Journal of Experimental Botany, Vol. 60, No. 11, pp. 3123-3131, 2009

doi:10.1093/jxb/erp147  Advance Access publication 21 May, 2009 Journal of
This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details) EXP efim ental
Botany

www.jxb.oxfordjournals.org

RESEARCH PAPER

Plant-pathogen interactions and elevated CO.:
morphological changes in favour of pathogens

Janice Ann Lake* and Ruth Nicola Wade
Department of Animal and Plant Sciences, The University of Sheffield, Western Bank, Sheffield S10 2TN, UK

Received 25 November 2008; Revised 4 March 2009; Accepted 9 April 2009

Abstract

Crop losses caused by pests and weeds have been estimated at 42% worldwide, with plant pathogens responsible
for almost $10 billion worth of damage in the USA in 1994 alone. Elevated carbon dioxide [ECO,] and associated
climate change have the potential to accelerate plant pathogen evolution, which may, in turn, affect virulence. Plant-
pathogen interactions under increasing CO, concentrations have the potential to disrupt both agricultural and
natural systems severely, yet the lack of experimental data and the subsequent ability to predict future outcomes
constitutes a fundamental knowledge gap. Furthermore, nothing is known about the mechanistic bases of
increasing pathogen agressiveness. In the absence of information on crop species, it is shown here that plant
pathogen (Erysiphe cichoracearum) aggressiveness is increased under ECO,, together with changes in the leaf
epidermal characteristics of the model plant Arabidopsis thaliana L. Stomatal density, guard cell length, and
trichome numbers on leaves developing post-infection are increased under ECO, in direct contrast to non-infected
responses. As many plant pathogens utilize epidermal features for successful infection, these responses provide
a positive feedback mechanism facilitating an enhanced susceptibility of newly developed leaves to further
pathogen attack. Furthermore, a screen of resistant and susceptible ecotypes suggest inherent differences in
epidermal responses to ECO,.
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Introduction

assessment of effects under field conditions. Such studies
(increasing CO, from 365 ppmv to 550 ppmv) found that
disease incidence of leaf spot on mature leaves of Solidago
rigida was reduced by half under ECO, concentration
(Strengbom and Reich, 2006), whereas in rice (Oryza sativa
L.) both rice blast and sheath blight increased under similar
FACE conditions in Japan (Kobayashi et al., 2006).
Controlled environment growth facility studies also re-
port conflicting results. Under ambient (350 ppmv) and
elevated (700 ppmv) CO, conditions, the anthracnose patho-
gen Colletotrichum gloeosporioides increased in aggressive-
ness over 25 sequential infection cycles on the host

Plant-pathogen interaction and climate change

Investigations into the potential effects of CO»-induced
climate change (IPCC, 2007) on plant—pathogen interac-
tions largely consist of epidemic models coupled to general
circulation models (GCMs) to predict future outcomes.
Results predict increased disease pressure in Northern Italy
with each decade, with more severe epidemics as a direct
consequence of increasing temperature during specific
months (Salinari et al., 2006). In the UK, increased disease
severity of Phoma stem canker on oilseed rape is predicted
under regional changes in both temperature and rainfall
(Evans et al., 2008).

Experimental research into the effects of increasing atmo-
spheric CO, on plant-pathogen interactions has received
little attention and produces conflicting results. Free Air
Concentration Enrichment (FACE) facilities allow for an

Stylosanthes scabra. An increase in both aggressiveness and
fecundity of isolates suggested that a favourable microcli-
mate, due to increased canopy size under ECO, could result
in accelerated pathogen evolution (Chakraborty and Datta,

* To whom correspondence should be addressed: j.a.lake@sheffield.ac.uk
© 2009 The Author(s).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



