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The fungus Stagonospora nodorum Berk. is the causative agent of Septoria nodorum blotch (SNB) of wheat. The 
most important factors of Stagonospora nodorum virulence include numerous fungal necrotrophic effectors (NEs) 
encoded by SnTox genes. They interact with the matching products of host susceptibility genes (Snn). SnTox-Snn 
interactions are mirror images of classical gene-for-gene interactions and lead to the development of disease. We 
have studied the SnTox3-Snn3 interaction, resulting in the development of infection on leaves and formation of 
extensive lesions. The mechanism of SnTox3 action is likely to be linked to the regulation of redox metabolism 
and the influence on ethylene synthesis in the wheat plants, although the molecular mechanisms are not fully 
unveiled. To characterize the SnTox3-Snn3 interaction, we used S. nodorum isolates differing in the expression 
of the NEs genes SnTox3 (SnB (Tox3+), Sn4VD (Tox3–)) and two soft spring wheat (Triticum aestivum L.) cultivars, 
contrasting in resistance to the SNB agent and differing in the allelic composition of the susceptibility locus 
Snn3-B1: Kazakhstanskaya 10 (susceptible) and Omskaya 35 (resistant). We carried out a comparative assessment of 
the transcriptional activity patterns of genes responsible for ethylene biosynthesis (TaACS1, TaACО) and signaling 
pathway (TaEIL1, TaERF1) by real-time PCR and estimated the redox state of wheat plants infected with different 
isolates of S. nodorum by spectrometry. The induction of ethylene biosynthesis and signaling has been shown to 
result from gene-for-gene interaction between Snn3-B1 and SnTox3. The results of plant redox status estimation 
showed that ethylene inhibited accumulation of hydrogen peroxide in SnTox3-sensitive genotypes by regulating 
the operation of various pro-/antioxidant enzymes at the transcriptional and posttranslational levels. Our results 
suggest that NE SnTox3 influences ethylene biosynthesis and signaling, thereby regulating redox metabolism in 
infected wheat plants as necessary for successful host colonization at the initial phases of infection, which ultimately 
leads to extensive lesions due to fast pathogen reproduction.
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reaction; necrotrophic effectors; ethylene; redox-metabolism; gene-for-gene interaction; nonspecific resistance.
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Важнейший фактор вирулентности возбудителя септориоза пшеницы Stagonospora nodorum Berk. – многочис-
ленные некротрофные эффекторы (НЭ) гриба (SnTox), взаимодействующие с продуктами генов восприимчиво-
сти хозяина (Snn). Взаимодействия SnTox-Snn осуществляются по типу ген-на-ген и ведут к развитию болезни. 
В настоящей работе изучено взаимодействие SnTox3-Snn3, результатом которого является развитие инфекции 
на листьях с образованием обширных зон поражения. Предположительно, механизм действия SnTox3 связан 
с регуляцией редокс-метаболизма и влиянием на синтез этилена у растений пшеницы, однако молекуляр-
ные механизмы до конца не раскрыты. Для характеристики взаимодействия SnTox3-Snn3 в работе были ис-
пользованы изоляты S. nodorum, различающиеся по экспрессии гена SnTox: SnБ (Tox3+) и Sn4ВД (Tox3–), и два 
 сорта мягкой яровой пшеницы (Triticum aestivum L.), контрастные по устойчивости к возбудителю септориоза 
и различающиеся по аллельному составу локуса восприимчивости Snn3-B1: Казахстанская 10 (восприимчи-

© Veselova S.V., Burkhanova G.F., Nuzhnaya T.V., Rumyantsev S.D., Maksimov I.V., 2019

устойчивость растений к биотическим факторам
оригинальное исследование/ Original article

