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Salt stress and salicylic acid induced programmed cell death in tomato
Péter Poor

Department of Plant Biology, University of Szeged, Hungary

Programmed cell death (PCD) is an integral part of the plant development and in the response to changing environments. PCD is induced
by various abiotic stressors such as high salinity. A special type of PCD in plants is the hypersensitive response during biotic stress which
is mediated by salicylic acid (SA). Salt stress results in the disturbance in ion homeostasis, water status and redox equilibrium of plant
cells. SA can also cause changes in the water status of plants and can result in oxidative stress but it is not known how SA affects the ion
homeostasis of cells. The aims of our work were to study the effects of different concentrations of NaCl and SA on the cell death initiation
in tomato in order to highlight the common features or differences in the NaCl- and SA-induced PCD.

Supraoptimal concentrations of NaCl and SA increased the amount of reactive oxygen species (ROS) and H,O, content of leaf tissues.
The inhibition of photosynthetic electron transport can significantly contribute to the generation of ROS in chloroplasts. The photosynthetic
performance can be controlled by the limitation of CO, diffusion through stomatal pores. The addition of NaCl at 100-250 mM and SA at
107-107 M to the hydroponic culture of tomato plants for 6 hours resulted in stomatal closure on intact leaves. In parallel with stomatal
closure 100-250 mM NaCl and 10°-10* M SA decreased the maximal CO, fixation rate (A__ ), and the initial slopes of the CO, (A/C) and
light response (A/PPFD) curves and relative electron transport rate (Rel. ETR) in intact leaves. Those concentrations of SA which decreased
the photosynthetic performance in intact leaves led later to PCD.

Our work aims to investigate whether SA has direct control over stomatal movement by increasing the levels of ROS and nitric oxide
(NO) in guard cells or by changing the photosynthetic activity of stomata. In contrast to leaves, stomata on the abaxial epidermal peels
closed in buffers containing 107 and 10 M SA but remained open at 10 M. At those concentrations which induced stomatal closure ROS
and NO levels raised which could be prevented by ascorbic acid, catalase and diphenyleneiodonium or cPTIO, the scavengers of ROS
and NO, respectively. In contrast, the lack of a permanent ROS accumulation and the decrease in NO production in guard cells promoted
stomatal opening at 10* M SA. SA at higher concentrations inhibited the Rel. ETR in guard cell chloroplasts suggesting a decrease in
photosynthetic performance of guard cells.

The specific genes involved in cell death program were induced by NaCl and SA and their expression levels were analysed by RT-PCR.
The expression of both the inhibitors (e.g. BAX-Inhibitor) and effectors (e.g. cysteine proteinases) of PCD were significantly enhanced at
lethal concentrations of NaCl and SA. These results suggest that the PCD in these tissues can be triggered in spite of the high expression
level of PCD-inhibiting genes.

Signal transduction pathways induced by salt stress and SA have been compared at cell level in tomato cell suspension culture. 250
mM NaCl and 10~ M SA caused the death of tomato suspension cells within 6 hours which was accompanied by DNA fragmentation. Our
results show that supraoptimal concentration of NaCl induced cell death by generating ionic- and oxidative stress and inducing ethylene
production but SA induced cell death by generating oxidative stress.
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Type Il restriction endonucleases (REases) are sequence-specific endonucleases that recognize short DNA sequences and cut the DNA at
defined positions within or close to the recognition sequence. In the producer cell the host DNA is protected by specific methylation of
the recognition sequence. Methylation is established by DNA methyltransferases, which methylate a cytosine or adenine to produce C5-
methylcytosine, N4-methylcytosine or N6-methyladenine. This huge group of enzymes shows great diversity. Members are classified into
subgroups according to the symmetry of their recognition sequence, the position of the cut site relative to the recognition sequence, the
number of target sites the enzyme interacts with, etc.

From the perspective of our study, two subgroups of Type 11 REases are especially interesting. Enzymes in the Type [IM subgroup
(methyl-directed REases) break the general rule of protection by DNA methylation; unlike most restriction endonucleases, they require
methylated substrate site for activity. The other interesting subtype are nicking REases, which cut only one strand of the substrate DNA.
Such enzymes include natural nicking REases, e.g. N.BstNBI, isolated subunits of heterodimeric REases (Nb.BsrDI, Nb.Btsl, and mutant
REases engineered to cut only one strand of the substrate (NL.AIwI).