3124 | Lake and Wade

2003; Pangga et al., 2004). The importance of this result is
heightened when account is taken of the short generation
times and efficient dispersal mechanisms of many plant
pathogens (Salinari e al, 2006). An investigation into the
systemic responses of tobacco to the plant virus potato virus
Y, found increased resistance of both inoculated older and
uninfected younger leaves under ECO, (1000 ppvm) com-
pared to control conditions. The authors point out, however,
that due to changes in the biochemical profiles of virus-
infected plants under ECO,, this may result in increased
susceptibility to bacterial and fungal pathogens (Matros
et al., 2006). Recent reviews highlighting the future research
needs in this area (Garrett et al., 2006; Berger et al., 2007),
point out that the majority of recent work has focused on
genomic level advances which allow high throughput
analyses of post-infection gene expression. Such results are
useful at pin-pointing when expression levels change,
however, little attempt is made to translate gene expression
changes in terms of whole plant responses (either anatom-
ically or physiologically). Such results must be coupled to
the physiology of both plant and pathogen (Berger et al,
2007), at the whole plant level (Bruce and Pickett, 2007) to
increase knowledge at the population and global levels
(Burdon et al., 2006; Glazebrook and Ton, 2007) before
accurate predictions of pathogen interactions under climate
change scenarios can be made: an issue that has been
identified as a fundamental knowledge gap (Garrett et al.,
2006). Furthermore, there is a general lack of information
on the physiological or mechanistic bases of reported
changes in pathogenesis.

Epidermal morphology: plant—-pathogen and elevated
CO, interactions

The exchange of CO, and water vapour between a leaf and
the atmosphere is principally controlled by stomatal density
(SD, the number of stomatal pores per unit area) and their
mean aperture. The observation that changes to epidermal
morphology, in the form of SD on herbarium leaves, had
decreased over the last century (Woodward, 1987) repre-
sents compelling evidence that plants have responded to
anthropogenic increases in CO, concentration. Further-
more, this contemporary increase in atmospheric CO, may
stimulate the photosynthetic uptake of CO, (Woodward
and Lomas, 2004). Altered epidermal morphology of plants
under ECO, has the potential to affect plant-pathogen
interactions as many pathogens utilize the epidermal char-
acteristics of leaves to facilitate infection; stomatal pores
afford a natural entry point for the establishment of infec-
tion (Underwood et al., 2007), therefore both number and
size of stomata may affect plant resistance to fungal attack.

SD of the adaxial leaf surface has been found to correlate
positively with the density of bean rust on the common
bean (Phaseolus vulgaris) (Shaik, 1985). In a separate study
of the same species investigating passive resistance to
pathogens in the form of epidermal characteristics (SD), an
inverse relationship of susceptibility with altitudinal range
(1000 to 2800 m. asl) indicated that stomatal numbers may

be affected by decreasing CO, partial pressure (with in-
creasing altitude), and that such responses may contribute
to pathogen resistance in this species (Stenglein et al., 2005).

Trichomes have previously been considered to present
a physical barrier to infection (Martin and Glover, 2007)
and have been shown to retard the germination of
Uromyces on the surface of bean leaves (Mmbaga et al.,
1994). Trichome density (TD), as well as SD, were shown to
have a positive relationship with total microbial density in
several resistant and susceptible rice cultivars under both
greenhouse and field conditions (De Costa et al, 20006),
whereas a study of the bacterial pathogen Psuedomonas
syringae on bean leaves showed the aggregation of patho-
gen cells predominantly around glandular trichome bases
(Monier and Lindow, 2004). Such results suggest that spe-
cific pathogens may utilize different anatomical features to
promote successful infection. A recent study using Arabidopsis
thaliana demonstrated, using glabrous (trichome-less) acces-
sions, that these mutants were less susceptible to infection by
Botrytis cinerea than their wild-type counterpart (Landsberg
erecta), the authors suggesting that trichomes trap airborne
spores allowing a better chance of establishing infection (Calo
et al., 2006).

Rationale

The model plant Arabidopsis thaliana has been successfully
used in the elucidation of many genes involved in stomatal
development and of biochemical events resulting in epider-
mal responses to environment factors (CO, and light),
recently reviewed by Casson and Gray (2008).

