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Flavor Aldehydes and Alcohols®
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Tomato (Lycopersicon esculentum) plants were transformed with
gene constructs containing a tomato alcohol dehydrogenase (ADH)
cDNA (ADH 2) coupled in a sense orientation with either the
constitutive cauliflower mosaic virus 35S promoter or the fruit-
specific tomato polygalacturonase promoter. Ripening fruit from
plants transformed with the constitutively expressed transgene(s)
had a range of ADH activities; some plants had no detectable
activity, whereas others had significantly higher ADH activity, up to
twice that of controls. Transformed plants with fruit-specific ex-
pression of the transgene(s) also displayed a range of enhanced
ADH activities in the ripening fruit, but no suppression was ob-
served. Modified ADH levels in the ripening fruit influenced the
balance between some of the aldehydes and the corresponding
alcohols associated with flavor production. Hexanol and Z-3-
hexenol levels were increased in fruit with increased ADH activity
and reduced in fruit with low ADH activity. Concentrations of the
respective aldehydes were generally unaltered. The phenotypes of
modified fruit ADH activity and volatile abundance were transmit-
ted to second-generation plants in accordance with the patterns of
inheritance of the transgenes. In a preliminary taste trial, fruit with
elevated ADH activity and higher levels of alcohols were identified
as having a more intense “ripe fruit” flavor.

The tomato (Lycopersicon esculentum) is a universally im-
portant food, its popularity deriving at least in part from its
attractive color, flavor, and versatility. It is an important
source of vitamins and minerals (Bittenbender and Kelly,
1988) and is also the primary dietary source of lycopene, a
potent antioxidant associated with resistance to several
forms of human cancers, in particular cancer of the prostate
(Levy et al., 1995; Caperle et al., 1996; Clinton et al., 1996).

Tomatoes are used either fresh or as a range of processed
products. An important quality of both the fresh and pro-
cessed fruit is flavor, comprising mainly sugars, acids, and,
of particular importance in fresh fruit, volatile compounds.
Despite the efforts of tomato breeders, fresh tomatoes often
do not meet the high standards of flavor required by the
consumer. Many breeders are now concentrating on im-
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proving sugar and acid levels and vine-ripened fruit are
becoming increasingly available. However, little attention
is being given to improving the flavor and aroma charac-
teristics produced by the volatile compounds.

The development of flavor and aroma volatiles in the
ripening tomato fruit has been studied extensively (Kaze-
niac and Hall, 1970; Buttery et al., 1971, 1987, 1988, 1989;
Dirinck et al., 1976; McGlasson et al., 1987; Baldwin et al.,
1991; Linforth et al., 1994). Approximately 400 volatile
compounds have been found in the ripening fruit (Baldwin
et al., 1991), but of these only a small number have been
identified as important components of flavor and aroma.
These include Z-3-hexenal, Z-3-hexenol, 2-E-hexenal, hex-
anal, 3-methylbutanal, 3-methylbutanol, -ionone, 1-penten-
3-one, 2-isobutylthiazole, 6-methyl-5-hepten-2-one, methyl
salicylate, geranylacetone, E-2-heptenal, isobutyl cyanide,
and 2-phenylethanol (Dirinck et al., 1976; Buttery et al.,
1987, 1989). These flavor volatiles are formed by several
different pathways, including the deamination and decar-
boxylation of amino acids (3-methylbutanal and 3-methyl-
butanol; Yu et al., 1968) and lipid oxidation of unsaturated
fatty acids (hexanal, hexanol, and the hexenals and hex-
enols; Galliard et al., 1977; Hatanaka et al., 1986).

The tomato ADH 2 enzyme (alcohol:NAD™ oxidoreduc-
tase; EC 1.1.1.1) is one of two ADH enzymes described in
tomato. It has been implicated in the interconversion of the
aldehyde and alcohol forms of flavor volatiles (Sieso et al.,
1976; Bicsak et al., 1982) and has been shown to accumulate
in the fruit during ripening (Bicsak et al., 1982; Longhurst
et al., 1990; Chen and Chase, 1993) and to have appropriate
substrate specificities in vitro (Bicsak et al., 1982), but direct
proof of its role has not been obtained. The tomato ADH 1
enzyme is found only in pollen, seeds, and young seedlings
(Tanksley, 1979) and apparently is not associated with
functions in the ripening fruit.

The accumulation of the ADH 2 enzyme late in ripening,
combined with the coincident large increase in flavor vola-
tiles in the fruit and the enzyme’s putative role in inter-
conversion of the volatile aldehydes and alcohols, has led

Abbreviations: AC, Ailsa Craig; ADH, alcohol dehydrogenase;
Br, breaker; CaMV, cauliflower mosaic virus; PG, polygalacturo-
nase; SPME, solid-phase microextraction.
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to the suggestion that ADH may play an important role in
flavor development (Longhurst et al., 1990).

To test the putative role of the enzyme in the reduction of
some flavor aldehydes to alcohols and to examine its pos-
sible involvement in the development of flavor in the to-
mato fruit, we produced a number of transgenic tomato
plants with modified levels of ADH 2 activity in the rip-
ening fruit. Analysis of volatiles from fruit with enhanced,
normal, or reduced levels of ADH 2 was carried out by
GC-MS to determine the effects on the relative amounts of
volatile aldehydes and alcohols and on the flavor of fruit
from representative plants (determined by a taste panel).
The results indicated that ADH is involved in the intercon-
version of aldehydes and alcohols in tomatoes and that this
affects the flavor of the fruit.

MATERIALS AND METHODS

Tomato (Lycopersicon esculentum Mill. cv AC) plants were
grown under controlled conditions in a greenhouse and in
compliance with regulations for the contained growth of
transgenic plants as specified by the Australian Genetic
Manipulation Advisory Committee. Harvesting of fruit
was randomized so that environmental or positional effects
such as slight variations in light intensity or position of
fruit on the vine were minimized.