Вавиловский журнал генетики и селекции. 2019;23(7):856-864
DOI 10.18699/VJ19.559

The Fifth International Scientific Conference PlantGen2019



Влияние SnTOX3 на сигнальный путь этилена 
и редокс-статус растений пшеницы

С.В. Веселова, Г.Ф. Бурханова, Т.В. Нужная 
С.Д. Румянцев, И.В. Максимов 

2019
23 • 7

857устойчивость растений к биотическим факторам / Resistance of plants to biotic factoRs

вая) и Омская  35 (устойчивая). Проведена сравнительная оценка характера транскрипционной активности 
генов биосинтеза (TaACS1, TaACО) и сигнального пути этилена (TaEIL1, TaERF1) методом полимеразной цепной 
реак ции (ПЦР) в реальном времени и оценен редокс-статус растений пшеницы, инфицированных различными 
изолятами S.  nodo rum с помощью спектрофотометрических методов. Показано, что индукция биосинтеза и 
сигнального пути этилена происходила в результате взаимодействия по типу ген-на-ген Snn3-B1-SnTox3. Ре-
зультаты оценки редокс-статуса растений показали, что этилен подавлял накопление пероксида водорода в 
чувствительных к SnTox3 генотипах за счет регуляции работы различных ферментов про-/антиоксидантной 
системы на транскрипционном и посттрансляционном уровнях. Таким образом, полученные результаты пред-
полагают, что НЭ SnTox3 влиял на биосинтез и сигнальный путь этилена с целью регуляции редокс-метаболиз-
ма инфицированных растений пшеницы для успешной колонизации хозяина на начальных этапах инфициро-
вания, что впоследствии приводило к обширным зонам поражения за счет быстрого размножения патогена.
Ключевые слова: Stagonospora nodorum; Triticum aestivum; полимеразная цепная реакция; полимеразная цеп-
ная реакция в реальном времени; некротрофный эффектор; этилен; редокс-метаболизм; взаимодействие ген-
на-ген; неспецифическая устойчивость.

Introduction
Wheat, a staple crop, has been attacked by various kinds of 
leaf spot diseases in recent decades, and Septoria nodorum 
blotch (SNB) ranks among the most injurious ones. It is caused 
by the fungal pathogen Stagonospora nodorum Berk. Yield 
losses inflicted by this pest reach up to 30 % in susceptible 
wheat cultivars under permissive environmental conditions 
(Bertucci et al., 2014). Studies of SNB have been intensively 
conducted over the past three decades, but there is still no 
clear understanding of the mechanisms that underlie wheat 
resistance/susceptibility to infection, on the one hand, and 
pathogen virulence, on the other hand (Fraaije et al., 2002; 
Bertucci et al., 2014; Winterberg et al., 2014; Phan et al., 
2016; Shi et al., 2016).

It has been shown that among the most important factors 
of virulence of S. nodorum are the numerous necrotrophic 
effectors (NEs), formerly referred to as host-specific (selec-
tive) toxins (Phan et al., 2016; McDonald, Solomon, 2018). 
The interaction in the wheat–S. nodorum pathosystem is of 
the gene-for-gene type (McDonald, Solomon, 2018). These 
relationships are confirmed by the fact that products of the 
pathogen virulence genes (=host-specific toxins) (SnTox) 
cause compatibility, i. e. disease expansion, when interact-
ing with products of the host plant susceptibility genes (Snn) 
(Phan et al., 2016). The effect of each SnTox-Snn interaction 
is incomplete and is complemented by other interactions. To 
date, eight SnTox-Snn interactions are known, while only three 
genes encoding NEs (SnToxA, SnTox1, and SnTox3) have been 
cloned from the pathogen, and only two susceptibility genes 
(Tsn1 and Snn1) have been cloned from wheat (Phan et al., 
2016; Shi et al., 2016).

