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Inhibiting expression of a tomato ripening-associated membrane
protein increases organic acids and reduces sugar levels of fruit
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Abstract. Tomato (Lycopersicon esculentum Mill.) rip-
ening-associated membrane protein (TRAMP) is a
channel protein of the membrane intrinsic protein
(MIP) class encoded by the cDNA clone pNYS507
[R.G. Fray et al. (1994) Plant Mol Biol 24: 539-543].
It has been suggested that these proteins encode water
channels or aquaporins. TRAMP mRNA accumulated
in all tomato tissues tested and was elevated in fruit
during post-anthesis development and again during
ripening. Transgenic plants that constitutively expressed
a TRAMP antisense RNA sequence were generated with
a 94% reduction of endogenous TRAMP mRNA in
fruit. They showed no obvious phenotype that could be
associated with gross perturbation of water relations,
but ripening fruit of these plants showed marked
alterations in the normal pattern of accumulation of
both organic acids and sugars. At the onset and during
ripening, levels of the organic acids L-malate and citrate
were significantly elevated while levels of D[+ ]-glucose
and D[+ ]-fructose were reduced. Additional transgenic
lines were generated with reduced TRAMP mRNA, and
the phenotype of increased acids and reduced sugars
during fruit maturation and ripening was shown to be
reproducible and stably inherited. Fruit of plants that
over-expressed TRAMP mRNA showed no significant
alteration in the sugars or acids investigated. These
results suggest a role for TRAMP in the movement of
solutes between cell compartments.
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Introduction

The MIP family of proteins, named after the first
member to be characterised, the major intrinsic protein
(MIP) of bovine lens fibers (Gorin et al. 1984), is defined
as a class of hydrophilic, integral membrane proteins
that function as channels facilitating the passage of
water and small solutes through membranes. Amino
acid sequence comparisons suggest that all MIPs possess
six membrane-spanning domains, exhibit a channel-like
structure and have amino and carboxy termini that face
the cytoplasm (Chrispeels and Maurel 1994). Ranging in
size from 25 to 30 kDa, MIPs from species as diverse as
bacteria, plants and mammals have highly conserved
peptide sequences, especially throughout the membrane-
spanning regions. The signature sequence NPAVT
found in the amino-terminal halves of the proteins and
partially repeated as NPA in the carboxy-terminal
halves is absolutely conserved (Daniels et al. 1994).
Although the function of some MIPs has been
investigated, there are now hundreds of homologues
from different species and the true roles and membrane
localisations of the majority await elucidation. Transient
over-expression of the human erythrocyte channel-
forming integral protein (CHIP28) (Denker et al. 1988)
and a rat homologue in Xenopus laevis oocytes caused
rapid influx of water and rupture of the egg cells
following their transfer to hypotonic solutions (Preston
et al. 1992; Fushimi et al. 1993). Similar experiments
with Arabidopsis thaliana y-TIP (Maurel et al. 1993),
two other plant homologues (Chrispeels and Agre 1994)
including the turgor-responsive protein RD28 (Yama-
guchi-Shinozaka et al. 1992) and an Escherichia coli
homologue (AqpZ) (Calamita et al. 1995) gave similar
results. Thus, the growing trend is to suggest that the
proteins encoded by many of these cDNAs are also
“aquaporins”, defined as channel proteins that permit
only the selective membrane passage of water and not
protons or other ions (Agre et al. 1993). However, not
all MIPs can be strictly classified as aquaporins. Some
have been shown to transport other solutes in addition
to water. The bacterial protein, GlpF, facilitates the
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transport of glycerol and other straight-chain polyols
across the cytoplasmic membrane (Heller et al. 1980;
Sweet et al. 1990) and the peribacteroid membrane
protein, NOD26, has been suggested to be involved in
malate transport (Ouyang et al. 1991). The bovine MIP
from lens fibers formed ion channels when incorporated
into planar lipid bilayers (Zampighi et al. 1985; Ehring
et al. 1990), and a yeast MIP homologue restored
growth on fermentable sugars of the yeast mutant fdpl
and may be involved in sugar transport (Aelst et al.
1991). Studies on a Nicotiana tabacum aquaporin
(NtAQP1) have shown it to be localised in the plasma
membrane and to mediate glycerol uptake when ex-
pressed in Xenopus laevis oocytes (Biela et al. 1999).
Recently, the use of X. laevis oocytes as a heterologous
expression system for the functional study of membrane
channels has been questioned (Barkla and Pantoja
1996). The potential difficulty of expressing inward
rectifying MIPs from the membranes of subcellular
organelles in X. /aevis in the same orientation as they are
found in vivo has been overlooked, since this may cause
solute to move from the cell to the medium rather than
the other way round.

