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ABSTRACT

Citrus (Citrus spp.) is one of the most important and widespread fruit crops, with great economic and health value. However, it is among
the most difficult plants to improve through traditional breeding approaches. In this context, the recent advent of genomic technology and
of powerful new tools, such as differential display (DD-PCR), serial analysis of gene expression (SAGE), and cDNA microarray, have
greatly increased the study of biological processes relevant to citriculture, ranging from developmental biology, to biotic and abiotic
stresses, and post-harvest processes. This mini-review deals with the application of the DD-PCR technique to investigate gene expression
in Citrus. The findings of various research groups on the isolation and profiling of genes expressed in Citrus during physiological events,
and biotic and abiotic stress conditions with this methodology are described. Even genes expressed at very low levels, such as
transcriptional factors, membrane proteins, and rare enzymes have been successfully isolated using this approach. These results suggest
that DD-PCR is a very suitable method for investigating rare genes involved in life cycle of plants, especially when genomic sequence

information of the species is not available.

Keywords: genomic technologies, plant gene, RNA silencing, stress response

CONTENTS

INTRODUCTION ...ttt

GENE EXPRESSION IN PHYSIOLOGICAL EVENTS ....
GENES INVOLVED IN ABIOTIC STRESSES...................
GENES INVOLVED IN BIOTIC STRESSES....

CONCLUSIONS ...ttt
REFERENCES......ccoooiiiiiiiiiiicccc e

INTRODUCTION

Citrus fruits are ranked the first fruit tree crop in interna-
tional trade in terms of economic value, with an annual pro-
duction estimated at about 100 million tons in the period of
2004-2005 (see www.fao.org). Citrus fruits are typically
produced in 140 countries located in tropical and subtropi-
cal areas, where the winter temperatures are adequate for
tree survival and where there is sufficient water and suitable
soils to support tree growth and fruit production (Li et al.
2007; Talon et al. 2008).

Citrus species are susceptible to different pathogens and
pests that are responsible for severe losses worldwide. The
survival of the citrus industry is critically dependent on
genetically superior cultivars. However, citrus improvement
through traditional techniques is unfortunately very difficult
due to the unusual combination of biological characteristics
of Citrus species (apomixis, sexual incompatibility, exten-
ded juvenility), their low genetic diversity, and the long-
term and expensive nature of tree breeding (Spiegel-Roy et
al. 1996; Forment et al. 2005).

To improve and achieve faster results in citrus breeding,
new approaches are being explored that will allow for better
and faster acquisition of knowledge on the genetics of this
group of species, as well as on the relationship with their
pathogens. Genomic technology allows for the determina-
tion of when and where a gene is to be turned on or off in a

cell as it divides, differentiates, and ages.

The first steps towards the identification and charac-
terization of the genes that are differentially expressed in
developmental and environmentally regulated processes is
large-scale gene analysis of the transcriptome. Although are
now available other gene expression analysis techniques,
such as SAGE and cDNA microarray, PubMed (www.ncbi.
nlm.nih.gov) continues to log hundred of papers per year in
which DD-PCR is utilized in primary research. The tech-
nique was invented in 1992 by Liang and Pardee to allow
for rapid, accurate, and sensitive detection of changes in
gene expression in diverse biological systems. The power of
differential display lies in its simplicity. It is based on three
of the most commonly used molecular biology techniques:
RT-PCR, polyacrylammide-gel electrophoresis and cDNA
cloning. The expected advantages are numerous: it has a
good sensitivity to low-abundance mRNA transcripts; both
induced and repressed genes can be simultaneously detec-
ted; more than two samples can be compared; unlike other
genomic approaches, such as DNA microarray, it detects
changes in mRNA profiles among multiple samples being
compared without the need of any prior knowledge of geno-
mic sequence information of the species being studied
(Liang et al. 1992, 2007).

In the last few years, DD-PCR has produced a massive
amount of literature detailing the isolation of genes from
plant species that are involved in physiological events, sig-
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nal transduction, stress response, and secondary metabolism
(Yamazaki and Saito 2002; Carginale et al. 2004; Basile et
al. 2005; Zhang et al. 2008). In this review, we focus our
attention to the application of this technique in studying cit-
rus gene expression.

GENE EXPRESSION IN PHYSIOLOGICAL EVENTS

Analyses of citrus gene expression performed with DD-
PCR methodology in various physiological events are sum-
marized in Table 1. Jia et al. (2005) isolated cDNA coding
for a putative terpene synthase (Grtps) from mature fruits of
“Rio Red” grapefruit. This gene appears to be a sesquiter-
pene synthase and it is not expressed in immature fruits,
roots, or leaves, but only in mature fruits. This suggests that
Grtps is developmentally regulated and occurs only at the
final stage of fruit maturation.

