Chapter 5

Interplay Between Environmental Signals
and Endogenous Salicylic Acid
Concentration

L. V. Kurepin, K. P. Dahal, M. Zaman and R. P. Pharis

Abstract Salicylic acid (SA), a naturally occurring plant hormone, is primarily
associated with the induction or activation of defence mechanism responses by
higher plants when they are attacked by pathogens. Attack of these plants by
pathogens rapidly triggers changes in a wide range of the plant’s metabolic
pathways which in turn are followed by modifications in the plant’s growth and
development. There are a number of references in the recent literature where SA
was applied to plants that are being subjected to changes in environmental sig-
naling without the involvement of pathogens. In these examples, SA appears to be
functioning as a hormone. Significant changes (usually positive) in shoot growth
and photosynthesis occur when SA is applied at low concentrations to plants
subjected to environmental stresses. In this review we focused on the interplay
between changes in endogenous SA concentrations and key environmental signals,
i.e. light intensity and quality, temperature, soil water availability and carbon
dioxide levels. In doing so, we evaluated the concept that endogenous SA func-
tions as an important signaling hormone in the plant’s growth response to a
changing environment, even in the absence of pathogen attack.
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1 Introduction

Salicylic acid (SA) has only recently been recognized to have a role in the plant’s
ability to mount a defence against pathogen attack. In contrast, the human thera-
peutic properties of SA (2-hydroxy-benzoic acid) have been known for over 25
centuries. In traditional medicine pieces of bark from willow trees (Salix spp.)
were chewed to provide relief from pain and inflammation, as described in writings
by the Greek physician, Hippocrates (Fifth Century B.C.) and the physician and
botanist Pedanius Dioscorides (First Century A.D.). The therapeutic component in
willow bark, SA, was first identified and isolated during the 19th century. Toward
the end of the 19th century it was chemically modified into what is known today as
aspirin or acetylsalicylic acid (Delaney 2010). In plants, SA is biosynthesized by
the shikimic acid pathway, which can produce SA in two ways: chorismic
acid — phenylalanine — trans-cinnamic acid — benzoic acid — SA, or choris-
mic acid — isochorismic acid — SA (Delaney 2010).

The role of SA as an endogenous signaling molecule in the plant’s defence
mechanism against pathogens has now been extensively characterized (Raskin
1992). In a similar manner, the effect of SA, when applied exogenously, on the
physiology, metabolism and reproductive development of some higher plants was
also reported (Raskin 1995). Exogenously applied SA can promote fresh and dry
biomass accumulation at low (near-physiological) concentrations (Hayat et al.
2010). However, at higher exogenous concentrations, SA often shows an inhibition
of dry mass accumulation (Schettel and Balke 1983). Applications of SA can also
induce stomatal closure (Larque-Saavedra 1979) and influence ion uptake and
transport (Harper and Balke 1981), as well as regulate chlorophyll accumulation and
the rate of photosynthesis (Hayat et al. 2010). Applications of low concentrations of
SA have thus been shown to increase chlorophyll content, though higher concen-
trations were inhibitory (Ghai et al. 2002; Fariduddin et al. 2003; Hayat et al. 2005).
Low concentrations of exogenously applied SA also gave a slightly elevated pho-
tosynthetic efficiency of photosystem (PS) II in both Arabidopsis thaliana (Heynh.)
wild type (WT) plants and A. thaliana SA non-responsive mutant plants, although
higher concentrations of SA reduced PS II photosynthetic efficiency (Chen et al.
2009). Consistent with these results, an A. thaliana SA-overproducing mutant
exhibited decreased photosynthetic efficiency of PS II when SA was applied across
wide range (low and high) of concentrations (Chen et al. 2009).

Responses by barley (Hordeum vulgare L.) leaves to applied SA at relatively
high concentrations included a decreased rate of leaf expansion as well as a
decrease in overall leaf area growth and decreased thickness of all leaf tissue
components (Pancheva et al. 1996; Pancheva and Popova 1998; Uzunova and
Popova 2000). Further, these morphological responses were associated with
decreases in both the rate of photosynthesis and chlorophyll content (Pancheva
et al. 1996; Pancheva and Popova 1998; Uzunova and Popova 2000). Thus, as
appears to be the case with many of the plant hormone classes, exogenously
applied SA may promote photosynthesis and growth at lower concentrations, but
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be inhibitory when applied at high concentrations. Further, the growth-promotive
or inhibitory effects of exogenous SA application appear to depend on the envi-
ronmental conditions at the time of application (Hayat et al. 2010). Based on the
above literature, we think it is time to evaluate the effects of environmental sig-
naling on endogenous SA levels in the context of a range of plant growth
mechanisms. Such an approach should allow us to better understand how exoge-
nously applied SA alleviates stress symptoms in many higher plants.