The tomato ripening-associated membrane protein
(TRAMP) (Fray et al. 1994) is a member of the MIP
family. Virtually identical homologues to TRAMP exist
in Nicotiana (Yamada et al. 1997), Arabidopsis (Shagan
et al. 1993), Brassica (Ruiter et al. 1997), Hordeum
(Hollenbach and Dietz 1995), Pisum (Guerrero et al.
1990) and in many other plant species, but until now,
although suggestions of aquaporin identity have been
made, no membrane transport function has been exper-
imentally ascribed to most of these proteins. We have
generated transgenic antisense and sense tomato plants
bearing fruit in which TRAMP mRNA has been
reduced or over-expressed in order to resolve some of
the questions regarding the function of this protein.
Measurements suggest that during fruit ripening this
MIP is involved in regulating the balance between the
levels of organic acids and sugars and may function in
the movement of solutes, rather than just the movement
of water, between the cytosol and the vacuole.

Materials and methods
Plant material

All experiments were performed using a near-isogenic line of
diploid Lycopersicon esculentum Mill. cv. Ailsa Craig plants that
has been grown at Sutton Bonington for over 20 years. Unless
otherwise stated, plants were grown in 24 cm-diameter pots in M2
compost (Levington Horticulture, Ipswich, Suffolk, UK) in growth
chambers with a diurnal regime of 16 h continual light (250 umol
m~2s~! photosynthetic photon flux) at 23 °C followed by 8 h
continual dark at 18 °C. Plants were watered daily and fed with
high-nitrogen liquid fertiliser at regular intervals. Flowers were
tagged at anthesis and fruit development recorded as days post-
anthesis (dpa). Mature green (MG) fruit were defined as 35 dpa
and were characterised as being green and shiny with no obvious
ripening-associated colour change. Breaker (B) fruit were defined as
those fruit showing the first signs of ripening-associated colour
change from green to yellow. Fruit of subsequent ripening stages

were defined in days post-breaker so that B + 3 fruit were yellow/
orange in colour while B + 7 fruit were a full red-ripe. All plant
samples were taken at the same time each day, frozen in liquid
nitrogen and stored at =70 °C until required.

Construction of transgenes and plant transformation

Three transgene constructs were produced. The first (pS07BAS)
was designed to constitutively express an antisense RNA for
TRAMP under control of the Cauliffiower Mosaic Virus (CaMV)
35S promoter. The second (p507B2AS) was designed to express the
same antisense RNA as the first, but under the control of the 2411
(Van Haaren and Houck 1991) tomato fruit-specific promoter. The
third (p507BS) was designed to constitutively over-express a
functional TRAMP transgene. For these experiments, the 24171
promoter was supplied by Sumant Chengappa of the Unilever
Research Colworth Laboratory, UK as a —3967 to +27 polymer-
ase chain reaction (PCR) fragment cloned into the EcoRI site of
pBluescript II SK— (Stratagene, Cambridge Science Park, Cam-
bridge, UK) and termed pBS2A11. Throughout, all basic methods
were as described by Sambrook et al. (1989).

To construct p5S07BAS, a 760-bp Sacl | Sphl 5 TRAMP cDNA
fragment from the clone pNY507 (Fray et al. 1994) was first ligated
so as to replace the CaMV 35S terminator in the similarly digested
plasmid pDHS51 (Pietrzak et al. 1986) to yield pDH507. The cDNA
was then re-excised from pDHS507 as a PstI fragment and was
positioned in the antisense orientation between the CaMV 35S
promoter and terminator by ligation into PstI-digested pDHS51 to
yield pDH507T. The antisense gene was excised from pDHS507T
with EcoRI and ligated into the transformation vector pBIN19
(Bevan 1984) to yield pSO7BAS.

To construct pS07B2AS, a 4-kbp BamHI/Sall 2411 promoter-
containing fragment from pBS2A11 was inserted between the
CaMYV 35S promoter and the antisense cDNA in pDH507T to yield
pDH5072AT. The 2A411-driven antisense gene and CaMV 35S
terminator cassette were excised from pDH5072AT with Kpnl and
ligated into similarly digested pBIN19 to yield pS07B2AS.

To construct pS07BS, a 1107-bp BamHI1/Xhol cDNA fragment,
including the full coding sequence and polyA + tail from pNY507,
was first ligated in the sense orientation between the CaMV 35S
promoter and terminator of BamHI/Sall-digested pDHS51 to yield
pDHS507ST. The sense gene was then excised from pDHS507ST with
EcoRI and ligated into similarly digested pBIN19 to yield p507BS.

