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Abstract

We report the isolation by differential display of a novel tomato ethylene-responsive cDNA, designated ERS.
RT-PCR analysis of ER5 expression revealed an early (15 min) and transient induction by ethylenein tomato fruit,
leaves and roots. ER5 mRNA accumulated during 2 h of ethylene treatment and thereafter underwent a dramatic
decline leading to undetectable expression after 5 h of treatment. The full-length cDNA clone of 748 bp was
obtained and DNA sequence analysis showed strong homol ogiesto members of the atypical hydrophobic group of
the LEA proteinfamily. The predicted amino acid sequence shows 67%, 64%, 64%, and 61% segquenceidentity with
the tomato Lemmi9, soybean D95-4, cotton Leal4-A, and resurrection plant pcC27-45 gene products, respectively.
As with the other members of this group, ER5 encodes a predominantly hydrophaobic protein. Prolonged drought
stress stimulates ER5S expression in leaves and roots, while ABA induction of this ethylene-responsive clone is
confined to the leaves. The use of 1-MCP, an inhibitor of ethylene action, indicates that the drought induction of
ERS5 is ethylene-mediated in tomato roots. Finally, wounding stimulates ER5 mRNA accumulation in leaves and

roots. Among the Lea gene family this novel cloneisthefirst to display an ethylene-regulated expression.

Introduction

Lea (late embryogenesis-abundant) genes encode a
diverse group of putative desiccation protectant pro-
teins that are induced during the post-abscission stage
of late embryo development [15]. Lea and lea-like
genes have also been isolated from vegetative tissues
and areinduced by water stress, aswell asosmotic and
low-temperature stress [6, 28]. Most members of this
extensive group of genes are responsive to exogenous
ABA, a phytohormone whose levels increase during
water stress[7, 8].

Whilethemajority of LEA proteinsarehydrophilic,
thereisan atypical group of LEA proteinsthat contain
an abundance of hydrophobic domains. The soybean
D95-4[23], cotton Leal4-A[10], tomato Lemmi9 [29]

Thenucleotide sequencedatareported will appearintheEMBL,
GenBank and DDBJ Nucleotide Seguence Databases under the
accession number U77719.

and resurrection plant pcC27-45 gene products[ 26] are
among this group. All but the tomato Lemmi9 encode
proteins that are induced by both drought and ABA
treatment. It has been speculated that the function of
these highly homol ogous proteins may differ from that
of the hydrophilic LEA proteins[10].

In higher plants, ethylene plays a critical rolein a
number of physiological processes both during normal
development and in response to environmental change
[for review, see 30]. The identification of ethylene-
regulated genesisimportant for understanding therole
of ethylenein these processes. We recently initiated a
project aimed at isolating ethylene-responsivegenesin
tomato fruit using a sensitive new approach, suitable
for the isolation of weakly expressed genes, known as
MRNA differential display [19, 20, 31]. To date, sever-
al ethylene-regulated cDNA cloneshave beenisolated.
In this paper we describe the isolation and charac-
terization of ER5, a novel tomato ethylene-regulated
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cDNA. This clone encodes a protein which is highly
homologous to the atypical group of LEA proteins.
The expression of the ER5 gene in response to ethyl-
ene, ABA, drought and wounding are analysed and
discussed.

Materials and methods
Plant material

For the differential display experiment, Lycopersicon
esculentum (cv. Evita) plantswere grown in soil under
standard greenhouse conditions. Late immature green
fruit, unableto produceripening-related ethylene, were
harvested and treated in 10-litre sealed jarswith 50 pl/I
of ethylenefor 15min, 30min, 1 h, 2hor 5h. Thecon-
trol fruit were exposed to air alone. For all other exper-
iments, tomato plants were grown hydroponically in a
greenhouse (26 °C day, 21 °C night) in haf-strength
Hoagland's solution. The whole plant ethylene treat-
ment was as follows. Tomato plants of about 30 cm
high were treated with 50 ul/l of ethylene for either
1 h or 5 h while control plants were exposed to air
alone. The 1-methylcyclopropene (1-MCP) [27] treat-
ment (1 pl/1 for 2 h) was performed on fruit or whole
plants prior to ethylene treatment.

