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1  |  INTRODUC TION

Zymoseptoria tritici is one of the most important fungal pathogens of 
wheat causing Septoria tritici blotch (STB). Z. tritici is considered a 
latent necrotroph because of a symptomless phase of host invasion 

during which the pathogen does not acquire nutrition from the host 
but instead uses its own stored energy (Rudd et al., 2015). The infec-
tion process involves the transition of the germinating ascospore or 
pycnidiospore upon contact with the leaf into hyphal growth to facil-
itate penetration of substomatal cavities, followed by invasion of the 
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Abstract
This study provides new insights into the role of photoprotection in preformed and 
induced defence of two wheat genotypes with contrasting phenotypes to infection by 
Zymoseptoria tritici. We investigated the mechanisms of the photoprotective response 
during early infection, including nonphotochemical quenching (NPQ), β-carotene-
derived xanthophylls, reactive oxygen species, and the phytohormones abscisic acid 
(ABA), jasmonic acid (JA), and salicylic acid (SA). Furthermore, we quantified the ef-
fects of pathogenesis on photosynthesis, stomatal control, and expression of plant 
defence molecular markers. The photoprotective mechanism of successful defence 
involved the qI component of NPQ leading to rapid down-regulation of photosystem 
II quantum yield and chlorophyll a:b, increased biosynthesis of the xanthophyll ne-
oxanthin and ABA, and the expression of chloroplast-specific enzymes to engage in 
scavenging of O2

●−. Elevated ABA in the resistant genotype correlated with preformed 
leaf defence traits including low stomatal density, increased expression of wax bio-
synthesis, and lignification. Z. tritici exhibited reduced germination and branching on 
the resistant host genotype and hijacked stomatal control in both genotypes by en-
hancing stomatal sensitivity to light. Increased biosynthesis of JA and anthocyanins, 
in contrast to SA, were quantified in the incompatible interaction. Our results indicate 
that ABA and JA in antagonistic action to SA were associated with defence in the re-
sistant genotype, Cougar, against Z. tritici.
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intercellular space before colonization of the apoplast (Kema et al., 
1996). Thereafter, triggered by an unknown signal, pathogenesis tran-
sitions into a necrotrophic phase resulting in plant cell death before 
completion of the reproductive cycle of Z. tritici with the development 
of pycnidia in adjacent substomatal cavities (Shetty et al., 2003). The 
morphology, function, and density of the stomata as the main entry 
point for Z. tritici are therefore important traits in preformed host de-
fence to infection and colonization (Tateda et al., 2019). Furthermore, 
as the pathogen has low expression of genes encoding cutinases to 
degrade leaf cutin (Kema et al., 1996) and is unable to penetrate the 
host directly (Shetty et al., 2003), leaf characteristics such as increased 
cuticle wax synthesis and deposition, interfering with the ability of a 
pathogen to physically locate the stomata (Rubiales & Niks, 1996), are 
likely to contribute significantly to passive resistance.

Early pathogen recognition perceived in the apoplast triggers the 
accumulation of hydrogen peroxide (H2O2) in the chloroplast required 
for the initiation of the hypersensitive response (HR) that is a form of 
programmed cell death (PCD; Serrano et al., 2016). Thus, the chloroplast 
is considered crucial in mediating host–pathogen interactions, including 
those of Z. tritici and wheat (Lee et al., 2015). Silencing two key chlo-
roplast genes involved in the carotenoid and chlorophyll biosynthesis, 
phytoene desaturase and Mg-chelatase H subunit, respectively, ren-
dered Stb6-mediated resistance in wheat to Z. tritici partially compro-
mised; this resulted in increased susceptibility and PCD associated with 
excessive superoxide and hydrogen peroxide accumulation (Lee et al., 
2015). These results strongly suggest that the inability of the host to 
regulate oxidative stress via the chloroplast is probably exploited by the 
pathogen to overcome host defence. The chloroplast itself is a major 
source of reactive oxygen species (ROS), which are largely nondamag-
ing due to high redox regulation by the plant (Foyer & Noctor, 2005). 
However, pathogenesis associated with continuous ROS formation 
from excessive excitation energy due to over-reductions of the photo-
synthetic electron transport chain increases the imbalance in the chlo-
roplast redox state and induces oxidative stress leading to photodamage 
in leaves (Triantaphylidès et al., 2008). Plants possess photoprotective 
mechanisms to protect the integrity of the photosynthetic apparatus 
and regulate ROS and one such major mechanism is thermal dissipation 
of excess excitation energy within light harvesting complexes of pho-
tosystem II (PSII) via nonphotochemical quenching (NPQ) (Murchie & 
Ruban, 2020). The major component of NPQ is the fast-relaxing, energy 
quenching (qE) form, regulated by the protein PsbS and zeaxanthin in the 
xanthophyll cycle (Ruban, 2016), whilst the slow-relaxing component 
of NPQ, photoinhibitory quenching (qI), is associated with a combina-
tion of photoinhibition of PSII and photoprotection (Demmig-Adams & 
Adams, 2006). Zeaxanthin, which also plays a part in qI (Demmig-Adams 
& Adams, 2006), is the first precursor of abscisic acid (ABA). Under low 
light and alkaline conditions, it is converted via zeaxanthin epoxidase 
into violaxanthin, followed by violaxanthin conversion to neoxanthin 
and xanthoxin through a series of isomerization reactions, and a deox-
ygenation step by 9-cis-epoxycarotenoid dioxygenase (NCED) cleaves 
xanthoxin from the C40 carotenoid (Ton et al., 2009). Conversely, under 
high light and low pH, the enzyme violaxanthin de-epoxidase converts 
violaxanthin into zeaxanthin in the xanthophyll cycle using ascorbate as 

a reductant and thus antagonizing ABA synthesis (Pastori et al., 2003). 
ABA regulates stomatal development, patterning, and function and me-
diates the properties of the wax cuticle in plants (Chater et al., 2014). 
Furthermore, ABA modulates salicylic (SA) and jasmonic acid (JA) sig-
nalling during the early and later resistance to pathogen penetration, 
promoting early defence against infection by enhancing JA-dependent 
defence and inhibiting SA-dependent signalling and ROS (Ton et al., 
2009). Formed ROS are typically regulated through detoxification via 
multiple enzymes and nonenzymatic antioxidants to effectively return 
them to basal levels (Foyer & Noctor, 2005). Enzymatic antioxidants 
include superoxide dismutases (SODs), catalase (CAT), ascorbate per-
oxidase (APX), and glutathione peroxidase (GPX) involved in the con-
version of O2

●−, generated at photosystem I (PSI), to H2O2 and further 
reduction to H2O (Foyer & Noctor, 2005). However, the most potent 
physical scavengers of ROS are the carotenoids and the anthocyanins; 
the latter are typically stimulated by JA, initially formed via lipid peroxi-
dation caused by singlet oxygen (1O2) in the chloroplast (Demmig-Adams 
et al., 2013). Previous studies have shown that changes in NPQ during 
pathogen attack can be related to immune responses of plants; however, 
the role of photoprotection in host defence against Z. tritici has not been 
investigated.

