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Summary. Increased salinisation of agricultural land is having asignificant
impact on agriculture, decreasing crop productivity. The research presented
is part of a collaborative EU INCO-DC project. Data will be presented on
two objectives: firstly the selection and screening of tomato varieties for
potential salt tolerance and secondly, studies on the effect of salinity on fruit
yield and quality.

Resultsindicated that avariety, Edkawy, displayed properties of salt tolerance
henceit was selected asamodel for metabolomic fingerprinting studies. Pre-
liminary data obtained using Pyrolysis Mass Spectrometry (PyMS) and ana-
lysed by Principal Component Analysis (PCA) enabled discrimination bet-
ween fruit according to ripeness stage, fruit ripened on- and off-the-vine and
fruit artificially ripened with ethylene. Tomatoes grown under conditions of
high and low-salt concentrations were analysed using Fourier Transform In-
fraRed spectroscopy (FTIR) with the aim of identifying biochemical features
linked to salinity in the environment. FTIR spectra of whole tissue extracts
are not amenable to visual analysis so evolutionary computer modelling
methods were applied which were capable of classifying samples on their
spectral characteristics. Genetic Programming (GP) models proved to be suc-
cessful in enabling achemical interpretation of biochemical fingerprint differ-
encesto be proposed. The authors acknowledge the support of the Analytical
Biotechnology and Machine Learning group (http://www.aber.ac.uk/biology/
research/abml.html).
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I ntroduction

Environmental stresses such as salinity significantly affect crop growth and produc-
tivity (Adamset al., 1992). The problem is most severe in arid and semi-arid regions
of the world where the use of irrigation practices is extensive and necessary to over-
come the problems of drought, intermittent rain and to extend the growing season
(Toenniessen, 1984; Ellisand Méellor, 1995). Although plant responsesto salinity are
one of the most widely researched subjectsin plant physiology the mechanisms that
impart salt tolerance are still unresolved (Munns, 2002). The study of salinity stress
incorporates research ranging from adaptations of plantsto salinity to genetic screening
and manipulation (Shannon, 1997).

Thework presented in this paper was conducted as part of aEU INCO-DC project
entitled “ Optimising marginal resourcesin intensive horticultural production in Southern
Turkey and Northern Egypt”. Tomato was selected as a model crop for these studies
due to its commercial importance as a horticultural cash crop in many areas where
exposure to increased salinisation occurs. Increasing salinity levels negatively affect
germination, plant growth and fruit yield, resulting in economic losses (for areview
see Cuartero and Fernandez-Minoz, 1999). One of the preliminary objectiveswasthe
selection and screening of varioustomato varietiesfor salt tolerance in relation to plant
growth and devel opment. The screening of tomato varieties was performed using clas-
sical plant growth analysis which involves the collection of a series of sequential
measurements describing plant size and form (Hunt, 1982). Of the varieties studied,
Edkawy, an Egyptian beefsteak tomato, was identified as being potentially salt-tolerant
(Mahmoud et al., 1986a & b; Johnson et al., 1999) and was selected for further study
on tolerance mechanisms especially in relation to fruit quality.

In recent years, increased emphasis has been placed on fruit quality rather than
quantity by the consumer, the retailer and the grower. However, the reliabl e assessment
of quality isinexact. There is concern that a single parameter cannot define quality
and even combinations of parameters, such as specific chemical attributes, in defining
quality isquestionable. Thisled usto devel op the post-genomic technology of metab-
olomicsto addressissues of quality including the effect of salinity. The metabolome
is ageneric term for the total biochemical composition of a cell or tissue sample at
any giventime (Oliver et a., 1998). More recently, metabolic analyses have been cat-
egorised into four different strategies (Fiehn, 2001). Metabolite target analysis has been
used to study primary effects of aterations (including mutations) but till includes ex-
tensive clean-up proceduresto improve signal to noise ratios. An aternative approach
isto focus on selected biochemical pathwayswhich is often referred to as metabolite
profiling. In instances where acomprehensive metabolic analysisisrequired including
the identification of unknown metabolites and where there may be unforeseen meta-
bolic consequences of for example manipul ated plants, then thisfallsunder the strategy
of metabolomics. However, thereis still much of atechnology platform to be builtin
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this context when applied to plant analysis. Methods need to allow high and compre-
hensive recovery and reproducibility while providing selectivity and sensitivity. The
approach adopted here was that of metabolic fingerprinting where samples can be
rapidly classified according to their origin or their biological relevance.

