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Abstract While searching for genes expressed in acid
lemon but not in acidless lime pulp, we isolated clone
Cl111 which showed the following expression phenotypes:
(1) while it was expressed in the ovaries in both varieties,
its mRNA was detected only in the pulp of the acid fruit,
(2) no or very low expression of the gene was detected in
vegetative organs. These expression patterns suggested that
Cl111 is an ovary- and pulp-specific gene. The ability of
~2-kb fragments upstream of the transcription start site of
the lemon and lime genes to confer reporter-gene activity
was investigated by transient expression in isolated juice
vesicles of both varieties. Whereas CI//1 promoter from
lemon showed faint activity in lemon and lime juice
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vesicles, no activity was evident with the lime promoter.
The activities of the 2-kb fragments and their delimited
fragments were further investigated in tomato. The results
indicated that the promoters were active in a manner
similar to that in acid lemon and acidless lime: the lemon
promoter generated activity in the fruit endocarp, analo-
gous to citrus fruit pulp. The delimitation analyses identi-
fied an expression-conferring region which, in the lemon
promoter, contained a sequence homologous to a fruit-
specific element of the melon cucumisin gene. Another
region, which reduced promoter activity, contained an
I-Box-like sequence, identified as a fruit-specific negative
element. Taken together, Cl111 promoter was confirmed to
be pulp- and flower-specific. Differences in the expression
of Cl111 between the two varieties could be attributable to
changes in the gene promoter region.

Keywords Citrus - Fruit - Promoter - Pulp

Introduction

The precise control of transgene activity is of paramount
importance in any plant gene-modification strategy. The
promoters that drive transgene expression are key elements
in controlling gene transcription. Over the years, a wide
range of promoters of plant, viral and bacterial origin has
been used to drive trangene expression in plant cells. Some
promoters are constitutive, while others respond to differ-
ent stimuli, such as environmental signals, biotic and
abiotic stresses, plant growth regulators, etc. (reviewed in
Potenza et al. 2004). Transgene expression can be benefi-
cially adjusted by using promoters that are suitable for the
plant’s background and for the type of transgene. More-
over, spatial (specific expression at the organ, tissue and
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cell levels) and temporal (developmental stage) expression
of the transgene can minimize potential adverse effects
(Potenza et al. 2004). The use of computational approaches
to identify promoters in plant genomes is expected to fur-
ther enhance the number of new promoters from different
species (Rombauts et al. 2003).

To date, a number of fruit-specific promoters have been
isolated, most of them belonging to ripening-related tomato
genes. The E4 and ES8 genes are coordinately regulated by
ethylene during fruit ripening (Karaaslan and Hrazdina
2010; Kneissl and Deikman 1996; Xu et al. 1996); their 5’
UTRs contain specific sequences which confer the ethylene
response, in addition to other sequences responsive to fruit-
development signals. The promoter of the tomato fruit-
specific gene 2AI1l includes strong positive regulatory
elements which confer the gene’s expression in the fruit
and a strong negative regulatory element that inhibits its
expression in the leaf (Vanhaaren and Houck 1991, 1993).
Additional tomato fruit-specific promoters include that of
the polygalacturonase gene (PG), which plays a role in
cell-wall degradation during fruit ripening, the promoter of
the T-proline-rich protein F1, which is specifically
expressed in the ovary and young fruit, and the promoter of
ACC synthase (Carmi et al. 2003; Fraser et al. 2002; Lau
et al. 2009; Lin et al. 2007). Fruit-specific promoters have
also been isolated from plant species other than tomato,
such as that of the ripening-upregulated gene ACC-oxidase
from apple and peach, that of Expansin from sour cherry,
and the promoter of PG from apple (Atkinson et al. 1998;
Rasori et al. 2003). Fruit specificity might be combined
with other elements, which confer expression under
specific conditions or timing. For instance, the above
promoters may contain both ripening (ethylene)- and fruit-
specific responsive regions; expression of the Ga/UR gene
from strawberry, involved in vitamin C biosynthesis, is
restricted to the fruit in a light-dependent manner, and thus
its promoter has been shown to contain a few known light-
responsive elements (Agius et al. 2005). Interestingly,
ethylene-responsive elements are not restricted to promot-
ers of genes related to the ripening of climacteric fruits,
since they are also present in the promoters of the carot-
enoid-accumulation genes capsanthin/capsorubin synthase
and fibrillin from pepper, a non-climacteric fruit (Kuntz
et al. 1998).

The above-mentioned studies suggest the presence of
fruit-specific cis-acting elements. Indeed, the promoter of
the cucumisin gene from melon contains a region with a
fruit-specific enhancer element adjacent to a G-Box, and an
I-Box-like sequence, which probably acts as a negative
regulatory element (Yamagata et al. 2002). Different fruit-
specific cis-acting elements are present in the promoters of
the ADP-glucose pyrophospohorylase gene from melon
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and in metalothionein from oil palm, where they probably
act as negative elements and block expression of the genes
in other tissues (Omidvar et al. 2010; Yin et al. 2009). In
citrus, three promoters have been reported, but none of
them is fruit-specific: (1) the glutathione peroxidase (Gpx1)
promoter, which confers expression in vegetative tissues
and cultured cells of tobacco plants, in particular upon salt,
osmotic and oxidative stress (Avsian-Kretchmer et al.
2004), (2) the phenylalanine ammonia-lyase (Pal) pro-
moter which confers expression in xylem tissues of tobacco
and petioles of tobacco and citrus plants (de Azevedo et al.
2006), and (3) a type-3 metallothionein-like gene promoter
which confers high transient expression in embryonic
suspension calli and juice sacs, and low transient expres-
sion in young leaves (Endo et al. 2007). This promoter is
also active in Arabidopsis seedlings, leaves, flowers, sili-
ques and seeds.

As part of research aimed at studying citrus fruit acidity,
we isolated a cDNA clone (Cl]11) that is highly expressed
in the pulp of acid lemon [Citrus limon (L.) Burm cv.
Eureka] but shows no apparent expression in the pulp of
acidless lime (C. limettioides Tan.). The clone encodes a
protein of unknown function. Expression analyses of Cl111
in the two varieties suggested that it is ovary- and pulp-
specific. In the present study, we focus on the isolation and
functional analysis of CI/11 promoter from the two vari-
eties. A fragment of about 2 kb upstream of the tran-
scription start site showed regions of varied homology
between the two citrus varieties. While fused to a reporter
gene, uidA, Cl111 promoter from lemon, but not from lime,
showed activity in lemon and lime juice sacs. Stable
transformation in tomato confirmed that these regions show
activity similar to that observed for CI//1] expression in
citrus. Delimitation analysis identified a region conferring
expression. In this region, the lemon promoter contained
a sequence homologous to a fruit-specific positive element
of the cucumisin gene from melon. Another sequence,
homologous to the cucumisin fruit-negative I-Box element
was identified in a region, which reduced the activity of the
promoters.