2 Assessing Endogenous Salicylic Acid Levels

Endogenous SA levels in plant tissues can be precisely identified and accurately
quantified using the stable isotope dilution method (Gaskin and MacMillan 1991).
This is accomplished by selected ion monitoring (SIM) using capillary gas chro-
matography (GC)—mass spectrometry (MS) or liquid chromatography (LC)—MS
(Scott et al. 2004; Kurepin et al. 2010a). The first stage, consisting of extraction,
addition of stable isotope internal standards and purification is the same for both
SIM-GC-MS and LC-MS methods. Plant tissue is collected and immediately
frozen in liquid N,, then freeze-dried or stored at —80 °C until extraction.
Extraction consists of grinding in a mortar and pestle with liquid N, followed by
use of 80 % aqueous methanol (H,O-MeOH = 20:80, v/v) as an extraction sol-
vent. A known amount of high specific activity deuterated SA (usually *Hg-SA) is
added to the 80 % MeOH extract as a quantitative internal standard. The 80 %
MeOH extract is then purified with a C;g preparative column (using reversed phase
C,s material) and dried in vacuo at 35 °C. For the LC-MS method, the dried
residue is reconstituted in 0.05 % HOAc in H,O-MeCN (85:15, v/v) and then
filtered with a 0.45 pm filter prior to the injection into the LC—-MS. The charac-
teristic m/z ions that are usually used for quantification are (m/z 141 for dgSA and
m/z 137 for the endogenous protio SA). The quantification of endogenous SA is
then accomplished based on the relative intensities (peak areas) of these charac-
teristic m/z ions, the known amount of dg¢-labeled SA internal standard added and
the recorded fresh or dry tissue weight (Scott et al. 2004). For the SIM-GC-MS
method, the dried residue is reconstituted in 1 % HOAc in H,O-MeOH (90:10, v/
v) and injected into the high performance LC (HPLC). In one example (Kurepin
et al. 2010a) the HPLC used a manually implemented 10-73 % linear gradient
program for separation of SA from other plant metabolites. The eluted fractions
that are expected to contain SA (based on previous HPLC runs with a SA standard)
are dried in vacuo at 35 °C and then methylated using ethereal CH,N, at room
temperature as described in Kurepin et al. (2010a). The methylated SA sample is
then injected into the GC-MS and the SIM program is set to monitor characteristic
m/z ions for both the deuterated SA-Me standard (124, 96 and 156 for dgSA) and
endogenous protio SA-Me (120, 92 and 152). For identification of endogenous SA
a comparison of the relative intensities of the three m/z ion pairs, i.e. 124/120, 96/
92 and 156/152, is accomplished. The amount of endogenous (protio) SA is then
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quantified by the reference to the stable isotope-labeled internal standard using
equations for isotope dilution analysis using the 124/120 ion pair (see Gaskin and
MacMillan 1991; Jacobsen et al. 2002).

As with other classes of plant hormones, large variations in endogenous SA
levels between species, ecotypes, tissues, and, more importantly in response to
various environmental signals are not uncommon. Species-related difference in
endogenous SA levels can be very significant. In two-week old A. thaliana and
sunflower (Helianthus annuus L.) shoots grown under exactly the same conditions,
they can vary from a few ng per gDW in A. thaliana to several thousand ng per
gDW in sunflower (Kurepin et al. 2010a). Ecotype-related differences can also be
large. For example, alpine plants of Stellaria longipes [(L.) Goldie] have ca. half
the amount of endogenous SA, relative to plants of a prairie ecotype of the same
species, both ecotypes being grown under the same conditions and also being of
the same age (Kurepin et al. 2012a). Tissue-related difference in SA can be
highlighted by comparing sunflower internodes (which contain several hundred ng
per gDW) with leaves (which have several thousand ng per gDW) above that
internode. Although species-, ecotype- and tissue-related differences are “inter-
esting”, environment-related differences in endogenous SA will have the most
substantial impact on plant performance and, even survival (Scott et al. 2004;
Abreu and Munne-Bosch 2008; Kurepin et al. 2010a)—see also evidence from
numerous SA application studies (Hayat et al. 2010).

3 Light Signaling and Endogenous Salicylic Acid Levels

Among the many environmental factors, light plays a key role in plant growth and
development. The irradiance levels of “visible” light (ca. 400-800 nm) received
by a plant can control both photosynthesis and growth, including etiolation and de-
etiolation. In contrast, it is the quality or specific wavelengths of visible light that
regulates many growth and developmental events (Smith 2000). Additionally,
invisible light, such as ultraviolet (UV) light (ca. 100-400 nm), can both influence
growth and cause damage to plants (Jenkins 2009). For example, UV-C irradiance
of tobacco (Nicotiana tabacum L.) plants caused a significant accumulation of SA
(Yalpani et al. 1994). Silencing the isochorismate (a SA biosynthetic precursor)
synthase (ICS) gene using a virus-induced technique prevented an accumulation in
endogenous SA in tobacco plants inoculated with a pathogen (Catinot et al. 2008).
Exposure of these transgenic plants to UV-C light also significantly decreased the
accumulation of endogenous SA (Catinot et al. 2008). This implies that a de novo
synthesis of SA may occurr in response to UV light stress. Additionally, exoge-
nously applied SA is reported to alleviate the UV-B irradiance-related stress in
swards of both Kentuky bluegrass (Poa pratensis L.) and tall fescue (Festuca
arundinacea Schreb.) (Ervin et al. 2004).