Two techniques, Pyrolysis mass spectrometry (PyMS) and Fourier transform
infra-red spectroscopy (FT-IR) were used. Both are physico-chemical methods that
measure predominantly the bond strengths of molecules and the vibrations of bonds
within functional groups respectively. In PyM S samples are pyrolysed at 530 °C and
the pyrolysate bombarded with low energy electrons to produce molecular and
fragment ions, a majority of which are positively charged. These ionised fragments
are accel erated through a quadrupol e mass filter and separated according to their mass
to chargeratio. The signal isthen detected and amplified. The resultant spectrum shows
ion count against mass to charge ratio (nVz), with the m/z ranging from 51-200 con-
taining 150 variables (Goodacre and Kell, 1996).

FT-IR uses the vibrational characteristics within molecules to obtain a “finger-
print” spectrum with features defined by the functional chemical groups within the
sample. The precise frequencies of light absorbed are related to the energies specific
tothe vibrational modes of each chemical group. The spectrain these experiments span
from 4000 to 600 cm* wavenumbers with aresol ution of approximately 4 cm?. Each
sample is thus characterised by 882 variables, each of which indicates the level of
absorbance at a particular frequency of infra-red light. Spectrafrom PyMS and FT-
IR are large multivariate data sets which are virtually uninterpretable by visual ana-
lysis. Hence, the use of chemometric methodsis necessary to reduce the dimensional -
ity of the data to enable interpretation. Principal Components Analyis (PCA) and
Genetic Programming (GP) were used in the research presented here. The technique
of PCA isaclustering method which actsto reduce the dimensionality of multivariate
data whilst preserving most of the variance within it (Goodacre et a., 2000). GP is
an evolutionary programming technique in which populations of computer program-
mes compete against each other to produce solutionsto a problem. GPs can produce
readily-interpretable mathematical modelswhich subsequently allow the interpretation
of complex biological spectra (Koza, 1992).

Materialsand M ethods

Plant Growth and harvesting

Tomatoes were grown in an open hydroponic drip irrigation system (Johnson et al.,
1999). Two independent systems were established enabling two treatments, a control
whereirrigation water contained nutrients only and a salt treatment containing nutri-
ents and supplementary NaCl at a concentration of 0.4%. For the PyM S experiments
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on fruit ripening, fruits were harvested at the breaker stage (Stage 3, OECD tomato
colour gauge www.oecd.org/agr/code/cont-e.htm.). Fruit were placed in desiccators
and ethylene was injected to give afinal concentration of 200 ul.I"%, a concentration
known to induce fruit ripening. Fruit were analysed when fully ripe (OECD stage 9).
Fruit were also left to ripen on-the-vine and again were harvested when fully ripe.
For the FT-IR analysis, fruit were harvested when fully ripe from control and salt-
treated plants from the 1st and 2nd trusses.

Sample preparation

Fruitswere washed in distilled water to remove any soluble surface contaminants. The
inner pericarp, locular jelly, seeds and placental tissue were removed and discarded.
The mesocarp (flesh) was then crushed to a pulp, the fresh weight measured and Milli-
Q water added in aratio of 2:1 (w/v) to improve the homogeneity of sample loading.
After mixing, 1ml aliquots were pipetted into Eppendorf tubes and snap frozen in
liquid nitrogen prior to storage at —70°C.

Biochemical analyses

PyMS was carried out using a Horizon Instrument PY MS-200X. Ten samples from
each treatment were run; aliquots of 5ul weredried at 60°C prior to being loaded and
Curie-point pyrolysiswas at 530°C for 3's, with atemperature rise time of 0.5sfrom
100 to 530°C. Datawere collected for each sample over the m/z ranging from 51200,
resulting in aspectrum of 150 nvzintensities per sample. These data were normalised
as a percentage of the total ion count to remove effects of the sample size.

The samples were thawed at room temperature and mixed prior to loading into the
drilled wells on an aluminium plate for analysisby FT-IR; 5 pl of sample were load-
ed per well. Ten machine replicateswere loaded for each tomato fruit sample. The plate
was then dried at 50°C for 45 min prior to loading onto the motorised stage of aref-
lectance thin-layer chromatography (TLC) accessory attached to aBruker IFS28 FT-IR
spectrometer (Bruker Ltd.) equipped with amercury-cadmium-telluride (MCT) detec-
tor cooled using liquid N, asdetailed in (Goodacre, et a ., 1998; Timmins, et al., 1998).