Materials and methods
Plant material

Different organs and fruits from acid lemon [Citrus limon
(L.) Burm cv. Eureka] and acidless lime (C. limettioides
Tan.) were collected from trees located in the central-
coastal region of Israel, or from tomato seedlings and trees
grown in pots in net houses (25-mesh transparent net)
under natural environmental conditions.
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Northern analysis and isolation of Cl111

RNA from different tissues of citrus was extracted using
a phenol—chloroform method that was slightly modified
as a function of the source tissue. With juice sacs and
fruit peel, the extraction was performed essentially as
described previously (Sadka et al. 2000). With other
organs—flowers, ovaries, roots, stems, leaves and flush-
ing leaves, the extraction was performed as described by
Shlizerman et al. (2007). Northern blot analysis was
carried out using a [0 >P]JdCTP-radiolabeled probe for the
full-length cDNA of CIl/1] from lemon. The membranes
were scanned with a Fujifilm BAS-1500 Phosphoimager
(Fuji Photo Film Co., Tokyo, Japan). The probe was then
stripped by washing with a solution containing 0.1x SSC
and 0.1% (w/v) SDS for 15 min at 95°C, and the
membrane was rehybridized with [oc32P]dCTP—radiola—
beled probe for 18S RNA.

Enrichment of poly-A-mRNA from total RNA was
performed using a PolyATrack mRNA Isolation System
(Promega, Madison, WI, USA) according to the manu-
facturer’s instructions. The mRNA was used for the
construction of a cDNA subtraction library using PCR-
Select cDNA Subtraction kit (Clontech, Mountain View,
CA, USA) according to the manufacturer’s instructions.
Acid lemon cDNA served as the tester while acidless
lime cDNA served as the driver. When the final PCR
products were separated by agarose gel, seven distinct
bands could be detected (not shown). The bands were
cloned separately into pGEM-T (Promega). The insert of
each clone was used as a probe in a northern blot
analysis in which RNA from the juice sacs of acid lemon
was compared to that from acidless lime. Transcript
levels of Cl111 displayed the most pronounced difference
between the two citrus varieties. Isolation of the complete
transcript was performed by 5-RACE using CapFishing
Full-Length cDNA Premix kit (Seegene, Rockville, MA,
USA).

Isolation of promoter sequences of CI111

DNA was extracted from lemon or lime leaves using a
previously described method (Sadka et al. 2000). Based on
the sequence of ClI11, reverse primer (5-GGATCCC
ACTTGCTAAGTTGTTTCT-3') and reverse nested primer
(5'-CTGGTTCTAAATCCATGGAGGCATA-3) were
designed for the isolation of CI111] promoter sequence using
Genome Walking by the Unpredictable Primed PCR tech-
nique described previously (Dominguez and Lopezlarrea
1994). Further upstream sequences were isolated using the
Universal Genome Walker kit (Clontech) according to the
manufacturer’s instructions, using reverse primers designed
based on the isolated sequence. Isolated fragments were
cloned separately into pGEM-T Easy vector (Promega),
sequenced and assembled into one sequence of about 1.8 kb
in length. Sequences upstream of the transcription start site
of Cl111 from acid lime were isolated and cloned according
to the strategy used for promoter isolation from lemon. The
longest fragments from lemon and lime were isolated by
PCR from genomic DNA primer-adapter containing a Cfr91
restriction site. The fragments were digested with Cfr91 and
cloned into the Smal site in pGPTV (Becker et al. 1992) in
front of the uidA gene.

Construction of expression vectors with Cl11]
promoter fragments

Sequence-specific primers containing Xbal and Cfi91
restriction sites were used to generate delimited promoter
fragments by PCR (Table 1). The amplified sequences
were then cloned into pGEM-T Easy vector and further
into pGPTV in front of the uidA gene, as described above.
Fragments were designated as follows: LepC1 (containing
lemon ClI11 promoter, —1,770 to +30 bp) and LipCl
(containing lime CI/1I1 promoter, —1,771 to +30 bp),
LepC2 (containing lemon CI/I11 promoter, —1,229 to
430 bp) and LipC2 (containing lime CI/1] promoter,

Table 1 Primers used for the

Sequence (5’ to 3')

cloning of delimited fragments. Primer

Li? acidless lime primers, Le, Lel770 (F)

acid lemon primers. All primers .

marked with F are forward Lil771 (F)

primers. Cfr is the reverse Lil583 (F)

primer used for all constructs Lel229 (F)
Le954/Li1262 (F)
Le832 (F)
Li1034 (F)

Le525/Li 738 (F)
Le324/Li323 (F)
Cfr (R)

TGTCTAGTTCTCTCATCTCTCCCACAACACT
TGTCTAGAGCTTGTACGTTCACGTGTGTAT
TGTCTAGAGTATTGCAGCCTTGTAGGTT
TGTCTAGAGTTATATTACATCAGACATC
TGTCTAGAATGATTTGCAGATGCACTATA
TGTCTAGACTTGATATTTAATCTTATTTTAAC
TGTCTAGATTTAATCTTCTTTAAACGAT
TGTCTAGAATCTTGAACATTATACTTTAC
TGTCTAGAATGAAATATCTTCTATGTGGC
GACCCGGGCATTTTTTTCTATTTCATTCTTTCA
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—1,583 to +30 bp), LepC3 (containing lemon CII11 pro-
moter, —954 to 430 bp) and LipC3 (containing lime CI111
promoter, —1,262 to +30 bp), LepC4 (containing lemon
Cl111 promoter, —832 to +30 bp) and LipC4 (containing
lime CI111 promoter, —1,034 to 430 bp), LepC5 (con-
taining lemon CI/11 promoter, —525 to +30 bp) and
LipC5 (containing lime CI711 promoter, —738 to +30 bp),
LepC6 (containing lemon CIlI1] promoter, —324
to +30 bp) and LipC6 (containing lime CI/1] promoter,
—323 to 430 bp).