The genetics of the relationship between wheat and S. nodo-
rum is very complex, race-specific resistance explaining only 
about 40 % of phenotypic manifestations (Shi et al., 2016). In 
addition, it was shown in the last four years that some of the 
characterized SnTox-Snn interactions causing susceptibility 
are aimed at manipulating nonspecific plant defense pathways 
associated with redox metabolism, secondary metabolism and 
pathogenicity-related proteins (Winterberg et al., 2014; Phan 
et al., 2016; Shi et al., 2016).

The Snn3-B1-SnTox3 interaction plays a significant role 
in SNB development (Shi et al., 2016; McDonald, Solomon, 

2018). It is assumed that the result of this interaction is the 
development of infection on leaves with the formation of 
extensive lesions, which is associated with the influence of 
SnTox3 on the generation of reactive oxygen species (ROS); 
unfortunately, the mechanism underlying this effect remains 
obscure (Winterberg et al., 2014). Nevertheless, a recent study 
shows that SnTox3 induces methionine accumulation and 
ethylene synthesis in wheat plants within 24 h after infection 
(Winterberg et al., 2014).

One of the earliest plant responses to the penetration of a 
pathogen is known to be local ROS generation, which plays 
an important role in the development of systemic resistance 
(Barna et al., 2012). Currently, the mechanisms regulating 
apoplastic ROS synthesis during immune response are in-
tensively studied but still insufficiently understood. Recent 
studies have shown that the pro-/antioxidant state of plants 
is under the strict control of plant hormones involved in the 
formation of defense reactions during stress (Barna et al., 
2012). They include ethylene, whose role in biotic stress is 
complex and depends on the type of pathogen and plant species 
(Vleesschauver et al., 2010; Barna et al., 2012). Earlier, we 
showed the negative role of ethylene in the development of 
wheat plant resistance to S. nodorum (Veselova et al., 2016). 
Unfortunately, the mechanisms of action of plant hormones, 
including ethylene, on ROS generation under biotic stress are 
poorly known (Barna et al., 2012).

In this regard, the aim of this work was a comparative as-
sessment of the transcriptional pattern of genes involved in 
ethylene biosynthesis and signaling pathway genes and of 
the redox state of wheat plants infected with Stagonospora 
nodorum isolates differing in NE SnTox3 expression.

Materials and methods
The objects of the study were two cultivars of soft spring wheat 
(Triticum aestivum L.) contrasting in resistance to S. nodorum 
Berk.: susceptible cv. Kazakhstanskaya 10 (Kaz10) and re-
sistant cv. Omskaya 35 (Om35). The pathogen objects were 
two isolates of the fungus S. nodorum: Sn4VD (Republic of 
Belarus) and SnB (Republic of Bashkortostan). Fungi were 
grown on potato-glucose agar (PGA). Plants were hydroponi-
cally grown on 10 % solution of Hoagland–Arnon nutrient 
medium in a KS-200 SPU growth chamber (Russia) at 
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20/24 °С (night/day) at the irradiance 146 W/m2 FAR (Osram 
lamps L 36W/77) and the 16-h photoperiod for seven days. The 
assessment of seedling resistance of cultivars was carried out 
by the lawns method, as described in (Veselova et al., 2016). 
The resistance/susceptibility of cultivars was assessed from 
the lesion area seven days after inoculation with S. nodorum 
isolates. The development of SNB symptoms on wheat leaves 
was photographed with an SP-800UZ Image Stabilization 
camera (Olympus, Indonesia). The lesion area was measured 
with ImageJ program (rsbweb. nih.gov/ij/download.html) and 
expressed as percent leaf area infected. The degree of damage 
was also assessed according to the International scale based 
on the percentage of the affected area of plant organs: RR 
(0–5 %) – caltivars with very high and high resistance; R (up 
to 10–15 %) – resistant caltivars; M (up to 25 %) – slightly 
susceptible caltivars; S (up to 40–65 %) – susceptible cal-
tivars; SS (over 65 %) – caltivars with very high and high 
susceptibility.