The Mval REase recognizes the sequence CCLWGG (W stands for A or T) and cuts both strands as indicated, generating one nucleotide
5'-overhangs. The cognate DNA-methyltransferase M.Mval modifies the internal cytosines to produce N4-methylcytosine: (C™CAGG/
C™CTGG). Mval was shown to recognize its pseudosymmetric target site as a monomer. An interesting feature of the enzyme is its toler-
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ance to a wide range of modifications within the recognition sequence. Mval shares ~20% sequence identity and structural similarity with
Benl, a REase recognizing the related pseudopalindromic sequence CC/SGG (S stands for G or C).

Here, we show that Mval has two specificities: in addition to cutting its well-known recognition site (CCLAGG/CCTTGG), it can nick
the related CCLGGG/CCCGG sequence (Benl site) if the underlined cytosines are C5-methylated (CCLGGG/CCCGG). The single-strand
scission occurs in the G-strand as indicated. At sequences, where two oppositely oriented methylated Benl sites partially overlap (Smal
sites), double-nicking leads to double-strand cleavage (CC™CLGGG/CC™CTGGG), generating fragments with blunt ends. The double-
strand cleavage rate at these sites is ~five to tenfold lower than at the canonical target sites.

Mval is the first restriction enzyme, for which activity on an unmethylated as well as on a methylated substrate site has been shown. The
new, methylation-dependent activity represents nicking and double-stranded cleavage specificities (C™*CLGGG/CC™CGG and CC™CLGGG/
CC™CTGGG, respectively) not known before.
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Genome-scale stoichiometric models are in silico representations of the metabolism of living organisms. Genetic and conditional changes
can be introduced to these models and the effect of these modifications can be investigated. Certain phenotypes, like single gene deletion,
can be predicted with high accuracy; however, it has remained untested whether the metabolic models can also successfully capture genetic
interactions (i.e. non-independence between mutation effects). Genetic interactions have two major forms: positive (or alleviating) and
negative (or aggravating) epistasis. Positive interactions occur when deletion of two genes simultaneously has a higher fitness than would
be expected based on the fitness effect of the single mutations (e.g. if two genes are in the same linear pathway the second mutation has no
additional fitness effect). Similarly, genes show negative interaction when the double mutant has significantly lower fitness than the combined
effect of the single deletions (e.g. synthetic lethality, when the single mutants are viable but the joint deletion of the genes is lethal).

To determine the in silico model’s accuracy to predict genetic interactions we systematically compared computational predictions
with a unique genetic interaction dataset generated, as part of a collaboration, by the Boone lab' and which comprises ~185,000 metabolic
gene pairs. In the in silico analyses we used a Saccharomyces cerevisiae metabolic reconstruction containing 904 genes (iMM904)%. The
metabolites and reactions are represented by their stoichiometric coefficients and the model contains information on reaction reversibility,
however, it does not incorporate kinetic details. We applied the widely used flux balance analysis (FBA) modelling tool to compute mutant
fitness (i.e. biomass production efficiency).

We found that several properties of the in vivo genetic network were successfully captured by the model (e. g. single mutants with severe
fitness defects tend to show many genetic interactions); however, it recovered only a minority of experimentally observed interactions.

Because our knowledge of metabolism is certainly imperfect, we sought to improve the prediction performance of the metabolic model
and developed an optimization-based algorithm to automatically refine the network based on empirical genetic interaction data. Our method
suggested several modifications and we experimentally verified some of them. For example, the essentiality of the kynurenine pathway genes
(BNAI, BNA2, BNA4, and BNAS) in the absence of nicotinic acid was undetected by the original model due to the erroneous presence of
a NAD biosynthesis route. Finally, based on our algorithm and on literature data, we substantially revised the NAD biosynthesis pathway
of the genome-scale metabolic reconstruction of yeast.

Our work has recently been accepted for publication in Narture Genetics.

Supervisor: Dr. Baldzs Papp
E-mail: szbalazs @brc.hu

211


http://www.sci.u-szeged.hu/ABS
mailto:stierici@brc.hu
mailto:szbalazs@brc.hu