For the drought treatment, watering was stopped
when the tomato plants were about 20 cm high. The
drought conditions continued until the plants showed
visiblesignsof wilting (11 days). Meanwhile, watering
continued normally for control plants. For the 1-MCP
treatment, the plants were treated for 2 h once a day
with 1 ul/l of 1-MCP throughout the period of drought
stress.

For the ABA experiment, tomato plants of about
30 cm high were treated with 100 uM ABA (Mixed
isomers, Sigma) both by spraying the aerial parts and
by watering. Plants were harvested 4 h after the ABA
treatment.

In the wounding experiment, roots and leaves from
30 cm high tomato plants were cut into pieces and | eft
for 3 hin air before the RNA was extracted. The 1-
MCPtreatment (1 /I for 2 h) was performed on whole
plants prior to wounding.

For all treatments, harvested tissue was immedi-
ately frozen in liquid nitrogen and stored at —80 °C
until RNA extraction. In all experiments RNA was
extracted according to Hamilton et al. [12].

Differential display screening

Total RNA was extracted from both ethylene treated
and untreated late immature green tomato fruits. The
differential display step was performed as previ-
oudy described [19, 20, 31]. The cDNA fragment,
ER5, was isolated using the primers T11GC (5'-
TTTTTTTTTTTGC-3) and H8 (5'-CTGATCCAGG-
3'). The fragment was then cloned into the pGEM-T
vector (Promega, France) according to the manufac-
turer’s protocol.

RT-PCR analysis

The RT-PCR analysis was carried out as previ-
oudy described [18, 31]. After the reverse tran-
scription step the total cDNA served as a tem-
plate in the PCR amplification reaction using
2 uM of ERS5-specific primers (RT5n-5, 5'-
GATGTGCCAGTGAAGGTACCTC-3' and RT5n-3',
5'-GTGATATGTTCGAATATGGTATCC-3). As an
internal control, a fragment of the endogenous tomato
ubiquitin cDNA Ubi3 [14] was amplified concom-
itantly with ER5 by adding 2 uM of Ubi3-specific
primers to the PCR reaction. The PCR products were
separated on a 1.4% agarose gel, transferred to a
nylon membrane and hybridized with a mixture of [«-
32P|dCTP-labelled ER5 and Ubi3 probes. The probes
were synthesized by PCR using ER5 or Ubi3 specific
primers and plasmid DNA as a template in the pres-
ence of 200 uM dNTP and 10 xCi [a-*?P]dCTP. The
membranes were then washed according to the manu-
facturer’sinstructions (GeneScreen Plus, Dupont) and
exposed to Amersham Hyperfilm-MP at —80 °C for
30 min. TAS14 cDNA [11] was subjected to the same
RT-PCR conditions as ER5. The primers used for the
amplification were designed from the TAS14 sequence
(GenBank accession number X51904).

Isolation of the 5’ end of the ER5 cDNA by 5’ RACE

Using the 5 RACE system (rapid amplification of
5 ¢cDNA ends, Clontech), the 5’ end of the cDNA
was isolated according to the manufacturer’s instruc-
tions. Poly(A)™ RNA mixture (1 ug) from ethylene-
treated and untreated fruit was used as a template for
the reverse transcription reaction using the anchored
oligo-(dT) primer supplied with the kit. The PCR
amplification was carried out using an ER5-specific
primer (RT5n-3") and the adaptor homologous primer
(5’ end) supplied with the kit. PCR productswere sep-



arated on a0.8% agarose gel to verify theamplification
and the amplified DNA was cloned into the pGEM-T
vector (Promega, France). After transformation, the
recombinant colonies were screened by PCR in order
to identify the longest cDNA fragment which corres-
pondsto the full-length ER5 clone.

DNA and amino acid sequence analysis

The ER5 cDNA clone was sequenced from both sides
with universal primers using the Thermosequenase
cycle sequencing kit (Amersham) according to the
supplier's instructions. The reaction was carried out
in the presence of [a-**S]dATP. The following cyc-
ling parameters were used: 50 cycles of 95 °C/20 s,
60 °C/30 s were applied to the labelling step and 60
cycles of 95 °C/30 s, 72 °C/1 min to the termination
step. Database searches and comparison with pub-
lished sequences were carried out using the BLAST
program[2].

