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SUMMARY

 

Studies were undertaken to assess the induction of defence
response pathways in pearl millet (

 

Pennisetum glaucum

 

) in
response to infection with the leaf rust fungus 

 

Puccinia substri-
ata

 

. Pretreatment of pearl millet with salicylic acid (SA) conferred
resistance to a virulent isolate of the rust fungus, whereas methyl
jasmonate (MeJA) did not significantly reduce infection levels.
These results suggest that the SA defence pathway is involved
in rust resistance. In order to identify pearl millet genes that are
specifically regulated in response to SA and not MeJA, and thus
could play a role in resistance to 

 

P. substriata

 

, gene expression
profiling was performed. Substantial overlap in gene expression
responses between the treatments was observed, with MeJA and
SA treatments exhibiting 17% co-regulated transcripts. However,
34% of transcripts were differentially expressed in response
to SA treatment, but not in response to MeJA treatment.
SA-responsive transcripts represented genes involved in SA
metabolism, defence response, signal transduction, protection
from oxidative stress and photosynthesis. The expression profiles
of pearl millet plants after treatment with SA or MeJA were more
similar to one another than to the response during a compatible
infection with 

 

P. substriata

 

. However, some SA-responsive genes
were repressed during 

 

P. substriata

 

 infection, indicating possible

 

manipulation of host responses by the pathogen.

 

INTRODUCTION

 

Pearl millet (

 

Pennisetum glaucum

 

) is an important staple crop in
the semi-arid tropics of Africa and Asia, and is also extensively
grown as a summer annual grazing crop in the southern USA
(Goldman 

 

et al

 

., 2003). Of all the major cereals, it is the most able

to tolerate both extremes of heat and drought. It yields reliably
in regions too hot and too dry to consistently support good yields
of maize or even sorghum. Although pearl millet suffers less
from disease and insect pests than do sorghum and maize
(National Research Council, 1996), yields are still limited by dis-
ease. One such disease is rust caused by 

 

Puccinia substriata

 

, which
is fairly widespread throughout the Americas, Asia and Africa.
Previous synonyms include 

 

Puccinia penniseti

 

 Zimm. and 

 

Puc-
cinia substriata

 

 var. 

 

penicillariae 

 

(de Carvalho 

 

et al

 

., 2006). 

 

Puc-
cinia substriata

 

 is a macrocyclic rust that causes small reddish-
orange round uredinia mainly on pearl millet foliage. As the
severity of the infection increases, leaf tissue wilts and becomes
necrotic from the leaf apex to the base (Wilson, 2000). Although
disease resistance has been introduced into agronomically
acceptable forage and grain cultivars (Singh 

 

et al

 

., 1990b), the
diverse nature of 

 

P. substriata

 

 has hampered efforts to breed for
stable resistance and biomass production (Wilson and Gates,
1999). Even low levels of rust infection lead to significant losses
of digestible dry matter and, as a result, the disease has become
an important limiting factor for grain and forage production.

Very few genetic and molecular studies have been performed
in pearl millet. Genetic maps of pearl millet of some 300 loci
spread over seven linkage groups are available (Liu 

 

et al

 

., 1994).
An extended map from multiple crosses incorporates not only
molecular markers but also significant phenotypic traits (Devos

 

et al

 

., 2006). Recently, Mishra 

 

et al

 

. (2007) published results on
the isolation and characterization of expressed sequence tags
(ESTs) from subtracted cDNA libraries of pearl millet seedlings
that had been exposed to abiotic stresses (salinity, cold and
drought). With regard to plant defence response in pearl millet,
Van den Berg 

 

et al

 

. (2004) constructed a pearl millet defence
response cDNA library. A number of studies have also been
published outlining the treatment of pearl millet seedlings with
various elicitors and signalling molecules to improve resistance
to downy mildew (Geetha and Shetty, 2002; Manjunatha 

 

et al

 

.,
2008; Sarosh 

 

et al

 

., 2005; Shailasree 

 

et al

 

., 2007; Sharathchandra

 

et al

 

., 2004).
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Three major signalling molecules, salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET), are known to play key roles in various
aspects of plant defence signal transduction, but others, such as
abscisic acid (ABA), auxin, gibberellin (GA), cytokinin (CK) and
brassinosteroid (BL), have recently been linked to plant defence
and may affect SA and/or JA signalling (Robert-Seilaniantz 

 

et al

 

.,
2007). SA, JA and ET are involved in two major defence signalling
pathways: an SA-dependent pathway and an SA-independent
pathway that involves JA and ET (Kunkel and Brooks, 2002).
Evidence from model plants, such as 

 

Arabidopsis

 

, suggests that
SA-mediated defence responses are effective against biotrophic
fungi, bacteria and viruses, whereas JA and ET mediate plant
defence against insects, and appear to mobilize antimicrobial
defences that are predominantly effective against necrotrophic
pathogens (Murray 

 

et al

 

., 2002). Initial molecular studies have
suggested that the SA and JA/ET defence signalling pathways
are antagonistic, but these reports were restricted to the analysis
of a relatively small number of genes or proteins (Kunkel and
Brooks, 2002). However, recent defence signalling studies have
applied DNA microarray global gene expression profiling
(Glazebrook 

 

et al

 

., 2003; Maleck 

 

et al

 

., 2000; Salzman 

 

et al

 

., 2005;
Schenk 

 

et al

 

., 2000; Zhu-Salzman 

 

et al

 

., 2004), and indicate the
existence of a substantial network of regulatory interactions and
coordination during plant defence signalling, notably between
the SA and JA pathways.

Induced resistance in plants is activated either by a prior
pathogen infection (biologically induced resistance) or by
treatment with a chemical (chemically induced resistance). The
best studied form of induced resistance is systemic acquired
resistance (SAR) (Vlot 

 

et al

 

., 2008), which is induced by patho-
gens, and results in broad-spectrum disease resistance that
involves the up-regulation of a range of pathogenesis-related
(

 

PR

 

) genes. Significantly, SAR is dependent on SA for the activa-
tion of resistance at local and systemic sites, and the methylated
form of SA is now thought to be an important mobile signal (Vlot

 

et al

 

., 2008). Although molecular information is available on
chemically and biologically induced resistance mechanisms in the
Dicotyledoneae (Vlot 

 

et al

 

., 2008), this is largely missing for the Mono-
cotyledoneae, including most of the important cereals used
in agriculture. Biologically induced resistance has been demon-
strated in barley, wheat, rice and maize (Cho and Smedegaard-
Petersen, 1986; Djonovic 

 

et al

 

., 2007; Smith and Metraux, 1991),
and the chemical benzo(1,2,3)thiadiazole-7-carbothioic acid

 

S

 

-methyl ester (BTH) has been found to induce resistance against
several cereal pathogens (Beßer 

 

et al

 

., 2000; Gorlach 

 

et al

 

., 1996;
Morris 

 

et al

 

., 1998; Shimono 

 

et al

 

., 2007).
A number of gene expression studies have been performed to

identify genes that are differentially regulated in interactions
between cereals and rust fungi. Zhang 

 

et al

 

. (2003) employed
cDNA-amplified fragment length polymorphism (AFLP) and
isolated genes that were expressed during a compatible

interaction between leaf rust (

 