The diffuse reflectance absorbance FT-IR spectrawere collected over awavenum-
ber range from 4000 cm* to 600 cm~ under the control of an IBM-compatible personal
computer using OPUS 2.1 software running under the IBM OS/2 Warp operating sys-
tem at aresolution of approximately 3.85 cm. The resultant spectrum for each sample
contained 882 variables. Spectrawere acquired at arate of 20 s™. To improve signal-
to-noise ratio, 256 spectra were co-added, added sequentially as each was collected.

Data analysis. Plant growth data were analysed using Analysis of Variance
(ANOVA) in Excel (Microsoft Office 97). The spectral data were analysed using
MATLAB version 6.1.
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Results and Discussion

Preliminary PyM S analysis from mature green and fully ripe fruit provided data that
showed clear evidence of clustering using PCA (Fig. 1). Although encouraging, this
result was perhaps not surprising given the difference in the developmental stage of
the fruit. Figures 2 and 3 show the PCA scores of data from fruits ripened either on-
or off-the-vine or artificialy ripened with ethylene, respectively. Clearly the datafrom
fruits ripened off-the-vine clustered differently from those ripened on-the-vine and
those from fruit ripened with ethylene treatment. Visually, these fruitswere all clas-
sed at the same stage (OECD Stage 9) and hence all fruits analysed could be clas-
sified asfully ripefruit. However, PCA analysis of the metabolic fingerprints showed
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Fig. 1. PCA of PyMS data showing the clustering of mature green fruit (squares) and full
red fruit (triangles). Three fruit were analysed for each ripeness stage (labelled as 1-3 for
each group) and 10 replicate samples of each fruit were analysed. The separation between
the two stages of ripenessiis clear, however the variation within samples can be seen.

clear discrimination between the treatmentsindicating significant differencesin fruit
biochemistry depending on the method of ripening employed. The use of this approach
may prove invaluable in addressing such problems as fruit quality and post-harvest
stability.

It is well documented that growing conditions profoundly affect not only fruit
yield but also fruit quality. Hence the approach of metabolic fingerprinting was adop-
ted to study the effect of salt treatment on the biochemical profiles of fruits grown
under control and 0.4% NaCl treatments. Prior to these analyses, the tomato variety
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PCA scores of tomatoesripened on the vine vs off the vine.
Best 111 variables, Fisher selected.
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Fig. 2. PCA plot derived from PyM S data showing the separation of full red fruit ripened on and off-
the-vine.

PCA scores of tomatoes ripened on the vine vs off the vine; plusethylene vs
no added ethylene. Best 56 variables, Fisher selected.
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Fig. 3. PCA plot derived from PyMS data showing the separation of two classes of fruit both
ripened off-the-vine, one set ripened with the addition of 200 ul.I-* ethylene (triangles) and the
second ripened minus exogenous ethylene (sguares).
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Edkawy was screened for salt tolerance using classical growth analysis. Although the
potential of Edkawy asasalt tolerant variety had previously been outlined (Mahmoud
et a., 1986a and b), the responses to salt stress are not homogeneous and irrigation
system, nutrient solution composition and other external factorsall contribute to the
ultimate response of plantsto salt trestment. In terms of Relative Growth Rate (RGR)
and Net Assimilation Rate (NAR), there was no significant difference between control
and salt-treated plants (Table 1). The screening results supported the previous work
that Edkawy displays salt-tolerant attributes.

Table 1. The effect of 0.4% NaCl w/v on the relative growth rate (RGR), net assimila-

tionrate (NAR) and fruit yield of Edakwy when grown in ahydroponic drip irrigation

system. The growth analysis datawere collected over atwo-week period, 7 days after

theinitial salt application. Mean of five replicate plants per treatment. ns = non sig-

nificant. Fruit were harvested when fully ripe from the 1st and 2nd trusses over 26
days. BER = blossom end rot.

