similar to the OCSBF-1
was also induced by cold exposure (Table II). This
protein was similar to the LIP19 of rice and LIP15 of
maize (Zea mays), both of which are bZIP proteins

up-regulated by exogenous ABA and low temperature
(Singh et al., 1990; Aguan et al., 1991; Kusano et al.,
1995). OCSBF-1 binds ocs cis-acting elements, G-box
motifs, and ABA-responsive element (ABRE) in plant
gene promoters (Kusano et al., 1995; Kim et al., 2001).
Thus, sugarcane may have an ABA-dependent path-

Figure 6. Hypothetical model of the sugarcane responses to low temperature. Colored rectangles contain pathways and
protein names. The proteins identified by data mining are shown in black, whereas those in red were identified by
macroarray expression profiling. Thin solid and dashed arrows represent gene induction (confirmed and putative, respec-
tively) and large solid arrows represent protein interactions. OsCDPK7, rice Ca2�-dependent protein kinase 7; NpCaM-1,
calmodulin protein; 14-3-3, 14-3-3 protein; ADA2b, transcriptional adaptor; GCN5, HAT-like protein; CBF1, transcription
factor containing AP2 DNA-binding motif; GBF-1, ABI3, LIP15, and OCSBF-1, bZIP transcription factors; AIP2,ABI3,
interacting protein 2; COR TMC-AP3, chloroplastic amino acid selective channel protein; WCOR413, cold acclimation
protein homolog F18B3.110; TLP, thaumatin-like protein; CLP, chitinase-like protein; GLP, glucanase-like protein; CHS,
chalcone synthase; GolS, galactinol synthase; L13, ribosomal protein; Pht1-2, phosphate transporter; V-ATPase, vacuolar
ATPase; HSC70, heat shock protein; PUMP, plant uncoupling mitochondrial protein; ADH, alcohol dehydrogenase; CeSA4,
cellulose synthase 4; se-wap41, Golgi-associated protein; DHN2 and WCOR410b, dehydrin-like proteins; HVA22, ABA-
inducible protein; P5CS, � (1) pyrroline-5-carboxylase synthetase; PLC1, phosphatidyl-specific phospholipase C protein;
NAM-like, OsNAC4, and OsNAC6, NAC proteins. The cis-elements present in cold-inducible gene promoters are indicated
by the rectangles: DRE/CRT and ABRE.

Table IV. Conserved domains of cold-inducible sugarcane putative and no hit proteins

Clone Identification Domain Description Accession No.a E Value Similarity Putative Functionb

%

SCCCHR1004E10 SPX pfam03105 2E � 22 48 G-protein-associated signal transduction; may also
function as a phosphate sensor

SCEPCL6021A10 RING smart00184 1E � 03 58 Protein-protein interactions
SCMCCL6027G02 DUF81 pfam01925 8E � 06 48 Unknown
SCEPCL6028F02 mTERF pfam02536 2E � 17 57 DNA-binding motif (contains Leu zippers)
SCUTCL6036C05 e3-binding pfam29152 4.6E � 08 40 Protein-protein interactions
SCCCHR1003H01 LEA 3 pfam03242 1.6E � 05 44 Desiccation tolerance
SCCCHR1003D12 Glycosylhydrolase PF00332 5.1E � 23 76 Endo-1,3-�-glucanase-like protein

aAccession of each domain sequence was obtained by using the RPS-BLAST algorithm and the Pfam and SMART databases. bPutative
functions expected based on similar domains described in SMART and Pfam domain family databases.
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way triggered by low temperature. However, the
presence of sugarcane protein similar to CBF1 (found
in the data mining) also suggests the existence of an
ABA-independent pathway (Table III; Fig. 6). These
pathways may cross-talk during chilling stress.