Genomic DNA analysis of ER5S

Tomato genomic DNA wasisolated from young leaves
according to Hamilton et al. [12]. Ca. 10 ug of DNA
were digested with either EcoRI, BamHI, or double-
digested with EcoRI and BamHI. After separation on
0.8% agarose gel, the DNA was transferred to Gen-
eScreen Plus membrane (DuPont). The hybridization
with [a-22P]dCTP-labelled ER5 cDNA and the wash-
ing (2x SSC at 60 °C) were performed according to
the manufacturer’srecommendations.

Results

Isolation of an ethylene-inducible Lea- like cDNA by
differential display

Total RNA isolated from ethylene-treated and
untreated tomato fruit was subjected to mRNA dif-
ferential display analysis using a variety of primer
combinations. Subsequent screening of the differen-
tial fragments [31] led to the isolation and cloning of
several ethylene-responsive (ERn) cDNAS (Zegzouti
et al., in preparation). Of these, ER5 was chosen for
further analysis because the differential display indic-
ated a transient expression pattern and because of its
strong homology to members of the Lea gene fam-
ily. The ER5 fragment recovered from the differential
display gel was 487 bp long and corresponded to the

3' portion of the cDNA. Nucleotide sequence analysis
of this fragment revealed significant homology to the
atypical group of Lea genes. In particular, regions of
the ERS clone displayed 81% identity with the tomato
nematode-induced cDNA Lemmi9 [29] and 71% with
the cotton Leal4-A cDNA [10]. Northern analysis
failed to detect the presence of ERS5 transcriptsin any
of the tissues analysed. The more sensitive RT-PCR
method was therefore adopted to study its expression.
Asaninternal control for the RT-PCR, primers specific
for the constitutively expressed tomato ubiquitin gene
[14] were added to the PCR reaction. In thisway, con-
comitant amplification occurred for the ubiquitin con-
trol and the ER5 cDNA. The time course of ethylene-
induced expression of ER5 in tomato fruits showed
that while the level of ubiquitin transcripts remained
constant throughout the experiment, ER5 transcripts
were induced within 15 min and continued to accu-
mulate until 2 h of hormone treatment (Figure 1A).
Thereafter, consistent with the differential display pat-
tern, ERS transcript accumulation underwent a dra-
matic decline leading to minimal expression after 5 h
treatment. Similar transient induction was observed in
tomato roots and leaves treated with 50 ul/l of ethyl-
ene (Figure 1B). It should be noted that ER5 transcripts
were present at a basal level in tomato leaves prior to
ethylenetreatment. The high sensitivity of the RT-PCR
techniqueal so all owed detection of abasal level of ER5
transcripts in roots, though it was significantly lower
than that in leaves.

In order to control the ethylene-dependent expres-
sion of ER5, we analysed the accumulation of its tran-
script in tomato fruit, roots, and leaves treated with
the potent inhibitor of ethylene action 1-MCP [27]
for 2 h prior to ethylene treatment (Figure 1). The
data presented in Figure 1 indicate that 1-M CP greatly
suppressed ERS transcript accumulation observed in
ethylene-treated fruit, roots, and leaves.

Deduced amino acid sequence and genomic Southern
blot analysis

In order to characterize this ethylene-inducible Lea-
likegene and polypeptide, thefull-length sequencewas
obtained via 5 RACE and subsequently cloned. The
longest clone (748 bp) gave an open reading frame cor-
responding to a predicted amino acid sequence of 160
residues (Figure2A). To determinewhether, in tomato,
ERS5 isamember of a genefamily, genomic DNA was
isolated from young leaves and digested with restric-
tion enzymes EcoRI, BamHI, or double-digested with
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Figure 1. Rapid and transient accumulation of ER5 mRNA after
treatment with ethylene. A. Time course of ER5 ethylene induction
in tomato fruit. Total RNA from late immature green tomato fruit
untreated (0) or treated with 50 ul/l ethylene for 15 min, 30 min,
1h, 2 h, or 5h were reverse transcribed in the presence of an
oligo-d(T)21 primer. The PCR amplifications were performed using
ER5 cDNA specific primers. Asan internal control, the endogenous
tomato ubiquitin cDNA (Ubi3) [14] was amplified concomitantly
with ER5 by adding Ubi3-specific primers to the PCR reaction. The
PCR products were separated on a 1.4% agarose gel, transferred to
anylon membrane and hybridized with a mixture of [*-32]dCTP-
labelled ER5 and Ubi3 probes. The membranes were exposed to
Amersham Hyperfilm-MP a —80 °C for 30 min. B. Ethylene-
regulated expression of ER5 in tomato leaves and roots. RT-PCR
analysis was performed as described above using total RNA from
tomato leaves and roots untreated (0) or treated with 50 ul/I ethylene
for 1 hor 5 h. The ethylene-dependent expression of ER5 was con-
trolled by analysing the accumulation of ER5 transcript in tomato
fruit, roots, and leaves treated with 1-MCP for 2 h prior to ethylene
treatment (1h+MCP).