Puccinia triticina

 

) and wheat. More
recently, studies have been undertaken that have profiled the
wheat–leaf rust interaction using cDNA microarrays. Fofana 

 

et al

 

.
(2007) constructed a cDNA array containing 7728 wheat ESTs,
and used the array to identify host genes that were differentially
expressed in a wheat line containing the leaf rust resistance gene

 

Lr1

 

, following inoculation with compatible and incompatible
races of leaf rust fungus 

 

P. triticina

 

. One hundred and ninety-two
genes were found to have significantly altered gene expression
between compatible and incompatible interactions. Among these
were genes involved in photosynthesis, the production of reactive
oxygen species (ROS), ubiquitination, signal transduction and
the shikimate/phenylpropanoid pathway. Coram 

 

et al

 

. (2008)
employed an Affymetrix GeneChip Wheat Genome Array to
characterize the resistance of wheat to stripe rust (

 

Puccinia
striiformis

 

) conferred by the Yr5 resistance (

 

R

 

) gene. The Yr5-
mediated incompatible interaction resulted in a rapid and
amplified resistance response involving signalling pathways
and defence-related transcripts known to occur during 

 

R

 

 gene-
mediated responses. These included protein kinase signalling and
the production of ROS, leading to the hypersensitive response
(HR).

In this paper, we report the chemically induced resistance and
expression of defence-related genes in pearl millet. We hypothe-
sized that part of the pathogen’s strategy is to enhance antago-
nism between the SA and methyl jasmonate (MeJA) pathways;
however, the comparison of expression profiles did not support
this. Our results demonstrate, nevertheless, that the treatment of
pearl millet with SA, but not MeJA, induces resistance to rust.
Subsequent gene expression profiling of pearl millet leaves
treated with SA or MeJA identified a number of genes specifically
up-regulated in response to SA, but not MeJA, which could play
a role in resistance to rust in pearl millet. We also examined pearl
millet’s molecular response following infection with a compatible
rust fungus, and identified SA-inducible genes repressed by

 

P. substriata

 

.

 

RESULTS

 

Pearl millet exhibits chemically induced resistance to 
rust

 

The causal agent of rust collected from pearl millet plants in
Kwazulu-Natal province, South Africa, was identified as 

 

P. substriata

 

by rDNA sequencing (Maier 

 

et al

 

., 2007). Pearl millet (line
ICML12=P7), although reported as being moderately resistant to

 

P.  pennesiti

 

 in India (Singh 

 

et al

 

., 1990a), was susceptible to the
South African isolate of 

 

P. substriata

 

. Glasshouse inoculations of
this pearl millet accession with 

 

P. substriata

 

 urediniospores resulted
in the production of chlorotic lesions within 5 days post-inoculation
(dpi) and fully developed rust pustules within 8 dpi (Fig. 1A,B).
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Experiments were performed to assess whether the treatment
of pearl millet with the defence signalling molecules MeJA and
SA elicited a defence response that would render pearl millet less
susceptible to rust infection. Pearl millet plants (line ICML12=P7)
were treated with water, MeJA or SA, and the fourth leaf of each
pearl millet plant was inoculated 24 h later with freshly collected

 

P. substriata

 

 urediniospores. Rust pustules began to develop on
water- and MeJA-treated leaves within 7 days of inoculation,
whereas rust symptoms only became evident on SA-treated leaves
after 9 days (Fig. 1C; photograph taken at 10 dpi). Some of the
SA-treated leaves developed chlorotic lesions only and did not
develop full rust-like symptoms. The number of pustules per leaf
after SA treatment was significantly less than that on water- and
MeJA-treated plants (Fig. 1D; Students 

 

t

 

-test; 

 

P

 

 < 0.05). It thus
appears that the application of SA to pearl millet leaves 24 h prior
to infection is able to protect the plant against subsequent attack
by a compatible rust fungus.

 

Expression profiling reveals SA-specific responses in 
contrast with MeJA and rust treatment

 

Gene expression profiling of pearl millet plants after treatment
with SA, MeJA or during a compatible interaction with 

 

P. substriata

 

was used to identify genes that are likely to contribute to
chemically induced resistance based on the criterion that they
are differentially expressed in response to SA and not to the
other treatments. Furthermore, we aimed to identify similarities

between the compatible response and MeJA treatment, which
may indicate that part of the pathogen’s strategy is to enhance
antagonism between the SA and MeJA responses, which has
been shown in 

 

Arabidopsis

 

 (Robert-Seilaniantz 

 

et al

 

., 2007) We
exploited glass slide microarrays of pearl millet cDNA libraries
that had previously been constructed using suppression subtrac-
tive hybridization (SSH) and that were enriched for transcripts
either up- or down-regulated in response to elicitors or wounding
(Van den Berg 

 

et al

 

., 2004).
Gene expression changes over time following treatment with

either SA or MeJA were assessed using a direct-sequential loop
design with biological and technical replication (Fig. S1, see
Supporting Information) (Naidoo 

 

et al

 

., 2005). Expression pro-
files obtained with these designs derive from pairwise comparisons
of adjacent time points, allowing direct comparison of expression
differences between time points. The direct-sequential loop design
increases precision for some pairwise comparisons in the time
course, which reduces the mean variance for data collected in this
way (Alba 

 

et al

 

., 2004). We chose this approach instead of a
common reference design, which has the disadvantage that such
comparisons can only be made indirectly, and which may have
made subtle differences from one time point to another difficult
to detect (Alba 

 

et al

 

., 2004).
Samples were collected from MeJA- and SA-treated plants at

0, 12, 24 and 48 h post-inoculation (hpi), the same time points as
used by Schenk 

 

et al

 

. (2000), and from 

 

P. substriata

 

-inoculated
plants at an early time point before symptoms appeared (20 h)

Fig. 1 Development of rust symptoms on pearl 
millet (cv. ICML12=P7) leaves after inoculation 
with Puccinia substriata (A, B), and the reduction 
of symptoms after pretreatment with salicylic acid 
(SA), but not methyl jasmonate (MeJA) (C, D). 
(A) Typical symptoms 5 days post-inoculation 
(dpi) – chlorotic spots with a small orange centre, 
indicative of pustule formation, are present on the 
leaf surface. (B) Typical symptoms at 8 dpi – rust 
pustules have developed and contain 
urediniospores. (C) Pretreatment of pearl millet 
plants with SA (iv) results in delayed and reduced 
rust symptoms, but typical symptoms develop on 
plants pretreated with water (ii) or MeJA (iii) 
(photograph taken at 10 dpi). Three-week-old 
pearl millet plants were sprayed with water (i, ii), 
MeJA (iii) or SA (iv), and the fourth leaf of each 
plant was inoculated with P. substriata 
urediniospores 24 h later (ii, iii, iv). (D) Mean 
number of rust pustules per pearl millet leaf at 
10 dpi with P. substriata. Bars with identical 
letters are not significantly different from each 
other (Students t-test at P < 0.05).
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and during symptom development at 5 and 8 dpi (Fig. 1A).
High-quality microarray hybridizations were obtained (Fig. S2,
see Supporting Information), data were analysed using limmaGUI
(Wettenhall and Smyth, 2004) (see Experimental procedures),
and expression ratios for each cDNA were calculated for each
time point relative to 