DNA was isolated from wheat seedlings and 7-day fungus 
culture by the phenol-detergent method (Maniatis et al., 1984). 
SnTox3 gene (FJ823644) identification in S. nodorum isolates 
was performed by PCR with gene-specific primers (5´  3´): 
F–CGAGCTGATATCCCGTTTGA; R–GGGACAGT-
GACAATAGGTAAGG (Winterberg et al., 2014); primers 
for the housekeeping gene tubulin (S56922) (Fraaije et al., 
2002) being used as an internal control for the presence of 
fungal DNA. Analysis of SnTox3 gene expression in differ-
ent isolates of S. nodorum during inoculation of wheat plants 
was performed with the same primers using semi-quantitative 
PCR. Total RNA was isolated with Trizol reagent (Sigma, 
Germany) according to manufacturer’s recommendations 
from leaves of susceptible wheat cv. Kaz10 and resistant cv. 
Om35 fixed in liquid nitrogen after their inoculation with a 
pathogen. To obtain cDNA based on RNA from the studied 
samples, reverse transcription reaction was performed us-
ing reverse transcriptase in accordance with manufacturer’s 
protocol (Synthol, Russia). PCR with the cDNA template 
was performed in a TP4-PCR-01-Tertsik type PCR machine 
(DNK-Tekhnologia, Russia).

The allelic state of the Snn3-B1 locus was determined by 
PCR with primers for the Xcfd20 and Xgwm234 microsatel-
lite markers (Bertucci et al., 2014). The sequences of prim-
ers Xcfd20 (5´ 3´): F–TGATGGGAAGGTAATGGGAG; 
R–ATCCAGTTCTCGTCCAAAGC; of primers Xgwm234 
(5´ 3´): F–GAGTCCTGATGTGAAGCTGTTG; R– 
CTCATTGGGGTGTGTACGTG (Bertucci et al., 2014). In 
all cases, PCR products were resolved in 7 % PAAG stained 
with ethidium bromide using the Gene Ruler DNA Ladder 
(Fermentas). Gels were photographed using a GelDoc XR 
documenting system (Bio-Rad, USA).

To reveal the effect of SnTox3 on the biosynthesis and sig-
naling pathway of ethylene, part of the wheat seedlings were 
treated with 1.5 mM solution of ethephone (ET) (2-chloroethyl- 
phosphonic acid), an ethylene-releasing compound (Sigma, 
Germany) (Veselova et al., 2016), 24 h before inoculation with 
various S. nodorum isolates, while the remainder of the wheat 
seedlings were treated with 50 μM aminoethoxyvinylglycine 
(AVG), ethylene biosynthesis inhibitor (Sigma, Germany). 
After the treatment, the vessels were closed and kept in the 
dark. The content of hydrogen peroxide (H2O2) and the ac-

tivities of peroxidase enzymes (PO), oxalate oxidase (ОXО), 
and catalase were measured 24 and 72 h after inoculation 
with S. nodorum isolates as previously described (Veselova 
et al., 2018).