Transient expression assay in isolated juice sacs
by particle bombardment

Juice sacs from green mature fruits of acid lemon and
acidless lime were subjected to particle bombardment
with vector plasmids containing the longest promoter
fragment, LepCl and LipCl, essentially as described,
with modifications (Endo et al. 2007). Juice sacs were
detached and placed separately on MS medium contain-
ing 0.2% Gelrite (Serva, Germany) in a Petri dish. Par-
ticle bombardment was carried on using the PDS-1000/
He Particle Delivery System (Bio-Rad Laboratories,
Richmond, CA, USA) according to the manufacturer’s
instructions. The transformation efficiency was estimated
by co-transformation of a control plasmid containing the
gfp gene under the control of the CaMV 35S promoter.
Gold particles (1.0 mm in diameter, 500 mg) were coated
with 0.8 mg of the respective plasmids and control
plasmid, and a helium pressure of 7.6 MPa was
employed. The target distance between the stop screen
and the Petri dish was set to 6 cm. Following bom-
bardment, the juice sacs were kept at 25°C for at least
24 h under dark conditions. GFP was detected with an
MZ FL III fluorescence stereomicroscope (Leica, Milton
Keynes, UK) fitted with a filter set (Leica GFP-Plus).
Following the detection of GFP expression, the bom-
barded tissues were subjected to histochemical staining of
GUS activity for a few days using the X-Gluc method, as
described below.

Plant transformation, regeneration, and growth

Constructs’ transformation into Agrobacterium tumefac-
iens, strain EHA105, was carried out essentially as
described by Hood et al. (1993). Tomato (Solanum lyco-
spersicon cv. MP1) cotyledons were transformed following
the method of McCormic (1991). Regenerated tomato
plants were transferred to pots containing commercial soil
(Shaham, Givaat Ada, Israel) and grown in a greenhouse
under a constant temperature of 24-25°C and natural light
conditions. Positive transgenic plantlets were confirmed by
PCR analysis and then subjected to GUS staining.
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GUS activity assay

GUS staining was carried out using the X-Gluc method
(Kosugi et al. 1990), with some modifications. Tissue
segments were incubated in a solution containing 1 mg/ml
of 5-bromo-4-chloro-3-indolyl p-o6-glucuronide, 50 mM
sodium phosphate buffer pH 7 and 20% (v/v) methanol,
followed by 5 min incubation under vacuum, and 2 h
incubation in the dark at 37°C.

Results

Cl111 isolation and its expression patterns in acid
lemon and acidless lime

In a search for genes playing a role in the regulation of citrus
fruit juice acidity, a cDNA subtraction library was con-
structed from the pulp of acid lemon fruit, characterized by
the accumulation of about 0.3 M citric acid. cDNAs common
to those present in the pulp of acidless lime fruit (which
accumulates less than 0.01 M citric acid) were subtracted.
The taxonomic relationship between these two varieties is
discussed elsewhere (Sadka et al. 2001). The mRNA for one
of the isolated clones, CI111, displayed high and relatively
constant expression in the pulp of the acid fruit throughout
fruit development, but was below detection levels in the pulp
of acidless lime (Fig. 1a). Cl111 expression was analyzed in
vegetative and reproductive organs (Fig. 1b—d). While rela-
tively high mRNA levels were detected in the juice sacs of
10- to 20-mm diameter acid lemons (Fig. 1b, left panel), it
was below detection level in the outer (flavedo) and inner
(albedo) peels of these fruits (Fig. 1b, left panel) and 40-mm
fruits (Fig. 1b, middle panel). Similarly, flavedo and albedo
fractions obtained from 20-mm diameter acidless lime fruits
did not show the mRNA for CIl/1] (Fig. 1b, right panel).
These results clearly showed that C//71/ mRNA accumulates
mostly in the juice sacs of the acid fruits. Citrus fruits develop
from the ovary, and juice-sac primordia bud from the ovary
wall even before fertilization. Therefore, the mRNA level of
Cl111 was analyzed in the ovaries of closed and open flowers
of acid lemon. While low levels of the mRNA could be
detected in the whole flower, very high levels were detected in
the ovary of the closed flowers (Fig. 1c, left panel). Following
anthesis, a remarkable reduction in transcript level was
detected (Fig. 1c, left panel). In the ovaries of the acidless
variety, the mRNA level was lower than in the acid line, but
showed similar post-anthesis reduction (Fig. 1c, right panel).
The expression of Cl111 was also investigated in leaves, roots
and green branches of the two varieties: mRNA was below
detection levels in both the acid lemon (Fig. 1d, left panel)
and acidless lime (Fig. 1d, middle panel). Some expression
was detected in flushing leaves (smaller than 1 mm) from
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Fig. 1 mRNA levels of Cl/1] in acid lemon and acidless lime.
Northern analyses were performed using RNA from different tissues:
a Juice sac cells at various developmental stages, as indicated by fruit
diameter. b Fruit peel tissues, flavedo (F) and albedo (A), in
comparison to juice sacs (JS). ¢ Flowers and ovaries of closed flowers
(CF) and open flowers (OF). d Vegetative organs: leaves, roots, green

both varieties, with the acidless lime displaying higher tran-
script levels than the acid lemon (Fig. 1d, right panel). The
expression patterns of Cl/11 are summarized in Fig. le. The
transcript levels were relatively high in the ovaries of closed
flowers, and were remarkably reduced post-anthesis. They
were re-induced in the juice sacs of the acid lemon but not in
those of the acidless lime. Both varieties displayed some
expression in flushing leaves. In most vegetative organs, the
mRNA was below detection levels, or displayed only a very
low signal.