 

t

 

 = 0 of the same treatment. Differential
expression was assessed using the moderated 

 

t

 

-test imple-
mented in limmaGUI. Three hundred and fifty-five of 1920 cDNAs
were significantly regulated (more than twofold induced or
repressed; 

 

P

 

 < 0.05) in at least one of the nine conditions
analysed (three treatments with three time points relative to

 

t

 

 = 0). The transcript abundances of 108 cDNAs for SA and 189
cDNAs for MeJA were specifically increased as a result of treat-
ment with these signal molecules (Fig. 2). The transcript abun-
dances of 42 and 16 cDNAs were reduced after treatment with SA
and MeJA, respectively (Fig. 2). A number of transcripts (17%)
were found to be co-regulated by MeJA and SA (Fig. 2). Similar
co-regulation has been observed previously in 

 

Arabidopsis

 

(Schenk 

 

et al

 

., 2000) and sorghum (Salzman 

 

et al

 

., 2005).
A subset of 135 cDNAs that showed the most significant

differential expression after SA or MeJA treatment were selected
for sequencing. Putative functions were assigned by comparing
them to public databases using the 

 

BLASTX

 

 program (Altschul

 

et al

 

., 1990) with an 

 

E

 

 value cut off of 10

 

–5

 

. Eighty five (63%)
were found to have homology to previously known genes, and 50
(37%) represented genes with no matches in the database. In
total, the selected cDNAs were found to represent 66 UniGenes
(51% redundancy). Of the 66 UniGenes, 44 exhibited similarity to
annotated genes, and 22 showed no similarity to sequences in
the database (Table 1).

In this study, a number of candidate genes were significantly
induced by SA, but not up-regulated to the same extent by MeJA
(Table 1). Some highly SA-responsive genes included well-
characterized defence response genes encoding a uridine
diphosphate glucose:salicylic acid glucosyltransferase (UDP-
glucose:SA-GTase), a glutaredoxin, a multidrug and toxin

extrusion (MATE) transporter protein, heat shock protein 70
(HSP70), a serine carboxypeptidase, a calcium-binding EF-hand
protein, 

 

S

 

-adenosylmethionine (SAM) decarboxylase and a
peroxidase (Table 1). Several genes encoding components of
photosynthesis were down-regulated by SA (Table 1).

Interestingly, transcripts of thionin (a marker in dicots of the
MeJA defence pathway), PR protein 1 (PR1, a marker in dicots of
the SA defence pathway), a 

 

β

 

-glucosidase, a 

 

β

 

-ZIP transcription
factor, a nodulin-like protein, a dehydration-responsive protein
RD22 and an ABA response protein were up-regulated by both
MeJA and SA treatment (Table 1). Putative defence-related genes
that were significantly and specifically up-regulated by MeJA
treatment included those encoding an ET-responsive element
binding protein, a pore-forming toxin-like protein Hfr-2, a
leucine-rich repeat protein and a ubiquitin-associated protein
(Table 1).

We compared the expression profiles after each chemical
treatment with the profile during a compatible rust infection, as
we hypothesized that part of the successful strategy of the
virulent fungus may be to suppress SA responses and induce
MeJA responses. Clustering of the expression data for the pearl
millet UniGene set showed that ‘within-treatment’ expression
profiles were more similar to one another than were ‘between-
treatment’ profiles, as expected (Fig. 3). Interestingly, MeJA and
SA responses were more similar to one another than to the
response to a compatible 

 

P. substriata

 

 infection (Fig. 3). How-
ever, several genes that showed induction by SA and/or MeJA
demonstrated strong up-regulation in response to a compatible
rust infection, namely those encoding PR1 (up to 50-fold), SA-
GTase (up to 73-fold) and serine carboxypeptidase (up to 92-fold)
(Table 1). In contrast, some genes that were induced by SA were
repressed or not expressed during 

 

P. substriata

 

 infection, namely
those encoding HSP70, MATE transporter protein, calcium-binding
EF-hand protein, SAM decarboxylase, an expressed protein (clone
15-G10) and thionin (Table 1). These may be targets for
manipulation by effectors of the compatible pathogen, as has
been shown in other systems (Truman 

 

et al

 

., 2007).
To verify the differential expression levels of the genes

observed in cDNA microarray analysis, quantitative reverse
transcriptase-polymerase chain reaction (qRT-PCR) was per-
formed for selected SA-responsive genes. Greater and/or earlier
up-regulation in response to SA, but not MeJA, was measured
by qRT-PCR for transcripts of seven of the tested genes
(Fig. 4A–E,G,H); in particular, transcripts of HSP70, serine carbox-
ypeptidase, MATE transporter protein and alanine aminotransferase
were significantly up-regulated at 12 and 24 h after treatment
with SA, but not MeJA (Fig. 4A–D). The calcium-binding EF-hand
protein showed up-regulation at all time points after treatment
with SA (Fig. 4E), and the expressed protein (clone 15-G10) and
SA-GTase showed up-regulation in response to SA at 12 hours
post-treatment (hpt) (Fig. 4G,H). Down-regulation of peroxidase

Fig. 2 Venn diagrams depicting regulatory relationships of pearl millet 
transcripts significantly induced (A) or repressed (B) by more than twofold 
(P < 0.05) relative to untreated controls by methyl jasmonate (MeJA), salicylic 
acid (SA) and/or Puccinia substriata treatments.
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Table 1

 

Microarray expression profiles of sequenced cDNAs that are more than twofold induced [expression ratio > 2, 

 

P

 

 < 0.05 (moderated 

 

t

 

-test, Bonferroni corrected, limmaGUI), shaded in grey] or repressed [expression 
ratio < 0.5, 

 

P

 

 < 0.05 (moderated 

 

t

 

-test, Bonferroni corrected, limmaGUI), underlined] by methyl jasmonate (MeJA), salicylic acid (SA) or 

 

Puccinia substriata

 

 treatments (relative to 

 

t

 

 = 0 h). Clone names in italics represent 
genes that are differentially expressed only in response to SA, but not MeJA, treatment.