Construction of Adh Transgenes

The Adh ¢cDNA used for the construction of the Adh
transgene was modified by PCR using the tomato Adh 2
c¢DNA pTADH 2 (Longhurst et al., 1994) as a template. The
1.5-kb PCR product includes a 5’ untranslated region 91 bp
upstream of the ATG start codon and a 320-bp untranslated
region 3’ of the TAA stop codon. The integrity of the
sequences was confirmed by sequence analysis. Two Adh 2
transgenes were constructed. The first construct, PJR-ADH,
consists of the Adh 2 cDNA ligated into the binary vector
PJR1. The PJR1 vector (Smith et al., 1988) is a derivative of
Bin 19 (Bevan, 1984; Frisch et al., 1995) and contains the
constitutive CaMV 35S promoter and the nopaline synthase
3’ terminator sequence. The second construct, PRD-ADH,
consists of the Adh 2 cDNA ligated into the binary vector
PRD. The PRD binary vector was derived from Bin 19 and
contains a tomato-fruit-specific PG promoter (4.8 kb) and
PG terminator (1.8 kb; Nicholass et al., 1995). The Adh 2
cDNA fragment was inserted into the Bsal and Spel sites of
the PRD binary vector.

Tomato Transformation

The constructs PJR-ADH and PRD-ADH were trans-
ferred from Escherichia coli DH5« to Agrobacterium tumefa-
ciens LBA4404 by triparental mating via E. coli HB101 and
pRK2013. Tomato transformations were carried out accord-
ing to the method of Bird et al. (1988). Southern-blot anal-
ysis of DNA from young leaf tissue was used to estimate
the number of Npt II and Adh 2 inserts integrated into each
plant, and plants were allowed to grow to maturity and set
fruit. Fruit were harvested at the first color change (Br) and
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2 (Br+2) and 7 d (Br+7) after the Br stage, and ADH
activity in the pericarp tissue was determined. For main-
tenance of the primary transformants and to provide suf-
ficient fruit for subsequent analyses, multiple cuttings of
selected plants were vegetatively propagated.

Genomic Southern-Blot Analyses

Genomic DNA was extracted from young leaves by the
method of Thomas et al. (1993). Seven micrograms of each
of the genomic DNAs was digested with either HindIII or
Xmnl and was fractionated by electrophoresis on 0.7%
agarose-TBE (89 mm Tris/borate and 2 mm EDTA, pH 8.0)
gels. The DNA was transferred onto nylon membranes
(Zetaprobe, Bio-Rad) as described by the manufacturer.
The filters were hybridized sequentially with **P-labeled
probes corresponding to the Npt II and Adh 2 cDNA re-
gions of the transgene. Hybridization was according to the
procedure recommended for Zetaprobe at 65°C for 16 h.
The filters were washed twice with 2X SSC, 0.1% SDS at
65°C for 15 min each, followed by two washes of 10 min
each with 0.1X SSC, 0.1% SDS at 65°C. The membranes
were blotted dry and analyzed by phosphor imaging. The
numbers of Npt II and Adh 2 inserts were estimated from
the number of bands of hybridization with the respective
probes together with their intensities (HindIII). Digestion
with Xmnl excised the introduced Adh 2 cDNA from the
inserted gene construct(s). In this case, the number of cop-
ies of the Adh 2 gene inserted was estimated from the
intensity of hybridization to the inserted gene(s) relative to
the intensity of hybridization to the endogenous gene.

Extraction and Assay of ADH

Tomato pericarp tissues and whole-fruit tissues were
extracted and assayed according to the method of Long-
hurst et al. (1990). Protein concentration was measured
using a protein quantification kit (Bio-Rad). Enzyme activ-
ities are given in units per milligram of protein, where 1
unit is the amount of enzyme required to produce 1 umol
NADH min .

Volatile Analyses

The method used for isolation of headspace volatiles was
modified from that of Buttery et al. (1987) and included a
short, room-temperature incubation of the macerated to-
mato tissue before inactivation of endogenous enzymes by
the addition of CaCl,. This step was included to simulate
the development of volatiles in sliced and chewed tomato.
SPME absorption was used to collect headspace volatiles
for fractionation and analysis by GC-MS.

Fruit were harvested at the Br+7 stage. Pericarp tissue
(10 g) was taken from freshly harvested fruit, sliced, and
then briefly macerated using a Polytron homogenizer
(model PT2000, Kinematica AG, Littau, Switzerland). The
slurry was allowed to stand at room temperature for ex-
actly 3 min, after which 3.3 g of solid CaCl, was added to
inhibit further enzyme activity. Uniformly labeled, deuter-
ated hexanol (1 uL at a concentration of 80 nmol uL~') was
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added as an internal standard. An aliquot of the mixture
(5.5 g) was transferred to a 10-mL headspace vial sealed
with a silicon/Teflon septum. The vial was incubated at
40°C for 30 min. Sampling of the headspace was carried out
by insertion of a SPME fiber (65 um, Carbowax-
divinylbenzene, Supelco, Bellefonte, PA) for 30 min while
incubation of the vial continued at 40°C. The absorbed
sample was analyzed on a gas chromatograph (series 6809,
Hewlett-Packard) fitted with a capillary DB-wax column
(30 m X 0.25 mm i.d. X 0.25 um, ] & W Scientific, Folsom,
CA) and individual peaks were identified by MS. Peak
areas were measured by integration and were normalized
against the internal deuterated hexanol standard. Tabulated
data are peak areas X 10~°.

Taste Trial

To comply with the requirements of the Australian Ge-
netic Manipulation Advisory Committee, seeds were re-
moved from the tomatoes before taste testing. Tomatoes
from several vegetatively propagated clones of each of the
primary transformed plants of interest were harvested be-
tween 7 and 9 d after ripening. The tomatoes were matched
on the basis of size. Each tomato was quartered, and the
locular tissue containing the seeds was removed. Each
quarter was used by each panelist for each of the four
attributes in the following order: ripe flavor, green flavor,
sweetness, and acidity. Four sets of samples were pre-
sented to each panelist, each in a different random order.
Each set was used to rank only one of the attributes.
Panelists were asked to rank the samples on each of the
four attributes. Samples with the greatest intensity of the
attribute were given a rank of 1, whereas the least intense
was ranked 4. An orthogonal Latin-square design was used
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to balance out carryover effects. This design required 12
assessments (panelists). However, because of insufficient
samples, only 11 assessments were made in this trial.