EcoRI and BamHI. The DNA gel blot was probed with
theradiolabelled full-length ER5 cDNA. Theresults of
the Southern analysis (Figure 2B) showed that under
mild stringency washing conditions, both EcoRI and
BamHI digests generated one major band that strongly
hybridized to the ER5 probe and at least two weak-
er bands. Under high-stringency washing (0.2x SSC,
60 °C) only the single mgjor band was detected (data
not shown).

The ER5 gene product showed substantial amino
acid homology to membersof theatypical hydrophobic
group of LEA proteins, having 67%, 64%, 64%, and
61% amino acid identity with the predicted tomato
Lemmi9 [29], soybean D95-4 [23], cotton Leald-
A [10], and resurrection plant pcC27-45 [26] gene
products, respectively (Figure 3A). The ERS5 protein
is highly hydrophobic and its hydropathy plot, shown
inFigure 3B, isvery similar to that of theatypical LEA
proteins cited above (data not shown).

TTCRAETERTARRAGRR - T_CRARC AT ACRATGGUAGATTTCATGEAGAANGCEATGEMAT [

M oA DR X oW KA N 1o
TTCHTSTETHATAAGG T GEREARRCC RGO TGACAT CALGSATT TTHAT O TEAMAANA 123
T ¥ & 2 K ¥ E K ¢ E ] T 3 F D L % & b

CCCTAARGTTGCIOTOARARRCCOTTRASTCTSTT 18

GITAGCATSORCAGCAT T TCC
Z z A K ¥ A ¥V E K P ¥ & ¥V 5%

Vo5 ¥ O 5 I3

COTRTAC A TUATGUACATC TCUT ACAC T T RART SOSTTATRGTRTCA 2440

r v P 1 M Q I o5 ¥ LK < R ¥ I ¥ & T
g

GGRACARTTOUAGA TCCAGGGAR TR ARRGOCARATCRCACERCTATTTTRSETSTSCCR 300

¢ T I P D P G5 N i K A K L U T L L T ¥ P ED]

SATA TSI TAGTEAE T TGOS TAASCAT AT 'CG TARACATTOGCAC 360

&} 5 SR | S 0% WD 114

AT CACTATARACTSGRRTTRG G T TGO TRAT TRRTC TTCCAGTCATUGGRGAT L TUALA 420
' ¢t ¥y ¥ L EL L ATITLILULPF ¥ I G L = T 120
CCATCACTCTCACACTTATGGAACGGT 480

F 3 L 3 L 2 W 8 G 100

GACAEACAACARCACEC TR R AR A E AT CTEARE L TAGC G T TARTEATAR TARTART 30
DK g = I T EEKE h 140
AATAATTACTARCTAATACTS AEGTCTOETTATGTGTTTTTATTTT I THET ALY €00
CRRRG TTTTGTTTGATTTTCCRARNCCCTGTTTTGGR A0
TTATTTTCTARRCTATAAMCTCCARBCCARET (¥4