Further evidence for the existence of an ABA-
dependent cold-inducible pathway was the identifi-
cation of a sugarcane EST encoding a protein similar
to AIP2 from Arabidopsis. Significant induction of
this gene was observed after 3 h of cold exposure
(Table II). AIP2 encodes a C3HC4-type zinc finger
protein that interacts with ABA-INSENSITIVE3
(ABI3) protein during seed development in Arabi-
dopsis (Kurup et al., 2000). ABI3 also appears to
modulate low-temperature-induced freezing toler-
ance (Tamminen et al., 2001). Although no SUCEST-
assembled sequence similar to ABI3 protein was
identified, we cannot exclude the possibility that the
sugarcane genome encodes this protein.

A sugarcane EST encoding a protein similar to an
Arabidopsis general negative transcription regulator
was up-regulated after 48 h of cold exposure (Table
II). To our knowledge, this is the first time that the
induction of a negative transcription regulator has
been associated with low temperatures. This protein
may be involved in down-regulating specific genes in
response to chilling stress.

Finally, we identified two cold-inducible sugarcane
ESTs encoding proteins similar to cellulose synthase 4
(CeSA4) and se-wap41. CeSA4 is involved in the pro-
duction of cellulose, the major component of all higher
plant cell walls (Richmond, 2000). Se-wap41 is a revers-
ible glycosylated polypeptide associated with the Golgi
complex that is involved in the synthesis of xyloglucan
and other hemicelluloses (Dhugga et al., 1997). Never-
theless, the role of this putative reinforcement of the
sugarcane leaf cell wall by cellulose and other compo-
nents is not evident in chilling stress, because it has
been suggested to function as a barrier against ice prop-
agation during freezing stress (Pearce, 1999).

The repression of gene expression may also be an
important component of the adaptation to low tem-
peratures. To our knowledge, most of the ESTs
found in our experiments represented genes that
have not previously been reported as being down-
regulated by chilling or freezing stresses. However,
an aquaporin gene (rwc1) was identified as being
chilling-repressed in rice leaves (Li et al., 2000). The
authors suggested that this gene is involved in re-
sponses to water stress induced by chilling. It is
possible that reduced transcript levels of sugarcane
aquaporin (Table II) keep a suitable status of intra-
cellular water during chilling stress.

Cold-Inducible Sugarcane Genes Mined in SUCEST
Database and a Putative Model for Sugarcane Response
to Low Temperature

A database containing the sequences of cold-
inducible genes identified in different plant species

was used as a driver to identify putative homologs
in the SUCEST database. Thirty-three sugarcane-
assembled sequences were identified, of which four
were also found in our arrays (Table III). These
genes are involved in many different functions in-
cluding signaling pathways, transcriptional regula-
tion, and other metabolic processes. The informa-
tion associated with these proteins together with
that provided by our arrays was used to
develop a model for sugarcane responses to cold
(Fig. 6).

A transient Ca2� influx through plasma membrane
Ca2� channels or Ca2� release from vacuole occurs
during the initiation of cold acclimation (Monroy and
Dhindsa, 1995; Knight et al., 1996; Knight and Knight,
2000). In addition, some Ca2�-dependent proteins
may be induced by low temperatures in plants (Ja-
rillo et al., 1994; Monroy and Dhindsa, 1995; van der
Luit et al., 1999). In our proposed model for sugar-
cane responses to cold adaptation (Fig. 6), the tran-
sient Ca2� influx could be sufficient to activate Ca2�-
dependent multifunctional proteins such as 14-3-3,
Ca2�-dependent protein kinase (OsCDPK7), and cal-
modulin (NpCaM-1).

One SUCEST-assembled sequence showed similar-
ity to CBF1 protein (Table III), including the nearly
identical signature sequences (PPK/RPAGRxKFx-
ETRHP and DSAWL) surrounding the AP2/EREBP
domain, characteristic of CBF proteins (Jaglo et al.,
2001). Gilmour et al. (1998) suggested that CBF1 en-
codes the AP2-like transcriptional activator that
binds to the CRT/DRE regulatory element present in
the promoter of many COR genes and stimulates
their transcription. On the basis of these observa-
tions, we speculate that sugarcane has cold-inducible
genes that are members of the CBF regulon. While we
were preparing this paper, Fowler and Thomashow
(2002) reported that cold acclimation induced the
expression of novel members of the CBF regulon in
Arabidopsis. Among them, there are genes encoding
for a putative sugar transporter and a galactinol syn-
thase protein that were up-regulated by cold in our
arrays and were also found in the SUCEST data
mining (Tables II and III).