In A. thaliana, a plant that is often grown for experimental use at light irra-
diance levels well below those of natural sun light, endogenous SA levels were
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higher by ca. 50 % at low light irradiance relative to dark (Genoud et al. 2002).
However, a further increase in light irradiance had no significant effect on
endogenous SA levels (Zeier et al. 2004). For sunflower (Helianthus annuus L.), a
plant that is adapted to grow best at full sun light, endogenous SA levels in
hypocotyl tissue showed consistent and appreciable (ca. 10-fold) increases as light
irradiance levels increased from very low to low and then to full sunlight (Kurepin
et al. 2010a). These increases in endogenous SA levels of sunflower shoot tissue at
the increased light irradiance levels were associated with significant decreases in
hypocotyl elongation and biomass accumulation (Kurepin et al. 2010a). Thus, the
difference in the endogenous SA response and its magnitude in response to
changes in light irradiance levels, vary between A. thaliana and sunflower. The
changes in growth and endogenous SA levels seen in the plant’s response to light
irradiance level can also be ecotype-specific. The Stellaria longipes sun ecotype
grows in an alpine habitat characterized by very short plants and distant sur-
rounding vegetation. In contrast, the S. longipes shade ecotype grows in nearby
low elevation prairie grasslands, where the habitat is characterized by tall neigh-
bouring vegetation which causes canopy shading and/or shading by neighbours.
These two ecotypes grow just a few kilometres apart, but the habitat differences
caused by elevation make them an excellent model for light signaling research
(Emery et al. 1994). Plants of both ecotypes decrease their shoot growth in
response to increase in light irradiance levels and endogenous SA levels increase
coincidentally (Kurepin et al. 2012a). This decrease in shoot growth in response to
an increase in light irradiance was proportionally similar for both sun and shade
ecotypes of S. longipes. However, the magnitude of changes in endogenous SA
levels varied between the two ecotypes. The sun ecotype plants showed less than a
2-fold increase in endogenous SA levels. Yet shade ecotype plants had more than a
3-fold increase in endogenous SA levels (Kurepin et al. 2012a). Thus, the mag-
nitude of the SA concentration in response to increasing irradiance levels can vary
depending on species and ecotype. Even so, the high light irradiance-mediated
increase in endogenous SA levels may have ecological significance. For example,
it is a well-known fact that there is a higher susceptibility of younger trees to
pathogen attack in understory environments. This may be because the fungal
activity in understory environments is greater than in forest openings (Kitajima
and Augspurger 1989). Thus, when seeds of Betula papyrifera Marsh., (a species
of birch native to North America) were planted in a range of habitats differing in
light availability (from understory to open forest), the application of a fungicide
reduced losses in a habitat-dependent manner (O’Hanlon-Manners and Kotanen
2004). Thus, the fungicide was more effective in understory than in open habitats.
One possible explanation is that low light irradiance in the understory forest
habitat prevents the establishment of B. papyrifera plants because their ability to
modify endogenous SA levels in response to pathogen attack is depressed.

In both sunflower and S. longipes plants the high light irradiance-mediated
increase in endogenous SA levels was correlated with a decrease in shoot growth.
Simplistically, then, the role of SA could be classified as growth inhibitory for
light irradiance-mediated responses. However, A. thaliana mutants with
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constitutively high endogenous SA levels (cpri-1, cpr5-1 and cpr6-1; Bowling
et al. 1994, 1997; Clarke et al. 1998) exhibit the dwarf growth phenotype at low,
but not at higher light irradiances, relative to wild type line Col-0 (Mateo et al.
2006). Further, these A. thaliana mutants with high SA levels, when grown at a
lower light irradiance, had lower maximum efficiency and quantum yield of PSII,
as well as having reduced stomatal conductance and a lower accumulation of
photo-assimilates (Mateo et al. 2006). Thus, the negative effects of possessing high
SA levels are only expressed, in these mutant lines, under low irradiance levels.
Further, a mutant with constitutively reduced endogenous SA levels (sid2-2; Na-
wrath and Metraux 1999) did not show a dwarfing response, nor did it exhibit
reduced metabolic responses to low light irradiance levels (Mateo et al. 2006).
Therefore, low light irradiance-induced growth promotion is associated with low
SA levels and plants with high endogenous SA levels fail to etiolate under low
light irradiances, yet they have the same phenotype as wild type plants under high
irradiance light.

In tobacco (Nicotiana benthamiana L.) plants inoculated with Turnip mosaic
virus (TuMV), both low light irradiance and photosystem impairment can increase
the susceptibility of the host to TuMV infection (Manfre et al. 2011). Although
endogenous SA levels were not measured, exogenous SA application had no effect
on TuMV infection. Further, the expression of pathogen response-1 (pr-1) gene
was not affected by lower light irradiances or photosystem impairment (Manfre
et al. 2011). By implication, the reduction in light irradiance and associated
increased susceptibility of host to pathogen may not be mediated by lowered
endogenous SA levels. Such a conclusion is also supported by an earlier obser-
vation where the inoculation of A. thaliana with Pseudomonas syringae pv. ma-
culicola resulted in systemic acquired resistance (SAR) for plants grown at both
low and high light irradiances (Zeier et al. 2004). However, the higher light
irradiance did not result in an accumulation of endogenous SA or PR-1 protein
(Zeier et al. 2004).