Jed

Figure 2. A. Nucleotide and deduced amino acid sequences of
ERS5. The amino acid sequence of the ER5 protein is noted in one-
letter code below the nucleotide sequence. The start and stop codons
and the putative polyadenylation signal are denoted in bold face.
H8 is the arbitrary primer used in the differential display PCR.
The sequence of the forward primer RT5n-5' and the complemetary
sequence of the reverse primer RT5n-3' used in RT-PCR anaysis
are shown. RT5n-3' was aso used for the 5 RACE to amplify the
full length ER5 cDNA. B. Genomic Southern blot analysis of the
ER5 gene. Tomato genomic DNA (10 pg/lane) was digested with
EcoRlI (E), BamHI (B), and EcoRI+BamHI (B/E). The DNA was
separated onan 0.8% agarosegel, transferred onto anylon membrane
(GeneScreen, DuPont) and probed with ER5 cDNA probe. The
washing was performed under mild-stringency conditions (2x SSC,
0.1% SDS, 60 °C). Size markers (kb) are indicated to the right.
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Figure 3. A. Comparison of the deduced amino acid sequence of ER5 (L. esculentum) with those of Lemmi9 (L. esculentum) [29], Leal4-A
(G. hirsutum) [10], D95-4 (G. max) [23] and pcC27-45 (C. plantagineum) [26] (GenBank U77719, 246654, M88322, U08108, M62990,
respectively). Dashes show gaps introduced to optimise the alignment. Amino acid numbers beside the sequences exclude gaps. Black boxes
show amino acid homology between ER5 and the LEA-like proteins. B. Hydropathic index analysis of the ERS deduced amino acid sequence.
Hydrophobic domains are above the dotted line and the hydrophilic domains below it. The analysis was performed according to Kyte and

Doolittle [17].

Effects of drought stress on ERS5 transcript levels tomato leaves and roots (Figure 4A). Since ER5 was
initially isolated as an ethylene-responsive gene, and

To further understand the regulation of this Lea-like ethylene production is known to be induced by water

gene, weanalysed itsexpressionin responseto drought deficit [1], we investigated the role of ethylenein the
stress. RT-PCR studies showed that after 11 days drought induction of this gene. A potent inhibitor of
of dehydration, ER5 mRNA levels increased in both ethylene action, 1-MCP [27], applied throughout the
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Figure 4. RT-PCR analysis of ER5 and TAS14 expression in
response to drought stress. ER5 (A) and TAS14 (B) mRNA accu-
mulation was analysed by RT-PCR as described in Figure 1, using
total RNA from drought-stressed (D), continuously watered (C) and
droughted 1-MCP-treated (D-+MCP) tomato roots and leaves. For
the ethylene action inhibition experiment, plants were treated with
1 pl/l 1-MCP for 2 h once a day throughout the drought stress.

TAS14»

11 days of drought stress greatly suppressed drought-
induced ERS5 transcript accumulation in roots but not
inleaves (Figure4A). The effectiveness of the drought
treatment in roots and leaves (Figure 4B) was shown
by analysing the expression of TAS14, a drought and
ABA inducible tomato gene[11].

Expression of the ER5 gene in response to ABA
treatment

ERS transcript accumulation in response to exogenous
ABA was examined in tomato roots and leaves. Fig-
ure 5A indicates that the ER5 mRNA level increased
significantly in tomato leaves within 4 h of ABA treat-
ment (100 pM). In contrast, no induction of the ER5
genewas observedin tomatoroots. Aswith thedrought
treatment, the effectiveness of the ABA treatment was
validated by analysing the accumulation of TAS14
MRNA (Figure 5B).

Influence of wounding on the expression of ERS

We also analysed the effect of mechanical wounding
on ERS5 transcript accumulation in tomato roots and
leaves. As shown in Figure 6, ER5 transcripts accu-
mulate within 3 hours of wounding in tomato roots
and leaves. To test whether ethyleneisinvolvedin the
wound-induced expression of the ER5 gene we ana-
lysed its expression in tomato plantstreated with 1 pl/I
of 1-MCP prior to wounding. Figure 6 shows that 1-
MCP wasineffectivein preventing the wound-induced
accumulation of ER5 mRNA, suggesting that ethylene
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Figure 5. RT-PCR analysis of ER5 and TAS14 expression in
responseto 100 M ABA treatment. ER5 (A) and TAS14 (B) mRNA
accumulation was analysed by RT-PCR as previously described (Fig-
ure 1), using total RNA from tomato roots and | eaves either untreated
(C) or treated with ABA for 4 h (ABA).
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Figure 6. RT-PCR analysis of the wound-induced expression of
ERS5. Total RNA from, unwounded (C) wounded (W) and 1-MCP-
treated (W-+M CP) wounded tomato roots and |eaves were subjected
to RT-PCR analysis using ER5 specific primers (see Figure 1). For
the ethylene action inhibition experiment, plants were treated with
1-MCP[27] 2 h prior to wounding.