Total RNA was isolated from control and experimental 
wheat leaves with Trizol reagent according to manufacturer’s 
(Sigma, Germany) recommendations. Prior to the isolation, the 
leaves were fixed in liquid nitrogen 24 h after their inocula-
tion with S. nodorum. Analysis of the expression of genes for 
oxidoreductases and genes involved in the biosynthesis and 
signaling pathways of ethylene was performed by quantitative 
real-time PCR with an iCycler iQ5 Real-Time PCR Detec-
tion System (Bio-Rad, USA) and SYBR Green I intercalating 
dye (Sintol, Russia). To normalize the expression results of 
the studied genes, primers for the RLI gene for constitutively 
expressed RNA inhibitor protein (RNase L inhibitor-like) 
(AY059462) were used (Gimenez et al., 2011). Changes in the 
expression of the gene of interest were estimated by the level 
of normalized gene expression calculated with the iCycler 
iQ5 Real-Time Detection System Software (Bio-Rad, USA). 
Primers for the genes encoding NADPH oxidase (TaRboh, 
AY561153) (Giovanini et al., 2006), superoxide dismutase 
(SOD) (TaSod, JX398977.1) (Giovanini et al., 2006), anionic 
peroxidase (TaPrx, TC151917) (Maksimov et al., 2014), 
aminocyclopropane synthase (ACC synthase  – TaACS1, 
U35779) (Subramaniam et al., 1996), aminocyclopropane oxi-
dase (ACC oxidase – TaACO, KF900072) (primer sequences  
(5´ 3´): F–TGTCCATCGCCTCCTTCTA; R–CGAACA- 
CGAACCTTGGGTAT; transcription factor of the ethylene 
signaling pathway EIN3-LIKE1 (ETHYLENE INSENSI-
TIVE3- LIKE1 (EIL1) – TaEIL1, KU030837, Arabidopsis or-
thologue gene AtEIN3) (Liu et al., 2016) and the transcription 
factor of the primary response to ethylene ERF1 (ETHYLENE 
RESPONSE FACTOR1 – TaERF1, EF583940) (Dong et al., 
2010) were used in this study.

All experiments were carried out three times with three bio-
logical and three analytical replications (n = 9 in total), except 
for the measurements of infected area, which were performed 
in not less than 30 biological replications (n = 90 altogether). 
The Figures 1–3 and Tables 1–3 report mean values and their 
confidence intervals calculated from their standard errors. 
Significance of differences between experimental variants was 
estimated by Student’s t-test at the confidence level p ≤ 0.05.

Results
SnTox3 gene and Snn3-B1 susceptibility locus. Two S. nodo-
rum isolates, SnB and Sn4VD, were tested for the presence/
absence of the SnTox3 gene by PCR. The gene was found in 
both (Fig. 1, a).

However, analysis of the transcriptional activity of this NE 
gene showed no expression in the avirulent Sn4VD isolate 
and accumulation of SnTox3 transcripts after inoculation of 
the susceptible cv. Kaz10 and the resistant cv. Om35 with the 
virulent isolate SnB (see Fig. 1, b). PCR diagnostics of the 
allelic state of the Snn3-B1 locus was performed in two soft 
spring wheat cultivars, Kaz10 and Om35. For this purpose, 
specific primers for two Xcfd20 and Xgwm234 microsatellite 
markers flanking the Snn3-B1 locus were used (Bertucci et 
al., 2014; Shi et al., 2016). The null allele was not found in 
these varieties. However, the cultivars differed in the allelic 



Влияние SnTOX3 на сигнальный путь этилена 
и редокс-статус растений пшеницы

С.В. Веселова, Г.Ф. Бурханова, Т.В. Нужная 
С.Д. Румянцев, И.В. Максимов 

2019
23 • 7

859устойчивость растений к биотическим факторам / Resistance of plants to biotic factoRs

composition of the Snn3-B1 locus (see Fig. 1, c). In particular, 
the Xcfd20 marker was represented by two alleles in both cul-
tivars, and Xgwm234 was represented by one allele in Om35 
and by two in Kaz10 (see Fig. 1, c). 

Cultivar/isolate combinations. It was shown previously 
that cv. Om35 was the most resistant among several cultivars 
of soft spring wheat, whereas Kaz10 was the least resistant 
to the hemibiotrophic fungus S. nodorum (Veselova et al., 
2016). Those observations were made using isolate SnB. In 
this work, the following cultivar/isolate combinations were 
studied: Kaz10/SnB (S/Tox3+), Kaz10/Sn4VD (S/Tox3– ), 
Om35/SnB (I/Tox3+), Om35/Sn4VD (I/Tox3–), where S is 
the Tox3-sensitive cultivar, I is the Tox3-insensitive cultivar, 
Tox3+ is the isolate expressing the toxin gene, Tox3– is the 
isolate not expressing the toxin gene.