The correct orientations of ligated fragments used to produce
the antisense and sense constructs were verified by restriction digest
analysis and by sequencing. After transfer to Agrobacterium
tumefaciens strain LBA4404 (Bevan 1984) by the freeze-thaw
method of An et al. (1988), the constructs were used to transform
tomato cotyledon explants as described by Bird et al. (1988).
Transgenic plants that rooted on kanamycin were transferred to
compost and grown as described above.

Extraction and analysis of RNA

RNA was extracted from tomato fruit pericarp and from other
vegetative tissues as previously described (Smith et al. 1986) except
that contaminating carbohydrates and DNA were removed by
differential precipitation of the RNA from 4 M LiCl at —20 °C for
1 h. RNA was quantified by spectrophotometry and, following
formamide denaturation, 10-pg samples and RNA size markers
(GIBCO BRL Life Technologies, Inchinnan, Paisley, UK) were
fractionated in 1% (w/v) agarose gels containing 3% (v/v)
formaldehyde. RNA was capillary-blotted onto GeneScreen Plus
(NEN Life Science Products, Hounslow, UK) membranes which
were then prehybridised at 65°C in 5 x SSPE [1 x SSPE=
150 mM NaCl, 10 mM NaH,PO,, 1 mM Na,EDTA, pH 7.4],
1% (w/v) SDS, 5 x Denhardt’s solution [0.1% (w/v) Ficoll, 0.1%
(w/v) polyvinyl pyrrolidone, 0.1% (w/v) bovine serum albumin]
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and 150 ug ml™! sheared, denatured, salmon sperm DNA. The
RNA was hybridised in the same buffer to probes generated from
pNY507 cDNA sequences using the Megaprime system from
Amersham International, Little Chalfont, Bucks., UK. After
hybridisation, membranes were washed in 0.5 x SSPE, 0.1% (w/
v) SDS at 65 °C and were autoradiographed. Hybridisation signals
were quantified using a phosphoimage scanner (AMBIS Radioan-
alytical Image System; AMBIS Inc., San Diego, Calif., USA).

Extraction and analysis of genomic DNA

Genomic DNA was extracted by grinding 5 g of young leaf tissue
in 25 ml of ice-cold homogenisation buffer [25 mM Tris-HCI (pH
7.6), 20% (v/v) glycerol, 2.5% (w/v) Ficoll 400, 0.44 M sucrose,
10 mM p-mercaptoethanol, 0.1% (v/v) Triton X-100]. The homo-
genate was filtered through muslin and nuclei pelleted by centrif-
ugation (1,000 g, 4 °C, 15 min). The nuclei in the pellet were lysed
at 70 °C in urea buffer [42% (w/v) urea, 25 mM Tris-HCI (pH 8.0),
0.5 M NaCl, 50 mM EDTA, 1% (w/v) N-lauryl sarcosine] and the
DNA allowed to dissolve. The solution was extracted twice with
phenol/chloroform (1:1, v/v) and the DNA precipitated from the
aqueous phase by the addition of an equal volume of ethanol. The
DNA was washed successively with 50 mM potassium acetate in
70% (v/v) ethanol, 70% (v/v) ethanol and 95% (v/v) ethanol,
allowed to partially air dry and was dissolved in sterile distilled
water (SDW) containing 10 pg ml™' DNase-free calf pancreatic
RNase A (Boehringer Mannheim UK, Lewes, East Sussex, UK)
and stored at 4 °C until required. Individual genomic DNA (30 pg)
samples were completely digested with one or more of the
following: EcoRIl, BamHI, Xbal, HindIIl and Bglll, separated in
0.8% (w/v) agarose gels and capillary blotted to GeneScreen Plus
(NEN Life Science Products, Hounslow, UK) membranes. Mem-
branes were prehybridised as for Northern analysis and the DNA
hybridised to probes generated from either the cDNA sequences of
pNY507 or from the DNA sequences of the neomycin phospho-
transferase gene (npt1l) (Pridmore 1987) located within the T-DNA
borders of pBIN19. Membranes were washed at 65 °Cin 1 x SSPE,
0.1% (w/v) SDS and were autoradiographed.
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Fruit at the MG, B, B + 3 and B + 7 stages from wild-type and
transgenic plants were analysed for their L-malate, citrate, p[+]-
glucose and D[+ ]-fructose contents using standard enzymatic
analytical kits (Boehringer Mannheim) for the detection of these
compounds in foods. For each fruit stage at least five fruit from
each of the plant types were analysed separately. Fruit pericarp was
frozen in liquid nitrogen and ground to a fine powder. The powder
(5 g) was added to 25 ml of boiling SDW and incubated at 100 °C
for 10 min with vigorous shaking. After centrifugation (10,000 g,
25 °C, 10 min) and removal of the supernatant, the pellet was re-
extracted with a further 15 ml of boiling SDW and centrifugation
as before. The supernatants were combined, the pH adjusted to pH
8.0 with 0.1 M NaOH and the total volume was brought to 50 ml
with SDW. Between 100 and 200 pl from each 50-ml sample was
used for assay following the kit instructions and the formation of
products derived enzymatically from the acids and sugars under
test was measured spectrophotometrically. Duplicate measure-
ments of each analysis were performed.