Sequences of the regions upstream of the transcription
start sites of C//71 from acid lemon and acidless lime

The transcription start site of CI//] was determined by
cloning the full transcript with 5‘RACE PCR using Cap
Fishing technology. Fragments of about 1.8 kb upstream
of the transcription start site of ClI1] were isolated from
acid lemon (LepCl) and acidless lime (LipCl) and

branches, young (Y) leaves, mature (M) leaves, roots and flushing
leaves (FL). e Summary of the expression profile of Cl/1] in acid
lemon and acidless lime. Samples in b, ¢ and d were separated on one
gel. Following hybridization with ClI111 cDNA as the probe (upper
panels), probes were stripped away and the membranes were
rehybridized with 18S rRNA probe

sequenced (Fig. 2). The two sequences contained a
TATA-box and a C-rich region about 50 bp upstream of
the putative transcription start site, in addition to a —CAT
box at approx. position —170 bp. The two sequences
could be divided into four regions according to their
similarity. The first region, which included the 5-UTR
and about 300 bp upstream of the transcription start site,
contained nearly identical sequences. The second region,
—303 to —462 (160 bp) in lemon and —304 to —675
(372 bp) in lime, contained sequences with no apparent
similarity. The third region, —463 to —1,235 (773 bp) in
lemon and —676 to —1,559 (884 bp) in lime, contained
sequences with about 70-80% identity between the two
varieties. The fourth region, —1,236 to —1,831 bp
(596 bp) in lemon and —1,560 to —1,816 (257 bp) in
lime, contained regions with no apparent similarity.
Overall, in comparison to the lime sequence and based on
homologous regions, the lemon sequence contained
internal deletions amounting to about 320 bp.
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Fig. 2 Sequence compartson Lemon ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAAATAAATTTTTATTAACATTAGT -1772
between the promoter regions of lime e
Cl111 from acid lemon and
acidless lime. About 1,800 bp
.. Lemon TATAAAAGAATTTTTGAGACTAAAATACTATTTTCTCTCATCTCTCCCACAACACTCTAT -1712
upstream of the transcription lime e
start site of C//11 from acid
lemon and acidless lime were
Lemon TTCACCAATCTCTCCTAAATCGAACAAACTCCCATCATCGGCGGTAACATCAGCCCTTGT -1652
sequenced and compared. lime LI I I
Asterisks indicate identical
nucleotides. Putative TATA and
CAT boxes are underlined e e —
Lemon TTCATTAATACATAGTGGTATGAGTTATTTTTTGAACTTCTTCGAGAGTTTCAGTGAACT -1532
lime = s oo
Lemon GCAAGTTCAGAAAATAACTTATACCACTATGTGATGTCGATTAGTGTTAGATCCAGATAT -1472
lime 0 mmmmmmm e ATGCTCCACG-CGTTGGGAGCTCTCCCATATGGTCGA -1781
* % * **  x *  * * % *
Lemon ATTATGATCGAATTTTACTTTTATCGTTGCCTTTTGTCGTCGTCGTTAGTTGATGATTCA -1412
lime CCTGCGGGCGGCCGCGAATTCACTAGTGATAGCTTGTA-———— CGTTCACGTGTGTATCA -1726
* * * x * kK * kK * Kk kK * Kk kK * K * kK
Lemon AGAGTGGAAAGCTGCATT--TAGTTTGACGAAATGAGAGAACGAAAGTTGCTTT-TAGTT -1355
lime GAAGAGAAGTTACGTTTTCGTGACGTGAGGAACAGAGATAATGTAAGCTAAGCTGTAGCC -1666
Kk Kk Kk * * % * *kk Kk kk *kkkk Kkk Kk Kkkk Kx * Kk kk
Lemon TGTAAAGAAAGGTAATTTAGGAAAAAAAATGTGTATTTGGCTAATATTAATARAAAAAGT -1295
lime ACTTGTCTAGATTCAACTAGCGAAGAGCATG-GAACCATTCTCGAATCTGTATGAATAGC -1607
* * * ok * Kk k * Kk ok * Kk Kk x  k * % * % * % **k Kk k
Lemon TGAGATGATTAATTATGAAAATAACAAAAATTTTATGATTATTTTTATAAATTTCCCGCA -1235
lime AGTCCCCCTTCAT----— AGACGACGG----TCCATAGAAA---AAAGACTTTGCCTGTA -1559
* * Kk Kk x * K * * * * * * * K *k *xKk *x K
Lemon ATAAAAAGTATTGCAGCCTTGTAGGTTCATGTATA—=———=————~ TGTTATATTACAT -1187
lime ATAAAA-GTATTGCAGCCTTGTAGGTTCATGTATAATTAATTGTATATGTTATATTACAT -1500
AR E RS SRS S S S S SRR SRR SRR SRS R SRR EES KhkKhkKkkhk Kk KKk KKKk
Lemon CAGACATCACATAGAATAATAAAATACATACAAAGTCCGGACTTTGCTGAATATACGTAG -1127
lime CAGACATCACATAGAATAATAA-————~— TACAAAGTCCGGACTTTGCTGAATATACGTAC -1446
Kok ok ok ok ok ok ok ok ok kokokkkkokkkokkk Khkkhkhkhkkhkhkkhkrhkkhkhkhkkhkhkhkhkhkhkhkkhkhxhkkxkkx
Lemon ACAAGAAACTTCATCTTAATTTACGTCGACGGAATTATTAACTTAATTAAGAGAATGATA -1067
lime ACAAGAAACTTCATCTTAATTTACGTCGACGGAATTATTAACT-—~--TAAGAGAATGATG -1390
Khkhkhkhkhkhkhkhkhhkhkhhhkhhhhhkhhkrhkhhkrhkhhkhkhkhrkkhkhxkkhhxx kkkhkhkhkhkhkkhhkkk
Lemon AAATTAGCTTCCACAAGACAGGTATAAAATACGTGCACAAGAA-———— GTTCCCTGAA-- -1014
lime AAATTTGCTTCCACAACACAAGTATAAAATATGTGCACAAGAATTGAAGTTCGCTGARAC -1330
hhkhkkhkk KhhkhAkhkkhkhAkhkkhhkk K hkk K hkhkkhkrAkhkkhkhhk *AhkdkrAxrxkkdxkkx kkkk KKKk *k
Lemon ~  ————————= TGTATTGTAATTGATGCCTAATTCATAAACAACAAAGACTCCAAAGGACAA -963
lime TTACCTCAATGTATTGTAATTGATGCCTAATTCATAAACGA---AGACTCCARAGGACAA -1273
ERE RS EE S S E SRR EEEEEREEEEEEEEEEE S *kkkkkkokkkkkkkkk
Lemon AATTTGTTCCTACAACTTATTCAGAAAAAAAAAA--CTTCAATGATTTGCAGATGCACTG -905
lime AATTTGTTCCTACAACTTATTCAGAAAAAAAAAAAACTTAAATGATTTGCAGATGCACTA -1213
dhkhkkhkhkhkhkhkhkhkhkhkhhkhhkkhkrhkhhkrkhkhkhkhhkxkhkxx *hkkhk khkkhkxkhkkhkkkkkhkkhkkkkkkxkk
Lemon TAA-—— === —m e m o ACATGAC--—————————— -895
lime TAACATGGCTAATTGTTATAAAGGGCATAAATCCACCGATCACGTGATACCTTGTACTTT -1153
* ok Kk * Kk Kk Kk
Lemon e TATTT----GAAATTTATAARAGTATA -873
lime TATGAAATATACATTAATTTTTTTTCCTTTACAGTATTTACCAGAAATTTATAAAGTATA -1093
* kK ok k Kkhkkhkkkkkkkkkkkkkxk
Lemon TCACTTTTTAACTTTTTCATTAACATGATTAAGAGATTTAACATAATATTCACAAAACGA -813
lime TCACTTTTTTACCTTTTCATTAACATCCTTAAAAGATTTAACATAATATTCACAAAACAT -1033
Ak hkKhkAkhkkhkk Khk KAk kkrAkkkkhkkkx Khkkhkk KAKRAAKAAAKAAAAAAAKAA KA A KKK KK
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Fig. 2 continued Lemon
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TTATTTTTCTTCTTGAT-——-—-——————— ATTTAATCTTATTTTAACAATTAAAAAAAAAG
CTATTTTTCTTCTGGATGTAAAAAGGATATTTAATCTTCTTTAAACGAT----AAAAAAG
Hokk ok Kk ok Kk k Kk k Kk K Kkkkkkkkkk Kkk kkk Kk ok kK Kk