The powdery mildews, including Erysiphe cichoracearum,
are obligate biotrophic fungi, and constitute one of the most
economically important groups of plant pathogens (Oerke
et al., 1994; Agrios, 1997). Because infections are limited
to the leaf surface (epidermis) (Koh et al, 2005) and
Arabidopsis ecotype Col-0 is classified as susceptible to
E. cichoracearum (Adam et al, 1999), this makes an ideal
model system for the investigation of plant—pathogen
interactions with epidermal morphology under manipulated
environmental conditions.

An experimental approach was taken here to examine the
effect of ECO, on both pathogen aggressiveness and plant
morphological changes (epidermal features; SD, guard cell
length (GCL), and TD) of leaves developing post-infection,
and therefore resulting from systemic responses, using the
powdery mildew (Erysiphe cichoracearum) and A. thaliana
Col-0. Following the results from Col-0, a screen of 17
Arabidopsis ecotypes, classified as resistant or susceptible
(Adam et al., 1999) were grown at ambient and ECO, but
not challenged with a pathogen.

The experiment and subsequent analyses tested four hy-
potheses designed to assess the impact that ECO, concen-
tration has on pathogen agressiveness, the impact that
pathogen challenge has on epidermal characteristics, and
the effects of inherent resistance or susceptibility on epi-
dermal features under ECO,. (i) Pathogen infection of
mature leaves has no systemic effect on epidermal



morphology of newly developed leaves. (ii) Interaction of
ECO, and pathogen challenge has no effect on epidermal
morphology of newly developed leaves. (iii) ECO, concen-
tration has no effect on pathogen aggressiveness. (iv) There
is no inherent effect on epidermal morphological changes
under ECO,.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana L. ecotype Columbia (Col-0) was
grown in 8 cm pots of multi-purpose potting compost
(Arthur Bowers, UK) in controlled environment chambers
(Fitotron SGC2352/FM/HFL, Sanyo Gallenkamp) under
an 8/16 h day/night cycle with a temperature regime of 22/
18+0.5 °C, 150 pmol m 2 s~ ' irradiance, following 4 d
stratification at 4 °C in the dark. CO, concentrations were
400 ppmv (ambient) or 800 ppmyv (elevated).

Pathogen challenge

Actively growing cultures of Erysiphe cichoracearum were
maintained on marrow (Cucurbita L. cv. Long Green Bush).
Inoculum was used at the 7-10 d stage.

Col-0 was at the 4 week stage (10 rosette leaves present).
Leaf insertions 6 to 10 were painted with inoculum at
a spore concentration of 1x10° ml™' in a suspension of
Fluorinert (Sigma-aldrich, UK); control plants were painted
with Fluorinert only. Plants were enclosed in propagators to
isolate the inoculated from the control plants held within
the same controlled environment chamber and to raise
humidity to 80-85% for effective infection. This resulted in
a decrease in light level of 30% (to 100 pmol m~2 s™1); thus
changes in humidity and light level were experienced by
both infected plants and the non-infected controls. Seven
days later, infection status (see below) of inoculated mature
leaves was confirmed by staining, whilst leaf insertions 14
to 17 (newly developed leaves) were harvested before
they became infected, halved longitudinally, and analysed
for both staining (non-infection check) and epidermal
analyses.

Staining pathogen mycelium

Mature (infected) and half laminas of newly developed
(non-infected) leaves were stained to check for infection.
Leaves were placed abaxial surface down on ethanol:acetic
acid (3:1 v/v) for 2 h on cotton pads. This process was
repeated and left overnight. Leaf tissue was then relaxed on
water-soaked pads for 2 h, then on pads moistened with
lactic acid:glycerol:water (1:1:1 by vol.) overnight. Mycelia
were stained with 0.6% Brilliant Blue R (Sigma-Aldrich,
UK) for 10 s, rinsed with water, and slide mounted in 50%
glycerol. Infection was determined using light microscopy
(Leitz Laborlux S, Leitz, Germany).
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Infection status

Following staining, the infection of mature infected and
non-infected (control) rosette leaves was checked. The
number of conidiophores (specialized hyphae on which
conidia, the external asexual spores, are produced) and
established colonies (network of mycelia) on mature leaves
were counted across the entire leaf surface using light
microscopy (Leitz Laborlux S, Leitz, Germany). Newly
developed leaves were halved longitudinally and checked for
lack of infection.