A cDNA named CsHPtl (for Citrus sinensis histidine
phosphotransmitter protein 1) was isolated from globular
embryos of ‘Valencia’ sweet orange by Maul et al. (2006).
CsHPt1 is part of two-component signal transduction sys-
tems found in numerous prokaryotic and eukaryotic orga-
nisms (Marchler-Bauer et al. 2003). These systems consist
of a histidine protein kinase, localized in the cell membrane
that senses a signal input, and a response regulator that me-
diates the output. The authors reported that CsHPtI is in-
duced in embryogenic calli, in globular-stage embryos, and
in tissues with embryogenic potential at higher levels than
in non-embryogenic calli or in tissues without embryogenic
potential. This suggests a role for CsHPtl as a phospho-
transmitter intermediate during very early embryogenesis in
Citrus.

GENES INVOLVED IN ABIOTIC STRESSES

Application of DD-PCR to the abiotic stress response in
Citrus is summarized in Table 1. Lers et al. (1998) isolated
an mRNA that is accumulated in grapefruit peel upon UV
irradiation. Sequence analysis revealed that this cDNA rep-
resents a gene encoding for an isoflavone reductase-like
protein highly homologous to isoflavone reductases charac-
terized in legumes and was termed IRL (isoflavone reduc-
tase-like). The authors showed that this gene, whose func-
tion is not yet clear, is induced also by wounding and patho-
gen infection.

Porat et al. (2002) showed that a short hot water treat-
ment increased chilling tolerance in grapefruit. On perfor-
ming DD-PCR analysis on heat-treated grapefruits, they
isolated ctNHX1, a citrus Na'/H" antiport gene that cata-

lyzes the exchange of Na® for H" across the tonoplast regu-
lating intracellular pH and sodium levels (Kagami and Su-
zuki 2005). The heat-induced increase in cNHX1 mRNA le-
vels was, however, temporary when the fruits were held at
20°C, and was detected only at the specific time point of 24
h after heat treatment. Unlike the temporary effect that re-
sulted from the heat treatment alone, the increase in cNHX1
mRNA levels induced by the combination of heat and sub-
sequent cold storage was higher and long lasting, and was
observed 2 weeks after the heat treatment and until the end
of'a 6 week cold-storage period.

Lang et al. (2005) applied DD-PCR to study gene ex-
pression under cold acclimation in Citrus unshiu. They iden-
tified six up-regulated (14-3-3 protein, 40S ribosomal pro-
tein S23, putative 60S ribosomal protein L15, nucleoside
diphosphate kinase III protein, regulator of chromosome
condensation-like protein, and amino acid permease 6) and
two down-regulated (miraculin-like protein and B-galactosi-
dase) genes. The identified genes were mainly related to
signal transduction (14-3-3), protein synthesis (S23 and
L15), amino acid transport (AAP6), arrangement of chro-
mosome structure (regulator of chromosome condensation-
like protein), plant defence (miraculin), and cell wall meta-
bolism (B-galactosidase). A similar approach was adopted
by Zhang et al. (2005a, 2005b) with P. trifoliata, a very
cold hardy relative of Citrus species. They identified eight
genes that are different from those previously identified in
Citrus. These genes are principally involved in osmotic mo-
dulation, photo-oxidative protection, and photosynthesis ad-
justment.

The molecular basis for the adaptation of fruit tissue to
low oxygen treatments remains largely unknown. DD-PCR
was employed to isolate anoxic and/or hypoxic genes whose
expression responded to short, low-oxygen levels. Porat et
al. (2004) isolated a dehydrin gene from orange that was
down-regulated by exposure to low-oxygen levels. Dehyd-
rins are a family of plant proteins that are induced in res-
ponse to various environmental stresses (Kosova et al. 2007).

Pasentsis et al. (2007) were able to isolate 25 transcripts
from Citrus flavedo tissues subjected to low oxygen re-
gimes. Hybridization experiments revealed that 11 genes
were induced under hypoxia and/or anoxia, 11 exhibited
constitutive expression, and three transcripts were sup-
pressed by low oxygen levels. Among the up-regulated
genes, five of them have no known function, while the re-
maining six genes are involved in C-compound and carbo-
hydrate utilization, amino acid metabolism, and biosynthe-
sis of brasinosteroids. The down-regulated genes included a
cysteine peptidase, a dehydrin (also found to be down-regu-

Table 1 Application of differential display technique in isolating genes involved in various events in Citrus.