ATTTCATTTTGTAGTTGTTGGGATTAATAACCATTATAAAACTAACCATGTAAACTCATT
ATTTCATCTTGCAGTTGTTGGGATTAATAATAATTACAAAATTATCTATAAAAACTCATC

KAK KA KK KAk KK KAKKAKKKA KKK kA KKK KAKK kAKX Kk K KKk Kk KKKk kK

AAATTGCGTATATAAAATCATAAAATTACCAAAATAAGCACTCTAGCTAATTTGTACCTT
AAATTACGTATATAAAATCATAAAATTACCAAAAGAAGCACTCTAACTAATTTGTAGCTT

hkkkk kkhkkkhkkkhkkkhkhkhkhkkhhkkhkhkkkk Hhhkkhkhkhhkk Hhhkkkhkkhkrkk *kk

ATTTACAATATAAATCAAGAATCTATACACGTATAATTTATCTTAAATAAAATGTTTTTG
ATTTACAACATAAATCAAGAACTCATGCTCATATAATTCATCTTAAATGACACGTCTTTG

Kk khkkk kK KKk kKkhkKkkkkKk Kk ok Kk kkkkkkk Khkrkkhkkkhkk Kk Kk Kk Khkkk

TCAACAGTAACAAACTTCAACAGCAATAG-CATAAATGATCATAGTTATCTAAAATGCAT
TCAACAGTAACAAACTTCAACAGCAATAAATAGAAATTATCATAGTT-TCTAAAATGCAT

B R K kkKkk KAKKKKKKK AKkKKKAKKKK KA

TCGAAATAATAATAAAACTATTTATGAGAAATCTTGAACATTATATTTTACTTTCATCAA
TCGAAATAATCATAAAATCATTTATGAGAAATCTTGAACATTATACTTTACTTCCATCAA

*khkkkhkkkkhkkhkk kkkkkk Khkhkkkhkhkhkhkhkkhkhkhkhkhkhkkhkhkrhkhkhkhkhkhkhkkhk *hxhkkkhkxx Kkkhkdxxxk
TATTAGA-————————————=—-- GTTTTTTTTATTTAATTAAAGTAATATTA--—---—
TAAAAAAATAATAGTATAAAACTAGTTATTCCCATCAATCCAAAATAATAATACATTCTG
* * *  * * Kk ok Kkx * * * *hkk Kkhkkkk KKk
————————————————————————————— ACTTATTTTTATTTA----------AATTTT
GAAGCATTGAAAATAATAATCAATGAATAATCTTTTTATATTTAGGGATAAAATAATTAT
* * kkk KrxKkk kK * Kk kk K
B TAAAAAATAATATATA
TTTTTAACATGCTGTTAACCCTCTAATGGTGCTAATTAAAAAAATAAAAACTAATAAATT
* Kk kK Khkxkhkkk hrxkkkx Kkx
TTTCCATCTTCT——————— === === === ———— TTTTGTATCACA
TTATAAACTTCACATGAAAAGCTGTAAAATAAAAAAATTTTAATATAATTTTATAAAATA
* % * ok kkok Kk kk  kKk * ok

TAAAGTATTAGATGATAATACAAAGACAGTAATTATAATGGAGGTTGCTTCACTATAAAT

* kK * kk  kx Kk * x * Kk x Kk * ok k ok ok * Kk kK K

———————————————— ATCTTTTTGA-—---=-=========GATGTT-~~--—-=-———

TACAAATTTAATATTTATTTCTATAATTATACAGTCGTTAATAATGCTGCATCGTAAAAC
*k * *x Kk * * ok k ok

—————————— CGATTAGATTTTA--ATGAAATATCTTCTATGTGGCTCCAATAGAGTAAT
AGTTCTAACATGGTTAGATTCTAGTATGAAATATCTTCTATGTGGCTCCAATAGAGTAAT

k kkkkkkKk Kk Kkkkkhkhkkhkkhkhkhhkhhkhkkhkhkhkkkhkrkkk kK *k

GACAGCCACCCTTCCGGAGAAAAAGGCCGAGAGCGGACGATTCGAATCTTGACATCGTGT
GACAGCCACCCTTCCGGAGAAAAAGGCAGAGAGCGGACGATTCGAATCTTGACATCTTGT

B R I T

TGGCGACTGGAGTAGGGGACGTGTAACAATGTCATCAACTCGTCAAACCAAACTCTCATT
TGGCGACGGGAGTAGGGGACGTGTAACAATGTCATCAACTCGTCAAACCAAACTTTCATT