Ecotype screening

Arabidopsis thaliana L. resistant (score 0-1, Adam et al.,
1999) ecotypes Zu-0, Edi-0, Can-0 LI-0, Su-0, C24, and
Kas-1 and susceptible (score 2-3, Adam et al, 1999)
ecotypes Columbia (Col-0), Sf-2, Wu-0, Ler, Ba-1, Mc-0,
Lc-0, Pla-0, Ws and RId-1, were grown in 8§ cm pots of
multi-purpose potting compost (Arthur Bowers, Lincoln,
UK) in controlled environment chambers (Fitotron
SGC2352/FM/HFL, Sanyo Gallenkamp) under an 8/16 h
day/night cycle with a temperature regime of 22/18+0.5 °C,
150 pmol m—2 s~ ! irradiance, following 4 d stratification at
4 °C in the dark. CO, concentrations were 400 ppmv
(ambient) or 800 ppmv (elevated).

Epidermal analysis

Negative impressions of both abaxial and adaxial leaf
surfaces are taken with high precision polyvinylsiloxane
(Coltene-Whaledent Ltd, UK) either side of the midrib, mid
lamina. Positive impressions are then made from the
silicone rubber impressions using clear cellulose varnish,
which were then mounted onto microscope slides. Stomatal
density (mm™?), index [(no. of stomata/no. of stomata + no.
of epidermal cells)x100], and guard cell length was de-
termined by light microscopy using an image analysis
software package (Quantimet 500, Leitz, Germany) coupled
to a light microscope (Leitz Laborlux S, Leitz, Germany).
Trichome density on the adaxial surface was determined
using light microscopy (Leitz Laborlux S, Leitz, Germany).

Statistics

Two-way ANOVA was performed with variables as CO,
environment and pathogen infection using MINITAB v. 12.
(Minitab Inc.)

Results and discussion
CO, response of stomatal characteristics

Figure 1 shows the successful establishment of a pathogen
colony on the adaxial surface of a mature rosette leaf (Fig.
1A, blue stain) and a lack of infection on a non-infected
control leaf (Fig. 1B) (leaf insertions 6-10).

The effects of both CO, concentration and pathogen
challenge on the stomatal density (SD) and index (SI) of
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leaves that developed post-infection (leaf insertions 14-17)
are shown in Fig. 2A and B. Significant reductions in both
SD (22%; P <0.0001) and SI (10%: P <0.005) on the
abaxial surface, and SD (27%; P <0.0001) and SI (8%;
P <0.005) on the adaxial surface of non-infected controls
occur when comparing ambient and ECO, concentrations
(Table 1) commensurate with previous findings (Lake et al.,
2001, 2002).

Fig. 1. Infection status. Mature leaves of Col-0 showing (A) blue
stained E. cichoracearum infection or (B) non-infected (control)
adaxial leaf surface 7 d following application of innoculum or
Fluorinert control. T, trichome. Scale bar=2 mm.
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Pathogen challenge alone affects the epidermal
characteristics of newly developed leaves

The effect of pathogen challenge to newly developed leaves,
under ambient CO,, conditions suggests that pathogen
challenge alone has the capacity to alter the adaxial sto-
matal characteristics of newly emergent leaves and that these
changes are enhanced (SD) or reversed (SI) under ECO,.

There is no effect of pathogen challenge on SD of the
abaxial surface under ambient CO, concentration, however,
under ECO, concentration, a significant increase in SD of
15% is recorded. The adaxial surface shows a significant
15% increase in stomatal numbers following infection of
mature leaves under ambient CO, which increases to 38%
under CO, enrichment (Fig. 2A).

A slight but significant post-infection reduction of SI
(P <0.05) is recorded on the abaxial surface at ambient
CO,, with no significant difference at ECO,, however, again
the adaxial surface shows a significant increase under ECO,
concentration (P <0.0005) (Fig. 2B). There is significant
interaction between CO, concentration and pathogen chal-
lenge on the adaxial surface only (Table 1). The adaxial
surface of a non-infected leaf is likely to be the initial point
of contact for incoming wind-blown pathogen spores.