Event Species Isolated gene or encoded protein Reference
UV irradiation C. paradisi isoflavone reductase-like protein Lers et al. 1998
Heat treatment C. paradisi NHX1 Porat et al. 2002
Fruit ripening C. sinensis putative terpene synthase Jia et al. 2005
Embryogenesis C. sinensis putative histidine-containing phosphotransmitter protein Maul et al. 2006
Cold C. unshiu 14-3-3 protein, 40S ribosomal protein S23, putative 60S ribosomal protein L15, Lang et al. 2005
nucleoside diphosphate kinase III protein, regulator of chromosome condensation-like
protein, amino acid permease 6, miraculin-like protein, beta-galactosidase.
Anoxia/hypoxia C. sinensis dehydrin Porat et al. 2004
C. flavedo auxin-induced protein-like, putative phosphatase, putative serine esterase, limonoid Pasentsis et al. 2007
UDP-glucosyltransferase, pyruvate decarboxylase, hypoxia- responsive family protein,
xylose isomerase family protein, glutamate decarboxylase 4a (GAD), SPX (SYG1/
Pho81/XPR1) domain-containing protein, unknown protein, cytochrome P450, cysteine
peptidase, dehydrin, granule-bound starch synthase
Viroid infection C. medica hypothetical protein, B-galactosidase, extensine-like protein, NADPH-dehydrogenase,  Tessitori et al. 2007
metallothionein, NHX1, alcool-dehydrogenase, ERE-binding protein, regulator of gene
silencing, OSINBa0033G05.21 protein, flavonol synthase, prefoldin, Hedgehog
interacting protein-like 1, RecQ DNA helicase, aminoacid permease 6, peroxidase,
CONSTANS-like protein, hypothetical protein
Rind injury C. unshiu o-methyltransferase, ADP-ribosylation factor-like protein, unknown protein, putative Fujisawa et al. 2003

auxin-induced protein, auxin-induced proteinase-inhibitor, mutator-like transposase,
putative enongation factor, ribosomal protein L8, rRNA 268, malate dehydrogenase
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lated by Porat et al. (2004)), and a granule-bound starch
synthase.

Fujisawa et al. (2003) applied DD-PCR to detect dif-
ferentially expressed mRNAs relating to citrus rind injury
under various storage conditions. The genes identified
shared high similarity with those detected in other plants
under various stress conditions. Some auxin-inducible genes,
such as a proteinase inhibitor, were also identified.

GENES INVOLVED IN BIOTIC STRESSES

In investigating the molecular mechanisms by which plants
respond to pathogen attack, Tessitori ef al. (2007) utilized
DD-PCR and identified genes whose transcription was
significantly altered in leaves of Etrog citron infected by
Citrus viroid Il (CVd-111), recently named Citrus dwarfing
viroid (CDVd). Eighteen genes were identified, thirteen of
which were up-regulated by viroid infection (extensin-like

protein, metallothionein (MT), alcohol-dehydrogenase
(ADH), ethylene-responsive element binding protein
(EREBP), regulator of gene silencing (RGS),

OSJNBa0033G05.21 protein, flavonol synthase (FLS), pre-
foldin subunit 2, hedgehog interacting protein-like 1
(HIPL1), recQ DNA helicase, peroxidase, CONSTANS-like
protein (COL), and a protein of unknown function), while
five were down-regulated (B-galactosidase, NADPH-de-
hydrogenase, NHX1, amino acid permease 6 (AAP6), and a
protein of unknown function). Except for two genes that en-
code proteins of unknown function, the remaining genes are
mainly involved in plant defence/stress responses (MT,
ADH, FLS, recQ DNA helicase, peroxidase) signal trans-
duction (HIPL1), amino acid transport (AAP6), protein me-
tabolism (prefoldin), cell wall structure (extensin, [3-galac-
tosidase), and other functions (NHX1 and NADPH-dehy-
drogenase). Two of the up-regulated genes (EREBP and
COL) are transcription factors that coordinate downstream
gene expression in stress signal transduction pathways. Of
particular interest was the finding that the expression level
of a cellular suppressor of RNA silencing (RGS) gene is en-
hanced by CDVd infection. RNA silencing is a key plant
defence mechanism against invasive RNA molecules (Bass
2000; Wang et al. 2004). RGS induction triggered by CDVd
infection supports the hypothesis that viroids can evade host
gene silencing by activating endogenous mechanisms that
negatively regulate RNA silencing activity (Tessitori et al.
2007).

Changes in gene expression of Poncirus trifoliata, an
interfertile Citrus relative, in response to infection with Ciz-
rus tristeza virus (CTV) were analyzed by Hernandez-Jasso
et al. (2004) using DD-PCR. Several genes that may be in-
directly involved in the global response of the plant to the
virus infection, such as glutaredoxin, superoxide dismutase
(SOD), and GTP pyrophosphokinase were identified.

CONCLUSIONS

As an alternative to classical genetic breeding, the genes
identified with DD-PCR can be used in genetic transforma-
tion studies in efforts to improve citrus plants, production,
and protection from diseases. Differential display is a power-
ful technique for isolating genes that are specifically in-
duced or repressed in particular types of cells under diverse
stress conditions. The results obtained indicate that plant
responses to various stresses involve changes in numerous
metabolic and signal transduction pathways. Even genes
expressed at very low levels, such as transcriptional factors
and rare enzymes, can be successfully isolated using this
approach. The genes identified with differential display are,
often, different from the genes identified with other geno-
mic tools, thus indicating that all the available techniques
can complement each other.
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