L S

AAATAAATTAATTACATGGTAGTTTTGATGCCTTAAAGTCTTTGTGGTAAGTAGGAACTA
AAATCAATTAATTACATGGTAGTTTTGATGCCTTAAAGTCTTTGTGGTAAGTAGGAACTA

hkkk kkkkkkhkkkkkkkkhkkkhkkkhkkkkkkkkkhkkkkkkkkkkkhkkkkkkkkkkkkk

CCTACCAACTCTTCCCCCCATGTTTTATAAGAACAATAAGAACAGCATGCGCCAGTGTTG
CCAACCAACTCTTCCCCC-ATATTTTATAAGAAGAATAAGAACAGCATGCGCCAGTGTTG
hkk kkkkkhkhkkhkhkkhkhkhkkhk hk khkkhkkhkhkhkkhkhhkk *hhkhkkhkhkhhkhhkhkhkhkhhkkhkhkhhkkkhkkkkxxk
+1
CTCTTCTTACTTCTGCTTAAAATCTGAAAGAATGAAATAGAAAAAAATG 30
CTCTTCTTACTTCTGCTTAAAATCTGAAAGAATGAAATAGAAAAAAATG 30

E R R

-768
=977

=704
-917

-644
-857

-584
-797

-525
=737

-465
-678

-429
-618

-408
-558

-387
-498

-363
-438

-387

-307
-318

-259
-258

-199
-198

-139
-138

=79
-78

-19
-19

Activity analysis of the promoters by transient

expression in isolated juice sacs

The ability of the full-length promoter fragments from
lemon and lime, LepC1 and LipCl, to confer gene activity
was investigated by fusing them to the reporter gene uidA

followed by transient transformation into isolated juice
vesicles of lemon and lime. The efficiency of the trans-
formation was assessed by co-transformation with a con-

struct containing 35S promoter fused to gfp. Typical results
of the transformations are shown in Fig. 3. As expected,
GFP fluorescence was detected in both lemon and lime
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Fig.3 Promoter activity in acidless lime (a, b) and acid lemon
(c, d) juice sacs by transient expression analysis using lemon
promoter (LepCl, a, ¢) and lime promoter (LipC1, b, d). GUS-stained

juice sacs (Fig.3 al, bl, cl and dl). Following a few days
of incubation, relatively faint GUS spots were detected in
lemon and lime juice sacs transformed with LepCl
(Fig. 3a, c), but not with LipC1 (Fig. 3b, d).

Functional analysis of CI//] promoter in tomato
flower organs

Regardless of the faint GUS staining detected in trans-
formed juice sacs, the above results suggested that the
cloned lemon fragment contains active promoter, and the
varied expression of Cl]11 between the pulps of lemon and
lime (Fig. 1a) might be due to sequence differences in the
two promoters, or to a missing trans-acting factor in lime
juice sac cells. Due to inefficient transient transformation
of the juice sacs, and because of the complexity of stable
transformation in citrus and the long juvenile period of the
transformants, the activities of the above constructs and
their delimited fragments were examined in tomato which,
as discussed below, has been shown to be a promising
system to analyze fruit-specific and other promoters from
various species. Therefore, we constructed a series of
promoter deletions fused to the uidA gene and transformed
them into tomato. To compare the lime and lemon pro-
moters, the design of the delimitation was based on the
sequence homology between them. Most constructs gen-
erated 8-10 independent transgenic lines, which were
analyzed by GUS staining. The results of all transformed

@ Springer

spots are magnified in a and ¢. GFP fluorescence can be observed on
each juice sac (al, bl, cl and d1) by bombardment with the control
plasmid (CaMV 35S-GFP)

lines are presented in Supplementary Presentation (SP),
while Figs. 4, 5, and 6 present the results of three repre-
sentative lines. The description of the results, given below,
is for all transformed lines.

Most of the lines transformed with the full-length
promoter fragment from lemon (LepCl) displayed rela-
tively strong GUS activity in the ovaries, as well as in the
anthers (Fig. 4 and SP). In the ovaries, staining was
detected in the walls, as well as in the inner parts,
including the ovules. In the anthers, GUS activity was
detected in the inner part, including the tapetum and
pollen grains. In contrast to the lemon fragment, lines
transformed with the full-length promoter of the acidless
lime (LipCl) showed faint or no GUS activity in the
ovaries and anthers. Control plants, as well as plants
transformed with the smallest promoter fragments of both
varieties (LepC6 and LipC6) did not display any GUS
staining in the flower organs. Addition of 200 upstream
bases to the lemon promoter (LepC5) generated faint
staining in five lines, while two lines showed no staining.
No GUS activity was detected in most of the lines
transformed with the parallel fragment from lime (LipC5).
A further increase in the length of the lemon promoter
(LepC4) resulted in a significant increase in GUS activity
in most transformed lines, while most of the lines trans-
formed with LipC4 did not show any GUS staining. The
lemon fragment containing an additional 120 bp of the
upstream sequence (LepC3) generated GUS activity in
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Fig. 4 Cl111 promoter of from acid lemon and acidless lime is active
in tomato flowers. GUS staining of flowers was performed in tomato
lines transformed with the acid lemon, acidless lime or control
construct, as indicated. The positions of the lemon and lime promoter

both tissues that was comparable to that of the full-length
promoter in most transformed lines. The parallel fragment
from lime (LipC3) generated no or faint GUS activity in
the transformed lines. The addition of a further 300 bp of
upstream sequence to the lemon promoter (LepC2) gen-
erated a significant reduction in GUS activity, i.e., the
GUS staining of most lines was reduced to a faint or very
faint level in the ovary and anther (Fig. 4), whereas most
transformed lines containing the parallel lime fragment
(LipC2) showed no GUS activity.

Variable GUS activity was detected in flower stigmas of
about half of the lines transformed with the lemon full-
length promoter (LepCl). The same activity emerged in
plants transformed with delimited fragments LepC5 to
LepC2. No similar staining appeared in lines transformed
with the lime full-length promoter (LipC1). However, two
lines in plants transformed with LipC2 and LipC3 showed
very faint GUS activity in their stigmas.

fragments are marked by numbers, and they are similar to those in
Fig. 2. Minus and plus signs mark the position of the nucleotide
relative to the putative transcription start site. The number in each
photograph represents the number of the presented line

Functional analysis of CI//1 promoter in tomato fruit
and vegetative organs

In most of the lines, transformed with either the lemon or
lime promoters or their delimited fragments, variable GUS
staining was detected in the seed coat (Fig. 5, seed). In
some cases, staining was also evident in the vascular
bundles (Fig. 5 and SP). However, variable staining of
these tissues was also evident in the control plants, sug-
gesting non-specific staining of the seed coat and fruit
transport system.