Clone

 

BLASTX

 

 similarity Gene ID

 

E

 

-value Species

MeJA SA

 

P. substriata

 

12 h 24 h 48 h 12 h 24 h 48 h 20 h 5 d 8 d

Defence

 

2-H11 HSP70 gi|115440955 5.E-38 Oryza sativa 1.1 0.9 1.0 3.3 1.1 0.9 1.2 0.5 0.2
3-B6 Serine carboxypeptidase gi|115480844 4.E-48 Oryza sativa 1.2 0.8 3.2 6.4 4.6 3.5 8.3 17.7 91.8
4-A1 Pathogenesis-related protein 1 gi|75994061 4.E-23 Zea mays 1.1 2.9 2.3 1.1 2.2 2.2 16.9 67.4 49.5
5-B12 Calcium-binding EF-hand protein gi|6900307 1.E-53 Hordeum vulgare 2.2 0.7 1.7 4.9 3.0 3.2 0.5 0.0 0.5
6-H2 S-Adenosylmethionine decarboxylase gi|3913427 5.E-57 Zea mays 1.3 1.3 1.3 2.1 1.4 1.1 1.1 1.3 1.4
8-B2 UDP-glucose: salicylic acid glucosyltransferase gi|115480183 1.E-07 Oryza sativa 1.3 1.8 2.7 6.1 2.8 3.6 72.5 49.5 7.8
8-D7 MATE transporter protein gi|34394668 9.E-37 Oryza sativa 1.8 0.7 1.6 3.4 1.8 1.5 0.8 0.7 0.6
10-C3 Ethylene-responsive element binding protein gi|145390028 1.E-07 Oryza sativa 1.6 2.5 1.6 1.2 1.0 0.9 1.8 1.6 1.4
11-A10 Brown plant hopper susceptibility protein gi|33771375 2.E-05 Oryza sativa 0.5 1.4 1.1 0.6 1.4 0.7 2.1 1.7 1.8
11-F3 β-Glucosidase gi|12746303 1.E-43 Musa acuminata 1.5 2.7 1.5 2.4 2.1 1.5 2.4 3.4 3.8
15-G7 Thionin gi|246215 1.E-14 Hordeum jubatum 5.3 3.3 3.2 2.4 2.6 6.0 1.1 1.3 1.4
16-E11 Pore-forming toxin-like protein Hfr-2 gi|57233444 4.E-14 Triticum aestivum 1.8 5.7 5.2 1.1 0.6 1.0 0.8 0.7 0.9
19-H3 Leucine-rich repeat protein gi|108862896 8.E-82 Oryza sativa 1.7 1.9 2.1 1.4 1.0 0.9 3.2 2.6 1.7

Metabolism
01-H12 C4 phosphoenolpyruvate carboxylase gi|20257597 2.E-22 Setaria italica 1.1 0.9 1.6 1.8 2.3 2.9 0.4 0.9 0.7
1-D3 Farnesyl-pyrophosphate synthetase gi|115439441 7.E-62 Oryza sativa 2.2 2.5 2.6 1.2 2.3 1.6 1.1 2.4 0.4
5-B6 Phosphoglycerate kinase gi|129916 9.E-57 Triticum aestivum 1.1 1.0 1.1 2.2 1.6 1.2 0.8 1.3 1.5
6-B6 Alanine aminotransferase gi|461498 3.E-18 Panicum miliaceum 0.9 1.0 1.4 2.7 1.8 1.3 1.4 1.1 1.1
6-F1 2-Phosphoglycerate dehydrogenase (enolase) gi|119355 3.E-54 Zea mays 3.1 2.7 2.5 2.4 2.1 1.3 0.9 0.7 0.7
7-E2 Pyrophosphate-energized vacuolar membrane proton pump gi|18274925 8.E-47 Oryza sativa 5.7 5.2 4.5 1.1 1.1 1.1 7.8 11.9 8.9
7-G5 Glyceraldehyde-3-phosphate dehydrogenase gi|118498764 6.E-63 Urochloa decumbens 14.8 15.1 11.7 4.2 2.2 0.7 1.8 0.8 0.5
10-H1 Tryptophan synthase alpha chain gi|115470901 1.E-30 Oryza sativa 1.5 2.4 1.2 1.4 1.2 1.0 3.0 2.1 1.0
14-B12 Glucose-6-phosphate isomerase gi|1346073 5.E-67 Zea mays 0.7 1.2 0.6 0.5 0.8 0.9 0.6 0.9 1.6
14-C1 Pyruvate dehydrogenase kinase isoform 1 gi|3746431 4.E-24 Zea mays 1.8 5.0 5.7 1.1 0.8 1.3 0.4 0.6 0.9

Oxidative stress
1-G9 Glutaredoxin gi|55584168 9.E-50 Oryza sativa 1.3 1.1 1.3 2.5 1.7 1.0 1.1 2.0 3.4
12-C6 Peroxidase gi|115480874 6.E-53 Oryza sativa 1.1 1.9 0.9 0.5 0.4 0.5 1.2 1.5 0.5
18-E3 Catalase isoenzyme 3 gi|1345683 1.E-21 Zea mays 0.3 2.9 2.5 0.3 2.6 1.2 1.0 3.3 3.6

Photosynthesis
12-F9 Chlorophyll a/b-binding protein of LHCII type I gi|115771 2.E-14 Zea mays 0.3 1.0 1.1 0.5 1.0 1.1 0.6 1.4 1.6
14-H11 Chlorophyll a/b-binding protein of LHCII type III gi|115793 3.E-34 Hordeum vulgare 0.4 2.8 2.6 0.4 2.9 1.4 1.1 2.8 3.1
16-B10 Photosystem II subunit PsbS precursor gi|33867383 4.E-47 Zea mays 1.7 0.6 0.9 1.9 1.0 1.2 0.3 0.5 0.5
18-D6 Photosystem I reaction centre subunit II gi|115477831 1.E-24 Oryza sativa 0.6 0.6 0.4 0.8 0.6 1.0 0.4 0.9 1.6
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Protein metabolism

1-E5 Ubiquitin-associated protein gi|115447045 2.E-26 Oryza sativa 7.0 6.7 5.0 1.4 2.0 3.3 1.3 0.8 1.0
2-E10 Aspartic proteinase 1 gi|15186732 1.E-17 Glycine max 1.6 1.6 1.3 1.8 1.6 1.2 2.1 1.2 1.5
3-F10 26S proteasome regulatory subunit 4 gi|115474241 2.E-56 Oryza sativa 3.1 3.7 3.5 1.5 1.4 1.0 2.6 1.1 1.5
7-A8 Elongation factor 1-α gi|93209512 3.E-16 Litchi chinensis 1.1 1.2 1.1 2.0 1.8 1.3 1.4 0.9 0.8
7-E6 Protein translation factor Sui 1 gi|115464699 4.E-16 Oryza sativa 7.9 9.4 7.5 3.4 2.1 1.2 1.7 1.1 1.0