Another recent fundamental advance in under-
standing cold-associated transcriptional control
mechanisms was the discovery of Arabidopsis his-
tone acetyltransferase (HAT)-containing adapter
complexes, which are recruited to promoters by tran-
scriptional factors. These proteins can stimulate tran-
scription (Stockinger et al., 2001). These complexes
consist of the proteins GCN5 and ADA (Grant et al.,
1997). The GCN5 protein has HAT activity, whereas
the ADA protein may function as a transcriptional
adapter for some activation domains (Marcus et al.,
1994; Stockinger et al., 2001). We identified SUCEST-
assembled sequences similar to Arabidopsis GCN5
and ADA2b proteins (Table III). These results pro-
vide preliminary evidence for the existence of HAT-
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containing adapter complexes in sugarcane. The ex-
istence of this complex in plants was believed to be
restricted to Arabidopsis (Stockinger et al., 2001). As
in Arabidopsis (Stockinger et al., 2001), sugarcane
GCN5 and ADA2b proteins may interact physically
with each other and with CBF1, thereby stimulating
the transcription of CBF1 target genes (Fig. 6).

We found assembled sequences encoding bZIP
transcription factors similar to the G-box-binding fac-
tor 1 (GBF-1) and LIP15 (de Vetten and Ferl, 1995;
Kusano et al., 1995; Kim et al., 2001), which bind to
the ABRE cis-element present in cold- and ABA-
induced gene promoters. Kim et al. (2001) observed
that the level of SGBF-1 transcripts in soybean (Gly-
cine max) was up-regulated by cold and ABA. On the
basis of these data, the LIP15 and GBF-1 proteins in
sugarcane may be induced by cold treatment and
may bind to the ABRE motif, thus enhancing the
expression of cold-inducible genes through a cold-
induced ABA-dependent pathway (Fig. 6).

A sugarcane-assembled sequence homologous to
phosphatidyl-specific phospholipase C protein from
Arabidopsis (atPLC-1; Hirayama et al., 1995) was
also identified in the SUCEST database (Table III).
This enzyme, which is induced by low temperature
and ABA, hydrolyzes phosphatidylinositol 4,5-
biphosphate into the 2-s messengers 1,4,5-triphos-
phate and 1,2-diacylglycerol (Hirayama et al., 1995).

Mining of the SUCEST database allowed us to
identify several other proteins known to be induced
by cold exposure (Table III). For instance, � (1)
pyrroline-5-carboxylase synthetase, galactinol syn-
thase, and �- and �-amylases may contribute to sol-
ute accumulation (Pearce, 1999; Gilmour et al., 2000;
Seki et al., 2001). Other proteins, such as plant un-
coupling mitochondrial protein, which can decrease
the generation of reactive oxygen species during
chilling stress (Maia et al., 1998), were also identified.

The cold anaerobic conditions caused by waterlog-
ging and cold-induced increase of endogenous ABA
can up-regulate alcohol dehydrogenase expression
(de Bruxelles et al., 1996). In addition, other path-
ways, such as phenylpropanoid biosynthesis, may be
involved in reactive oxygen species scavenging (Ber-
berich and Kusano, 1997). We found an assembled
sequence encoding a protein similar to chalcone syn-
thase that catalyzes the first step in the branch path-
way of phenylpropanoid synthesis specific for the
formation of flavonoid products, which can function
as antioxidant compounds (Grace and Logan, 2000).
We also found an assembled sequence encoding a
protein similar to the chloroplast amino acid-
selective channel protein (COR TMC-AP3) from bar-
ley (Hordeum vulgare), whose gene expression is up-
regulated by cold (Baldi et al., 1999).