In this study, we aimed to elucidate the photoprotective mech-
anisms in the chloroplast that are involved in the defence response 
of wheat to Z. tritici during early disease development. We chose 
to investigate the responses of two wheat cultivars, Cougar and 
Sacramento, because of their contrasting disease phenotypes. STB 
resistance in Cougar is characterized by the lack of HR, delayed 
symptom expression, and impaired pathogen reproduction, whilst 
Sacramento shows HR coupled with rapid necrosis and formation 
of pycnidia. We hypothesized that, in Cougar, there is a limited for-
mation or enhanced detoxification of ROS associated with changes 
in NPQ, consistent with an increased role of xanthophylls and anti-
oxidants in the chloroplast. To determine how Z. tritici affects NPQ 
components, we analysed NPQ induction and relaxation kinetics 
at 24 hr postinoculation (hpi). We defined the behaviour of Z. tritici 
during the infection process using in vitro assays and microscopic 
observations, visualized ROS, and investigated the mechanisms of 
detoxification. We quantified changes in β-carotene-derived xantho-
phylls and ABA, and the phytohormones JA and SA, and explored the 
quantitative expression of key defence molecular markers during in-
fection. Finally, we characterized the physiology of responses during 
the transition to the symptomatic phase of the disease to show the 
effects of compatible and incompatible interactions on stomatal 
conductance, photosynthesis, and chlorophyll fluorescence.

2  |  MATERIAL S AND METHODS

2.1  |  Plant material and growth conditions

Z. tritici-resistant wheat (Triticum aestivum) cultivar Cougar and the 
susceptible cultivar Sacramento used in this study were provided by 
RAGT, UK. Plants were grown in a controlled-environment growth 
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room at a day:night temperature of 20:17 °C, 12  hr photoperiod 
and light intensity of 350 µmol⋅m−2⋅s−1. All measurements and leaf 
sampling were carried out at the growth stage GS23. In “dark” ex-
periments, plants were kept in darkness for 24 hr before and after 
inoculation. All experiments except herbicide treatment (three repli-
cates) were repeated at least twice with four to nine replicates.

2.2  |  Inoculum preparation, inoculation 
procedure, and disease assessment

Z. tritici isolate ROY-UN was obtained from Dr Stephen Rossall, 
University of Nottingham, UK. The isolate, which had been stored at 
−80 °C, was grown on potato dextrose agar (PDA; Sigma) for 3 days 
at 22 °C and a fungal spore suspension of 106 spores/ml was pre-
pared. Plants were spray inoculated with the spore suspension until 
runoff and then kept under high humidity for 48 hpi to encourage 
disease development. Bags were removed before measurements or 
sampling. In the dark experiments, inoculation was carried out in dim 
light of c.3  μmol⋅m−2⋅s−1 and plants remained in darkness until sam-
pling. Disease severity was visually estimated as leaf area covered by 
chlorotic and necrotic lesions relative to the whole leaf area and ex-
pressed as percentage leaf surface area exhibiting STB symptoms. To 
demonstrate active resistance, leaves were infiltrated with Z. tritici co-
nidiospores (106 spores/ml) and kept under high humidity for 48 hr to 
encourage disease development. Images of chlorotic and necrotic le-
sions were measured with ImageJ software (https://imagej.nih.gov/ij/).

2.3  |  Hyphal and stomatal observations, 
histochemical staining, H2O2 quantification, and ion 
leakage assays

A full list of references for the published protocols used in this section 
is shown in Table S1. In spore germination assays, 10 µl spore suspen-
sion (106 spores/ml) was placed on each of five 1 cm2 pieces of leaf 
tissue; these were incubated in darkness at 20 °C and subsequently 
fixed in 10 µl lactophenol blue. Fungal structures were stained using 
trypan blue and analysed as described by Shetty et al. (2003). Total 
hyphal length (mm), germ tube extension (µm), and hyphal branching 
were measured using ImageJ software. To show lignin accumulation, 
leaf samples harvested at 2, 5, and 21  days after inoculation were 
cleared using ethanol:acetic acid as described by Shetty et al. (2003). 
Lignin was detected in the cleared leaf samples using toluidine blue O.

Stomatal length (mm), width (mm), and leaf stomatal density 
expressed as the number of stomata per unit leaf area (mm2) were 
assessed on the adaxial leaf surface using impressions made with 
clear nail vanish. Imprints were made on the middle area of the 
leaf between the leaf base and tip of the youngest fully expanded 
leaf on the main tiller with three replications per genotype. The 
imprints were peeled off from the leaf surface, mounted on a mi-
croscope slide, and were imaged using a CTR 5000 light micro-
scope (Leica Microsystems) using 10× magnification. A total of 20 

non-overlapping images were taken per genotype. Stomatal length 
and width were measured using ImageJ software.

Histochemical staining of hydrogen peroxide (H2O2) was carried 
out using 3,3′-diaminobenzidine (DAB). Leaf sections were vacuum-
infiltrated with 1 mg/ml DAB-HCl (pH 3.8) and incubated for 24 hr 
with gentle shaking at room temperature. The DAB solution was re-
moved, and the leaf sections were washed with distilled water. To 
stop the reaction and fix the tissue, samples were boiled for 5 min 
in 95% ethanol.

Generation of superoxide anion (O2
●−) in leaves was detected in 

situ with nitroblue tetrazolium (NBT) with the addition of sodium 
azide. Leaf sections were vacuum infiltrated with 50 mM phosphate 
buffer (pH 7.8) containing 0.1% NBT and 10 mM sodium azide at dif-
ferent time points and incubated at room temperature for 1 hr with 
gentle shaking in darkness. Subsequently, chlorophyll was removed 
by boiling for 5 min in 95% ethanol. Leaves were preserved at room 
temperature in 95% ethanol.

For both O2
●− and H2O2 staining, leaf sections were sampled in 

three replications from fully expanded leaves on the main tiller; these 
were harvested prior to inoculation (0 hr) and at 8 and 24 hpi with Z. 
tritici conidiospores. This assay was repeated in three independent 
experiments. After staining, DAB and NBT stained samples were im-
aged using a Nikon D600 DSLR camera. Production of H2O2 was 
assayed using the reagents and protocols provided in the Amplex 
Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) while ion 
leakage was assayed as previously described for barley (Table S1).

2.4  |  Effect of methyl viologen-induced ROS on 
PSII function and disease severity

A fully expanded leaf from the main tiller was dark-adapted for 2 hr, 
saturated with 0.5 mM methyl viologen (MV; Sigma) to induce ROS 
and analysed for CF and ion leakage, according to Vicente et al. 
(2019). To identify differences in disease severity when ROS produc-
tion was accelerated, plants were sprayed with 100 µM MV and kept 
in darkness for 30 min before inoculation with Z. tritici, after which 
disease severity was assessed visually, as described above.

2.5  |  Extraction and quantification of fungal DNA

Leaf samples were collected from the main tiller at 5 and 14 days 
postinoculation (dpi), with four replicates for each experimental con-
dition. DNA extraction was as described by Ray et al. (2004). Primers 
used for quantitative PCR are shown in Table S2. Quantitative PCRs 
were carried out in a reaction buffer containing 2× SYBR Green 
Supermix, 250  nM primers, and 20  ng DNA in a final volume of 
12.5 µl. Thermal cycling conditions were 3 min at 95 °C; followed by 
40 cycles of 10 s at 95 °C, 10 s at 66 °C, and 30 s at 72 °C. Standard 
curves were obtained from serial dilutions of pure genomic DNA 
from Z. tritici ranging from 1 ng to 10−6 ng and were used, with lin-
ear regression, to quantify pathogen DNA in samples (pg/ng of total 

https://imagej.nih.gov/ij/
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DNA). Following the final PCR cycle, the specificity of the PCR ampli-
fication was checked using a heat dissociation curve from 55 to 95 °C.