Seven of the 11 panelists were trained oenologists with
extensive experience in wine flavor and acid-balance as-
sessment (mean experience, 10 years). One panelist, al-
though not formally trained, had 3 years of regular expe-
rience in assessing these attributes. The three remaining
panelists were laboratory employees. Although all panel-
ists knew the general purpose of the tasting, i.e. a compar-
ison of flavor-modified tomatoes, none was aware of the
exact nature of the samples.

RESULTS

Transformation with Adh 2 Constructs and
Initial Screening

Tomato explants were transformed with constructs con-
taining the tomato Adh 2 cDNA as shown in Figure 1, and
transformed plants from each experiment were selected for
analysis.

Two types of transformation construct were used. Both
contained the tomato Adh 2 cDNA in a sense orientation
relative to the construct promoter. In one set of experi-
ments the CaMV 35S promoter was used to provide con-
stitutive expression of the cDNA. In the other the tomato
PG gene promoter (Bird et al., 1988; Nicholass et al., 1995)
was used to provide fruit-ripening-specific expression of
the cDNA.

ADH activity was measured in pericarp, locular, and
whole-fruit tissues. Activity was found to vary in the dif-

Figure 1. Constructs PJR-ADH and PRD-ADH.
A, General map of the T-DNA region of the
binary vector Bin 19 (Bevan, 1984; Frisch et al.,
1995) showing the Npt ll-selectable marker
gene and the polylinker site. B, For construction
of the vector PJR-ADH, the tomato Adh 2 cDNA
was ligated between the CaMV 35S promoter
(prom) and the nopaline synthase (Nos) 3’ ter-
minator, which were inserted into the polyclon-
ing site of the Bin 19 vector as described in
“Materials and Methods.” C, For construction of
the PRD-ADH vector, the tomato Adh 2 cDNA
was ligated between the promoter and 3’ re-
gions of the tomato PG, which were inserted
into the polycloning site of the Bin 19 vector as
described in “Materials and Methods.”
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ferent tissues but was highest in pericarp tissue (data not
shown). Because of this, and because of the uniform com-
position of the tissue, only pericarp activities are presented
here.

Constitutive expression of the introduced cDNA(s) re-
sulted in both enhanced and inhibited accumulation of the
ADH 2 enzyme in the ripening fruit (Fig. 2). Enhanced
levels of accumulation were most evident in Br fruit, but a
number of fruit continued to show significantly (P < 0.05)
enhanced levels at Br+7. About 40% of the plants analyzed
had fruit in which ADH 2 expression was completely
inhibited.

In the second set of experiments, in which the introduced
cDNA(s) was expressed in a fruit-ripening-specific man-
ner, ADH activities at Br+2 ranged from approximately
that in control fruit to six to seven times control levels,
whereas activities at Br+7 ranged from approximately con-
trol fruit levels to two to three times control levels (Fig. 2).
With the fruit-specific promoter none of the transgenic
fruit had significantly lower ADH activity than the con-
trols (Fig. 2).
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ADH Activities during Ripening

Seven plants showing significant modifications in ADH
activities in fruit pericarp were selected for more extensive
analysis during fruit ripening and for analysis of fruit
volatiles. Cuttings from the selected plants were propa-
gated to provide sufficient material and fruit of appropri-
ate ages. Plants C20 and C23 contained constructs with
constitutive expression of the inserted cDNA(s). Fruit from
these plants showed, respectively, either enhanced ADH
activity or minimal activity in fruit throughout ripening
relative to levels in fruit from untransformed control plants
(Fig. 3). Plant C13 contained Adh 2 cDNAs regulated by the
fruit-ripening-specific PG promoter. Fruit from the C13
plant showed significantly enhanced levels of ADH activity,
which continued to increase up to Br+7 and then declined.

Comparative Activities in Fruit from T, Plants

In a separate series of experiments, ADH levels were
determined in pericarp tissue of Br+7 fruit from the seven
selected T, plants (Table I). ADH activities in fruit from the
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Figure 2. ADH specific activities in pericarp from Br, Br+2, and Br+7 fruit from transformed tomato plants. The top two
histograms show results for plants transformed with the PJR-ADH construct containing the tomato Adh 2 cDNA coupled with
the constitutive CaMV 35S promoter (left Br, right Br+7). The bottom two histograms show results from plants transformed
with the PRD-ADH construct containing the tomato Adh 2 cDNA coupled with the tomato fruit-ripening-specific PG
promoter (left Br+2, right Br+7). Results are arranged in order of increasing activity in Br+7 fruit and are indicated in the
same order in the histograms on the left. Three fruit were averaged for each data point. Control in each histogram is a mean +
sD obtained from three fruit (each control point) from separate, untransformed plants. U, Units.



three plants containing one or two constitutively expressed
transgenes, C7, C14, and C20, were significantly higher
than in control, untransformed fruit. In contrast, activity
was almost undetectable in fruit from the three plants
containing three or more constitutively expressed trans-
genes, C4, C11, and C23. Consistent with activities deter-
mined during fruit ripening (Fig. 3), the highest ADH
activities were found in Br+7 fruit from the C13 plant genetic locus.
(Table I), which contained about six transgenes regulated
by the fruit-specific tomato PG promoter.

Analysis of Adh mRNA

Hybridization analysis was used to examine gene activ-
ity relative to ADH activity in one of the plants in which
ADH activity was suppressed. Hybridization analysis of
Adh mRNA in pericarp tissue of fruit from one of the
untransformed plants (AC2), showed mRNA abundance
increasing in the fruit up to about Br+10, then declining
slightly (Fig. 4). In contrast, no Adh mRNA was detectable
in ripening fruit from the C23 plant, in which ADH activity
was minimal. This observation indicates that inhibition of
ADH activity in this plant is a result of gene silencing or
cosuppression (Jorgensen, 1990).