The full-length fragment from lemon (LepC1) generated
staining of a single cell layer in the endocarp in most of the
lines (Fig. 5, marked by arrows) which, as explained in the
“Discussion”, is analogous to the pulp in citrus fruit. GUS
activity in the endocarp appeared to be unique to the lemon
promoter, as none of the lines transformed with the lime
full-length promoter (LipCl) or its delimited fragments
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Fig. 5 Cl111 promoter from acid lemon and acidless lime is active in
green tomato fruit. GUS staining of green fruits of about 1 cm in
diameter was performed in tomato lines transformed with the acid
lemon, acidless lime or control construct, as indicated. The positions
of the lemon and lime promoter fragments are marked by numbers,

(LipCS5 to LipC2) showed any activity. The pattern of GUS
activity in the endocarp of green fruit with the delimited
lemon promoter fragments was generally similar to that in
flower organs. The smallest fragment (LepC6) did not
generate GUS staining, while LepC5 generated staining in
five out of seven lines. Most lines (eight out of nine)
transformed with the two larger lemon fragments, LepC4
and LepC3, showed a gradual increase in staining with
increasing fragment length. As in the flowers, lemon
fragment LepC2 generated remarkably decreased GUS
staining in the endocarp of transformed plants.

The full-length promoter fragment from lemon (LepCl1)
generated strong GUS activity in the fruit peel of five of the
nine transformed lines. In contrast, only two of the lines
transformed with the lime full-length fragment (LipC1l)
displayed staining in the green fruit peel (Fig. 5, SP). As in
the other organs, the smallest fragments from both varieties

@ Springer

and they are similar to those in Fig. 2. Minus and plus signs mark the
position of the nucleotide relative to the putative transcription start
site. The number in each photograph represents the number of the
presented line

(LepC6 and LipC6) did not generate GUS staining in the
peel. Lemon fragment LepC5 generated staining in the fruit
peel in five of the transformed lines, while the parallel lime
fragment generated relatively strong activity in one line, and
faint activity in another (Fig. 5, SP). Asin the endocarp, lines
transformed with the two larger lemon fragments, LepC4 and
LepC3, showed a gradual increase in staining with increasing
fragment length: most lines (eight out of nine for both con-
structs) showed GUS activity in the fruit peel. No remarkable
change in GUS staining was evident in lines transformed
with LipC4 or LipC3 relative to lines transformed with the
smaller fragments. As in the other organs, lemon fragment
LepC2 generated a remarkable decrease in GUS staining.
The parallel lime fragment generated staining comparable to
that of the smaller lime fragment.

As expected from the citrus CI/11 expression data, no
GUS activity was detected in tomato stems or roots, or in



Plant Cell Rep (2011) 30:1627-1640 1637
Lemon Lime
01 fog [~ 107 [o7 1201 [201 T202 bodl
L
-1e?rrr}%n LepC1 30 '_ . ? \
Lime . | p |
1771 LipC1 | _ J
i 3 L ‘ | & L )
i 10 '] 18 18 9 18 19
129 LepC2 +30 ,:rz."/ \ Q & &)
Lime ; - / _ 3
1583 LipC2 : | | €2 —~y
4 16 20 - 2 27
L
-;glon Lepc3 +30 m ﬂ, # -
Li ; / : #
g LipC3 )
8 12 6 25 21
L 1o
a2 LepCd .y e <7 ,.F
Lime L' C4 £ ﬁ | Lo 5/_{ - ‘,
1034 P & 7| "
Lemaon y ;:‘4 2 . |7 19
525 LePCI.q P '
Lime = ' | é M
733 LlpC5 ; / ¥
30 34 35 1 127405 13
Lemon ; \
monLepgs 1N |
Lme | ipce WK E . ol

Fig. 6 Cl111 promoter from acid lemon and acidless lime is not
active in vegetative organs of tomato. GUS staining of shoots, roots
and leaves was performed in tomato lines transformed with the acid
lemon or acidless lime construct, as indicated. The positions of the
lemon and lime promoter fragments are marked by numbers, and they

petioles or leaves transformed with the lime or lemon full-
length promoters (Fig. 6, SP).

Discussion

The cDNA of CI111 shows significant homology to a
number of clones in a few plant species, including two
genes in Arabidopsis. However, the function of its product
is not yet known, and is currently under investigation.
Although Cl111 expression levels were higher in acid
lemon than in acidless lime (Fig. le), its pattern of
expression was similar in the ovaries of both varieties,
while a remarkable difference in mRNA levels between the
two varieties was evident in the juice sacs. Moreover, in
most vegetative tissues and the fruit peel, the expression
levels of Cl111 were very low or below detection. Based on

are similar to those in Fig. 2. Minus and plus signs mark the position
of the nucleotide relative to the putative transcription start site. The
number in each photograph represents the number of the presented
line

these results, Cl/1] might be considered an ovary- and
pulp-specific gene. To examine this hypothesis, ClI1]
promoter was isolated from acid lemon and acidless lime.
Sequence comparison showed that the two promoters were
nearly identical in the most proximal 300 bp, while more
upstream sequences showed varied degrees of homology.
Transient expression assay carried out in lemon and lime
juice sacs showed faint activity, but it was interesting to
note that only the promoter from lemon was active in the
juice sacs of both varieties. Hence, although other modes of
gene regulation, such as mRNA stability, cannot be
excluded, the obvious difference in CI/11 expression pro-
files between the pulps of the two cultivars could be
attributed to the sequence variability between the two
promoters.