2.6  |  Gene expression analysis

Leaf samples were collected from whole plants before inoculation and 
at 8 and 24 hpi for RNA extraction using TRIzol reagent (Invitrogen). 
RNA was purified with the RNeasy Plant kit (Qiagen) and residual 
DNA was removed by treating RNA with a RNase-free DNase kit 
(Qiagen). First-strand cDNA was synthesized using the iScript cDNA 
synthesis kit (Bio-Rad) according to the manufacturer's protocol. 
Quantitative reverse transcription PCR (RT-qPCR) was performed in 
a CFX96 Touch Real-Time PCR Detection System (BioRad,) using a 
protocol of 30 s at 95 °C, then 40 cycles of 95 °C for 10 s and 60 °C 
for 15 s. Primers for quantifying target gene expression of wheat and 
Z. tritici and reference genes are shown in Table S2. Gene expression 
prior to and after inoculation with Z. tritici was normalized to the mean 
Ct values of CDC, ADP, and Ubiq in wheat, whilst NOXa1 was normal-
ized to the Z. tritici elongation factor gene (Table S2).

2.7  |  Carotenoid extraction and analysis

Carotenoids were extracted in 100% acetone (HPLC grade), centri-
fuged at 11,180 × g at 4 °C, and filtered through a 13 mm diameter 
0.2  µm polytetrafluoroethylene (PTFE) syringe filter (Whatman). 
Pigment separation was performed by reverse-phase HPLC as de-
scribed in Färber et al. (1997). The HPLC analysis was performed using 
a BioLC HPLC system (Dionex) with LiChrospher 100 RP-18 (5 µm) 
column (Merck). Three biological replicates, each with three technical 
replicates, were measured. For each sample the amount of each ca-
rotenoid was calculated as a percentage of total carotenoids. In wheat 
the total carotenoids (Car) comprise neoxanthin, violaxanthin, anthe-
raxanthin, lutein, zeaxanthin, and β-carotene. The size of the xantho-
phyll cycle (XC) pool of carotenoids, expressed as a percentage of 
total carotenoids, and de-epoxidation state (DEP) of the xanthophyll 
cycle pigments were calculated from Equations 1, and 2, respectively.

The DEP of the xanthophyll cycle pigments was calculated using 
the equation

2.8  |  Determination of total anthocyanin and 
phytohormone content

Anthocyanins were extracted from 0.1 g leaf sample with 90% meth-
anol acidified with 0.1% HCl (vol/vol) and quantified by the pH dif-
ferential method described by Chirinos et al. (2007). Extraction and 

analyses of phytohormones were as described by Gamir et al. (2012) 
and Pastor et al. (2018).

2.9  |  Leaf gas exchange and CF analysis

CF and gas exchange (GE) were simultaneously measured with an 
infrared gas analyser (IRGA), LI6400XT, equipped with leaf cham-
ber pulse-amplitude modulated fluorometer LI6400-40 (LI-COR). 
For all measurements, the IRGA was kept at a gas flow rate of 
500  μmol air/s, a cuvette temperature of 22 °C, CO2 concentra-
tion of 400 μl/L, and relative humidity of 60%. CF and GE param-
eters were measured under actinic light of 1,500 μmol⋅m−2⋅s−1 or 
in darkness. All measurements were made on the youngest fully 
expanded leaf on the primary tiller at 24 hpi. Leaves were dark 
adapted in the growth chamber for 60 min by wrapping sections 
of the leaf in low-weight aluminium foil. For all measurements, 
dark-adapted leaves were left for 5  min in the cuvette in dark-
ness until the light period started. Minimal fluorescence (Fo) was 
measured by applying a low measuring light insufficient to induce 
significant variable fluorescence, followed by a saturating pulse 
to determine maximum fluorescence (Fm). Actinic light sufficient 
to drive photosynthesis was turned on and a saturating pulse of 
7,000 μmol⋅m−2⋅s−1 (for 0.8 s) was applied on light-adapted leaves 
for 2 min to determine maximum fluorescence (Fm′). Actinic light 
was switched off for 2 s and far-red (FR) light was applied to de-
termine Fo′. Application of a series of saturating pulses every 2 min 
over a period of 12 min under actinic light and for another 12 min 
under darkness (actinic light turned off) allowed determination of a 
series of Fo′ and Fm′ readings from which time-dependent changes 
in fluorescence yield were determined. Fluorescence parameters, 
including nonphotochemical quenching (NPQ), maximum effi-
ciency of PSII photochemistry, PSII maximum efficiency (variable 
fluorescence/maximum fluorescence, Fv′/Fm′), quantum yield 
of PSII photochemistry, photochemical quenching (qP), and PSII-
driven electron transport rate (ETR) were automatically calculated 
directly from LICOR 6400XT software using the equations: (Fm − 
Fm′)/Fm′, (Fm − Fo/Fm), (Fm′ − Fv′)/Fm′, (Fm′ − Ft)/(Fm′), (Fm′ − Ft)/(Fm′ 
− Fo′), and {[(Fm′ − Ft)/Fm′] × PPFD × 0.5 × a}, respectively, where Ft 
is steady-state fluorescence at a specific time, a is the fraction of 
incident light that is absorbed by the leaf (assumed to be 0.84) and 
0.5 is the approximate fraction of absorbed light directed to PSII 
in relation to PSI.

Quenching analysis was followed by analysis of relaxation of 
NPQ kinetics. The rapidly reversible component of NPQ, energy-
dependent NPQ (qE), was calculated as (Fm/Fm′) − (Fm/Fm″), while 
the slowly relaxing component (qI) was calculated as (Fm − Fm″)/Fm″, 
where Fm″ is the maximal yield of fluorescence after 12 min of dark 
relaxation following the actinic illumination. The assumption is that 
after 12  min of dark treatment, the remaining quenching consists 
of qI.

Stomatal conductance was also measured in plants kept in dark-
ness from 24 hr before inoculation up to 2 dpi.

(1)XCpool∕Car (% ) =
Zea + Anth + Vio

Neo + Vio + Anth + Lut + Zea + �Car
× 100

(2)DEP(% ) =
Zea + 0.5 × Anth

Zea + Anth + Vio
× 100
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2.10  |  Statistical analysis

GenStat v. 17.1 (VSN International) was used for all data analysis. 
In the absence of significant interactions between individual ex-
periments and the main treatments, individual experiments were 
used as replicates in the analysis. Percentage disease severity was 
angular transformed to normalize residuals while stomatal conduct-
ance was log transformed before analysis. A two-way analysis of 
variance (ANOVA) with Tukey's multiple comparison test was used 
except where indicated. Student's t tests were used in comparisons 
between genotypes for anthocyanin concentration, cellular ion 
leakage, CF, and GE kinetics. Stomatal features were analysed by 
GenStat unbalanced ANOVA.