Transgene Inheritance and Segregation in T, Plants

T, populations were generated from all seven of the
transgenic plants described above. Inheritance of the trans-
genes was determined by Southern-blot analysis. Twenty-
five T, progeny from the plants with single inserts, C7 and
C14, segregated in an approximately Mendelian fashion.
The C7 T, plants had a ratio of azygous:hemizygous:ho-
mozygous plants of 5:12:8 and the C14 T, plants had a ratio
of 8:11:6. Similarly, 40 T, progeny obtained from the plant
with a double insert, C20, segregated in an approximately
Mendelian fashion, with a distribution of 9:24:7. We saw no
evidence of separation of the two inserts, suggesting that
they were closely linked. T, progeny from the primary
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Figure 3. ADH activities in pericarp tissue are shown for ripening fruit from three transgenic plants and are compared with
ADH activities in fruit from an untransformed plant. Plant C13 was transformed with the Adh 2 cDNA coupled with the
fruit-ripening-specific PG promoter. Plants C20 and C23 were transformed with constructs containing the CaMV 35S
promoter. White bars, Untransformed fruit; black bars, transformed fruit. Three fruit were averaged for each data point.
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transgenic plants with multiple inserts had approximately
Gaussian distributions (Table II), with some abnormalities
resulting in part from analysis of small populations, but in
some cases, also from insertion of clusters of transgenes.
For example, C11 hybridization profiles (not shown) and T,
distribution suggest that five or six of the estimated eight
transgenes in the T, plant have been inserted at a single

The T, progeny of the C7, C14, and C20 T, plants were of
particular interest to us because of their simple genetic
characteristics and their enhanced ADH levels (Table I).
ADH activities were determined in Br+7 fruit from all
of the T, progeny of these three T, plants. Data for each
class of T,, azygous, hemizygous, and homozygous, were
pooled and are presented as means *+ sp in Table III. ADH
activities from control, untransformed fruit (AC2), grown
and harvested at the same time as the T, fruit, are included
in Table III. The enhanced ADH character was evident in
most of the T, plants containing one or two transgenes, but
activity was almost completely suppressed in fruit from all
of the homozygous C20 T, plants. In addition, ADH activ-

ity was also suppressed in fruit from 6 of the 24 hemizy-

gous C20 T, progeny.

Analysis of Volatiles in T, Fruit

Analysis of headspace volatiles in fruit with modified
ADH activities was carried out on Br+7 fruit from the
seven selected T, plants. SPME was used as a quick and
convenient method for measuring headspace volatiles from
individual fruit. This method revealed some 15 major
peaks of volatiles and many minor peaks (Fig. 5). A num-
ber of the volatiles identified in Figure 5 are among those
considered to be important to flavor and aroma develop-
ment. Of particular interest to us were the hexanal /hexanol
and hexenal /hexenol compounds, peak areas of which are
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Table I. Number of introduced genes, ADH specific activities, and relative abundances of some volatiles in fruit from transformed and control plants

The number of inserted genes was estimated by quantitating the hybridization to genomic DNA of probes for Npt Il and for the Adh 2 cDNA, as detailed in “Materials and Methods.”
Headspace volatiles were extracted from Br+7 fruit, collected by SPME absorption, and analyzed by GC-MS. Peak areas were determined by integration and were normalized against the
area of a deuterated hexanol standard introduced during maceration of the tissue. Averaged ADH activities from pericarp tissue and volatile abundances were derived from the same sets

of fruit, and were derived separately from the data presented in Figure 2. Data from individual transformed plants were compared with pooled data from the control plants (ACT1, 2, and
3) using Welch’s t test, which does not assume equal variances: Statistical analyses of geraniol, E-2-octenal, 1-octen-3-ol, and citral are not included because no correlation with ADH

activity was evident.

Z-3-Hexanal E-2-Hexanal Hexanol Z-3-Hexanol Geraniol E-2-Octenal 1-Octen-3-ol Citral

Genes Inserted AD/I:I Spgcific Hexanal
ctivity

(Adh 2/Np I

Plant

relative abundance

0.25 + 0.09

units mg~ " protein

0.30 = 0.10
0.90 = 0.14
0.69 = 0.28
0.38 = 0.10
0.70 = 0.22

0.09 = 0.01
0.07 = 0.02
0.11 = 0.02
0.08 = 0.01
0.10 = 0.03
0.12 = 0.03
0.10 = 0.02
0.09 = 0.03

0.43 = 0.01
0.50 = 0.09
0.57 = 0.06
0.45 = 0.03
0.61 = 0.09

0.56 = 0.1

0.72 = 0.34
0.71 £ 0.16
0.62 = 0.14
0.49 = 0.10
0.89 = 0.25
0.81 = 0.13

3.08 = 0.28

14.38 + 3.24b
13.57 = 1.76
15.99 + 1.72¢
12.92 + 2.78
12.37 +2.03
11.68 = 2.62°
15.88 + 1.42°¢
10.82 + 3.23

0.67 + 0.16° 8.48 + 1.60° 8.42 = 1.07°

11
171

2/2
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412 +0.79"
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9.13 £ 0.31° 7.28 = 0.40 0.40 * 0.05¢

0.56 = 0.04¢

3)

7.73 = 1.28° 0.52 = 0.17°

9.94 + 1.98"

0.76 = 0.15¢

C20 (n

4.48 +1.27°
2.51 = 0.46

0.29 * 0.08"
0.22 +0.07

7.67 + 1.42°
7.76 = 1.57

6.95 = 0.89°
9.43 = 1.44

1.26 £ 0.31°
0.375 = 0.15

6/7

3)

C13 (n

=10)

AC1-3 (n

0.6 = 0.01
0.35 = 0.07
0.44 = 0.15

0.15 * 0.08¢

0.065 * 0.08¢
0.057 * 0.059

0.02 + 0.0259
0.04 = 0.02¢

9.28 + 1.22°

9.62 + 0.85"

0.01 = 0.016¢

0.006 = 0.01¢

4/3
8/?

C4 (n=3)

C11 (n

0.52 = 0.05
0.54 = 0.20

0.6 = 0.09
0.92 = 0.15

7.57 +0.72°

8.45 + 0.44P

10.09 = 2.27°
¢ Very significant (P < 0.01).

_
=3

0.02 + 0.002¢
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0.011 = 0.02¢

3/5

2 Significant (P < 0.05).

C23 (n

4 Extremely significant (P < 0.001).

b Not significant.
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Figure 4. Hybridization of *?P-labeled tomato Adh 2 cDNA to RNA
from pericarp of ripening fruit from a control plant and a low-ADH
transgenic plant (C23). Each lane contains 10 pg of total RNA.
Fractionation, transfer to membrane, and hybridization were as de-
scribed by Longhurst et al. (1994).

listed in Table I, together with areas of some other alde-
hydes and alcohols detected.