Results

Construction of TRAMP antisense and sense genes
and transformation of tomato

Two constructs containing TRAMP antisense genes and
one sense gene construct were produced as described in
the Materials and methods (Fig. 1). The first, an
antisense construct pS07BAS, contained a 760-bp anti-
sense fragment from the 5 end of the TRAMP ¢cDNA
and was designed for constitutive expression under the
control of the CaMV 35S promoter. The second, a fruit-
specific antisense construct p5S07B2AS, contained the
same antisense fragment, but under the control of a 4-kb
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fragment of the tomato fruit-specific 247/ (Van Haaren
and Houck 1991) promoter. The third, an over-expres-
sion construct p507BS, contained a 1,107-bp TRAMP
cDNA fragment including the full coding sequence in
the sense orientation, downstream of the CaMV 35S
promoter. All three constructs, which included the
CaMV 35S terminator downstream of the transcribed
TRAMP sequences and a kanamycin-resistance select-
able marker gene, were transferred to the tomato
cultivar Ailsa Craig using Agrobacterium transforma-
tion. Three independent transformants containing
construct pS07BAS, 19 containing p507B2AS and 5
containing p507BS were selected by their ability to grow
on kanamycin and were grown to maturity.

Inhibition and over-expression of TRAMP mRNA

Total RNA was extracted from the fruit, flowers, leaves,
stems and roots of wild-type Ailsa Craig plants and was
analysed for the expression of TRAMP mRNA by
Northern analysis using probes generated from the
cDNA insert of the clone pNY507. All the wild-type
samples tested yielded a 1.1-kb hybridising band that
differed in signal intensity depending on the stage of
development of the fruit. TRAMP mRNA was present
throughout development, but accumulated to its highest
level at the breaker (B) +7 (7 d after the start of
ripening) stage of ripening (Fig. 2). Early during devel-
opment, up to 15 dpa the mRNA was at approximately
45% of the level found in B + 7 ripening fruit.
Thereafter, the level declined and at the mature green
(MG) stage was reduced to 17%. At the breaker stage of
ripening the mRNA again began to show an increase in
concentration, reached a maximum at B + 7 and then
declined again. TRAMP mRNA was also detected in
flowers, leaves, stems and roots (data not shown).
Total RNA was also analysed from the fruit of
transgenic  plants  transformed  with  antisense
(p507BAS), fruit-specific antisense (p5S07B2AS) and
over-expression (pS07BS) constructs in order to identify
plants showing the greatest reduction (pS07BAS and
pS07B2AS transformants) or increase (pS07BS transfor-
mants) in the level of TRAMP mRNA. For plants
transformed with the 35S antisense construct pS07BAS,
a line (3A29) was selected in which, at the MG stage
before ripening and at the breaker, B + 3 and B + 7
stages during ripening the level of TRAMP mRNA was
reduced to between 4% and 7% of the maximum
expression levels found in wild-type controls (Fig. 3a).
Of the 19 plants independently transformed with the
fruit-specific antisense construct pS07B2AS, the plant
(2A90) showing the greatest reduction in endogenous
TRAMP mRNA had from 12% to 25% of the levels
in wild-type controls (Fig. 3b). Most of the other
pS507B2AS primary transformants showed lesser reduc-
tion of endogenous TRAMP mRNA in fruit. The 3S03
plants transformed with the over-expression construct
pS507BS (Fig. 3c) produced fruit at the MG stage with
approximately 10-fold higher levels of TRAMP mRNA
than found in equivalent fruit from wild-type controls.
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Fig. 2. Expression of TRAMP mRNA during tomato fruit develop-
ment and ripening. RNA gel-blot analysis of TRAMP gene expression
in wild-type tomato fruit was carried out using total RNA isolated
from developing tomato fruit at various days post-anthesis (dpa), at
mature green (MG) and breaker (B) (first visible colour change) stages
of ripening and at various days post-breaker. Blotted RNA was
hybridised with TRAMP ¢cDNA from the clone pNY507 (Fray et al.
1994). Autoradiography exposure time was 48 h and the hybridisation
signals were quantified using a phosphoimage scanner. For each
sample, the percentage of the maximum expression level is indicated
above each lane of the autoradiograph. Gel RNA loadings are
represented below the autoradiograph by inclusion of a UV image of
the ethidium bromide-stained rRNAs in each sample lane. The
position attained by co-migrating RNA size markers is indicated as is
the size of the single 1.1-kb hybridising band