Unknown
4-B11 Nodulin MtN3 family protein gi|18400517 8.E-25 Arabidopsis thaliana 3.2 1.1 1.9 4.1 1.6 1.4 0.5 0.5 0.2
6-F5 Expressed protein gi|115455153 3.E-10 Oryza sativa 2.0 0.7 1.4 1.9 3.8 6.4 1.0 4.2 14.1
7-A10 Hypothetical protein gi|125528888 2.E-06 Oryza sativa 2.6 2.7 2.1 1.0 0.9 0.8 1.4 1.6 1.2
13-C4 Retrotransposon protein, Ty1-copia subclass gi|77555220 4.E-19 Oryza sativa 1.1 0.9 0.9 0.9 0.6 1.0 2.0 1.0 0.8
13-D2 Rhodanese-like domain-containing protein gi|115447077 1.E-42 Oryza sativa 0.9 1.1 0.7 0.5 0.5 0.7 1.1 0.8 0.7
13-G1 Dehydration-responsive protein RD22 gi|115477082 3.E-17 Oryza sativa 1.4 9.5 4.9 1.9 4.0 1.4 1.9 1.6 1.0
15-G10 Expressed protein gi|198345411 7.E-30 Panicum virgatum 3.8 0.4 0.7 8.1 1.0 1.6 0.6 0.3 0.2
16-B8 ABA response protein gi|584786 6.E-37 Solanum lycopersicon 0.9 1.7 2.4 0.6 2.4 2.3 1.0 1.4 3.3
20-G6 bZIP transcription factor gi|108862927 8.E-05 Oryza sativa 0.4 0.8 0.7 0.2 0.8 0.7 0.8 1.1 1.6
1-G12 No significant similarity 3.8 4.5 3.7 1.5 1.1 0.9 1.3 0.8 0.8
2-D3 No significant similarity 2.5 1.6 1.4 1.9 1.3 1.1 1.2 1.3 0.5
3-C6 No significant similarity 17.3 21.0 16.2 4.1 2.6 1.1 2.0 0.8 1.0
4-A9 No significant similarity 2.0 2.2 1.9 1.2 1.3 0.8 1.6 0.9 1.5
5-B1 No significant similarity 0.8 1.5 1.4 1.8 1.7 0.8 3.0 1.7 1.5
5-B9 No significant similarity 2.0 2.0 1.8 0.9 1.0 0.8 1.0 1.2 1.4
5-F7 No significant similarity 2.6 2.4 2.8 1.0 3.0 2.1 1.1 0.9 1.1
5-H11 No significant similarity 0.6 0.3 0.4 0.9 1.3 0.9 0.1 0.2 0.5
6-A1 No significant similarity 2.2 2.1 1.8 1.1 1.0 1.1 0.9 0.9 0.8
6-A4 No significant similarity 0.4 0.3 0.3 0.7 0.5 0.9 0.4 0.7 1.3
6-C3 No significant similarity 7.8 8.7 8.2 2.9 1.7 1.4 2.1 1.2 0.9
6-E1 No significant similarity 5.3 6.0 4.6 1.9 1.5 1.3 2.1 1.0 0.5
6-F5 No significant similarity 5.5 6.2 5.4 1.9 1.5 1.0 2.0 1.2 0.4
6-G9 No significant similarity 4.0 4.5 3.8 1.4 0.9 0.9 2.0 1.7 0.7
6-H12 No significant similarity 4.7 5.4 3.6 1.6 1.3 0.8 2.0 1.2 0.9
7-A7 No significant similarity 1.0 0.7 1.5 1.9 2.5 3.2 0.3 0.9 0.8
8-F10 No significant similarity 1.0 1.3 1.2 1.2 1.2 0.8 2.4 2.0 1.7
10-C4 No significant similarity 1.4 2.5 1.1 1.0 0.6 0.9 2.2 2.0 1.3
11-F11 No significant similarity 0.6 0.8 1.0 0.5 1.7 1.4 1.0 1.8 2.1
14-B2 No significant similarity 1.8 0.8 1.9 0.6 0.7 1.1 1.1 0.4 0.5
15-B6 No significant similarity 0.9 1.6 1.3 0.7 2.0 1.1 1.9 2.5 2.8
16-B9 No significant similarity 0.6 1.5 1.3 0.6 2.1 1.1 1.5 2.2 2.7

Clone BLASTX similarity Gene ID E-value Species

MeJA SA P. substriata

12 h 24 h 48 h 12 h 24 h 48 h 20 h 5 d 8 d

Table 1 continued
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transcripts in response to SA, but not MeJA, was also observed
(Fig. 4F). Expression trends observed over time for each of the
treatments using microarray analysis were similar to qRT-PCR
expression trends, with the changes in expression levels observed
using qRT-PCR being similar to or greater than the levels obtained
by microarray analysis (Fig. 4). This has been observed previously
for comparison of microarray and PCR-based estimates of gene
expression changes (Salzman et al., 2005). The expression of
selected genes in response to compatible P. substriata infection
was also verified using qRT-PCR, and the results mirrored the
microarray data, namely SA-GTase was up-regulated in response
to both SA and P. substriata, whereas calcium-binding EF-hand
protein, thionin and the expressed protein (clone 15-G10), which
were induced by SA, were repressed during P. substriata infec-
tion, indicating possible manipulation by the pathogen (Table 1;
qRT-PCR data not shown).

DISCUSSION

SA mediates induced disease resistance in pearl millet 
and other cereals

Under our test conditions, SA is effective in reducing rust disease
in pearl millet caused by P. substriata (Fig. 1). In contrast, prior
application of MeJA to pearl millet plants, followed by subse-
quent P. substriata inoculation, did not reduce the number of rust
pustules formed relative to the water control, but showed a small
but not statistically significant increase in pustule formation
(Fig. 1). These results suggest that the SA defence pathway is
responsible for resistance to P. substriata in pearl millet plants.
P. substriata is a biotrophic fungal pathogen, and thus our data
further support evidence from dicotyledonous systems that
resistance to biotrophic pathogens is commonly regulated by the
SA-dependent pathway.

Similar results have been obtained in other cereals, in which
the application of BTH, an analogue of SA, has conferred resist-
ance to the biotrophic fungal pathogens Blumeria graminis  f.sp.
hordei (Bgh) in wheat and barley, Puccinia recondita in wheat
(Beßer et al., 2000; Gorlach et al., 1996), Peronosclerospora
sorghi in maize (Morris et al., 1998) and Magnoporthe grisea in rice
(Shimono et al., 2007). BTH, 2,6-dichloroisonicotinic acid (DCINA)
and 2,5-dichlorosalicylic acid (DCSA) were more potent inducers
than SA of both defence gene expression and resistance to Bgh
in barley (Beßer et al., 2000; Kogel et al., 1995).

SA-responsive genes in pearl millet have defence 
response homologues in other plants

Examination of the SA-specific genes from pearl millet (Table 1)
indicated that a number of homologues in other plant species
have previously been shown to play an important role in the

Fig. 3 Hierarchical cluster of sequenced pearl millet cDNAs with twofold 
(P < 0.05) or more changes in transcript abundance in response to methyl 
jasmonate (MeJA), salicylic acid (SA) or Puccinia substriata treatment. Each 
gene is represented by a single row of boxes. Each column represents a time 
point following a particular treatment. Expression ratios relative to time = 0 for 
each treatment range from white (repressed) to black (induced) with a log2 
fold-change scale bar shown above the cluster.
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defence response. UDP-glucose:SA-GTase is induced in SA-treated
or tobacco mosaic virus-inoculated tobacco leaves (Enyedi and
Raskin, 1993). SA-GTase enzymes convert SA to SA-2-O-β-D-glucose
(SAG, also known as SGA) or SA glucose ester (SGE) (Dean et al.,
2005). Studies in tobacco cell suspensions have shown that most
SAG is produced by a cytoplasmic SA-GTase, and then transported
to the vacuoles by an H+-ATPase (Dean et al., 2005). Two SA-
GTase paralogues in Arabidopsis, UGT74F1 (encoded by At2g43840)
and UGT74F2 (encoded by At2g43820) (also called ATSF1; Song,
2006), are induced by Pseudomonas syringae infection and SA
(Dean and Delany, 2008; Song, 2006). Pearl millet SA-GTase,
identified in this study, shows greater sequence similarity to the
main producer of SAG in Arabidopsis (UGT74F1) than to UGT74F2

(data not shown). In rice, sevenfold and 60-fold inductions of
SA-GTase were observed after treatment with exogenous SA
and BTH, respectively (Shimono et al., 2007; Silverman et al.,
1995).