Comparison of areas of individual peaks between tissue
from control, high-ADH, and low-ADH fruit generally
showed little variation. Peak areas of the aldehyde Z-3-
hexenal did not vary greatly between the various plants,
whereas variations in the levels of E-2-hexenal were de-
tected only in fruit from the C20 and C11 plants. Similarly,
the area of the aldehyde hexanal varied little between
plants except in C13, in which it was significantly lower
relative to controls (Table I). In contrast, levels of the
alcohols hexanol and Z-3-hexenol did show significant
variation between plants with differing ADH levels (Table
I). Relative to levels in control fruit, hexanol levels were
significantly higher in fruit from two of the high-ADH
plants, C14 and C20. Z-3-Hexenol levels were also higher in
fruit from two of the high-ADH plants, but in this case the
significantly increased levels were in C7 and C20. Both
hexanol and Z-3-hexenol levels were significantly lower in
fruit from all three low-ADH plants. E-2-Hexenol was not
detected in any of the fruit.

Analysis of Volatiles in T, Fruit

Analysis of headspace volatiles was undertaken for fruit
from a number of hemizygous and homozygous T, prog-
eny of the three T, plants of greatest interest, C7, C14, and
C20. During the course of these analyses the abundances of
some of the headspace volatiles (particularly hexanol and
Z-3-hexenol) obtained from fruit from each plant were
observed to vary significantly in fruit harvested several
weeks apart. The variations may have resulted from dif-
ferences in growing conditions, and to compensate for this
the results in Table IV are grouped so that each group
includes data from control and T, fruit that were grown
along with the T, fruit and harvested and analyzed during
the same period. For brevity, the analyses of hexanal, hexa-
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Table Il. Segregation of T, plants

The number of transgene inserts in the T, plants was determined by Southern-blot analysis and
quantitation of number and intensity of bands of hybridization relative to hybridization to the endog-

enous genes.

Parent No. of No. of T, T, Segregation®
To Inserts Analyzed !
C13 6 16 3/1, 4/3, 6/3, 7/4, 8/3, 12/2
C4 4 39 0/2, 1/9, 2/1, 3/2, 4/10, 5/6, 6/3, 7/2, 8/4
C11 8 40 0/7, 6/3, 7/3, 8/5, 9/6, 10/3, 11/2, 12/3, 13/2, 14/3, 16/3
C23 3 30 0/1, 1/9, 2/10, 3/3, 4/3, 5/2, 6/2

# No. of inserts/no. of T,.

nol, Z-3-hexenal, E-2-hexenal, and Z-3-hexenol are pre-
sented in Table IV as ratios of the aldehyde to alcohol.
Because Z-3-hexenal isomerizes to E-2-hexenal (Kazeniac
and Hall, 1970) and because we detected no E-2-hexenol,
the ratio of (Z-3 + E-2)-hexenal to Z-3-hexenol has been
used.

A comparison of the ratios obtained in the later analyses
with those derived from the initial analyses of the T, plants
shows large differences, mostly attributable to differences
in abundance of the alcohols. However, within each of the
four sets of data a consistent correlation can be seen be-
tween the increased levels of ADH in the T, and T, fruit
and lower aldehyde-to-alcohol ratios, indicating increased
levels of the alcohols. In the one cosuppressed plant ana-
lyzed, C20 T, P18 (hemizygous), the barely detectable lev-
els of ADH in the fruit correlated with zero or barely
detectable levels of the alcohols, giving rise to high
aldehyde-to-alcohol ratios (infinitely high in the case of the
hexanal-to-hexanol ratio, because hexanol was undetect-
able in one of the three fruit analyzed).

Flavor Testing: Taste Trial

Deseeded fruit tissue from three of the T, plants and a
control plant was taste tested by a panel of 11 individuals,
most of whom had training and extensive taste panel ex-
perience. The panel found a significant increase in ripe-
fruit flavor in fruit from the C20 plant in which ADH levels
were constitutively enhanced relative to fruit from other
transgenic plants and from control plants (Table V). Other
attributes did not vary significantly between fruit from the
various plants; however, a slight correlation between low-
ered green-tomato character and increased sweetness of
the C20 fruit relative to the other fruit was noted. The
flavor characteristics of fruit from the C13 plant did not
differ from those of control fruit.

DISCUSSION

By introducing tomato Adh 2 cDNA constructs coupled
to either a constitutive promoter or a fruit-ripening-specific
promoter, we have produced a number of T, and T, trans-
genic tomato plants with modified levels of ADH 2 activity
in their ripening fruit. The introduction of the Adh 2 cDNA
under the control of the constitutive promoter resulted in a
spectrum of T, plants, including those with enhanced lev-

els of ADH 2 activity in the ripening fruit and other tissues
(J. Speirs and E. Lee, unpublished data) and plants with
barely detectable levels of ADH 2 activity in the ripening
fruit. Hybridization analysis (Fig. 4) related the suppressed
ADH activity in fruit from one of the transgenic plants to
an absence of Adh mRNA in the fruit, indicating that the
introduced transgene had induced gene silencing or co-
suppression (Jorgensen, 1990). Transgenic plants contain-
ing constructs with the tomato PG promoter produced fruit
showing enhanced levels of ADH 2 activity. In fruit from
these plants, ADH 2 activity increased as the fruit ripened
(C13; Fig. 3), consistent with the fruit-ripening specificity of
the PG promoter (Bird et al., 1988; Nicholass et al., 1995).

The production of tomato plants that bear fruit with
significantly different ADH activities in their tissues has
allowed us to examine the role of ADH in the production of
volatiles associated with flavor in the ripening fruit. We

Table Ill. ADH activities in Br+7 fruit from T, and T, plants

ADH activity was determined in pericarp tissue from three Br+7
fruit of each plant. Pooled activities for each class of plant were
compared with the activity of control (AC2) Br+7 fruit grown and
harvested during the same period of time. Statistical comparison was
with Welch's t test.