Control Saline
RGR, d* 0.1381 0.1139 (ns)
NAR, gd™ 6.1x10™ 5x107 (ns)
% Total yield 57 43
Mean fresh weight, g 1514 109.7
Mean size class 4.4 5.1
% BER <10 50

Defining susceptibility and tolerance to salinity is difficult as there is no clear
cut-off point between the two attributes. The response of aplant to salinity is affected
by many different factorsincluding growth stage, magnitude and duration of the stress,
and climatic conditions. Although it is important to assess the effect of salinity on
vegetative growth, ultimately it is the effect of increased salinity on fruit yield and
quality that is of economic importance.

Table 1 showsthe fruit yield and blossom end rot (BER) occurrence in Edkawy
grown under control and saline conditions. All fruit were harvested from the 1st and
2nd trusses over a26d period. Salinity had no significant effect on the number of fruit
harvested with 43% of thetotal fruit yield harvested from salt-treated plants compared
with 57% in the controls. However, marked differences were recorded between the
two treatments when comparing the average fruit weight and size class. Salinity result-
ed in adecreasein fresh weight and size class (Table 1). However, the magnitude of
the decrease was not as great as that reported for other tomato varieties, confirming
the salt tolerant attributes of this variety.

Thetissue extracts of fully ripe fruit samples from control and salt-treated plants
were analysed using FT-IR. FT-IR provides rich and discriminating spectral infor-
mation but also allows easier sampling loading and faster analysis time than PyM S
and enabl es high-throughput screening of crude extracts. The FT-IR spectraall show
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broad and complex contours and it is difficult to identify key discriminatory features
by eye (Fig. 4). Such spectrareadily illustrate the need to employ chemometric tech-
niques for their analysis. Genetic Programming (GP) produces readily interpretable
mathematical rulesthat enable identification of wavenumbers selected to perform clas-
sification. An analysis of which spectral variables, in terms of absorbances at particular
wavenumbers, were selected showed that there were few regions of the spectra that
were consistently being used to form the different GP models (Fig. 5). In particular,
the spectral region covering 2270 to 1960 cm ! was used by most of the rules, and all
the best performing models were based on afew small but distinct featureswithin this
critical region. The absolute differences between saline and non-saline grown samples
in this region are very small and so would not have been selected by other types of
analysis such as producing a difference spectrum. Screening of spectral libraries
(HyperChem 5.1, IR Mentor Pro2 Bio-Rad) indicated that the only biochemically
reasonable functional groupsthat absorb strongly in thiscritical part of the IR spectrum
are acetylenes (R—-C=C-R') and cyanides or nitriles (R—-C=N). Acetylenes have a
second characteristic vibration at approximately 3300 wavenumbers, aregion which
was not used by any of the GP derived rules. Therefore the most likely candidate chemi-
cal moiety being identified by the predictive models as characteristic for tomatoes
grown under saline conditions is a cyanide or nitrile group.
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Fig. 4. FTIR spectra of Edkawy fruit samples.
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Fig. 5. The frequency of variable selection by 30 GP rules (histogram) with reference
to a representative FT-IR fruit tissue spectrum. The region from 2270 to 1960 cm
can be seen to be important for producing good predictive GP rules for the discrimina-
tion between control and salt-treated tomato fruit.

Nitrile and cyanide groups occur in many
compounds found in plants. Cyanide groups
often result from the detoxification of hyd-
rogen cyanide (HCN) which is toxic to biol-
ogical systemsif allowed to accumulate. HCN
isaby-product of ethylene synthesis (Fig. 6),
the biosynthesis of which isknown to increase
in plants in response to stress and during the
ripening of climacteric fruit such a tomato
(Yang and Hoffman, 1984). It has previously
been reported that tomato plants grown under
saline show enhanced ethylene production
(Mizrahi, 1982) with aconsequent increasein
HCN production. It can be hypothesised that
the GP selected variables correspond to small
spectral differences dueto changesin the con-
centration of cyanide-containing compounds.
Using the GP models in conjunction with
knowledge of abiological system, aprelimi-
nary identification of important biochemical
differences between samples can be made
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Fig. 6. A summary of the ethylene biosyn-
thetic pathway showing the formation of
hydrogen cyanide (HCN) during the con-
version of ACC to ethylene. ACC = 1-ami-
nocyclopropane-1-carboxylic acid. Adap-
ted from Yang and Hoffman (1984).
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providing direction for future biochemical investigations such as metabolite target
analysis and metabolite profiling.
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