A putative up-regulation of HSC70 mRNA expres-
sion in sugarcane during chilling stress may be re-
quired to sustain high levels of this heat shock pro-
tein that would stabilize some proteins compromised

at low, nonfreezing temperatures (Li et al., 1999).
Sugarcane protein biogenesis can also be altered dur-
ing cold exposure through induction of a 60S ribo-
somal L13-like protein (Sáez-Vásquez et al., 2000).

Finally, we found ESTs encoding proteins that have
been shown to be directly involved in chilling and
freezing tolerance, including WCOR410b (Danyluk et
al., 1998), WCOR413 (Allard et al., 1998), dehydrin 2
(DHN2; Zhu et al., 2000), barley ABA-inducible pro-
tein (HVA22; Shen et al., 2001), thaumatin-like pro-
tein, glucanase-like protein, and chitinase-like pro-
tein (Yu and Griffith, 1999). Our computer analyses
suggest that sugarcane has two putative dehydrin-
like proteins (WCOR410b and DHN2). These pro-
teins could stabilize macromolecules and/or protect
membranes against chilling damage (Pearce, 1999).
Moreover, thaumatin-like protein, glucanase-like
protein, and chitinase like-protein are examples of
pathogenesis-related proteins with antifreeze activ-
ity, which can have direct effects on the stability of
cellular membranes (Hincha et al., 1997; Pearce,
1999). A �-1,3-glucanase, for instance, has been re-
ported as a protecting factor of thylakoid membranes
against freeze-thaw effects (Hincha et al., 1997), as
well as a fish antifreeze protein type I, which inhib-
ited leakage across membranes during chilling to
nonfreezing temperatures (Tomczak et al., 2002). It is
possible that sugarcane putative antifreeze proteins
can confer cellular membrane protection, reducing
chilling injury.

MATERIALS AND METHODS

Plant Growth and Cold Treatment

Sugarcane (Saccharum sp. cv SP80-3280) plantlets were propagated axeni-
cally in vitro by excising the shoot apex of 2-month-old sugarcane plants
kept in a greenhouse and culturing them in 5 mL of Murashige and Skoog
medium (Murashige and Skoog, 1962) containing 150 mg citric acid L�1.
After 1 month, the shoots were transferred to 50 mL of the same medium
supplemented with 0.2 mg 6-benzylaminopurine L�1 and 0.1 mg kinetin
L�1. Proliferating plantlets were subcultured every 3 weeks. Plantlets were
then transferred to rooting medium in which 6-benzylaminopurine was
substituted by 0.2 mg indole butyric acid L�1. All plantlets were kept in a
growth chamber at 26°C on a 16-h/8-h day/night cycle with a photon flux
density of 70 �E m�2 s�1. After 4 weeks, when the roots were fully
developed, the plantlets were transferred to a growth chamber under the
same photoperiod conditions but at 4°C. Control plantlets were maintained
at 26°C. The leaves of control and cold-treated plantlets were harvested after
0, 3, 6, 12, 24, and 48 h of treatment. Six plantlets were used for each time
point.

High-Density Filter Arrays and Probe Preparation

Sixteen 96-well plates containing EST plasmid clones were randomly
sampled from the following sugarcane cDNA libraries: heat- and cold-
treated and untreated callus (CL6), sugarcane plantlets infected with H.
rubrisubalbicans (HR1) or A. diazotroficans (AD1), and leaf row tissue (LR1;
Vettore et al., 2001). The plasmid DNA was denatured in 0.2 n NaOH for 15
min at 37°C and then spotted onto Hybond-N filters (Amersham Bio-
sciences, Piscataway, NJ) with a hand-held 96-pin printhead tool (V&P
Scientific, San Diego, CA). This tool typically deposited 0.1 �L of DNA
solution, which corresponded to approximately 5 ng of DNA. The set of
sixteen 96-well plates was spotted on two nylon filters (85 � 125 mm) in a
4 � 4 array configuration (768 ESTs per filter). Additionally, 12 spots
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containing DNA of the empty plasmid vector pSPORT1 (Invitrogen, Carls-
bad, CA) were applied to the filters as a negative hybridization control. The
DNA was fixed to the filters by baking at 80°C for 2 h, and the filters were
then stored at room temperature until used for hybridizations.