Plant N X n? Inserts ADH Specific Activity
no. units mg~'

AC2 (control) 1X5 0 0.381 + 0.10
C7

To 1X3 1 0.602 * 0.06"

T, azygous 5X3 0 0.342 = 0.10°

T, hemizygous 12 X3 1 0.528 + 0.10°

T, homozygous 8 %3 2 0.652 *+ 0.13¢
C14

T, 1X8 1 0.598 + 0.10

T, azygous 8 X3 0 0.402 = 0.06°

T, hemizygous 11 X3 1 0.581 = 0.09¢

T, homozygous 6 X3 2 0.642 + 0.09¢
C20

T, 1X5 2 0.583 + 0.11°

T, azygous 9 X3 0 0.291 * 0.09¢

T, hemizygous 18 X3 2 0.575 = 0.07°

6 X3 2 0.003 =+ 0.003¢
T, homozygous 7 X3 4 0.002 *+ 0.003¢

N = Number of different plants, n = number of fruit per plant.
b Significant (P < 0.05).  ©Not significant. 9 Very significant
(P < 0.01).
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Figure 5. Volatiles isolated from headspace above macerated whole-fruit tissue. Typical elution profile of compounds
detected by GC analysis of headspace volatiles.

found some quantitative variation in headspace volatiles ripening (Fig. 3). A small, nonsignificant increase in Z-3-
between fruit, but we also found consistent differences in hexenol was found in fruit from this plant (Table I), result-
the balance between some of the volatile aldehydes and ing in a decrease in hexenal-to-hexenol ratios (Table IV).
alcohols in fruit from plants with differing ADH levels. Of However, no increase in hexanol was observed, whereas a
particular interest was the interconversion of the 6-C alco- decrease in hexanal was evident (Table I). Although these
hols and aldehydes, which has been linked indirectly with changes result in small but significant reductions in both
the ADH 2 enzyme (Sieso et al., 1976; Bicsak et al., 1982; hexanal-to-hexanol and (Z-3 + E-2)-hexenal-to-Z-3-hexenol
Longhurst et al., 1990; Chen and Chase, 1993). ratios, similar to those evident in the C20 fruit, the mech-

anism appears to be different. Assuming that ADH is in-
volved, the high ADH activity attained in the fruit, or the

Constitutive Promoter: High-ADH Plant C20 i L 4 )
specific timing of its increase in the tissues, may affect the

Associated with the increased ADH activity in fruit from mechanism. Possibilities include feedback from the alcohol
plant C20 were increases in the alcohol forms of the hex- end of the pathway to the primary events associated with
anal/hexanol and hexenal/hexenol volatiles (Table I), giv- the conversion of free fatty acids to linoleic acid, or some
ing rise to reduced ratios of aldehyde to alcohol (Table IV). mechanism for increased efflux of the alcohol product. It
These low ratios are consistent with an increased conver- may also be that the high ADH levels influence some
sion of the 6-C aldehydes to their alcohols by the increased remote pathway that has an indirect influence on the levels
ADH activity in the transformed fruit, which is, to our of hexanal /hexanol.

knowledge, the first direct evidence that the tomato ADH 2
enzyme mediates interconversion of hexanal /hexanol and
the Z-3- form of hexenal/hexenol in the ripening fruit. Constitutive Promoter: Low-ADH Plant C23

ADH activity was reduced to barely detectable levels in

Fruit-Specific Promoter: High-ADH Plant C13 fruit of plant C23. Also barely detectable in these fruit were

In fruit from the C13 plant ADH activity was marginally hexanol and Z-3-hexenol (Table I), with the resulting
higher during development relative to control fruit (J. aldehyde-to-alcohol ratios for C23 fruit differing grossly
Speirs and E. Lee, unpublished data), but increased to from those of control fruit (Tables I and IV). Reduction of

approximately three times the level in control fruit during ADH 2 activity therefore resulted in the inhibition of the



Tomato Fruit Engineered for Altered Alcohol Dehydrogenase Activity 1055

Table IV. ADH activities and ratios of aldehydes:alcohols for populations of Br+7 T, and T, fruit

Data sets were collected at different times. Each data set includes data for control fruit (AC) grown and harvested during the same period.

Plant Inserts Satr:;])llted ADH Activity Hexanal/ol Heiezzl//(;gzg
no. units mg~! relative abundance

Control ACT1,2,3? 10 0.38 = 0.15 492 +7.9 8.7 1.3
C7 1,0 1 4 0.67 = 0.16¢ 36.8 = 10.78 7.4 =128
C14 Ty 1 3 0.56 + 0.04¢ 23.4 + 3.8 52+ 1.0°
C20 T,® 2 5 0.76 = 0.15°¢ 20.1 = 4.7° 42 +1.1f
C13 T,? 6 3 1.26 + 0.314 25.2 + 8.09 4.8 = 1.49
C4 T,? 4 3 0.01 = 0.016 oof 113 * 75.58
C11 T, 8 4 0.006 = 0.01° 235 = 1144 oof
C23 T,? 3 3 0.011 = 0.02f 471 + 1269 oof
Control AC2° 0 4 0.230 * 0.03 287 £ 75 103 + 38
C7 Ty 1 (Hemizygous) 6 0.657 * 0.05 80 + 44 11 =14
Cc7T,° 1 (Hemizygous) 4 0.537 = 0.114 75 = 134 11 = 34

P41 1 (Hemizygous) 2 0.658 = 0.118 84 = 114 10 = 14

P31 2 (Homozygous) 6 0.672 = 0.13f 70 + 69 11 + 59

P35 2 (Homozygous) 4 0.630 = 0.14¢ 76 + 159 11 + 69
Control AC2° 0 4 0.230 * 0.03 287 £ 75 103 = 38
C14 T,° 1 (Hemizygous) 3 0.598 + 0.10¢ 81 + 1d 11 + 19
C14T,®

P23 2 (Homozygous) 5 0.724 * 0.458 56 + 14¢ 11 = 64

P35 2 (Homozygous) 4 0.510 = 0.03" 69 * 74 +1d
Control AC2¢ 0 4 0.435 * 0.03 192 + 27 49 =10
C20 T,° 2 (Hemizygous) 6 0.722 + 0.08' 114 +17¢ 20 + 34
C20T,©

P16 2 (Hemizygous) 4 0.694 * 0.05 129 + 329 17 + 4¢

P33 2 (Hemizygous) 4 0.647 = 0.114 120 = 13°¢ 19 £ 2¢

P45 2 (Hemizygous) 6 0.656 * 0.05 136 = 18¢ 23 + 44

P18 2 (Hemizygous)- 3 0.01 = 0.01° % 404 * 44¢°

cosuppressed

* Data collected June to August 1996.