HSP70 and a MATE transporter protein were found to be
up-regulated when pearl millet was treated with SA, but not
MeJA. Virus-induced gene silencing (VIGS) of HSP70 has shown
that this protein is an essential component of the plant defence
signal transduction pathway (Kanzaki et al., 2003). MATE trans-
porter proteins are putative secondary transporters, unique to
plants and microbes, that remove toxins and secondary
metabolites from the plant cell cytoplasm for storage in the
vacuole (Diener et al. 2001). EDS5, an SA-inducible component

Fig. 4 Differential expression of salicylic acid (SA)-responsive genes in pearl millet measured by microarray analysis was confirmed by quantitative reverse 
transcriptase-polymerase chain reaction (qRT-PCR). Relative abundance of mRNA at 12, 24 and 48 h after treatment of pearl millet (cultivar ICML12=P7) with SA 
(dark boxes) or methyl jasmonate (MeJA) (light boxes) was measured by qRT-PCR using primers designed to genes encoding the following proteins: (A) heat shock 
protein 70 (HSP70); (B) serine carboxypeptidase; (C) multidrug and toxin extrusion (MATE) transporter protein; (D) alanine aminotransferase; (E) calcium-binding 
EF-hand protein; (F) peroxidase; (G) expressed protein (clone 15-G10); and (H) salicylic acid glucosyltransferase (SA-GTase). Expression data were normalized using 
the standard curves for each target gene and the endogenous control gene (pearl millet 18S rRNA). Expression data are given as log(expression change) for each 
time point relative to untreated samples (t = 0 h). Error bars represent standard deviations for three biological replicates. Microarray data for the same samples were 
calculated from Table 1.
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of SA-dependent disease resistance in Arabidopsis, is a MATE
transporter protein (Nawrath et al., 2002). MATE transporters
have been shown to be induced in barley during two different
incompatible interactions with Pyrenophora teres (Bogacki et al.,
2008), and in maize in response to Cochliobolus heterostrophus
and Cochliobolus carbonum (Simmons et al., 2003).

SA has been found to induce genes involved in basic and
secondary metabolism that have links with the plant defence
response. Serine carboxypeptidase is a wound-inducible gene
product (Moura et al., 2000) that functions in signal transduction
(Li et al., 2001). A recent study by Liu et al. (2008) outlined the
isolation of a serine carboxypeptidase-like gene from rice that
was significantly up-regulated after treatments with BTH, SA, JA
and 1-amino cyclopropane-1-carboxylic acid (ACC), and also
up-regulated in incompatible interactions between rice and the
blast fungus M. grisea. Transgenic plants overexpressing the rice
serine carboxypeptidase-like gene showed enhanced resistance
to Pseudomonas syringae pv. tomato and Alternaria brassicicola,
as well as increased resistance to oxidative stress and up-regulated
expression of oxidative stress-related genes. SAM decarboxylase
catalyses the conversion of SAM into decarboxylated SAM, which
provides the aminopropyl moiety required for spermidine and
spermine biosynthesis from putresine. Spermine has been hypothe-
sized to act as an inducer of PR proteins, and as a trigger for
caspase-like activity and hence HR (Walters, 2003).

Although a calcium-binding EF-hand protein gene was found
to be up-regulated in pearl millet in response to both MeJA and
SA treatments, microarray data indicated that this gene was
significantly up-regulated at all time points after SA treatment
(Table 1), whereas it was only up-regulated at 12 hpt with MeJA.
These results were confirmed by qRT-PCR (Fig. 4). Calcium-
binding EF-hand proteins are one of four similar monomers which
form a multiprotein calcium-dependent protein kinase (CDPK).
Calcium signalling is known to play a role in the response to
pathogens (Harmon et al., 2000). The treatment of barley plants
with SA or its analogues, and wheat with an incompatible rust
pathogen, also resulted in the induction of a Ca-binding EF-hand
protein (Beßer et al., 2000; Coram et al., 2008).

Studies in both rice (Yang et al., 2004) and Arabidopsis (Mateo
et al., 2006) have shown that SA plays an important role in
modulating the redox balance and protecting against oxidative
stress. Our study also indicates that SA may play a role in protect-
ing pearl millet from oxidative damage, as certain genes involved
in oxidative stress tolerance, namely glutaredoxin, peroxidase
and catalase (Table 1), are affected by SA treatment. Glutaredoxins
protect plants from oxidative stress by catalysing dithiol-disulphide
exchange reactions or reducing protein-mixed glutathione
disulphides (Rouhier et al., 2006). Interestingly, some glutaredoxin
targets include catalases and peroxidases, as well as alanine
aminotransferase and HSP (Marchand et al., 2004; Rouhier et al.,
2006).

Zhu-Salzman et al. (2004) examined transcriptional regulation
in sorghum in response to SA, MeJA and a phloem-feeding aphid,
and Salzman et al. (2005) profiled sorghum’s response to SA,
MeJA and ACC. Comparison of SA and MeJA treatments from
these studies with our study of pearl millet indicates similarities
in gene expression responses. Alanine aminotransferase and the
calcium-binding EF-hand protein genes were induced in response
to SA treatment in both species, and chlorophyll a/b-binding
protein gene expression was suppressed. In sorghum, catalase,
HSP and serine carboxypeptidase genes were also induced
in response to SA treatment, but, unlike pearl millet, these
genes were also induced by MeJA treatment. Furthermore, a
β-glucosidase gene was up-regulated in response to SA and
MeJA in both species.

PR gene expression in pearl millet in response to SA 
and MeJA

Although the expression patterns of PR genes vary in different
plant species (Ryals et al., 1996), the induction of PR2, PR5 and,
particularly, PR1 by pathogens and chemicals occurs in most
dicots and, consequently, these genes have often been used as
markers of SAR onset (Lawton et al., 1996). In this study, PR1 was
found to be significantly up-regulated in response to MeJA treat-
ment, but not so significantly after SA treatment, although a
twofold average induction was observed (Table 1). Microarray
studies of pearl millet after inoculation with a compatible rust
pathogen showed considerable induction of PR1 expression
(Table 1). Sorghum did not show a significant increase in PR1
gene expression following MeJA or SA treatment (Salzman et al.,
2005; Zhu-Salzman et al., 2004). The expression of genes
encoding basic PR1 from barley and acidic PR1 from maize has
also been shown to be induced after plant treatment with
DCINA and BTH, respectively (Kogel et al., 1994; Morris et al.,
1998; Muradov et al., 1993). However, wheat PR1.1 and PR1.2
genes were induced on infection with either compatible or
incompatible isolates of the fungal pathogen Bgh, but these
genes did not respond to activators of SAR, such as SA, BTH or
DCINA (Molina et al., 1999). Treatment of barley seedlings with
DCINA correlated with the accumulation of barley defence-related
genes encoding PR1, peroxidase (PR9) and chitinase, but not
β-1,3-glucanase (PR2) (Kogel et al., 1994). In contrast with these
results, a transcript for peroxidase (PR9) was down-regulated in
pearl millet following SA treatment (Table 1, Fig. 4). A pearl millet
β-1,3-glucanase gene (GENBANK accession number AF488414)
showed no significant induction by SA or MeJA when tested
by qRT-PCR (results not shown). β-1,3-glucanase was neither
induced nor repressed in response to MeJA and SA treatment
in sorghum; however, chitinase was expressed in sorghum in
response to SA treatment, but not MeJA treatment (Salzman
et al., 2005; Zhu-Salzman et al., 2004).
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The onset of chemically induced resistance in barley by DCINA,
DCSA, SA and BTH correlated with the accumulation of mRNA
encoding thionin (Beßer et al., 2000; Kogel et al., 1995). These
authors also showed that the thionin polypeptide exhibited
antifungal activity against the biotrophic cereal pathogens
Bgh and Puccinia graminis f.sp. tritici. In pearl millet, thionin was
also up-regulated following SA treatment (Table 1), suggesting
potential involvement in resistance to the biotrophic pathogen
P. substriata. However, the thionin transcript was also up-regulated
following MeJA treatment, which did not effectively reduce
P. substriata infection. On the whole, monocotyledonous plants
appear to be less uniform than dicots in the expression of
particular PR marker genes in response to pathogen infection and
SA treatment.