As the fruit ripened this increase became less apparent,
as the mRNA from the endogenous gene accumulated,
so that at the B + 7 stage the fruit contained only 3-fold
higher levels of the mRNA. Two other transformants
(3S05 and 3S53) with the p507BS over-expression
construct showed slightly lower mRNA levels than
3S03 at equivalent stages (data not shown).

Incorporation and inheritance of antisense
and sense transgenes

Genomic Southern analysis was used to confirm the
incorporation of TRAMP antisense and sense genes into
transformants and to make an estimation of copy
number and heritability. The DNA was digested with
either Xbal, Bglll, HindIll, BamHI or EcoRI. Probing
of Southern blots of wild-type DNA with TRAMP
cDNA resulted in multiple hybridising bands and
indicated that TRAMP is encoded by a small multi-
gene family (data not shown). Digestion of genomic
DNA extracted from the leaves of primary transfor-
mants (35S antisense: 3A29; sense over-expression: 3S03;
and 2A11 antisense: 2A34 plus 2A90) with BamHI or
HindlIll, which do not cut within the nprII gene, released
a fragment containing a variable length of plant genomic
DNA plus the nptIl gene. For the line 3A29 (35S
antisense), three hybridising bands were inherited
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Fig. 3a—c. Comparitive levels of TRAMP mRNA in antisense and
sense transgenic tomato plants. RNA gel blot analysis of TRAMP
gene expression in fruit of wild-type control and p507BAS transfor-
mant plants (line 3A29) which constitutively expressed TRAMP
antisense RNA under the control of the CaMV 35S promoter (a),
wild-type and pS507B2AS transformant plants (line 2A90) which
expressed fruit specific TRAMP antisense RNA under the control of
the 2411 promoter (b), and wild-type and p507BS transformant
plants (line 3S03) which constitutively expressed full-length sense
TRAMP RNA under the control of the CaMV 35S promoter (c).
Total RNA was extracted from mature green (MG) fruit and from
fruit at the breaker (B), B + 3 and B + 7 stages of ripening. Blotted
RNA was hybridised with TRAMP cDNA from the clone pNY507
(Fray et al. 1994). Autoradiography exposure times were 48 h (a),
16 h (b), 16 h (c), and the hybridisation signals were quantified using a
phosphoimage scanner. For each sample, the percentage of the
maximum expression level detected in wild-type plants is indicated
above each lane of the autoradiographs. Gel RNA loadings are
represented below each autoradiograph by the inclusion of a UV
image of the ethidium bromide-stained rRNAs in each sample lane.
The sizes of hybridising bands are indicated. For ripening fruit of
3A29 plants the antisense RNA of approximately 0.8 kbp is just
visible (a)

together (data not shown). Similar genomic Southern
analyses show that the over-expressing sense line 3S03
(p507BS) and the 2A11 antisense line 2A34 (p507B2AS)
resulted from a single transgene insertion, whilst the
antisense line 2A90 (pS07B2AS) resulted from multiple
transgene insertions (data not shown). F; plants derived
from the antisense parental line 3A34 (3A34-4, 3A34-6,
3A34-9, 3A34-15 and 3A34-17, generated by selfing the
primary transformant 3A34) yielded different multiple
bands, indicating that multiple antisense inserts co-
segregated to generate a range of antisense plants with
different transgene insertions (Fig. 4a).

Organic acid and hexose levels in ripening fruit
of wild-type and transgenic plants