Epidermal cell density of the adaxial surface shows
a significant increase at ambient CO, and both surfaces
increase under ECO, conditions (Fig. 2C; Table 1) suggest-
ing that the infection of mature leaves causes a reduction in
expansion of leaves developing post-infection and may be
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Fig. 2. Stomatal characteristics. (A) Stomatal density, (B) stomatal index, (C) epidermal cell density, and (D) guard cell length of
newly developed leaves following pathogen challenge of mature leaves under ambient (Amb-400 ppm) and elevated (Elev—800 ppm)
CO, concentrations, with non-pathogen challenged controls. Both abaxial and adaxial leaf surfaces are shown. ***P <0.0001,

**P <0.001, *P <0.05, NS, not significant between pathogen and non-pathogen challenge. Two-way ANOVA, Table 1, n=70,

bar=SEmean.



Table 1. Results of two-way analysis of variance for leaf
morphological traits in Arabidopsis thaliana Col-0
The two-way component tested effects of pathogen challenge and

CO, concentration (grown at ambient 400 ppm or elevated 800
ppm). F=F value, P=probability value.

Pathogen CO, Pathogenx
CO,
F P F P F P
Abaxial surface
Stomatal density 0.07  0.79 32.1  <0.001 0.87 0.35
Stomatal index 45 <0.05 14.8 <0.0001 0.19 0.66
Epidermal cell density  5.23 <0.05 7.3 <0.005 0.4 0.52
Guard cell size 5.21 <0.05 4.7 <0.05 1.1 0.3
Adaxial surface
Stomatal density 43.7 <0.001 12.19 <0.005 8.06 <0.005
Stomatal index 32,5 <0.0001 23.8 <0.0001 25.2 <0.0001
Epidermal cell density 27.2 <0.0001 6.6 <0.05 6.2 <0.05
Guard cell size 42 <0.05 0.74 0.39 0.46 0.51
Trichome density 32.8 <0.0001 29.1 <0.001 0.76 0.38

related to the metabolic costs of defence responses, despite
the greater availability of CO, for assimilation, and/or
alterations in plant water status.

Stomatal guard cell length (GCL) reveals a non-pathogen
induced response under ambient versus ECO, as a decrease
in guard cell size on the abaxial surface of new leaves
(Table 1). Pathogen challenge results in an increase in
adaxial GCL under ambient CO, and abaxial GCL under
ECO, (Fig. 2D). Guard cell dynamics are now suggested as
playing an active role in part of the plant’s innate immune
system (Schultz-Lefert and Robatzek, 2006). It is known
that stomatal closure of leaves may be elicited in response
to the application of several pathogen-derived compounds
(Underwood et al., 2007); fusicoccin (a fungal toxin),
oligogalacturonic acid (OGA; a product of plant cell wall
degradation), and chitosan (a component of the fungal cell
wall). These compounds are able to antagonize abscisic acid
(ABA)-induced stomatal closure and disrupt normal stoma-
tal movement (Schultz-Lefert and Robatzek, 2006). Effects
on assimilation and water relations are not known as
recovery to normal stomatal movement may occur within
3 h (Schultz-Lefert and Robatzek, 2006). This apparent
contradictory response of compound-induced closure and
antagonistic overriding of ABA-induced closure may be the
result of unknown biochemical interactions, possibly in-
volving the initiation of defence responses which up-
regulate ABA, as it appears to be a short-term effect. Such
interactions require further investigation.