3  |  RESULTS

3.1  |  Characterization of disease phenotypes

Disease symptoms were first visible at 7 dpi on the leaves of 
Sacramento whereas very few symptoms were observed until 9 dpi 
on Cougar; by 14 dpi, symptoms were 70% lower on Cougar com-
pared to Sacramento (Figure S1a). Disease development on both 
genotypes was visually assessed up to 21 dpi (Figure S1b). Areas of 
chlorotic and necrotic lesions were 90% and 75% less, respectively, 
in Cougar than in Sacramento at 7 dpi. Necrotic leaf area remained 
50% less in Cougar by 16 dpi (Figure S1c–e). There were no differ-
ences between genotypes in the amount of pathogen DNA at 5 dpi 
but at 14 dpi pathogen DNA was significantly lower in Cougar com-
pared to Sacramento (Figure S1f).

3.2  |  qI form of NPQ and increased stomatal 
responsiveness in darkness contribute to the disease 
response in the resistant genotype

NPQ induction and relaxation kinetics were measured during tran-
sition from dark-adaptation to 1,500  µmol⋅m−2⋅s−1 light at 24 hpi. 
Under high light, NPQ was significantly higher in Cougar compared 
to Sacramento irrespective of inoculation (Figure 1a,f), with relaxa-
tion of quenching inhibited in darkness once infected (Figure 1f). 
The majority of NPQ in both genotypes was of qE form (Figure 2a); 
however, a significantly higher proportion of qI (33%) remained in 
Cougar after infection (Figure 2b). Z. tritici infection caused a signifi-
cant decrease in maximum quantum yield of photosystem (PSII) (Fv/
Fm) in leaves of Cougar following 60 min of dark adaptation, but this 
was not observed in Sacramento (Figure 2c). After 12 hr in darkness, 
Fv/Fm in Cougar infected with Z. tritici recovered to the same level as 
the water-treated plants (data not shown).

After mock inoculation, electron transport rate (ETR), photo-
chemical quenching (qP), photosynthesis, and stomatal conduc-
tance were less in Cougar compared to Sacramento (Figure 1b–e). 
However, after infection, no differences were observed between 

genotypes (Figure 1g–i), except for rapid stomatal closure in dark-
ness in the resistant genotype (Figure 1j).

3.3  |  Light drives ROS-accumulation in the host and 
ROS-encoding gene expression in the pathogen

Histochemical staining with DAB showed strong brown staining 
in the leaves of Sacramento at 8 hpi but decreased gradually from 
24 hr to 2 dpi before reaching another peak at 12 dpi (Figure 3a). 
The trend was similar in Cougar, although leaf tissues stained more 
faintly. Significantly higher accumulation of H2O2 coupled with 
higher ion leakage was observed in Sacramento compared to Cougar 
(Figure 3b,d). Lower H2O2 concentrations were quantified in the 
dark-adapted Z. tritici-infected plants, although a transient increase 
in H2O2 was briefly induced in Cougar at 8 hpi (Figure 3b). The most 
common ROS originating in the chloroplast (from PSII) is O2

●−. On 
staining with NBT, with added sodium azide to inhibit reduction by 
oxidoreductases in the plant, Sacramento leaves stained dark blue 
from 4 hpi until 2 dpi while no staining was observed in Cougar 
(Figure 3c) suggesting absence of O2

●−. We also quantified the gene 
expression of the NADPH-dependent oxidase activator 1 (NOXa1), 
which modulates superoxide production in Z. tritici (Choi et al., 2016). 
NOXa1 was up-regulated in the interaction with the susceptible gen-
otype of Sacramento compared to the resistant Cougar (Figure 3e), 
whereas in sustained darkness, NOXa1 was down-regulated in both 
genotypes by 24 hpi (Figure 3e), indicating Z. tritici required light for 
NOXa1 expression.

3.4  |  Chloroplast-specific antioxidant systems are 
induced under light conditions in the resistant Cougar

The resistant genotype accumulated less H2O2 and no visible 
O2

●− during interaction with the pathogen under light conditions, 
and these findings together with the up-regulation of qI sug-
gested enhanced ability to detoxify ROS, probably via the action 
of xanthophylls and through enhanced activity of antioxidant en-
zymatic systems. Expression of iron dismutase (FeSOD), an en-
zyme present exclusively in the chloroplast (Alscher et al., 2002), 
and glutathione peroxidase (GPX) was three-fold higher in Cougar 
compared to Sacramento at 24 hpi (Figure S2a,b). Copper-zinc su-
peroxide dismutase (Cu/ZnSOD) was down-regulated in Cougar after 
infection but remained highly expressed in Sacramento (Figure S2c). 
Manganese superoxide dismutase (MnSOD), catalase (CAT), and 
peroxisomal ascorbate peroxidase (APX) were strongly induced in 
Sacramento but not in Cougar (Figure S2d–f).

To determine whether light influenced the expression of genes 
encoding antioxidant enzymes in infected plants, we measured their 
relative expression in plants kept in darkness for up to 24 hpi. All 
genes were down-regulated in both genotypes at 8 hpi, but by 24 
hpi, Cu/ZnSOD, MnSOD, and APX were up-regulated in Sacramento 
whilst CAT was up-regulated in Cougar (Figure S2g–l).
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We assessed the tolerance of the two genotypes to excessive 
accumulation of O2

●− by methyl viologen (MV) treatment as loss of 
photosynthetic performance. There was no difference in Fv/Fm be-
tween MV-treated and water-treated plants (Figure S3a). NPQ in-
creased but ETR and qP decreased due to MV, suggesting electron 
transport between PSII and PSI was inhibited in both genotypes 

(Figure S3b–d). Comparison between MV-treated Cougar and 
Sacramento showed higher ETR and qP and less cellular leakage in 
Cougar (Figure S3c–e), suggesting more efficient superoxide detox-
ification. Furthermore, MV treatment resulted in more rapid and 
severe disease development in Cougar 7 dpi, implying increased sus-
ceptibility to Z. tritici from over-accumulation of O2

●− (Figure S3f).

F I G U R E  1  Chlorophyll fluorescence and gas exchange kinetics in wheat genotypes Cougar and Sacramento up to 24 hr postinoculation 
(hpi) with Zymoseptoriatritici. (a,f) Nonphotochemical quenching (NPQ), (b,g) electron transport rate (ETR), (c,h) photochemical quenching 
(qP), (d,i) rate of photosynthesis, (e,j) stomatal conductance. Dark-adapted leaves were illuminated with a light intensity of 1,500 µmol⋅m−2⋅s−1 
(white bar) for the first 12 hpi followed by dark relaxation kinetics in darkness (black bar). Inoculated plants were sprayed with a Z. tritici 
isolate (106 spores/ml). Measurements were made on the youngest fully expanded leaves on the primary tiller. +Z.t., Z. tritici inoculated; −Z.t., 
water-treated control. C, Cougar; S, Sacramento. Data represent mean ± SEM of eight biological replicates. An asterisk indicates a significant 
difference according to Student's t test, p < 0.05
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3.5  |  Photoprotection in the resistant genotype 
is associated with high carotenoid:chlorophyll 
(Car:Chl) and biosynthesis of neoxanthin and ABA

To determine the effect of Z. tritici on the biosynthesis of xantho-
phylls, we quantified pigment composition and measured differential 
gene expression in the pathway before inoculation and at 8 and 24 
hpi (Table 1, Figure 4). There was no difference between genotypes in 
Chl a:b before inoculation, and Cougar intrinsically possessed higher 