Several studies have investigated the activity of plant
promoters from one species in other species. Tomato is
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the preferred system for heterologous expression in most
cases, especially when fruit promoters are being ana-
lyzed; regardless of taxonomic relationships, promoters
from potato, pepper, peach, strawberry, melon and apple
showed pronounced activity in tomato, usually similar to
the pattern detected in the source plant (Agius et al.
2005; Atkinson et al. 1998; dulJardin et al. 1997;
Karaaslan and Hrazdina 2010; Kuntz et al. 1998; Rasori
et al. 2003; Yin et al. 2009). Therefore, in the present
study, tomato was also employed for the functional
analysis of Cl/11 promoter from citrus. The activity of
the CIl111 promoter in tomato generally paralleled the
gene’s expression in citrus, in terms of both tissue
localization and the differences in expression between
acid lemon and acidless lime. No expression of the gene
in citrus (Fig. 1d) or activity of its promoter in tomato
(Fig. 6) were detected in vegetative organs, as demon-
strated for other fruit-specific promoters such as ES from
tomato and ACC-oxidase and PG from apple (Atkinson
et al. 1998; Deikman et al. 1992). The gene was
expressed in both varieties in the ovaries, but expression
in the acidless lime was lower than that in the acid
lemon (Fig. Ic). In tomato, activity of the lime promoter
in the ovaries was considerably lower than that of the
acid lemon promoter (Fig. 4). The activity in the ovary
walls and ovule was similar to that observed for the
peach ACC oxidase promoter expressed in tomato
(Rasori et al. 2003). Similar to the ovaries, there was
also a remarkable difference between the activities of the
two promoters in the anthers, with the lemon promoter
being more active. The gene’s expression was not ana-
lyzed in the anthers. However, the CI/I/] product was
localized to the anthers of lemon and lime flowers, with
a higher level in the latter, by western blot using anti-
bodies raised against CI111 (results not shown). Activity
of the Cl111 promoter generally paralleled the expression
of its gene in the fruit as well. GUS staining was evident
in four fruit tissues. In plants transformed with lemon
and lime promoters, it was detected in the seed coat, the
fruit peel, and the vascular bundles. In plants trans-
formed with the lemon promoter, it was also detected in
the fruit endocarp (Fig. 5, SP). As already mentioned,
fruits of control plants also exhibited variable non-spe-
cific staining in the seed coat and vascular bundles, as
reported by others (Kosugi et al. 1990; R. Barg, ARO,
personal communication). In tomato, as in most berry-
type fruits, the endocarp consists of a single cell layer
(Almeida and Huber 2001; Ho and Hewitt 1986). In
lemon (but not in lime), CI/1] was expressed in the
juice vesicles that stem from the endocarp, which is
composed of a few cell layers (Cutter 1971; Fahn 1974,
Roth 1977). Since the juice vesicles are considered part
of the endocarp (Schneider 1968), it might be concluded
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that the activity of the promoter in the endocarp of
tomato paralleled CII/] expression in citrus juice vesi-
cles. The only exception to the parallel nature of the
gene’s expression and its promoter’s activity was evident
in the peel: while no expression of the gene was detected
in citrus fruit peels (flavedo and albedo), promoter
activity was detected in the peel of tomato fruit. To the
best of our knowledge, the activity pattern of the pro-
moter of ClI1, particularly in the fruit endocarp, is quite
unique in comparison to other fruit promoters, which
usually show various levels of activity throughout fruit
tissues, pericarp, placenta, locule and collumella
(Atkinson et al. 1998, Rasori et al. 2003).

The results suggested the presence of cis-acting ele-
ments conferring expression in the anther (including
pollen), ovary, fruit endocarp and fruit peel. There
appeared to be a gradual increase in the activity of the
lemon promoter in the above organs from LepC5 to
LepC3. The additional upstream sequences in LepC2
markedly reduced the activity, which was fully restored
in the full-length fragment. A search for promoter ele-
ments using Place (http://www.dna.affrc.go.jp/PLACE/)
and PlantCare (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) revealed many putative regula-
tory elements—over 400 in each of the promoters. Both
promoters contained a few pollen- and anther-specific
elements (Jeon et al. 1999; Koltunow et al. 1990; Twell
et al. 1990; Wakeley et al. 1998). However, their num-
bers and distribution in the lemon and lime promoters did
not lead to any conclusions on their possible involvement
in the activities of the different fragments. To the best of
our knowledge, no fruit peel-specific element has been
identified to date, nor has a plant ovary-specific element,
although an ovule-specific promoter has been reported
(Nain et al. 2008). In contrast, a fruit-specific element
has been identified in the promoter of the cucumisin gene
from melon (Yamagata et al. 2002). This element con-
tains seven bases, TGTCACA, and the two most critical
nucleotides for its activity were identified by in vitro
analysis (Fig. 7a, marked with asterisks). A homologous
element was identified between nucleotides —363 and
—371 of the lemon promoter, located in LepC5. As
shown in Fig. 7a, the lemon and melon elements can be
aligned in two ways, both of which preserve the active
nucleotides. LepCS5 was the most proximal fragment to
confer activity in tomato: most of the plants transformed
with this fragment showed GUS activity in the ovaries
and in the fruit endocarp. No similar element was found
in the lime promoter. We suggest that this element is
responsible, at least in part, for the expression of CII1]
in fruit pulp. Plants transformed with LepC2 and LipC2
showed a reduction in GUS activity as compared to those
transformed with the shorter fragments and with the full-
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Fig. 7 Cl111 promoter contains sequences homologous to regulatory
elements from the promoter of the cucumisin gene. Positive fruit-
specific regulatory element a is aligned with a sequence found
between bases —363 and —371 of the lemon promoter. Negative
regulatory element, I-Box, from the cucumisin gene is aligned with

length promoter, suggesting that a negative ele-
ment(s) exists in between —954 and —1,229 bp in the
lemon promoter and between —1,262 and —1,583 bp in
the lime promoter. Indeed, these fragments contain a
sequence homologous to a 14-base element of the
cucumisin promoter, termed I-Box (Yamagata et al.
2002), between bases —1,064 and —1,077 of the lemon
promoter and bases —1,387 and —1,400 of the lime
promoter (Fig. 7b). I-Box has been shown to play a role
in downregulating the cucumisin gene in melon fruit, and
in-vitro analysis has identified nucleotides which are
important for its activity (Fig. 7b, marked with asterisks).
We suggest that the I-Box-like sequences are negative
regulatory elements which reduce the expression of
Cll11, at least in the fruit. However, the full-length
promoters must contain other sequences which suppress
the action of the I-Box. Moreover, the presence of fruit-
specific and I-Box elements, similar to those found in the
cucumisin gene, can only partially explain the activity of
the lemon promoter, and the differences between it and
the lime promoter. The increase in GUS staining in
LepC4 and LepC3 relative to LepC5 suggests the pres-
ence of further cis-acting elements with enhancer
activity.

Gene transfer technology is enabling the metabolic
engineering of plant organs, thus providing a better
understanding of the regulation of complex metabolic
processes. The identification of organ- and tissue-specific
promoters is a long-term goal of the citrus research com-
munity. The promoter of CI/11, described here, is con-
firmed to be a pulp-, and flower organ-specific promoter
which might be used in the future for citrus metabolic
engineering. Although further analysis of this promoter is
required to define specific sequences conferring expression
in the pulp, ovary and anther, the results demonstrate that
the region between bases —324 and —954 in the lemon
promoter contains elements conferring expression in the
above organs.
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