It is demonstrated here that trichome density (TD) of the
adaxial surface of newly developed leaves increased signifi-
cantly following pathogen challenge to mature leaves (Fig. 3A;
Table 1), with the effect of CO, concentration reducing the
number of trichomes in both infected and non-infected
controls. An increase in TD of the new leaves in response to
the infection of mature leaves under both ambient and
ECO, appears to be a pathogen-induced response. Suscep-
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Fig. 3. (A) Trichome density on the adaxial surface of newly
developed leaves, following infection of mature leaves, (B) number
of established E. cichoracearum colonies, and (C) number of
conidiophores of mature leaves following pathogen challenge
under ambient (400 ppm) and elevated (800 ppm) CO, concen-
trations. Student t tests between infected and non-infected (A) and
ambient and elevated CO, (B, C), n=25 (trichome density), n=40
(colonies), n=60 (conidiophores), ***P <0.0001, NS, not significant,
bar=SE mean.

tibility of pathogen attack positively correlates with the
possession of trichomes in some accessions of A. thaliana
(Calo et al., 2006), an increase in TD may again facilitate
further pathogen establishment.

Elevated CO:; facilitates pathogen infection

The number of established colonies (networks of mycelia)
on mature leaves increased significantly (P <0.001) under
ECO, conditions, with 40% more colonies successfully
established (Fig. 3B), however, the number of conidio-
phores (specialized hyphae on which conidia, the external
asexual spores are formed) remained unchanged (Fig. 3C)
over the establishment period of 7 d. There is not, therefore,
an increase in pathogen fecundity over this time scale, but
a facilitated establishment.
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Inherent traits associated with morphological responses
to ECOQ

Figure 4A shows the results of an initial screening of 17
resistant and susceptible (Adam et al, 1999) ecotypes for
changes in SD of when grown under ambient and ECO, but
not challenged with a pathogen. A general trend of in-
creased SD for resistant and decreased SD for susceptible
plants when grown under ECO; is recorded, suggesting that
inherent factors associated with resistance or susceptibility
to E. cichoracearum impinge on stomatal responses to CO,.
Mean GCL of resistant ecotypes decreases under ECO,,
whilst susceptible ecotypes remain larger (Fig. 4B). These
results suggest that resistant ecotypes under current CO,
levels may become more susceptible in the future in terms of
increased stomatal numbers under ECO,, which may be
aggravated by pathogen challenge as demonstrated in Col-0
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Fig. 4. Ecotype screen for change in stomatal density (A) and
mean guard cell length (B) of 17 ecotypes of A. thaliana (7 resistant
and 10 susceptible to E. cichoracearum) grown under ambient
(400 ppm) and elevated (800 ppm) CO, concentrations: (A) arrow
indicates Col-0 SD response to elevated CO,, n=70. (B) Student’s
t test of mean guard cell length, n=50, *P <0.05, NS, not
significant between ambient and elevated CO, concentration, bar,
SEmean.

(Fig. 2A). Susceptible ecotypes may become more suscepti-
ble following pathogen attack at ECO, in terms of both
increased SD (Col-0, Fig. 2A, B) and larger GCL (Col-0,
Fig. 2D; susceptible ecotypes, Fig. 3C).

Trichome densities of the 17 accessions show either
a decrease or no change under ECO, across the range of
resistant and susceptible ecotypes (data not shown), which
corroborates with Col-0 when grown at ECO, without
pathogen challenge (Fig. 3A, white bars) and suggests that
increases seen in Col-0 (Fig. 3A) are solely the result of
pathogen challenge.

Increases in pathogen aggressiveness under increasing
CO, concentrations has profound implications for agricul-
ture, both in terms of costs associated with control
measures (defined as disease pressure; Salinari ez al., 2006)
and in geographic distribution of major economic cropping
patterns already under pressure from regional climate shifts
associated with rising CO, emissions (IPCC, 2007). An
increase in stomatal numbers per se provides an advantage
to pathogens for colonization, however, an increase in
stomatal density also has the potential to alter source/sink
relationships, which under ECO, conditions, would facili-
tate higher rates of carbon assimilation (Ainsworth and
Rogers, 2007). This may also be of benefit to colonizing
pathogens. Source/sink relationships may be altered under
pathogen infection alone as demonstrated by the infection
of barley leaves with powdery mildew, causing down-
regulation of photosynthesis in cells which accumulate
phenolic compounds associated with defence responses
(Swarbrick et al., 2006). The authors point out that source/
sink interactions of both susceptible and resistant, as well as
sink or source targeted leaves, are complex. The interaction
of such responses with increased carbon supply under ECO,
concentrations is not known.