L-Malate, citrate, p[ +]-glucose and D[+ ]-fructose levels
were determined for two stages of fruit, B and B + 7,
taken from wild-type control plants, transgenic plants
from lines 3A29 (35S antisense), 3503 (35S sense over-
expression) and 2A90 (2A11 antisense) (Table 1). Leaf
size, plant height, and fruit size and growth rate were
not found to be different in transgenic and control
plants. The dry weight as a percentage of the fresh
weight of all the fruit was always between 6 and 7%.
For fruit of the wild-type controls the normal pattern
of ripening-associated changes in the levels of L-malate,
citrate, p[+]-glucose and D[+ ]-fructose were observed.
At the breaker stage of ripening L-malate and citrate
levels were approximately equimolar as were D[+ ]-
glucose and D[+ ]-fructose. By the B + 7 stage 1-
malate and citrate levels had declined by approximately
60 and 20% respectively while the levels of both D[+ ]-
glucose and D[+ ]-fructose had increased by approxi-
mately 20%. For fruit of the antisense line 3A29, in
which the endogenous TRAMP mRNA was reduced to
only 6% of wild-type levels (Fig. 3a), substantial
increases in the levels of r-malate and citrate and
decreases in the level of bD[+]-glucose and D[+]-
fructose were observed at both the breaker and
B + 7 stages of ripening when compared to wild-type
control fruit (Table 1). Fruit of the sense over-express-
ing line 3S03 had L-malate and citrate levels that were
similar to those of the control plants at the breaker and
B + 7 stages and, although there were small differenc-
es in sugar levels, these were not significantly different
from the controls (Table 1).

The significance and reproducibility of these altered
levels of organic acids and sugars were tested further
in new transgenic plants. Six additional F; plants were
identified with reduced TRAMP mRNA in fruit, and
designated 2A34-7, 3A34-4, 3A34-6, 3A34-9, 3A34-15
and 3A34-17. Line 2A34-7 contained a 2A11-promoter
driving the TRAMP antisense gene (construct
pS507B2AS) and the remaining plants were from a
segregating F; population, described above, derived
from a selfed primary transformant (3A34) with
multiple 35S promoter antisense inserts (construct
pS07BAS) characterised in Fig. 4a. Quantitative mea-
surements of TRAMP mRNA levels showed major
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Fig. 4a—c. Inheritance of the transgene and reduction in TRAMP
mRNA in fruit of antisense tomato plants at different stages of
development. a Detection of the transgene in antisense plants. Leaf
genomic DNA was extracted from wild-type control plant (lanes 1, 3),
the F; progeny of 2A34 that were homozygous for the p507B2AS
transgene (lane 2), and the F| progeny of 3A34 (pS07BAS transgene):
3A34-4 (lane 4), 3A34-6 (lane 5), 3A34-9 (lane 6), 3A34-15 (lane 7),
and 3A34-17 (lane 8). The genomic DNA was digested with HindIII
(lanes 1, 2) and BamHI (lanes 3-8). Blotted DNA was hybridised to
the kanamycin resistance (nptIl) gene. b RNA gel blot analysis of
TRAMP gene expression in breaker +7 fruit of wild-type control
plants (lane 1), and F, antisense plants: lane 2, 2A34; lane 3, 3A34-4;
lane 4, 3A34-6; lane 5, 3A34-9; lane 6, 3A34-15; lane 7, 3A34-17. The

reductions at all stages of fruit development and
ripening tested (Fig. 4b.,c). For each plant, sugars and
acids were measured in fruit sampled at the MG, B, B
+3 and B +7 stages of ripening. The results (Fig. 5)
confirmed the increase in organic acids observed in the
initial analysis of antisense TRAMP fruit (Table 1).
The approximately 50% increase in organic acid level

Table 1. Changes in sugars and acids during ripening of wild-type
and transgenic TRAMP fruit. Fruits were taken from wild-type
control plants, the 35S antisense (pS07BAS) transformant 3A29,
the 2A11 antisense (pS07B2AS) transformant 2A90 and the 35S

B B+3 B+7

Stage

upper panel shows the ethidium bromide-stained gel. Blotted RNA
was hybridised with TRAMP ¢cDNA from the clone pNY507 (lower
panel). Autoradiography exposure time was 48 h and the hybridisa-
tion signals were quantified using a phosphoimage scanner. ¢ RNA
was extracted from fruit of each plant shown in b at four stages of
ripening. RNA gels were fractioned, hybridised with TRAMP cDNA
as described and the average TRAMP mRNA levels determined for
each. For each sample, the percentage of the maximum expression
level detected in wild-type plants is shown for each of the four stages
of ripening investigated. Standard deviations of the means of duplicate
assays on at least five separate (wild type) and six (TRAMP antisense)
fruit for each sample type are indicated by the error bars on each
point. Significantly different results are marked at P < 0.01(**)

at the B + 3 and B + 7 stages was significant at
P < 0.01 (Fig. 5). A corresponding decrease in sugar
levels of approximately 30% was significant at
P < 0.05 for the B and B + 7 stages (the same
stages that were investigated for the original transgenic
fruit, Table 1), but the concentration of sugars was
not significantly different at B + 3 (Fig. 5).

over-expressing (p507BS) transformant 3S03. Data are the
means = SD of duplicate assays on five independent fruit for each
sample type. Significant differences are indicated for P < 0.05(*)
and P < 0.01(**)