In addition to light irradiance regulation of endogenous SA levels in plant
tissues, the quality of light perceived by a plant, via plant photoreceptors such as
phytochromes and cryptochromes, can also influence endogenous SA levels
(Kurepin et al. 2010a, 2012a). For example, narrow-band far red (FR) light
[supplied by light emitting diodes (LED) as the dark period began] yielded up to a
5-fold increase in endogenous SA levels of sunflower hypocotyls, relative to white
(W) light or dark (D) treatments (Kurepin et al. 2010a). Here, the FR-induced
increase in endogenous SA levels was positively associated with increased
hypocotyl elongation. In contrast, LED-produced red (R) light and blue (B) light
inhibited hypocotyl elongation relative to W or D treatments (Kurepin et al.
2010a). That inhibition was associated with a decrease in endogenous SA levels,
relative to a W light treatment (but not a D treatment). Thus, it appears that the
endogenous SA content can also be regulated by light quality. That conclusion is
further supported by experiments where the effect of a change in R/FR ratio was
tested on endogenous SA accumulation. There, sunflower plants were grown at
both low and high light irradiances, each with varying R/FR ratios, and effects on
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hypocotyl growth and endogenous SA concentrations were measured. A decrease
in the R/FR ratio (i.e. an increase in FR radiation relative to R irradiance) from a
high R/FR ratio to a normal R/FR ratio, and then to a low R/FR ratio yielded a
gradual increase in endogenous SA levels. This, in turn, was positively associated
with increased hypocotyl elongation (Kurepin et al. 2010a). For another species, S.
longipes, using both sun and shade ecotypes, decreasing the R/FR ratio from high
to normal had no effect on endogenous SA levels. However, the further decrease in
R/FR ratio from normal to a low R/FR ratio significantly increased endogenous SA
levels in the shade ecotype plants (Kurepin et al. 2012a). Again, there was a clear
positive association between the changes in endogenous SA levels and shoot
growth, as only shade (but not sun) ecotype plants increased their shoot growth in
response to decreases in the R/FR ratio (Kurepin et al. 2012a).

Therefore, light irradiance (a sum of total light that a plant can absorb, i.e.
photosynthetically active radiation) and light quality (a manipulation of individual
light wavelengths, especially R and FR) have different effects on endogenous SA
levels (and also on growth). Further, SA levels are associated with growth changes
in a different manner, i.e. a decrease in light irradiance causes an increase in shoot
elongation, but that increased growth is associated with decreased endogenous SA
levels. However, when shoot elongation is induced by a decrease in R/FR ratio,
endogenous SA levels rise. Does endogenous SA, then, play any role in these light-
induced growth responses? There are reports that exogenously applied SA pro-
motes stem elongation in bean (Phaseolus vulgaris L.; Hegazi and El-Shraiy 2007)
and applied SA also promotes the growth of isolated stem segments of Ullucus
tuberosus (Caldas) plants (Handro et al. 1997). In contrast, there are numerous
examples where high concentrations of exogenously applied SA have inhibited
shoot growth, while lower doses of SA promoted it (Hayat et al. 2010). For
sunflower hypocotyls, exogenous SA applied at higher concentrations inhibited
growth at lower light irradiances, whereas lower concentrations had no effect on
growth (Kurepin et al. 2010a). Similar results (different responses from low versus
high SA concentrations) were obtained when sunflower hypocotyl growth was
measured under different R/FR ratios across a range of exogenously applied SA
doses (Kurepin et al. 2010a).

To summarize, the light irradiance and light quality effects on endogenous SA
levels are generally quite different than is seen for other classes of plant hormones
that have a long and proven history of causally regulating plant shoot growth. In
fact, for each of sunflower and A. thaliana, both light irradiance and light quality
signaling are known to modify endogenous hormone levels. More specifically,
they increase gibberellin, auxin and cytokinin levels, decrease ethylene evolution
and generally have a nil effect on abscisic acid and brassinosteroid levels (Kurepin
etal. 2007a, b, c, 2010b, 2011a, b, 2012b, c). Additionally, only gibberellins, auxin
and ethylene have been shown to directly regulate stem elongation growth
increases in response to low light irradiance and low R/FR ratio signals for both
sunflower and A. thaliana (Kurepin et al. 2007a, b, c, 2011a, b, 2012b, c). Since a
low R/FR ratio increases endogenous SA levels in sunflower hypocotyls, while
low light irradiance has the exact opposite effect, it does not seem reasonable to
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assign a direct role to SA in light signaling. Rather, we conclude that the observed
changes in endogenous SA levels are more likely to be an indirect result of
changes in endogenous levels of other hormones.