Total RNA was isolated from the leaves of treated and untreated sugar-
cane plantlets using Trizol Reagent (Invitrogen) according to the manufac-
turer’s instructions. Probes were produced as described by Schummer et al.
(1999) with slight modifications. In brief, 30 �g of total RNA was reverse
transcribed with Superscript II (Invitrogen) using an oligo-dT18V (3 �m)
primer, with 3,000 Ci mmol�1 [�-33P]dCTP and unlabeled dATP, dGTP, and
dTTP (1 mm each) for 20 min at 42°C. Unlabeled dCTP was then added to
a final concentration of 1 mm, and the reaction continued for another 40 min.
The cDNA probes were purified by using ProbeQuant G-50 microcolumns
according to the manufacturer’s instructions (Amersham Biosciences). Vari-
ations in the amount of DNA in the spots were estimated by hybridizing
the filters with an oligonucleotide probe that recognized the sequence of
the Ampr gene of the pSPORT1 vector. This probe was synthesized with the
primers 5�-GTGGTCCTGCAACTTTATCCGC-3� and 5�-TAGACTGGATG-
GAGGCGGATAA-3� in the presence of [�-33P]dCTP, according to the
protocol described by McPherson (2000; http://www.tree.caltech.edu/
protocols/overgo.html).

Macroarray Analysis

Filters were initially hybridized with the oligo vector probe for 16 h at
58°C. Further details of the hybridization procedures can be obtained from
the Web site cited in the previous paragraph. After hybridization and
washing, the filters were exposed to imaging plates for 96 h and then
scanned in a phosphorimager FLA3000-G (Fujifilm, Tokyo). The oligo vector
probe was removed from the filters by boiling in 0.1% (w/v) SDS solution,
with the efficiency of probe removal being monitored by phosphorimager
scanning. After stripping, the filters were hybridized with cDNA probes for
18 h at 42°C as described by Schummer et al. (1997) and then sequentially
washed in the following solutions: 0.2� SSC with 0.5% (w/v) SDS for 20 min
at room temperature, 0.5� SSC with 0.5% (w/v) SDS for 20 min at 65°C
(twice), and 0.2� SSC with 0.5% (w/v) SDS for 20 min at 65°C. After the last
wash, the filters were sealed with plastic film, immediately exposed to
imaging plates for 96 h, and scanned as described above. All signals were
quantified by using Array Vision software (Imaging Research, St. Cather-
ines, ON, Canada). The grids were predefined and manually adjusted to
obtain optimal spot recognition, and the spots were then quantified indi-
vidually. The local background was subtracted automatically from each
spot, and the intensity data were rearranged into Microsoft Excel (Microsoft,
Redmond, WA) files for further analysis. The two signal intensity values of
duplicated DNA spots were averaged and used to calculate the expression
ratios between cold-treated and control (untreated) samples.

RNA-Blot Analysis

Ten micrograms of total RNA was electrophoresed in a 1% (w/v) agarose
gel containing formaldehyde and transferred to a Hybond-N� filter (Am-
ersham Biosciences) as described by Sambrook et al. (1989). The filters were
hybridized with the cDNA inserts of cold-inducible sugarcane ESTs labeled
with [�-32P]dCTP, and hybridization was done at 42°C (Sambrook et al.,
1989). The blots were then washed at high stringency and exposed to
imaging plates. Digitized images of the RNA-blot hybridization signals
were quantified using the Image Gauge software (Fujifilm).

Bioinformatics

The sequences of 250 cold-related plant proteins obtained from the
National Center for Biotechnology Information were analyzed for similarity
against the 43,141 assembled sequences of the SUCEST database (Telles and
da Silva, 2001) using the tBLASTN algorithm. Unknown protein domain
analysis was done using the RPS-BLAST algorithm, Pfam (Bateman et al.,
2000), and SMART (Schultz et al., 2000) databases.
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