Acids (umol g~'FW)

Sugars (umol g~'FW)

Citrate Malate Glucose Fructose
Breaker Wild type 19.72 £ 2.20 18.90 £+ 2.30 70.78 + 7.68 68.71 + 6.87
3A29 28.50 + 0.79%%* 28.15 + 4.11%* 50.11 + 3.63** 51.75 £+ 4.56%**
2A90 24.80 + 1.69%* 23.08 + 1.21* 50.75 + 8.96* 55.20 + 9.05
3S03 19.72 + 2.34 19.74 + 2.65 62.11 = 10.57 63.43 + 10.13
B+7 Wild type 1593 + 2.26 7.20 £ 1.02 84.03 £ 5.05 83.93 + 4.28
3A29 31.85 £ 2.05%* 15.01 + 2.57** 48.41 + 0.69** 51.67 + 2.20%**
2A90 21.83 + 1.04* 7.72 £ 1.39 71.56 + 2.34%** 72.39 £+ 1.70%**
3503 17.86 = 0.99 7.37 £ 1.93 76.27 + 2.90 77.71 + 1.87




G. Chen et al.: Membrane protein antisense alters fruit acid and sugar levels 805

35 300
30 = 250
Z E
=2 B0 200 |
o 5
< 20 =
g I"”N\I a 150
3 15 3
g E 100 |
3 10 ] 3
5 50
ok ok * *
0 - . 0 " r
MG B B+3 B+7 MG B B+3 B+7
Stage Stage

Fig. 5. Organic acid and sugar compositions of fruit from wild-type
and TRAMP antisense tomato plants. Plants deficient in TRAMP
mRNA shown in Fig. 4 were grown in a growth room. The citric acid,
L-malic acid, D[+ ]-glucose and D[+ ]-fructose levels were measured
for MG, breaker, B + 3 and B + 7 fruit from wild-type control (@)
and TRAMP antisense (O) plants produced by selfing the primary

Discussion
Expression of TRAMP

The TRAMP mRNA was detected in roots, stems,
leaves and flowers (data not shown). High expression of
TRAMP mRNA in fruit was associated with two phases
of development: growth and assimilate accumulation,
and ripening (Fig. 2). At the MG stage, when growth
has virtually ceased, the fruit are in a quiescent stage
prior to ripening. It is notable that TRAMP mRNA
levels were at their lowest at this stage. The dramatic
increase in TRAMP mRNA during ripening is associ-
ated with major changes in fruit composition, with very
little change in bulk water movement. These observa-
tions are consistent with TRAMP being involved in
assimilate accumulation or distribution and inconsistent
with a role in bulk water movement.

Altered levels of TRAMP mRNA using antisense
and sense transgenes

Transgenic plants were successfully produced in which
TRAMP mRNA was greatly reduced using antisense or
increased by sense over-expression. As with other
experiments involving over-expression or inhibition of
genes in tomato, different transformants with a range of
expression levels were obtained with the same gene
construct (Smith et al. 1988). While the use of the
CaMV 358 promoter to drive antisense expression was
generally efficient at effecting a major reduction to 4% in
the level of the endogenous TRAMP mRNA, the fruit-
specific 2411 promoter was less effective (Fig. 3). The
reason for this is unknown, but may relate to the stability
of the endogenous TRAMP message or the relatively
low activity of the 2411 promoter early during fruit
development (Pear et al. 1989; Van Haaren and Houck
1991). Thus, the most effective 2417/ antisense plants
described here only had a reduction in the endogenous

transformants 2A34 and 3A34 for the pS07B2AS- and p507BAS-
derived transgenes. Standard deviations of the means of duplicate
assays on at least 3 separate (wild type) and 12 (TRAMP antisense)
fruit for each sample type are indicated by the error bars on each
point. Significantly different results are marked at P < 0.05(*) and
P < 0.01(**)

TRAMP mRNA to between 12% and 25% of that
found in wild-type ripening fruit (Fig. 3b). In A.
thaliana, Kaldenhoff et al. (1998) showed that inhibition
of a plasma-membrane aquaporin (PIP1b) by an anti-
sense gene driven by the 35S promoter only reduced
mRNA levels to 20-60% of normal.