(P < 0.05). ¢ Very significant (P < 0.01).

b Data collected July to September 1997.
columns, comparisons were made between data for the transgenic fruit and the appropriate control fruit using Welch’s t test.
f Extremely significant (P < 0.001).

¢ Data collected February to March 1998. Within
d Significant
8 Not significant.

conversion of hexanal and Z-3-hexenal to their correspond-
ing alcohols, providing further direct evidence of at least
one of the roles of ADH 2 in the ripening fruit.

Inheritance in T, Plants

Inheritance of the transgene(s) in small populations of T,
plants derived from selfing of the seven T, plants con-
formed to expected patterns of Mendelian inheritance of a
single genetic locus (plants C7, C14, and C20) or approxi-
mated Gaussian distributions in progeny from the plants
with more than two inserts (Table II).

Analysis of ADH activities and volatiles in the T, plants
was restricted to the progeny of the C7, C14, and C20 T,
plants because of their simple genetic characteristics and
enhanced ADH levels (which were of particular interest).
Azygous, hemizygous, and homozygous progeny from
these plants had ADH activities consistent with the inher-
itance of the phenotype endowed by the transgene. That is,
azygous progeny had levels of activity equivalent to those
of controls grown and harvested during the same period,

and hemizygous or homozygous progeny had enhanced
activities (or cosuppressed activities) relative to the same
controls (Table III).

Inheritance of modified aldehyde and alcohol pheno-
types in the T, fruit was confirmed in a small number of
representative progeny from the three T, plants, C7, C14,
and C20 (Table IV). Within groups of control and trans-
genic T, and T, plants grown and analyzed during the
same period a consistent trend was evident relating high
ADH activity to increased abundances of the alcohols hexa-
nol and Z-3-hexenol. The relationship between ADH activ-
ity and changes in the balance between aldehyde and al-
cohol is shown in Table IV, where the lower ratios of
hexanal-to-hexanol and (Z-3 + E-2)-hexenal-to-Z-3-hexenol
are mainly indicative of increased levels of the alcohols and
the higher ratios are indicative of decreased levels of the
alcohols.

The variability in the ratios of aldehyde to alcohol that
we have found between sets of plants grown and analyzed
at different periods during the year is not fully understood.
It may reflect, to an extent, changes in the growing envi-
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Table V. Taste trial of transgenic tomatoes

Tomatoes from the selected plants were harvested at optimal
ripeness, between Br+7 and Br+9. Pericarp tissue from the fruit was
tasted by 11 panelists as described in “Materials and Methods.”
Samples with greatest intensity of attribute were given a ranking of 1,
whereas those with the least were ranked 4. Summed scores are
shown with low rank sums, implying a high intensity of that attribute.
In a row, scores followed by a common letter are not significantly
different (probability is shown in column P). Rank sums were ana-
lyzed by Friedman’s test and Lsp was determined using the method of
Skillings and Mack (1981). The lowest rank sum for ripe tomato flavor
consisted of 10 “1” rankings and a single “4” ranking.

. Control LSD
Characteristic C20 C13 (untransformed) C23 P 59
Ripe flavor 14a  34b 28b 34b  0.002 10
Green flavor  34a 23a 28a 25a  0.288 10
Sweetness 18a  36b 24ab 32b  0.014 10
Acidity 25a  29a 30a 26a 0.819 10

ronment. However, because the pathway leading from free
fatty acids to the 6-C aldehydes and alcohols is operative
mainly in disrupted tissue (Galliard and Matthews, 1977;
Hatanaka et al., 1992), an association between growing
environment and extracellular conversion of aldehydes to
alcohols is difficult to envisage. This is currently under
investigation.

Our results indicate that modification of ADH 2 activity
in the tomato fruit affects the balance between the 6-C
aldehydes and alcohols. The effects are most marked when
ADH 2 activity is reduced. The less-pronounced conse-
quences of increasing ADH 2 activity may indicate an
upper limit to the tolerated concentration of the alcohols,
which is regulated by feedback or by further metabolism,
or limitations in the reducing potential of NADH. It is also
possible that the upper limit of ADH activity is a function
of gene activity. The introduction of a single, constitutively
regulated Adh transgene enhanced the activity of the en-
zyme in the fruit, whereas two transgenes gave rise to a
further small increase in most cases. However, 6 of the 24
hemizygous C20 T, progeny examined that contained two
transgenes were cosuppressed, suggesting that the com-
bined activities of the endogenous genes plus the two
transgenes constituted a threshold at or above which gene
suppression was possible or probable. This is supported by
the cosuppression observed in all the T, and T, plants
containing more than two constitutively expressed trans-
genes (Tables I and III). The same threshold was not evi-
dent in the C13 plant containing six transgenes regulated
by a fruit-specific promoter. One explanation may be that
gene silencing or cosuppression, if it occurs in the ripening
C13 fruit, occurs subsequent to the synthesis of the active
enzyme, the residual activity of which masks the more
long-term effects throughout the sampling period.

We were unable to detect the E-2-hexenol volatile in
SPME-headspace analyses of any of the tomato extracts
despite confirming that the compound could be detected
by our sampling procedure. Low levels of the aldehyde
E-2-hexenal relative to its Z-3-isomer have been reported in
tomato fruit (Dirinck et al., 1976; Buttery et al., 1987, 1988,
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1989; Baldwin et al., 1991), and an absence or low activity
of the cis-3-trans-2 isomerase has been postulated as a
reason for this (Galliard et al., 1977). The relatively high
levels of E-2-hexenal observed in all of our samples, there-
fore, were unexpected and may have resulted from nonen-
zymic isomerization during volatile collection and process-
ing. The apparent absence of E-2-hexenol would therefore
result from the accumulation of the E-2-aldehyde subse-
quent to the inactivation of the ADH enzyme.

Also missing in the headspace analyses was 3-
methylbutanal. In this case, however, standards of the vol-
atile were also undetectable by our methods. Direct anal-
ysis of headspace volatiles has been undertaken and does
show ADH-related modulation of the ratio of
3-methylbutanal to 3-methylbutanol (A. Taylor, personal
communication). These results will be published else-
where.