Chakraborty and Datta (2003) have suggested that
changes in leaf canopy microclimate under ECO, may
favour infection. The results presented here provide a phys-
iological explanation of such microclimatic changes; patho-
gen-induced increases in SD, GCL, and TD which are
exacerbated under ECO, would increase humidity at the
leaf surface and, as many pathogens require or prefer higher
humidity for successful germination of spores, alteration of
epidermal characteristics may afford a more favourable
microclimate.

Stomatal development and environmental signalling
mechanisms

It has been demonstrated in Arabidopsis that new leaves are
influenced by the environment experienced by mature leaves
in response to both CO, concentration and light intensity
and that long-distance signalling occurs to effect changes in
the epidermal morphology of abaxial and adaxial leaf
surfaces independently (Lake et al, 2001; Thomas et al.,
2004). Research into the elucidation of the biochemical
signalling components involved has progressed over the last
several years (Casson and Gray, 2008), however, the full
mechanism remains elusive.



It has recently been shown that the responses of SD to
CO5 and humidity are positively related to and primarily
driven by transpiration rate (£) and ABA concentration: an
increase in E and/or ABA concentration in mature leaves
produces increased SD in newly developed leaves (Lake and
Woodward, 2008). Several studies report a decrease in E
following pathogen infection (Fleischmann et al., 2005; Guo
et al., 2005), however these decreases occur from 5 d to 5
weeks post-inoculation. Downy mildew infection of cucum-
ber leaves reduced leaf water-content dramatically due to
increased E in areas of leaf chlorosis which coincided with
increased stomatal aperture during the early stages (2-3 d)
of infection (Oerke et al, 2006). A study of Erysiphe
graminis on winter wheat at ambient (350 pmol mol~') and
elevated (700 pmol mol~') CO, concentrations concluded
that the severity of infection was significantly increased
when host water content increased (Thompson et al., 1993).
These results are not in conflict with the mechanistic rela-
tionship between E, ABA, and SD (Lake and Woodward,
2008) if signalling to new leaves occurs in the early stages of
infection. ABA was demonstrated to increase within 24 h
in Arabidopsis Col-0 following infection with Pseudomonas
syringae (Schmelz et al., 2003). Furthermore, water loss from
leaves to developing hyphae prior to visible symptoms of
disease under ECO, is not reported in the literature.

Pathogen challenge reverses normal stomatal
responses to elevated CO. in Arabidopsis Col-0

Mitogen-activated protein kinases (MAPKSs) play a crucial
role in plant growth and development, as well as many
biotic and abiotic stress responses and constitute a complex
signalling network (Menges et al, 2008). They are known to
interact with defence signal molecules such as jasmonic acid
(JA), salicylic acid (SA), ethylene, and ABA in the rice host-
defence response (Reyna and Yang, 2006), and oligosaccha-
ride elicitors in cultured cells of Lycopersicon peruvianum
(Holley et al., 2003). Stomatal development in Arabidopsis is
regulated by two sets of MAPKinases; MPK3 and MPK6
are environmentally sensitive, whilst upstream MAPKinase
kinases, MKK4 and MKKS5 are key regulators of stomatal
development (Wang et al., 2007). A loss of function of these
MAKKSs results in a plethora of stomata and the disruption
of the one-cell spacing pattern and, conversely, a gain in
function results in a lack of stomatal initiation (Wang et al.,
2007). Mechanical wounding (Chassot er al, 2008) and
necrotrophic pathogen challenge in response to Botrytis
cinerea (Schweighofer et al., 2007) induce MAPK activity in
Arabidopsis. MKK4 and MKKS5 were found to be activated
by the elicitor flg22, with subsequent activation of MPK3
and 6 which act as paired components (Asai et al., 2002). As
activation or gain of function of MKK4/5 should result in
reduced stomatal initiation (Wang et al., 2007) the increase
in SD and SI under pathogen treatment seen here on the
adaxial surface, suggests that MAPK signalling as part of
the innate immune response and stomatal development is
disrupted. Inactivation of certain MAPKs is achieved by
a key component of MAPK signalling — AP2C1 which
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results in the inactivation of MPK4 and MPK6
(Schweighofer et al., 2007). This may result in the decou-
pling of the activated MPK3/6 pairing. As MPKs are
specifically activated by MKKs (Asai et al, 2002), in-
activation of the paired MPK3/6 may disrupt the regulation
of the upstream paired MKK4/5 function, potentially
allowing for the initiation of stomatal development. Fur-
thermore, stomatal numbers responding to changes in CO,
concentration and relative humidity, show a positive corre-
lation with ABA (Lake and Woodward, 2008); ABA also
activates MAPK3 with the negative regulator of ABA,
ABII, antagonizing MAPKG6 (Leung et al., 2006).