Altered organic acids and sugars in transgenic fruit

One of the most important factors contributing to the
taste of ripened fruit is the balance between the levels of
organic acids and sugars (Oleski et al. 1987a) with high
acid and sugars being favoured (Hobson and Grierson
1993). In tomato fruit the major organic acids are L-
malate and citrate (Davies and Hobson 1981). In
developing green fruit these acids are present at near
equimolar levels (Goodenough et al. 1985). However, as
fruit reaches maturity and begins to ripen, increased
catabolic activity of the malic enzyme, which decarboxy-
lates L-malate to pyruvate, and the continued activity of
malate dehydrogenase and citrate synthase result in a
decline in L-malate levels and the preferential accumula-
tion of citrate (Goodenough et al. 1985). Different
reports indicate slight increases (Davies and Hobson
1981), slight decreases (Carangal et al. 1954) or homeo-
stasis (Davies 1966) of citrate levels as tomato fruit ripen,
possibly reflecting varietal differences. As ripening com-
mences, plastid-stored starch is converted to sugars such
as D[ + ]-glucose and p[ + ]-fructose, which accumulate to
levels above those required for respiration (Tucker 1993).
Thus, in comparison to mature green fruit, ripened
tomatoes normally have reduced levels of 1-malate,
similar or elevated citrate and increased levels of sugars.
Much of the excess cytoplasmic sugar and citrate in
ripening tomatoes is transported into and stored in the
vacuole (Oleski et al. 1987a, b). Tomato plants in which
TRAMP mRNA was greatly reduced by antisense
showed major differences with regard to the normal
pattern of accumulation of these acids and sugars in
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ripening fruit, with organic acids increased and hexoses
decreased (Table 1, Fig. 5). Over-expression of TRAMP
mRNA, on the other hand, appeared to have little effect
on the acid and sugar balance of ripening fruit. It is
possible that the normal level of TRAMP mRNA is not
rate limiting. Alternatively, although increased levels of
the mRNA are readily apparent in over-expressing fruit
(Fig. 3), this may not be efficiently translated. Further-
more, the excess protein may not all be correctly localised
or functional in the cells. Function of MIPs is regulated
by phosphorylation (Ouyang et al. 1991; Maurel et al.
1995; Daniels et al. 1996) and such modification may
determine the actual level of TRAMP activity.

The question arises as to whether TRAMP functions
in the distribution of acids and sugars within cells, or their
translocation from one part of the plant to the other. The
finding that similar trends (increased organic acids and
reduced sugars) were obtained with antisense inhibition
throughout the plant (35S antisense) and specifically in
fruit (2A11 antisense) indicates that these results are not
likely to be due to altered translocation of acids or sugars
from one part of the plant to the other but occur as a
result of reduced TRAMP protein in cells of tomato fruit.

Role of TRAMP

Some close MIP homologues of TRAMP have been
classified as water channels or aquaporins (Cairney et al.
1995; Campos et al. 1997; Yamada et al. 1995, 1997). At
least 23 MIPs have been identified in Arabidopsis
thaliana and many of these have been suggested to be
aquaporins (Weig et al. 1997). In our experiments,
reducing TRAMP mRNA had no profound effect on
the growth of the transgenic plants or fresh weight or
dry weight of fruit. The plants of the 35S antisense line
(3A29) rooted and grew at normal rates, showed no
obvious signs of abnormal wilting, flowered normally
and produced fruit which developed and ripened over a
normal time span. The leaves and vine-ripened fruit
showed normal dry weight to fresh weight ratios and
seed development in the fruit appeared to be normal.
Although not described here in detail, protoplasts
isolated from immature (10 dpa) fruit of wild-type
control and transgenic 3A29 antisense plants were found
to burst at equivalent rates when transferred to hypo-
tonic solutions. Thus, the balance of evidence indicates
that TRAMP directly influences the relative levels of
organic acids and sugars rather than movement of
water. These findings contrast with those of Kaldenhoff
et al. (1998) who showed inhibiting aquaporin PIP1b
with an antisense gene decreased the cellular osmotic
water permeability coefficient approximately three times
and led to a 5-fold increase in root abundance in
seedlings. In order to explain our observations in
transgenic plants with reduced TRAMP mRNA, we
propose that TRAMP is actually involved in the passage
of solutes such as organic acids and/or sugars between
the vacuole and the cytosol, although we do rule out a
possible role in the movement of water also. Such a
suggestion would be consistent with the recent work of

Gerbeau et al. (1999), who concluded that a tobacco
tonoplast intrinsic protein (TIP) was permeable to
solutes such as urea and glycerol. According to our
model, the TRAMP protein would be located in the
tonoplast membrane, and experiments are under way to
test this proposal. Inhibiting solute movement in
antisense fruit could explain the reduction in sugars
and give rise to enhanced production or retention of
organic acids. Clarification of the role of TRAMP may
result from an examination of the subcellular distribu-
tion and permeability of acids and sugars in wild-type
and TRAMP antisense plants.
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