Car:Chl, lutein, and lower xanthophyll pool (XC) size compared to 
Sacramento (Table 1). At 8 hpi, Chl a:b, lutein (Table 1), and β-carotene 
decreased in Cougar, the latter consistent with down-regulation of 
BCH regulating the XC pool size (Davison et al., 2002) and thus af-
fecting the Car:Chl (Figure 4). Car:Chl increased in both genotypes 
whilst the XC pool decreased in Sacramento (Table 1). By 24 hpi, the 
XC pool continued to decrease in Sacramento accompanied by an 
DEP, whilst Chl a:b, lutein, DEP, and the XC pool (Table 1) recovered 
in Cougar with the slight but significant increase of antheraxanthin 

F I G U R E  2  Nonphotochemical quenching (NPQ) components qE and qI expressed as percentage values and maximum photochemical 
efficiency of photosystem II (variable fluorescence/maximum fluorescence, Fv/Fm) in leaves of wheat genotypes Cougar and Sacramento up 
to 24 hr postinoculation (hpi). qE: Energy quenching, qI: photoinhibitory quenching. +Z.t., Zymoseptoria tritici inoculated; −Z.t., water-treated 
control; C, Cougar; S, Sacramento. Data represent mean ± SEM of eight biological replicates. An asterisk indicates a significant difference 
according to Student's t test, p < 0.05

F I G U R E  3  Concentration of reactive oxygen species (ROS) and tissue cellular leakage in leaves of wheat genotypes Cougar 
and Sacramento in response to infection by Zymoseptoriatritici. (a) Hydrogen peroxide (H2O2) accumulation was visualized by 
3,3′-diaminobenzidine (DAB) staining. Scale bar = 1 cm. (b) H2O2 content was quantified before and after inoculation in light- (unshaded box) 
and dark-adapted (shaded box) leaves of Cougar and Sacramento. (c) Superoxide accumulation visualized by nitroblue tetrazolium (NBT) 
staining with added sodium azide. Bar = 1 cm. (d) Leaf cellular leakage from light-adapted leaves 24 hr postinoculation (hpi) of four biological 
replicates. Asterisk indicates a significant difference according to Student's t test, p < 0.05. (e) Expression of Z. tritici gene encoding NADPH 
oxidase activator 1 (NOXa1) in light- and dark-adapted leaves of Cougar and Sacramento. Data represent means ± SEM of six biological 
replicates. Different letters above the bars indicated significant differences according to analysis of variance followed by Tukey's test 
(p < 0.05)
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and zeaxanthin (Figure 4). Notably, at 24 hpi, Cougar remained with 
significantly higher Car:Chl, lower Chl a:b, and lower DEP compared to 
Sacramento (Table 1). ZEP expression remained significantly lower in 
Cougar and decreased at 24 hpi (Figure 4). VDE was down-regulated 

in both genotypes at 8 hpi and recovered by 24 hpi, remaining highly 
expressed in Sacramento. These changes in gene expression were 
consistent with the observed decrease in DEP and zeaxanthin in 
Cougar and the increase in DEP, antheraxanthin, and zeaxanthin in 

Pigment

0 hpi 8 hpi 24 hpi

Cougar Sacramento Cougar Sacramento Cougar Sacramento

Chl a:b 2.13 a 2.30 a 1.26 b 2.00 a 1.64 c 2.19 a

Car:Chl 0.61 a 0.51 b 1.45 c 0.56 a 1.11 d 0.68 a

Lutein 62.12 a 60.76 b 56.32 c 60.83 b 58.35 d 61.44 ab

XC pool 18.33 a 21.20 b 18.45 a 19.99 c 19.41 c 17.29 ac

DEP 13.97 a 10.58 b 9.79 c 16.87 d 18.17 e 31.75 f

Note: Chl, chlorophylls; Car:Chl, ratio of total carotenoids to chlorophylls; XC, xanthophyll cycle; 
DEP, de-epoxidation state; hpi, hours postinoculation.
Across rows, different letters after values indicate a significant difference according to analysis of 
variance followed by Tukey’s test (p < 0.05).

TA B L E  1  Pigment content of leaves of 
wheat varieties Cougar and Sacramento 
before and after inoculation with 
Zymoseptoria tritici

F I G U R E  4  Effect of Zymoseptoriatritici 
on β-carotene-derived xanthophylls 
and abscisic acid (ABA) biosynthesis 
in wheat genotypes Cougar and 
Sacramento. Schematic representation 
of biosynthetic pathway of β-carotene-
derived xanthophylls highlighting time 
courses of changes in gene expression, 
xanthophylls and ABA contents. BCH, 
β-carotene hydroxylase; VDE, violaxanthin 
de-epoxidase; ZEP, zeaxanthin 
epoxidase; NCED, 9-cis-epoxycarotenoid 
dioxygenase; NPQ, nonphotochemical 
quenching. Data represent means ± SEM 
of six biological replicates. Different 
letters above the bars indicate significant 
differences according to analysis of 
varaince followed by Tukey's test 
(p < 0.05)
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Sacramento (Figure 4). Zeaxanthin is epoxidized by ZEP to produce vi-
olaxanthin from which neoxanthin is synthesized and we observed an 
increase in neoxanthin in Cougar in contrast to an increase in zeaxan-
thin in Sacramento (Figure 4). Cleavage of neoxanthin by the enzyme 
9-cis-epoxy-carotenoid dioxygenase (NCED) represents the first com-
mitted step in ABA biosynthesis (Chernys & Zeevaart, 2000). NCED 
expression was induced in both genotypes at 8 hpi; however, quanti-
fied endogenous ABA was significantly higher in Cougar compared to 
Sacramento, with the latter showing ABA decline due to inoculation 
(Figure 4). At 24 hpi, there was still no significant effect of infection on 
ABA in Cougar whilst ABA recovered in Sacramento (Figure 4).

3.6  |  Differential leaf traits and 
pathogen behaviour

ABA is a major regulator of stomatal development, morphology, and 
function and modulates the formation of cuticular wax on leaf sur-
faces, which can influence fungal infection by foliar pathogens (Ziv 
et al., 2018). Examination of the adaxial leaf surfaces of the geno-
types (Figure 5a,b) showed narrow and significantly longer stomata 
with reduced density in Cougar compared to Sacramento (Figure 5c–
e). Prior to inoculation, the fatty acyl-CoA reductase (TaFAR3) encod-
ing the biosynthesis of cuticle wax on leaf tissues was more highly 
expressed (p < 0.05) in Cougar compared to Sacramento. Infection 
with Z. tritici reduced TaFAR3 expression in Cougar in contrast to 
Sacramento (Figure S4).