Gene expression in pearl millet during a compatible 
interaction with P. substriata

Successful virulence of a pathogen on a plant host has been
documented as the ability of the pathogen to either evade or
manipulate host responses (Jones and Dangl, 2006; Truman
et al., 2007). We hypothesized that P. substriata may suppress
endogenous SA responses during a compatible interaction and,
if SA and MeJA pathways are antagonistic, as observed in dicots,
the transcriptome response to P. substriata would be more
similar to MeJA than to SA. However, the pearl millet microarray
time course data did not reveal this pattern: SA and MeJA profiles
were more similar to each other than to the P. substriata profile
(Fig. 3). In our experiment, samples were taken at a later time
point after P. substriata treatment than after SA or MeJA treatment;
however, this was based on the appearance of symptoms during
which time defence response signalling would be expected to
occur. Profiling the whole transcriptome of pearl millet would
provide a global view of expression patterns. Whole genome
arrays for pearl millet are not available; however, this approach
is now feasible with new transcriptome sequencing technologies
on 454 or Solexa platforms. Nevertheless, we observed possible
evidence of manipulation of host responses in the compatible
interaction. Transcripts of SA-induced defence genes, such as
HSP70, MATE transporter protein, calcium-binding EF-hand
protein, SAM decarboxylase, an expressed protein (clone 15-G10)
and thionin, were repressed or not induced in response to
virulent P. substriata (Table 1).

To our knowledge, this is the first study to apply transcriptome
analysis to biotic stress responses in pearl millet. We have
identified a number of genes that were significantly differentially
expressed in response to SA, but not MeJA, treatment. These are
likely to play a role in conferring induced resistance to P. substriata
in pearl millet, as well as during incompatible interactions. The
latter could not be tested in this study as a pearl millet line with
resistance to the South African isolate of P. substriata has not

been identified. Functional characterization of these genes using
RNA interference (RNAi), VIGS, targeting induced local lesions in
genomes (TILLING) or overexpression approaches will confirm
their role in resistance to rust disease. Methods are available for
the transformation of pearl millet (O’Kennedy et al., 2004) to
silence selected genes. VIGS has been demonstrated to work in
cereal crops (Hein et al., 2005), and experiments are currently
underway to establish this technology in pearl millet.

Future plant production needs to focus on durable resistance
strategies that have many advantages over race-specific resist-
ance traits (Kogel and Langen, 2005). Bion®, the commercial
formulation of the SA analogue BTH, has been shown to provide
field-level protection against cereal pathogens, such as powdery
mildew, in wheat (Gorlach et al., 1996). Although BTH was not
tested in our study, our results indicate that SA analogues, such
as Bion® (Gorlach et al., 1996), could provide a solution for farmers
to improve their pearl millet yields under rust disease pressure.

EXPERIMENTAL PROCEDURES

Plant and fungal material

Pearl millet breeding line ICML12=P7, obtained from the Interna-
tional Crops Research Institute for the Semi-Arid Tropics, Patancheru,
Andhra Pradesh, India, has been reported (Singh et al., 1990a) to
be resistant to downy mildew, caused by the Straminipila Sclero-
spora graminicola, and a rust pathotype from India (P. pennesiti),
now known as Puccinia substriata Ellis & Barth. var. indica
Ramachar & Cummin. (Wilson, 2000). Pearl millet seed (line
ICML12=P7) was sterilized by briefly rinsing with 70% ethanol,
followed by a 20-min incubation in 0.7% sodium hypochlorite.
Following three washes with sterile distilled water, seeds were
plated on half-strength Murashige and Skoog (MS) medium
(Murashige and Skoog, 1962), and incubated at 25 °C with a
16-h light/8-h dark photoperiod. After 1 week, seedlings were
transferred to trays containing sterilized vermiculite that had
been fertilized with Hoagland’s solution (Hoagland and Arnon,
1950). Plants were grown under 16-h light (140 μmol/m2/s) and
8-h dark cycles at a constant temperature of 25 °C and 85%
relative humidity. Puccinia substriata cultures, isolated from
infected pearl millet plants grown in KwaZulu-Natal, South
Africa, were maintained on pearl millet ICML12=P7 plants.

Chemical treatment/pathogenicity trials

Three-week-old ICML12=P7 plants were treated with water, 5 mM

sodium salicylate (Sigma Aldrich, Irvine, Ayrshire, UK) prepared
in 0.1% Tween-20 or 500 μM MeJA (Sigma) in 0.1% ethanol con-
taining 0.1% Tween-20 until run off. Plants were incubated for
24 h, after which 50 μL of freshly collected P. substriata ured-
iniospores were applied to the fourth leaf of each plant. Seedlings
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were incubated in the dark for 2 days at 22 °C, and were then
grown in the conditions described in the previous paragraph
until rust pustules developed on the leaf surface. Each treatment
consisted of two biological replicates, each containing seven
plants. The results were analysed in Microsoft Excel using Student’s
t-test, assuming unequal variances.

Defence signalling molecule treatment, sampling and 
RNA isolation

Leaf tissue was harvested from pearl millet plants at 0, 12, 24 and
48 h after treatment with SA or MeJA, and at 0 h, 20 h, 5 days
and 8 days after inoculation with P. substriata. Treatment of
7-week-old plants with SA or MeJA, or inoculation with
P. substriata, was performed as described above. Leaf tissue from
two replications of nine plants each was immediately frozen in
liquid nitrogen and stored at –80 °C until RNA purification. Total
RNA was isolated from frozen leaf tissue using Qiazol™ Lysis
Reagent, treated with RNAse-free DNAseI (Qiagen, Hilden,
Germany) and further purified using an RNeasy® Minelute™ Kit
(Qiagen).