4 Temperature and Endogenous Salicylic Acid Levels

Plants can experience a significant stress from exposure to temperatures that are
either lower or higher than optimal. Freezing or heat stress administered over a
brief period of time will usually result in irreversible damage to plant tissues, and
thus to growth and metabolism. However, cold stress, when the temperature does
not drop below freezing, is often a reversible event in terms of both plant growth
and metabolism. There are many examples in the literature where pre-treatment
applications with SA increased cold stress tolerance across a range of plant spe-
cies. In hydroponically-grown corn (Zea mays L.) plants, pre-treatments with
exogenous SA or acetyl-SA decreased net photosynthesis, stomatal conductivity
and transpiration prior to cold stress, but had no effect on Fv/Fm chlorophyll
fluorescence ratio (Janda et al. 1999, 2000). However, upon transfer of these plants
to cold temperature conditions, the SA-treated plants fared significantly better than
the control, untreated corn plants, in terms of growth and metabolism (Janda et al.
1999, 2000). Pre-treatment of tomato (Lycopersicon esculentum L.) fruits with
lower concentrations of exogenous methyl salicylate (MeSA) increased their
resistance to cold stress and there was also a decreased incidence of decay in low-
temperature storage and an increase in the synthesis of PR proteins (Ding et al.
2002). However, pre-treatment of tomato fruits with high concentrations of MeSA
had just the opposite effect (Ding et al. 2002). Pre-treatment of germinating rad-
icals of corn, cucumber (Cucumis sativus L.) and rice (Oryza sativa L.) plants with
exogenously applied SA improved leaf and hypocotyl tolerance to cold stress, but
had no effect on the radicles tolerance to the stress (Kang and Saltveit 2002).
Further, the cold stress-induced electrolyte leakage was lower in SA-treated leaves
and hypocotyls, but there was no change in electrolyte leakage from the radicles
for all three species (Kang and Saltveit 2002). Pre-treatment of banana (Musa
acuminate L.) seedlings with exogenous SA (as a foliar spray or via soil irrigation)
increased seedling tolerance to subsequent cold stress treatments (Kang et al.
2003). Pre-treatment of potato (Solanum tuberosum L.) plants with exogenous SA
applied at low doses increased tolerance to cold stress in cultivars with a wide
range of cold stress-susceptibility, whereas high doses of SA were not as effective
in doing this (Mora-Herrera et al. 2005). Pre-treatment of mature peach [Prunus
persica (L.) Batch.] fruits with exogenous SA, followed by storage at 0 °C for a
four week-period, resulted in higher fruit firmness, lower decay and reduced
chilling stress injury than was seen for untreated fruits (Wang et al. 2006). Pre-
treatment of hybrid corn seeds with exogenous SA considerably improved seedling
emergence, root and shoot length, and seedling fresh and dry weight, all compared
with the controls, both at optimal temperatures and under cold stress temperatures
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(Farooq et al. 2008). Finally, exogenously applied SA alleviated the cold stress
effect on growth of cucumber seedlings (Lei et al. 2010). Thus, there is a plethora
of examples where a pre-treatment with exogenous SA has reduced the negative
effects of cold stress on plant growth and metabolism.

A. thaliana Col-0 plants grown at 23 °C and then transferred to 5 °C for several
weeks, had significantly increased endogenous SA levels when compared to plants
that remained at 23 °C for the same time period (Scott et al. 2004). A. thaliana
mutant lines with reduced SA levels (NahG; Larkindale and Knight 2002), defi-
cient in SA levels (eds5; Nawrath and Metraux 1999) and possessing elevated SA
levels (cpril; Bowling et al. 1994, 1997) were compared to wild type Col-0 plants
at both 23 and 5 °C. Under cold stress conditions, the plants of NahG line showed
no increase in endogenous SA levels and accumulated considerably more dry
weight than did Col-0 plants (though at 23 °C the NahG plants accumulate less dry
weight than Col-0 plants) (Scott et al. 2004). Further, the cold-stressed NahG
plants also had larger leaves as a result of increases in cell size, but there was no
change to leaf number. Although there was no cold stress-related damage in
photosystem II in either Col-0 or NahG plants, net assimilation rate after the cold
stress treatment was higher for NahG plants (Scott et al. 2004). Cold-stressed eds5
plants had a phenotype similar to NahG plants, but possessed even lower
endogenous SA levels. Another mutant, cpri, whose plants have a dwarf pheno-
type at 23 °C relative to Col-0, showed even higher dwarfism at low temperatures,
and this dwarfism change was associated with ca. 2-fold higher levels of SA,
relative to cold-stressed Col-0 plants (Scott et al. 2004). Finally, canola (Brassica
napus L.) plants grown at 5 °C for four weeks after germination had significantly
higher endogenous SA levels than plants grown at 20 °C.

The application of low concentrations of SA can also influence (increase) the
tolerance of plant tissues to short-term heat stress, whereas at higher concentrations
SA had either the opposite or nil effect. There are numerous examples of this
phenomenon, i.e. mustard (Sinapis alba L.; Dat et al. 1998a), tobacco (Nicotiana
tabacum L.; Dat et al. 2000), A. thaliana (Larkindale and Knight 2002; Clarke et al.
2004), Kentucky bluegrass (Poa pratensis L.; He et al. 2005), creeping bentgrass
(Agrostis stolonifera L.; Larkindale and Huang 2005) and pea (Pisum sativum L.;
Pan et al. 2006). Exogenous SA pre-treatment also improves net photosynthetic rate
of leaves of heat-stressed grape (Vitis vinifera L.) plants, apparently by maintaining
a higher Rubisco activation state and accelerating the recovery of PSII (Wang et al.
2010). Short-term heat stress caused increases in endogenous SA levels, likely as a
result of its de novo synthesis (Pan et al. 2006), in mustard (Dat et al. 1998b), A.
thaliana (Kaplan et al. 2004) and pea (Liu et al. 2006) plants during the first 30 min
of the stress. The heat-stressed pea leaves also had parallel (with SA) increases in the
activities of phenylalanine ammonia lyase (PAL) and benzoic acid 2-hydroxylase
(BA2H) (Pan et al. 2006). However, as occurred with grape plants, the initial and
substantial increase in endogenous SA following the administration of short-term
heat stress diminishes over time. Thus, after 24 h the endogenous SA levels in
control and heat-stressed plants were essentially the same (Wang et al. 2004, 2005).
Interestingly, it appears that the source of this increased SA in heat-stressed grape
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stem and leaf tissue is the roots, as progressive increases in labelled SA transported
in xylem from the roots to the shoot occurred coincidentally with the time of the heat
treatment (Liu et al. 2008). Other support for high temperature induction of SA
synthesis comes from studies with A. thaliana mutant lines which have low (NahG)
or high (cpr5) endogenous SA levels. Thus, cpr5 plants (high SA) were more tol-
erant of heat stress, whereas NahG (low SA) were less tolerant, both relative to Col-0
plants (Clarke et al. 2004). Also, unlike Col-0, the NahG plants did not show a short-
term spike in endogenous SA levels following the administration of heat stress
(Clarke et al. 2004).