To identify differences in behaviour of Z. tritici on the leaf sur-
face of the genotypes, we carried out microscopic examinations at 
2, 5, and 21 dpi (Figure 6a–f). At 2 dpi, on Cougar leaves, Z. tritici ex-
tended germ tubes from the two terminal points of the germinated 
spore, resulting in significantly longer and unbranched hyphae lack-
ing consistent directional growth towards stomata (Figure 6a,g,h). 
On Sacramento, shorter hyphae originating from multiple terminal 
points were excessively branching to reach the stomata in closest 
proximity (Figure 6d,g,h). By 5 dpi, pathogen growth was slow and 
lacked mycelial mass on Cougar while compact mycelial networks 
were formed in Sacramento (Figure 6b,e). At 21 dpi, abundant 
pycnidia in substomatal cavities were evident in Sacramento whilst, 
in Cougar, short mycelia were seen extruding from stomatal cavi-
ties (Figure 6c,f). To determine if the behaviour of the pathogen on 
the leaf surfaces was due to differences in initial germination rates, 
we analysed spore germination and germ tube extension in vitro. 
Compared to the control, Z. tritici on Sacramento leaves showed in-
creased germination at 2 hpi followed by extension of longer germ 
tubes at 8 hpi, whereas no differences were observed between 
Cougar and the control (Figure 6i,j).

3.7  |  Stomatal function and photosynthetic cost of 
Z. tritici infection

To determine the comparative photosynthetic cost of resistance or 
susceptibility to Z. tritici, we measured GE and CF in both Cougar 
and Sacramento at 8 hpi, 24 hpi, 2 dpi, and at 5 dpi. Stomata of most 
plants typically open in response to light stimulus and high humidity 
and close in darkness. Z. tritici increased stomatal conductance in 
both genotypes in light and darkness until 2 dpi (Figure 7a,b). We 
also observed an increased rate of leaf transpiration in the infected 
plants of both genotypes compared to the water-treated controls at 
8 hpi and 2 dpi, and intercellular CO2 at 24 hpi and at 2 dpi (Table S3). 
These results suggest that Z. tritici was able to manipulate stomatal 
function at early stages of disease progression and this process was 
independent of resistance.

Z. tritici infection led to a significant decrease in Fv/Fm in Cougar 
at 8 hpi, 24 hpi, and 2 dpi but recovered at 5 dpi whilst no signifi-
cant differences were observed for Sacramento (Figure S5a). NPQ 
decreased in both genotypes but not at 24 hpi for Cougar (Figure 
S5b). In contrast to Sacramento, PSII maximum efficiency (Fv′/Fm′) 
decreased significantly in inoculated plants of Cougar compared to 
the control at 24 hpi. Fv′/Fm′ remained higher in Sacramento com-
pared to Cougar irrespective of infection for the rest of the time 
measurements (Table S4). Cougar was characterized by higher qP 
than Sacramento but Z. tritici down-regulated ϕPSII and qP at 5 dpi 
in both genotypes (Table S4). Photosynthesis decreased by 27% in 
Cougar at 24 hpi followed by a 40% increase by 2 dpi (Figure 7c). 
In Sacramento, the effect of infection was detected at 5 dpi with 
58% decrease in net photosynthesis accompanied by reduced sto-
matal conductance (Figure 7a,c), suggesting impaired stomatal func-
tion at this stage of infection. At the same time, photosynthesis and 

F I G U R E  5  Stomatal characteristics in noninoculated wheat 
genotypes Cougar and Sacramento. Comparison of adaxial 
epidermal imprint obtained from images of Cougar (a) and 
Sacramento (b); bar = 50 µm. (c) Stomatal length, (d) stomatal width, 
and (e) number of stomata (per mm2). Data represent means ± SEM 
of four biological replicates. An asterisk indicates a significant 
difference according to Student's t test, p < 0.05
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stomatal conductance remained higher in Cougar than in Sacramento 
(Figure 7a,c).

3.8  |  JA, in antagonistic action to SA, is associated 
with defence against Z. tritici in the resistant 
cultivar Cougar

ABA has been shown to promote either resistance or susceptibil-
ity depending on the timing of interaction with other signalling 
phytohormones (Ton et al., 2009). To determine whether different 
levels of endogenous ABA in our genotypes were associated with 
differences in SA-dependent defence responses, we measured 
the relative expression of SA-dependent pathogenesis-related 
(PR) genes, PR1 and PR5 (thaumatin/osmotin-like protein). Z. 
tritici induced expression of PR1 and PR5 at 8 hpi in Sacramento 
whereas small increases were observed in Cougar at 24 hpi (Figure 
S6a,d), implying stronger activation of the SA signalling pathway 
in Sacramento. Expression of PAL and ICS, encoding phenylalanine 
ammonia-lyase and isochorismate synthase enzymes, respectively, 
required for the biosynthesis of SA in plants, showed greater basal 
levels in Cougar compared to Sacramento (Figure 8a,b). However, 

in Sacramento, PAL was induced from 8 hpi and both genes were 
strongly induced at 24 hpi. In Cougar, ICS was down-regulated 
at 8 hpi and both genes were slightly up-regulated at 24 hpi. 
(Figure 8a,b). Analysis of endogenous SA concentration showed 
greater accumulation of SA in Sacramento compared to Cougar 
at 8 hpi, irrespective of inoculation (Figure 8c). At 24 hpi, SA de-
creased by 21% in Cougar compared to control plants (Figure 8c). 
The PAL pathway in plants contributes to the biosynthesis of sec-
ondary antimicrobial metabolites involved in defence fortification 
including lignin (Zhang & Liu, 2015). Staining with toluidine blue 
O showed lignification of leaves of Cougar at 0 and 8 hpi, and in 
Sacramento at 24 hpi (Figure S7).

SA and JA defence pathways are known to be mutually antago-
nistic in action (Li et al., 2019). Therefore, we examined the expres-
sion of PR2 (β-1,3-glucanase) and PR3 (chitinase), both JA signalling 
markers previously shown to have antifungal activity against Z. tritici 
in wheat (Shetty et al., 2009). PR2 and PR3 were strongly induced at 
8 hpi in Cougar and down-regulated significantly in both genotypes 
by 24 hpi (Figure S6b,c).

The contrasting expression of phytohormone markers to-
gether with quantification of ABA and SA in our genotypes sug-
gested that JA is probably biosynthesized in Cougar to contribute 

F I G U R E  6  Growth of Zymoseptoriatritici on leaf surfaces of wheat genotypes Cougar and Sacramento and in in vitro assays. Hyphal 
growth habit on leaf surface of Cougar (a–c) and Sacramento (d–f) at 2, 5, and 21 days postinoculation (dpi). In Sacramento aggregation of 
hyphal clusters in substomatal cavities at 5 dpi (e), pycnidia formation at 21 dpi (f) can be seen; bar = 500 µm. (g) Total hyphal length and 
(h) hyphal branch length of Z. tritici per mm2 leaf area surface at 2 dpi. (i) Percentage germination rate of Z. tritici spores and (j) germ tube 
extension from germinating Z. tritici spores on Cougar and Sacramento in comparison to the control samples lacking plant tissue. Data 
represent means ± SEM of five biological replicates. Different letters above the bars indicate significant differences (p < 0.05) according to 
analysis of variance followed by Tukey's test. Triple asterisks indicates a significant difference according to Student's t test, p < 0.001



    |  11AJIGBOYE et al.