Microarray experiments

A pearl millet SSH library, which was enriched for genes either
up- or down-regulated in pearl millet leaves at various time
points following wounding or treatment with the defence
elicitors, has been constructed previously and screened using a
high-throughput DNA microarray method (Van den Berg et al.,
2004). This quantitative approach allowed us to identify and
exclude clones that were not derived from truly up- or down-reg-
ulated transcripts (Berger et al., 2007). cDNA microarrays con-
taining 1920 cDNA probes in duplicate were fabricated, processed
and scanned at the ACGT Microarray Facility (Pretoria, South
Africa) (www.microarray.up.ac.za), as described previously (Berger
et al., 2007). Targets were prepared by indirect aminoallyl
labelling of cDNA from total RNA and subsequent NHS-Cyanine
dye (Amersham BioSciences, Little Chalfont, Buckinghamshire,
UK) coupling reactions. Labelled targets for each treatment (SA,
MeJA or P. substriata) were hybridized using a direct-sequential
loop design with dye swap (Fig. S1, see Supporting Information)
(Naidoo et al., 2005).

Microarray data analysis

Scanned images (tiff images) were imported into GenePix Pro 5.0
(Axon Instruments, Sunnyvale, CA, USA), and the fluorescence
intensity for each spot was quantified in both red (Cyanine™-
5 dye) and green (Cyanine™-3 dye) channels. Grids were prede-
fined and manually adjusted to ensure optimal spot recognition,
and spots with dust or locally high background were flagged as

bad. Fluorescence data from a total of 12 slides per treatment
(SA, MeJA or P. substriata) were imported into limmaGUI (linear
models for microarray data Graphical User Interface) (Wettenhall
and Smyth, 2004) in the R computing environment, where the
data were normalized (‘within-array’ global loess normalization
and ‘between-array’ quantile normalization), and linear models
were fitted in order to contrast post-treatment expression values
with those of the non-treated sample (time = 0 h). Differentially
expressed genes for each treatment were defined as those with
a fold-change (expression ratio) greater than or equal to two
between a particular time point and t = 0, and were significant
at P ≤ 0.05 (moderated t-test as implemented in limmaGUI with
Bonferroni correction for multiple testing) (Wettenhall and
Smyth, 2004). Finally, the data were filtered in Microsoft Excel to
retain genes that fulfilled this definition of ‘differentially
expressed’ for at least one time point in any of the treatments
(SA, MeJA or P. substriata). Hierarchical clustering of expression
ratios for the unigene set after treatment with SA, MeJA or
P. substriata was carried out using TIGR Multi-experiment Viewer
(MeV) (Saeed et al., 2003) with Euclidean distance measures and
average linkage clustering. Microarray data have been deposited
in the National Center for Biotechnology Information (NCBI)
Gene Expression Omnibus (Edgar et al., 2002), and are accessible
through GEO Series accession number GSE13481 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13481).

DNA sequence analysis

Nucleotide sequences of selected cDNA clones were determined
on an ABI PRISM 377 DNA analyser (Perkin-Elmer Applied Biosys-
tems, Streetsville, Ont., Canada) using a BigDye Termination
Cycle Sequencing Ready Reaction Kit (V3) (Perkin Elmer Applied
Biosystems). Vector and SSH adaptor sequences were removed
manually using Vector NTI® Suite V.6 (InforMax®, North
Bethesda, MD, USA) Sequence homologies were determined
using BLAST programs (Altschul et al., 1990) at the NCBI (http://
www.ncbi.nih.gov/BLAST). Pearl millet cDNA sequences have
been deposited in GENBANK dbEST with the accession numbers
GD180624–GD180688.

qRT-PCR

DNAse I (Qiagen)-treated total RNA from each of the four MeJA
and SA post-treatment time points was reverse transcribed using
a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics,
Mannheim, Germany). Thereafter, the expression profiles of selected
genes were assessed using a LightCycler FastStart DNA Master-
PLUS SYBR Green I Kit (Roche Diagnostics). The cycling conditions
were as follows: denaturation cycle (95 °C for 10 min); amplification
and quantification cycle repeated 40 times (95 °C for 10 s, 58 °C
for 10 s, 72 °C for 6 s, with a single fluorescence measurement);

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13481
http://www.ncbi.nih.gov/BLAST
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melting curve cycle (65–95 °C with a heating rate of 0.1 °C/s and
continuous fluorescence measurement); finally, a cooling step to
40 °C.

Primers were designed as balanced pairs of between 58 and
60 °C Tm to amplify fragments of between 71 and 112 bp using
Primer3 (Whitehead Institute, Massachusetts Institute of Tech-
nology, Cambridge, MA, USA) and NetPrimer (Premier Biosoft,
Palo Alto, CA, USA). The primer sequences were as follows:
pearl millet 18S rRNA (5′-GCCATCGCTCTGGATACATT-3′; 5′-
TCATTACTCCGATCCCGAAG-3′); alanine aminotransferase (5′-
GAAGATGCTCGGTCAAAAGG-3′; 5′-TCACATTGGTTGTCCTCAGC-3′);
calcium-binding EF-hand protein (5′-TAACATCCGCAGAGATCGAG-
3′; 5′-ATTAGTCCCCATTCCCCTTC-3′); HSP70 (5′-ATCACCGTGT-
GCTTCGACAT-3′; 5′-GCCCTTATCGTTGGTAATCG-3′); an expressed
protein (clone 15-G10) (5′-TGTTCTGGTGCAACTCTGCT-3′; 5′-
ATTGCGGAGGACTGAATCAC-3′); a MATE transporter protein (5′-
GCTCAAGTTCTACGCCAAGG-3′; 5′-CTCCGTGATCTTGGACCATT-3′);
peroxidase (5′-GGCAATATTAAGCCCGTCAC-3′; 5′-CCGCCA-
CATCCATGTTTCTA-3′); SA-GTase (5′-AAGGCAAAGAAGTCCAT-
GAGC-3′; 5′-CGCTTCGAGCTATCACCAAT); serine carboxypeptidase
(5′-CTACGTTGGCACCCAAGAGT-3′; 5′GTGAGGTTGTGGGCGTAAGT-3′).

Expression data were normalized using the standard curve for
the specific target gene and the endogenous control gene, pearl
millet 18S rRNA, as described previously (Applied Biosystems, User
Bulletin No. 2, 2001).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Diagrammatic representation of a direct-sequential loop
design applied to analyse microarray gene expression changes in
salicylic acid (SA)-treated pearl millet plants over time. Each circle
represents an RNA sample extracted from pearl millet leaves at
a specified time post-SA treatment. The head of the arrow
indicates that the sample was labelled with Cyanine™-5 dye
(shown in red), whereas the tail represents a sample that was
labelled with the Cyanine™-3 dye (shown in green). Each arrow
represents a single hybridization experiment. The same exper-
imental design was applied to analyse pearl millet plants that had
been treated with methyl jasmonate or Puccinia substriata,
although samples were taken at 0 h, 20 h post-inoculation,
5 days post-inoculation (dpi) and 8 dpi for the latter experiment.

Fig. S2 Example of a pearl millet microarray image following
hybridization with differentially labelled RNA samples, and scan-
ning with a Genepix™ 4000B scanner (Axon Instruments). In this
particular example, RNA extracted from pearl millet plants 0 h
post-methyl jasmonate (MeJA) treatment was labelled with Cya-
nine™-5 dye, and RNA isolated from plants 48 h post-MeJA
treatment was labelled with Cyanine™-3 dye.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.
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    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