Heat stress also causes an accumulation of endogenous abscisic acid (ABA)
levels within the first hour in grape (Abass and Rajashekar 1993) and also other
plant species (Chandler and Robertson 1994). It was postulated that this increase in
endogenous ABA may help plants cope with the excessive transpiration caused by
heat stress, e.g., by closing the stomata (Assmann 2010). Also, endogenous ABA
levels are reported to increase in plants grown at low temperatures (Assmann
2010). Young grape leaves subjected to short-term heat stress showed rapid
increases in endogenous SA and ABA accumulation during the first hour, with a
rapid decline over the next 24 h (Wang et al. 2005). Pre-treatment of the grape
plants with exogenous SA caused the same increase (in terms of both absolute
levels and trend over time) of endogenous ABA (Wang et al. 2005). In a similar
manner, heat-stressed young pea leaves showed rapid increases in endogenous SA
and ABA (with a peak occurring at about the 25 min mark). Then, levels of both of
these hormones declined before the end of the first hour to levels found in
unstressed plants (Liu et al. 2006). Pre-treatment of pea leaves with abamine, an
ABA-specific biosynthesis inhibitor (Han et al. 2004), gave similar (to control)
low baseline endogenous SA and ABA levels in heat-stressed plants, i.e. there was
no heat-induced increase in ABA or SA levels (Liu et al. 2006).

Paclobutrazol is a known gibberellin biosynthesis inhibitor (Rademacher 2000)
which has also been shown to inhibit the activity of benzoic acid 2-hydroxylase
(BA2H), a key enzyme in the final step of SA biosynthesis (Leon et al. 1995). Pre-
treatment of pea leaves with Paclobutrazol did not, however, influence the increase
in endogenous SA and ABA levels seen when the pea plants were heat-stressed
(Liu et al. 2006). Heat-stressed pea plants also showed increased SAG (SA 2-O-f-
D-glucose, a major conjugated form of SA) levels, peaking around the 50 min
mark of the heat stress treatment. However, SAG levels showed no change in
Paclobutrazol-treated heat stressed pea plants (Liu et al. 2006). Finally, A. thaliana
mutants with lower endogenous ABA (abal) (Robertson et al. 1994), or reduced
SA (NahG) levels were more susceptible to heat stress than wild type lines
(Larkindale et al. 2005).

Numerous studies show that there are optimal concentrations for exogenously
applied SA, concentrations which can alleviate the symptoms (growth inhibition
and reduced metabolism) of both low temperature and short-term heat stress.
Additionally, there is evidence that both low temperature and heat stress can
increase endogenous SA levels in several plant species. However, studies with SA
biosynthesis mutant lines of A. thaliana indicate that while endogenous SA levels
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are important for increasing tolerance to short-term heat stress, this same con-
clusion is not applicable to gaining tolerance to low temperature stress. Rather, SA
accumulation was associated with increased susceptibility to low temperature
stress. Further, based on studies with ABA and SA biosynthesis inhibitors, it seems
that the heat-induced increases in endogenous SA levels are not the result of a
direct interaction. Rather, there is an indirect interaction, one where heat stress
increases ABA accumulation, which then acts to protect the plant from heat shock.
Coincidental with elevated ABA, an accumulation of SA also occurs, cause
unknown. A similar scenario also seems likely for the apparent ABA-SA inter-
action in plants subjected to low temperature stress.