to ABA/JA-driven defence. First, we quantified the expression of 
genes encoding enzymes in the JA biosynthetic pathway including 
lipoxygenase (LOX), allene oxide synthase (AOS), and allene oxide 
cyclase (AOC) (Figure 8d–f) and endogenous concentrations of 
12-oxo-phytodienoic acid (OPDA), a JA precursor, and free JA in 
water-treated controls and Z. tritici-inoculated leaves of Cougar and 
Sacramento at 8 and 24 hpi (Figure 8g,h). The expression trends over 
time for LOX, AOS, and AOC were similar, showing greater expression 

in Cougar compared to Sacramento prior to inoculation. These genes 
became induced by Z. tritici at 8 hpi in both genotypes but signifi-
cantly more in Cougar than in Sacramento. By 24 hpi all genes were 
down-regulated in both genotypes (Figure 8d–f). OPDA significantly 
decreased in both genotypes in response to infection but remained 
significantly higher in Cougar than in Sacramento (Figure 8g). JA 
concentration in Cougar was 75% higher than Sacramento irrespec-
tive of infection (Figure 8h) and by 24 hpi remained only in Cougar 
while we were unable to detect it in Sacramento (Figure 8h). We 
also assessed concentration of anthocyanins in both genotypes 
as they are known JA-stimulated secondary metabolites synthe-
sized via PAL and crucial in plant defence against fungal pathogens. 
Concentrations were similar in both genotypes before inoculation; 
however, a biphasic accumulation of anthocyanin was observed in 
Cougar, with early and late peak profiles at 8 hpi and 2 dpi, respec-
tively. In contrast, anthocyanins decreased in Sacramento from 4 hpi 
until 32 hpi, followed by a rapid rise, similar to that in Cougar, from 
2 dpi (Figure 8i).

4  |  DISCUSSION

Despite the importance of the chloroplast as a major site of photo-
synthesis and production of key defence molecules, there have been 
few studies on understanding the mechanistic link between photo-
protection and plant defence against fungal pathogens. Here, we 
have shown two contrasting photoprotection responses of wheat 
genotypes but only one of them was associated with enhanced de-
fence against Z. tritici. Successful defence in Cougar, in contrast to 
Sacramento, was characterized by effective energy regulation via qE 
and qI types of NPQ by the XC, and optimization of light harvesting 
by redistribution of chlorophyll in the light harvesting complexes of 
PSII resulting in an increased ratio of total carotenoids to chloro-
phylls. Of the three major carotenoid xanthophylls in leaves (lutein, 
violaxanthin, and neoxanthin), lutein is the predominant xanthophyll 
in plants and is evolutionarily conserved, accounting for c.60% of 
the carotenoids in leaves of wheat genotypes in this study. In re-
sponse to Z. tritici, lutein decreased significantly in Cougar allowing 
for compensatory increase in the biosynthesis of neoxanthin at 8 
hpi. We also measured higher endogenous ABA in Cougar than in 
Sacramento. ABA regulates stomatal patterning and development in 
plants (Chater et al., 2014), and in our studies, quantified ABA sup-
ported the observed differences in stomatal anatomical features 
and stomatal operational control of the genotypes. Cougar pos-
sessed long, sparse stomata with narrow apertures in contrast to 
Sacramento, where the pathogen benefitted from the presence of 
dense stomata with wider aperture. In vitro assays and microscopic 
observations revealed that Z. tritici germinated rapidly, within 2 hr of 
exposure to the susceptible host, Sacramento, and extended short, 
numerous hyphal branches. Cougar appeared less hospitable to the 
pathogen, as shown by the low rate of spore germination (similar 
to the water control) and the lack of hyphal branching on the leaf. 
Furthermore, at 8 hpi, PR2 and PR3, which act synergistically on 

F I G U R E  7  Effect of Zymoseptoriatritici on gas exchange in 
wheat genotypes Cougar and Sacramento at 8 hr postinoculation 
(hpi), 24 hpi, 2 days postinoculation (dpi) and 5 dpi. (a,b) Stomatal 
conductance (log transformed) in plants under (a) light conditions 
and (b) dark-adapted state. (c) Rate of leaf photosynthesis. Actinic 
light was 1,500 μmol⋅m−2⋅s−1. Data represent means ± SEM of eight 
biological replicates. Different letters above the bars indicate 
significant differences (p < 0.05) according to analysis of variance 
followed by Tukey's test. +Z.t., Z. tritici inoculated; −Z.t., water-
treated control; C, Cougar; S, Sacramento
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fungal cell wall hydrolysis to inhibit hyphal growth in vivo and in vitro 
in fungi, were up-regulated in Cougar in contrast to Sacramento. The 
extension of long, apical-end hyphae, as seen in Cougar, are likely 
to consume more energy in time and have been shown in other ex-
periments to be typical fungal behaviour in nutritionally poor envi-
ronments, including water (Walker & White, 2017). Random hyphal 
growth on Cougar leaves also suggested that stomata were not as 
easily located as in Sacramento. Increased leaf cuticular waxing has 
been suggested to play a role in masking stomata from pathogen 
hyphae of rusts (Rubiales & Niks, 1996). We did not measure wax 
deposition in this work, but we measured the expression of TaFAR3, 
which catalyses the production of C28 alcohol, a major cuticu-
lar wax component found in wheat leaves, particularly at seedling 
stage (Wang et al., 2016). TaFAR3 was constitutively expressed in 
Cougar before infection but was down-regulated after infection in 

a time-responsive manner. A strong link between cuticle formation 
and epidermal patterning exists, with the former also modulated 
by ABA (Chater et al., 2014). Plants with larger stomata at reduced 
density also have reduced responsiveness to increasing light inten-
sity and conductance compared to plants with shorter and dense 
stomata (Faralli et al., 2019). Indeed, in the absence of infection, 
Cougar exhibited slower stomatal kinetics to light stimulus com-
pared to Sacramento. However, in the presence of Z. tritici at 24 
hpi in darkness, we observed increased stomatal responsiveness of 
Cougar compared to Sacramento, coinciding with ABA accumula-
tion causing stomatal closure, thus reducing stomatal conductance. 
This potential advantage of Cougar may act to delay but not pre-
vent pathogen entry, as our additional measurements of stomatal 
conductance showed that up to 2 dpi, Z. tritici effectively hijacked 
stomatal control by enhancing stomatal sensitivity to light and 

F I G U R E  8  Effect of Zymoseptoriatritici on the expression of phytohormone biosynthetic genes, phytohormone content, and total 
anthocyanin content in leaves of wheat genotypes Cougar and Sacramento. Expression of (a) isochorismate synthase (ICS), (b) phenylalanine 
ammonia-lyase (PAL), (d) lipoxygenase (LOX), (e) allene oxide synthase (AOS), and (f) allene oxide cyclase (AOC) before inoculation, and 
at 8 and 24 hr postinoculation (hpi) by quantitative reverse transcription PCR. Data represent means ± SEM of six biological replicates. 
Concentrations of (c) salicylic acid (SA) (g) cis-(+)-12-oxo-phytodienoic acid (OPDA) and (h) jasmonic acid (JA) in leaves of water-treated 
control (−Z.t.) and Z. tritici-inoculated (+Z.t.) plants at 8 and 24 hpi. (i) Total anthocyanin content expressed as cyanidin-3-glucoside 
equivalents in mg/L at different time points after infection by Z. tritici. Data represent means ± SEM of four biological replicates. 
Phytohormone concentrations were expressed as dry weight (DW). Different letters above the bars indicate significant differences 
according to analysis of variance followed by Tukey's test (p < 0.05). Statistical differences between genotypes for total anthocyanin content 
at each time point were analysed by Student's t test. *p < 0.05. nd, not detected; C, Cougar; S, Sacramento
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increasing conductance, irrespective of differences in resistance in 
our genotypes or the external stimulus. Stomata in infected plants 
also appeared unresponsive to high intercellular CO2 concentration 
after inoculation, in addition to increased transpiration, thus creating 
conditions favourable for hyphal growth. These results suggested 
that Z. tritici benefited from light during the early infection process. 
Further evidence that light enhanced pathogenesis was provided by 
the significant up-regulation in Z. tritici of NOXa1, encoding NADPH 
oxidase, which transfers electrons from NAPDH to oxygen mole-
cules, at 8 and 24 hpi in Sacramento compared to in Cougar, coincid-
ing with the increased abundance of O2