Roots
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alone cannot account for the wound-induced expres-
sion of ERS.

Discussion

The identification of ethylene-regulated genes is an
important strategy in defining the role of ethylene
in various physiological processes in higher plants.
We have used mRNA differential display to identi-
fy ethylene-regulated genes in tomato. In this paper
we describe the isolation and characterization of ERS5,
a novel ethylene-responsive tomato cDNA. In late
immature green fruit, ERS5 is rapidly and transiently
induced upon ethylenetreatment with asimilar expres-
sion pattern occurring in tomato leaves and roots.
Sequence homology studies indicated that the ER5
cDNA encodes a new member of the atypical hydro-
phobic LEA protein group represented by the cotton
Leal4-A, soybean D95-4, resurrection plant pcC27-45,
and tomato Lemmi9. The ERS5 predicted protein also



displaysamajority of hydrophobic domainssimilar to
those found in the other members of this group. In
recent years many ethylene-induced genes have been
isolated and their expression patterns characterized [5,
21]. ERS is the first Lea-like gene reported to be
ethylene-induced. Southern blot experiments revealed
one major band and at least two weaker bands. This
indicates that the tomato genome contains afew genes
that aredistantly related to ER5 and thetomato Lemmi9
gene may be one of these.

Our data show that, as with many Lea genes [16],
ERS5 is induced by drought stress in both roots and
leaves. Moreover, in tomato roots this drought induc-
tion appears to be mediated by ethylene since the
inhibitor of ethylene action, 1-MCP, efficiently pre-
vents its expression during drought stress. In contrast,
1-MCPfailed to eliminate the drought-induced expres-
sion of ER5 in tomato leaves indicating the existence
of at least two different drought response pathways.
The efficiency of 1-MCP treatment in suppressing
the ethylene-induced ER5 transcript accumulation is
shown in Figure 1. Although it is well known that
ethylene production increases in response to water
deficit [1, 3, 9], its role in the response mechan-
ism is not established. Here we demonstrate for the
first time that drought-induced gene expression can be
mediated by ethylene. However, the expression pattern
obtained during drought might differ from the transi-
ent induction observed upon exogenous ethylene treat-
ment. Our results also show that the drought related
expression of ethylene-responsive genes may involve
other factors beside ethylene. Since exogenous ABA
induced ER5 expressioninleaves, itispossiblethat this
hormone, whoselevelsincreaseduring water stress[7],
isinvolved in the drought induction of the ER5 genein
leaf tissues.

In this paper, we show that ethylene alone can-
not account for the wound-induced expression of this
ethylene-responsiveLea-like gene since the accumula-
tion of ER5 transcript in response to wounding cannot
be suppressed by 1-MCP. While an increase in ethyl-
ene biosynthesis has been associated with the initial
response to mechanical wounding [4, 22] it has aso
been shown that in tomato only 15% of the proteins
which accumulate upon wounding are directly related
to an ethylene response pathway [13]. Evidence exists
for the involvement of ABA in the wound response
[24, 25] and the induction of ER5 by ABA in leaves
(Figure 5) may suggest this phytohormoneis involved
in the wound-regulated expression of this gene.

The function of the ER5 protein, as well as the
mechanism by which this gene is regulated during
various stress conditions remain to be elucidated. The
early and transient induction of the ER5 gene by ethyl-
ene may, however, suggest a regulatory role for its
encoded protein. Moreover, based on the dominant
hydrophobic character of the predicted polypeptide it
islikely that ER5 and other related LEA-like proteins
play a different role to the large group of hydrophilic
LEA proteins.

In conclusionour resultsindicatethat, beside ABA,
ethylene participates in gene induction during drought
stress. Furthermore, the ethyleneresponsivenessof this
tomato Lea-like gene raises the possibility that this
hormonemay beinvolvedintheregulationof other Lea
genes. Deletion analysisof the ER5 gene promoter may
reveal differentially activated ciselements necessary to
explainthe complex pattern of expressionshowninthis
study.
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