5 Water Stress and Endogenous Salicylic Acid Levels

There is good evidence that exogenously applied SA can improve the growth and
productivity of plants subjected to drought stress. For example, pre-treatment of
bean (Phaseolus vulgaris L.; Senaratna et al. 2000), chickpea (Cicer arietinum L.;
Kumar Patel et al. 2011), rice (Farooq et al. 2010), tomato (Senaratna et al. 2000;
Hayat et al. 2008) and wheat (Triticum aestivum L.; Singh and Usha 2003) plants
with SA by seed imbibition, soil drenching or foliar spray improved the ability of
these plants to tolerate drought stress. These SA-treated plants accumulated
increased biomass and exhibited a higher photosynthesis rate relative to drought-
stressed plants which did not receive SA pre-treatment. Currently, the decreases in
plant growth and photosynthesis that occur in response to drought stress are gen-
erally attributed to increases in stress-induced biosynthesis of ABA which then
functions to reduce water stress by enhancing stomatal closure (Assmann 2010).
However, Rai et al. (1986) demonstrated that subsequent application of SA actually
antagonizes the stomatal closure that is induced by applied ABA. While this may be
correct when both of ABA and SA are applied exogenously, we would postulate that
an antagonism between endogenous ABA and endogenous SA, in the regulation of
stomatal closure, is unlikely. This conclusion is supported by studies where appli-
cation of SA at low (optimal) concentrations increased endogenous ABA levels
(Shakirova et al. 2003; Bandurska and Stroinski 2005). Further, as presented below
for SA (Munne-Bosch and Penuelas 2003; Abreu and Munne-Bosch 2008; Bechtold
et al. 2010; Fig. 1) and from a vast literature on ABA (Assmann 2010), moderate
drought stress increases endogenous levels of both ABA and SA. Finally, numerous
studies using a range of plant species have observed a closure of stomata in response
to the exogenous application of SA (Manthe et al. 1992; Chen et al. 1993; Rao et al.
1997, Shirasu et al. 1997; Mateo et al. 2004).

Munne-Bosch and Penuelas (2003) have worked with field-grown Phillyrea
angustifolia (L.), a member of the Oleaceae, which is an evergreen bush or a small
tree and native to the Mediterranean region. They reported that drought stress of
these plants in their natural habitat resulted in an increased accumulation of
endogenous SA in leaves, relative to SA levels seen for well-irrigated plants.
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However, if drought-stressed P. angustifolia plants were allowed to recover by
providing irrigation, their endogenous SA levels quickly decreased to the levels of
unstressed plants. Further, they demonstrated a significant linear negative corre-
lation between endogenous SA levels of the leaves and the leaf relative water
content. That is, as leaf water content increased the endogenous SA levels (per
gram DW) decreased. Thus, a direct link between plant water balance and
endogenous SA levels was established. Munne-Bosch and Penuelas (2003) also
tested the association of photosynthesis with endogenous SA levels. They took this
approach since previous work (Singh and Usha 2003) suggested an increase in
photosynthetic activity by drought-stressed plants that had been pre-treated with
SA. However, Munne-Bosch and Penuelas (2003) found that the drought-induced
increases in endogenous SA of P. angustifolia plants were associated with
decreases in the maximum efficiency of PSII (Fv/Fm), though leaf chlorophyll
levels were not affected. Also, irrigating the drought-stressed P. angustifolia plants
restored the maximum photochemical efficiency of PSII to levels seen for non-
stressed, irrigated plants. A later study by Abreu and Munne-Bosch (2008), this
time with field-grown plants of common sage (Salvia officinalis L.), demonstrated
that drought stress increased endogenous SA levels, though coincidentally
decreases were seen for total chlorophyll content. Finally, the same study showed
that MeSA applied to the drought-stressed sage plants caused decreases in total
chlorophyll content. Thus, while pre-treatment with SA can improve growth and
photosynthesis of plants subjected to drought stress, plants that are not treated with
SA show increased endogenous SA levels that coincide with a decreased growth
and reduced photosynthesis.

In experiments with canola (Brassica napus L.) plants, a one week drought stress
given to two-week old seedlings caused a ca. 3-fold increase in endogenous SA
levels (Fig. 1). Interestingly, flooding also increased SA levels, up to 2-fold, relative
to well-watered control plants (Fig. 1). It should be noted that leaf biomass growth of
the canola seedlings was unaffected by the drought stress (though the plants did
wilt). In contrast, flooding caused a ca. 2-fold increase in leaf biomass accumulation
relative to the well-watered control plants. The fact that both drought and flooding
stresses increased endogenous SA concentrations suggest that the SA increases are
essentially a general “stress-related” phenomenon. Therefore, SA may not be
causally or directly involved in many of the plant’s physiological responses to water
stress. Finally, as expected, endogenous ABA levels in these canola leaves increased
for drought-stressed seedlings relative to well-watered control. However, there was
no increase in endogenous ABA levels in leaves of canola seedlings subjected to
flooding relative to well-watered control (data not shown).

An examination of drought stress responses was accomplished for two A.
thaliana genotypes (cpr6-1 and C24) which possess inherently elevated endoge-
nous SA levels (Bechtold et al. 2010). The A. thaliana genotype cpr6-1 is a mutant
line with constitutive expression of PR1-6 and both of genotypes cpr6-1 and C24
are known to be highly resistant to biotrophic pathogens (Clarke et al. 1998; Ton
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Fig. 1 Leaf endogenous SA levels (ng gFW™) in three week-old canola seedlings subjected to
“normal” watering conditions (watered bi-daily for all growth period), drought stress (watered
bi-daily for the initial two weeks of growth) and flooding (watered bi-daily for the initial two
weeks of growth and then moved to a tray with water cover above soil level). The harvested leaf
tissue was analyzed on LC-MS using stable isotope dilution technique (see above). The error bars
indicate one +SE of the mean and the mean was calculated from three independent biological
experiments