●− and H2O2 in the former. 
In contrast, in darkness, fungal gene expression diminished and 
lower concentrations of H2O2 were measured in both genotypes. 
Choi et al. (2016) showed that the expression of NOXa1 resulting in 
ROS formation (O2

●−) was an important determinant for virulence 
and pathogenicity of Z. tritici in wheat. These findings imply that the 
pathogen exploits light to both hijack stomatal control and increase 
oxidative stress in the host by additional O2

●− formation, which over 
time will render PSII more vulnerable to light-induced photodamage 
and so hasten host cell death (Govrin & Levine, 2000). Indeed, in 
Sacramento, increase in ROS accompanied by down-regulation of 
chloroplast-specific scavengers for O2

●− resulted in increased dis-
ease progression and tissue damage, consistent with our observa-
tions of higher cellular ion leakage and greater disease severity. We 
showed that Cougar was more tolerant to O2

●− induced by MV and 
was able to maintain higher ETR and qP compared to Sacramento as 
well as exhibiting lower cellular ion leakage following MV treatment. 
However, excessive O2

●− due to the herbicide still resulted in en-
hanced susceptibility of the resistant genotype to Z. tritici suggesting 
that oxidative stress due to O2

●− can compromise plant immunity 
of this genotype. In darkness, there was a 4-fold decrease in H2O2, 
which, in the absence of differential expression of genes encoding 
detoxification molecules, suggested that production by both the 
host and the pathogen ceased.

Plants use ROS as molecular messengers in signalling and acti-
vation of HR during the defence response by simultaneously form-
ing ROS whilst down-regulating ROS-scavenging and detoxification 
(Apel & Hirt, 2004). Thus, cellular oxidative homeostasis is tightly 
managed by the activities of APX, CAT, and SODs suppressing O2

●−, 
H2O2, and OH. Similar to previous studies by Shetty et al. (2003), 
under light conditions we observed an inverse relationship between 
H2O2 abundance and gene expression of antioxidants such as APX, 
CAT, MnSOD, and Cu/ZnSOD in the resistant genotype but not in 
the susceptible genotype. In parallel, the chloroplast-specific anti-
oxidant gene encoding FeSOD, known to target O2

●− generated in 
the chloroplast, was induced in Cougar whilst the opposite was ob-
served in Sacramento, where APX, CAT, MnSOD, and Cu/ZnSOD were 
up-regulated. These results, together with the absence of O2

●− in 
Cougar, suggest that chloroplast-specific antioxidants in the resis-
tant genotype acted to regulate O2

●−. In contrast, in Sacramento, 
ROS as O2

●− formed at PSI side in the chloroplast, and was most 
probably converted to H2O2 by SODs and further reduced to H2O 
by GPX and CAT.

A small amount of ROS is required to trigger production of 
redox signals that in turn induce the synthesis of factors necessary 
for NPQ and lipid peroxidation via LOX for JA biosynthesis, and 
also triggers de novo synthesis of compounds such as carotenoids 
(Demmig-Adams et al., 2013). This is achieved by down-regulation 
of NPQ acting as a positive regulator of PAMP-triggered immu-
nity (PTI; Göhre et al., 2012) with significant impact on the plant 
photosynthetic response (de Torres Zabala et al., 2015). Lee et al. 
(2015) showed that the PTI response in wheat leaves requires 
both chitin elicitor receptor kinase 1 (CERK1) and chitin elicitor 
binding protein (CEBiP) for perception of chitin of Z. tritici during 
early infection. Z. tritici encodes Mg3LysM protein, which acts to 
suppress chitin-initiated defence, whilst Mg1LysM and Mg3LysM 
also bind chitin and thus avoid detection by the host receptors 
(Kettles & Kanyuka, 2016). In these studies, we showed that PR2 
(glucanase) and PR3 (chitinase) were up-regulated at 8 hpi in 
Cougar, suggesting that the initial PTI response may have been 
induced in this genotype. However, further experiments are nec-
essary to show whether PTI was indeed more effective in Cougar 
than in Sacramento.

Down-regulation of photosynthetic efficiency upon infection al-
lows plants to mount early defence signalling and to divert the major 
flow of assimilates from primary metabolism to synthesize second-
ary metabolites such as flavonoids and anthocyanins. Anthocyanins, 
derived from the phenylpropanoid pathway in a trade-off to pho-
tosynthesis, function photoprotectively in plants via their signifi-
cant ability to modify both the quantity and quality of light incident 
on chloroplasts and by ROS scavenging (Steyn et al., 2002). PAL is 
an upstream enzyme in the phenylpropanoid pathway and its up-
regulation is often used as a marker for the biosynthesis of many 
secondary metabolites that are important in plant defence includ-
ing, in addition to anthocyanins, lignin and SA (Huang et al., 2010). 
However, SA is also biosynthesized via the ICS pathway in plants 
and its pathogen-induced accumulation plays a key role in systemic 
acquired resistance (Wildermuth et al., 2001). PAL has been previ-
ously shown to be induced in wheat during defence against Z. tritici 
(Rudd et al., 2015; Shetty et al., 2009) and more recently systemic 
changes in metabolites of PAL, including lignin, were demonstrated 
(Seybold et al., 2020). Indeed, our results also show that PAL expres-
sion correlated with lignin accumulation in both genotypes, with 
lignification being observed first in the resistant genotype. In the 
present study, the SA-marker genes PR1 and PR5 correlated with 
levels of endogenous SA in Sacramento at 8 hpi but were inversely 
related to anthocyanins or lignification, suggesting that SA biosyn-
thesis may have been favoured. In contrast, at 8 hpi in Cougar, ICS 
was down-regulated, suggesting suppression of SA biosynthesis via 
this pathway whilst PAL remained up-regulated together with a sig-
nificant increase of anthocyanins from 4 to 24 hpi, suggesting that 
secondary metabolites rather than SA contributed to the response 
to Z. tritici. Furthermore, in Cougar, the observed up-regulation of 
JA biosynthesis genes together with JA in opposition to SA and SA-
induced gene expression demonstrate that the JA signalling pathway 
contributed to defence against Z. tritici in the resistant genotype.
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In conclusion, ABA synthesis positively associated with JA and 
in antagonistic action to SA-dependent responses contributed to 
the early defence against Z. tritici in Cougar, characterized by the 
lack of HR and effective ROS regulation in the chloroplast. In con-
trast, the SA-induced response and oxidative stress in the compat-
ible interaction with Sacramento benefited disease progression by 
Z. tritici, resulting in a photosynthetic trade-off cost of shutdown of 
photosynthesis and stomatal conductance at 5 dpi before symptom 
expression.
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