It was of interest to determine the specificity of ADH 2
on other aldehydes and alcohols readily detectable in head-
space analyses of the various fruit. Although some inter-
and intrafruit variation was observed in the relative abun-
dances of octenal and octenol, there was no evidence of
ADH 2 being involved in their interconversion. Production
of the alcohol from the unstable free radical of linoleic acid
and an unstable hemiacetal intermediate has been postu-
lated (Hoffman, 1962), and it is possible that dehydroge-
nases are not involved in regulating the balance between
this alcohol and its aldehyde.

Another aldehyde/alcohol combination of interest was
citral (trans-3,7-dimethyl-2,6-octadien-1-al)/geraniol (trans-
3,7-dimethyl-2,6-octadien-1-ol). Bicsak et al. (1982) reported
the tomato ADH enzyme as having “appreciable activity”
in vitro on the terpene geraniol, and suggested that the
NAD™-dependent tomato enzyme was associated with in-
terconversion of citral and geraniol in the tomato fruit,
with the equilibrium being in favor of aldehyde formation.
In strawberry (Yamashita et al., 1978), pea (Eriksson, 1968;
Leblova and Mancal, 1975), potato, and orange (Potty and
Bruemmer, 1970), this interconversion is believed to be
mediated by an NADP " -preferring terpene ADH (Bicsak et
al., 1982). In addition, Kazeniac and Hall (1970) reported an
absence of geraniol in extracts of tomato, although its iso-
mer, linalool, was found. In contrast, we detected signifi-
cant amounts of geraniol in the tomato fruit and, although
there is considerable variation in ratios of citral to geraniol
between individual fruit and between plants, there is no
evidence of the ratio being influenced by variations in the
activity of the ADH 2 enzyme.

The tomato ADH 2 enzyme accumulates naturally dur-
ing the ripening/softening of the fruit (Bicsak et al., 1982;
Longhurst et al., 1990), being most abundant late in ripen-
ing. Associated with the increase in enzyme is an increase
in abundance of its mRNA (Chen and Chase, 1993; Long-
hurst et al., 1994). The mechanism for these increases is as
yet unclear. It has been speculated (Longhurst et al., 1990)
that changes in cytoplasmic pH accompanying changes in
cytoplasmic ion concentrations (Vickery and Bruinsma,
1973), which result from membrane leakage in the soften-
ing fruit, might be responsible. Another suggested mecha-
nism (Longhurst et al., 1994) is enhanced transcription of
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the Adh 2 gene in response to a slight lowering of internal
O, concentrations, again as a consequence of the softening
process. Analysis of ADH activity levels in firm-fruit vari-
eties (cvs Sunny and Floradade) and soft-fruit varieties (cvs
83G38, Momotaro, and Castlemart) has suggested a loose
connection between fruit softness and ADH activity (Lon-
ghurst et al., 1990). If fruit softness affects ADH activity,
which, as shown here, influences the natural balances of
flavor-associated aldehydes and alcohols in the ripening
fruit, then a correlation between fruit firmness and flavor
development can be postulated.

Modification in Flavor

In a preliminary taste trial, fruit from the C20 T, high-
ADH plant were evaluated by a panel as having signifi-
cantly enhanced ripe-fruit flavor relative to control fruit
(Table V). Despite the preliminary nature of the trial and
the small size of the panel, the results are encouraging,
particularly in that 10 of the 11 panelists selected the C20
fruit. The C20 fruit also tended to have a lower intensity of
the green-fruit attribute and a higher intensity of the sweet-
ness attribute, but these trends were not statistically signif-
icant. The C13 T, high-ADH fruit and the C23 T, low-ADH
fruit did not appear to differ in flavor characteristics from
control fruit. Both the C20 and C13 fruit had increased
levels of ADH activity relative to control fruit, approxi-
mately 2.0 and 3.4 times, respectively. However, the result-
ing increase in levels of the 6-C alcohols, hexanol and
Z-3-hexenol, was greater in the C20 fruit than in the C13
fruit. As discussed above, this may be attributable to en-
hanced ADH levels being constitutive and maintained
throughout the development of the C20 fruit, while being
limited to the ripening fruit in the C13 plant. However,
because the bulk of the pathway from free fatty acids to the
6-C aldehydes and alcohols occurs only in macerated tis-
sue, the reason for the difference is not clear.

The improved flavor characteristics of the C20 fruit,
therefore, appear to be related to increased levels of the
alcohols, particularly the Z-3-hexenol, because hexanol is a
weak odorant not considered important for flavor (Buttery
et al., 1987). Kazeniac and Hall (1970) underlined the im-
portance of the aldehydes to the fresh tomato flavor and
suggested that reduction of the aldehydes allowed the
contribution of the alcohols to predominate and resulted in
development of a “processed” or “enzymic” flavor. In con-
trast, our findings stress the importance of the alcohols and
suggest that a balance between aldehydes and alcohols is
essential to the development of the ripe-fruit flavor.

All the fruit compared in the taste trial were equally ripe,
between Br+7 and Br+9. Although the ripening process in
tomato fruit is generally coordinated, such features as color
and flavor development can be uncoupled, e.g. by genetic
manipulation and in a variety of mutants (compare with
Tucker, 1993). It is possible, therefore, that increasing the
ADH level in the transgenic fruit enhanced the rate of
flavor development rather than the overall extent of flavor
development. Although we consider this unlikely it
would still be beneficial because it would impart a richer

flavor to less-ripe fruit, thus improving their consumer
acceptability.

Wang et al. (1996) have reported the introduction of a
functional yeast A-9 desaturase gene into tomato. The in-
troduced gene affected unsaturation of fatty acids in the
fruit, which resulted in increased abundances of several of
the volatiles discussed above. In fruit from one transgenic
plant, hexanal and Z-3-hexenal concentrations were 2.7-
and 2-fold higher, respectively, than levels in control fruit,
whereas hexanol and Z-3-hexenol concentrations were
both increased about 4-fold relative to controls.

The increasing ability to modify individual stages of this
important pathway greatly increases the prospects for im-
proving the flavor characteristics of tomato and possibly
other fruits.
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