et al. 1999). Here, a biotrophic pathogen is defined as a fungus which establishes a
long-term feeding relationship with the living cells of a host, rather than killing the
host (Zeier et al. 2004). The endogenous SA levels of these two mutant genotypes
are ca. 6-fold higher than wild type lines such as Col-0 and Ws-0 lines (Bechtold
et al. 2010). Finally, plants of the C24 genotype have the same seed yield as Col-0
and Ws-0. In contrast, seed yield of cpr6-1 plants is ca. 6-fold lower than seed
yield of Col-0 and Ws-0 plants. Further, when cpr6-1 and C24 plants were sub-
jected to drought stress, both lines retained their respective seed yield character-
istics, whereas the seed yield of drought-stressed Col-0 and Ws-0 plants was
appreciably reduced (Bechtold et al. 2010). Therefore, under drought stress con-
ditions, the seed yield of C24 genotype remained high, unlike Col-0 and Ws-0
plants (and cpr6-1 plants), all of which had very low seed yield under drought
stress. Thus, cpr6-1 plants fit a “working hypothesis” whereby enhanced drought
resistance and enhanced biotrophic pathogen resistance is a result of higher
endogenous SA accumulation. In contrast, C24 plants have a “disconnect”, where
elevated SA levels ensure high seed yields, as well as higher drought and bio-
trophic fungal resistance.
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Fig. 2 Leaf endogenous SA and ABA levels in three week-old canola seedlings grown at
ambient (340 ppm) or elevated (700 ppm) CO, levels from the germination stage. The
endogenous SA levels are expressed per fresh weights (ng gFW’l), dry weights (ng gDW’l), leaf
area (ug gFW™') and total chlorophyll content (ng mg™"). The harvested leaf tissue was analyzed
on LC-MS using stable isotope dilution technique (see above). The error bars indicate one £SE
of the mean and the mean was calculated from three independent biological experiments



5 Environmental Signals and Endogenous Salicylic Acid Concentration 75

6 Carbon Dioxide and Endogenous Salicylic Acid Levels

Based on Intergovernmental Panel on Climate Change (IPCC 2007) predictions,
the atmospheric carbon dioxide (CO,) concentration is expected to be double (to
ca. 700 ppm) by the end of 21st century. Thus, it is important to understand what
impact this change will have on plant growth and survival. At present, the effect of
elevating CO, levels on endogenous SA biosynthesis is poorly understood. In
plants of tomato that were grown at each of ambient and elevated CO, levels, an
infection with root rot (Phytophthora parasitica) gave significant increases in
endogenous SA levels (Jwa and Walling 2001). However, there was no difference
detected in SA levels between infected plants grown at ambient or elevated CO,
levels. Even so, plants grown at elevated CO, showed an increased degree of
tolerance to inoculation with the pathogen (Jwa and Walling 2001). In another
system elevated CO, levels increased the total (but not free) endogenous SA levels
in tobacco plants and also led to increased resistance against infection by potato
virus Y (Matros et al. 2006). Elevated CO, levels significantly decreased the
endogenous levels of compounds related to SA metabolism, i.e. myo-Inositol and
two hydroxybenzoic acids (m-hydroxybenzoate and p-hydroxybenzoate) in leaves
of rice (Prins et al. 2011). However, elevating CO, had no effect on photosyn-
thesis, photorespiration, leaf C/N ratios or anthocyanin contents (Prins et al. 2011).
Finally, growing canola plants at elevated levels of CO, significantly decreased the
endogenous SA concentrations, relative to canola plants grown at ambient CO,
levels (Fig. 2). Furthermore, the decrease in SA levels of the high CO,-grown
plants was associated with increased photosynthetic efficiency as well as photo-
synthetic capacity, both relative to plants grown at ambient CO, levels (Dahal
et al. 2012). Elevated ambient CO, levels also decreased endogenous ABA levels
in canola leaves (Fig. 2), though a flush with very high (ca. 50-fold relative to
ambient) CO, levels had no effect on endogenous ABA levels in grape leaves
(Loveys et al. 1973). Growth of Chinese red pine (Pinus tabuliformis Carr.) plants
for prolonged period under elevated CO, levels (ca. 2-fold higher than ambient)
significantly decreased endogenous ABA levels in needle tissue (Li et al. 2011).
Although decreases in endogenous ABA of plants growing at elevated CO, may be
beneficial for growth, the decrease in endogenous SA levels could potentially
make plants more susceptible to pathogen attack.

7 Conclusion

To conclude, fluctuations in environmental signals such as light, temperature,
water availability and carbon dioxide concentrations can all influence endogenous
SA levels (Table 1). However, it does not seem likely, based on the literature we
have reviewed, that environmentally induced changes in plant SA content are a
direct (per se) effect of most environmental fluctuations. Nor does it seem likely
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that the observed changes in endogenous SA levels play a direct role in adjusting
plant growth in response to fluctuating environmental signals. Rather, as is evident
from application studies with exogenous SA, it appears more likely that changes in
endogenous SA levels result from cross-talk with other endogenous plant hor-
mones. Thus, it will be changes in concentration of the other hormones (not SA)
that are responsible for adjusting the plant’s growth in response to the fluctuating
environmental signal. For example, another class of plant hormones, brassinos-
teroids, when applied exogenously, can alleviate many plant abiotic stress
responses (Khripach et al. 1999; Kang and Guo 2011). However, this stress alle-
viation is likely a result of the brassinosteroid influencing endogenous levels of
other plant hormones, which then play a direct role in the alleviation of symptoms
of plant stress (Kurepin et al. 2008, 2012b).
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