A putative mechanism for a systemic pathogen signalling
system to increase stomatal numbers is proposed in Fig. 5.
JA, SA, and ethylene constitute part of the defence re-
sponse, resulting in localized hypersensitive responses (HR)
and programmed cell death (PCD) (Reyna and Yang,
2006). ABA interacts with both JA and ethylene via
pathway cross-talk (Leung et al, 2006) and is induced in
Arabidopsis when challenged by the pathogens Xanthamonas
campestris and Psuedomonas syringae (Robert-Seilaniantz
et al., 2007). A mechanism involving the interaction of ABA,
ABII, and AP2C1 may be employed to inactivate the pairing
of environmentally sensitive MAPKs 3/6, which in concert
with an upstream loss of function of the pairing of MKKs
5/4 (Wang et al, 2007; Menges et al, 2008) results in

PLANT DEFENCE RESPONSE Antagonistic Fungal
HR &PCD +—— ROS +—— SA JA Ethylene Compounds
— —~ N Z.

\\‘h/

ABA

Transpiration
rate

<— abil
apaci — WIPKE
=~ MPK4

MPK3

environment
et waces ot

development development

regulation

ENVIRONMENTAL RESPONSE

Fig. 5. Stomatal density response to pathogen challenge. Putative
mechanism of long-distance signalling in response to pathogen
infection to effect stomatal density increases. Induction of defence
responses (hypersensitive responses, HR, reactive oxygen spe-
cies, ROS; programmed cell death, PCD) by salicylic acid (SA),
jasmonic acid (JA), and ethylene in mature leaves simultaneously
triggers signal cross-talk with ABA (Schmelz et al., 2003).
Environmentally sensitive Mitogen Activated Protein Kinases
(MPKB/MPK®) are de-coupled through interaction with ABA, its
negative regulator ABI1, and AP2C1. Decoupling disrupts up-
stream the specific kinase cascade MKK4/5 resulting in a loss of
function and therefore increased stomatal initiation. The role of
ABA antagonistic compounds [fusicocin, oligogalacturonic acid
(OGA) and chitosan] in stomatal developmental signalling mecha-
nisms are unknown.
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increased stomatal initiation, development, and density.
MAPK4 also functions as a regulator of pathogen defence
responses, repressing SA and initiating JA-dependent gene
expression (Andreasson et al, 2005)—cross-talk between
hormones (SA, JA, ethylene, and ABA) and MPK cascades
may allow for differential responses to specific biotic
interactions.

It is demonstrated here, for the first time, that suscepti-
bility of A. thaliana to a powdery mildew is enhanced under
ECO, concentrations and shows how, with a reversal of the
plants normal physiological (epidermal) responses, may con-
tribute, together with changes in source/sink relations, gene
expression and phytohormone levels, to make the plant
a better host. Whilst this study has a focus on morpholog-
ical responses which will impinge on fundamental physio-
logical processes (stomatal conductance, water loss, and
carbon gain), it identifies the pressing need for experimental
research which couples molecular techniques to whole plant
physiology. The use of Arabidopsis for the elucidation of
plant-pathogen interactions utilizing biochemical mutants
together with the application and measured effects of fungal
compounds will provide further insights into signalling
systems involved. Such research will allow targeted analyses
of crop—pathogen interactions and, ultimately, assist pre-
diction of future outcomes of such interactions under
regional and global climate change scenarios.
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