A complete compatibility reaction was detected in the 
S/Tox3+ cultivar/isolate combination (Kaz10/SnB), where 
inoculation with the pathogen led to the formation of large 
lesions covering up to 80 % of the total leaf area (Table 1). 
Resistance reactions were observed in the remaining cultivar/
isolate combinations (Om35/SnB, Kaz10/Sn4VD, Om35/
Sn4VD) (see Table 1). Pretreatment of both Tox3-sensitive 
(Kaz10) and Tox3-insensitive (Om35) plants with ET in-
creased their susceptibility only to the SnB isolate (Tox3+) but 
did not affect the susceptibility to the Sn4VD isolate (Tox3–) 
(see Table 1). Pretreatment of Tox3-insensitive plants (Om35) 
with ethylene biosynthesis inhibitor AVG did not affect their 
defense response, regardless of the isolate that was used 
for plant inoculation: SnB (Tox3+) or Sn4VD (Tox3–) (see 
Table 1). Treatment of Tox3-sensitive plants (Kaz10) with 
AVG increased their resistance to the SnB isolate but did not 
affect the resistance to the Sn4VD isolate (see Table 1).

The biosynthesis and signaling pathway of ethylene 
in infected plants. Analysis of the transcriptional activity 
of ethylene biosynthesis genes (TaACS for ACC synthase 
and TaACO for ACC oxidase) and signaling pathway genes 
(TaEIL1 and TaERF1) showed an increase in the mRNA 
contents of these genes during the compatibility reaction 
developed in susceptible plants (Kaz10/SnB) and in plants 
treated with ET (Kaz10/SnB + ET, Om35/SnB + ET) (Table 2). 
In Tox3-sensitive plants (Kaz10), the transcripts contents 

of the ethylene biosynthesis genes and the gene coding for 
TaERF1 (transcription factor involved in the primary response 
to ethylene) increased about three to four fold, and the mRNA 
content of the TaEIL1 gene (coding for the main regulatory fac-
tor of the ethylene signaling pathway) increased 14–18 times 
on the 24th hours after inoculation (see Table 2). However, 
in Tox3-insensitive plants (Om35/SnB + ET cultivar/isolate 
combination), the accumulation of mRNAs of the genes re-
sponsible for biosynthesis and signaling pathway of ethylene 
was lower than in other cultivar/isolate combinations, which 
led to a compatibility reaction (see Table 2).

When the incompatibility reaction developed in Tox3-
insensitive plants in the Om35/SnB, Om35/Sn4VD cultivar/
isolate combinations, suppression or absence of the accumula-
tion of transcripts of genes involved in ethylene biosynthesis 
and signaling pathway was found regardless of ET or AVG 
treatments (see Table 2). When the incompatibility reaction 
developed in Tox3-sensitive plants, either inoculated with 
Sn4VD isolate (Tox3–) (Kaz10/Sn4VD, Kaz10/Sn4VD + 
AVG, Kaz10/Sn4VD + ET) or with SnB isolate (Tox3+) 
(Kaz10/SnB + AVG), there was no accumulation of mRNAs 
of the TaACS, TaACO, or TaERF1 genes and the accumula-

Fig. 1. Identification of the SnTox3 gene in two S. nodorum isolates: SnB 
and Sn4VD (a); analysis of transcriptional activity of the SnTox3 gene in 
infection of two soft spring wheat cultivars (b); identification of alleles of 
the Snn3-B1 locus in these cultivars using primers for SSR markers (Xcfd20 
and Xgwm234) by PCR (c). 
Lanes: 1 – Kazakhstanskaya 10; 2 – Omskaya 35; M – DNA molecular weight 
ladder 100–1000 bp.

Table 1. Reaction of two wheat cultivars with different allelic states of the Snn3-B1 locus  
to inoculation with S. nodorum SnB (Tox3+) and Sn4VD (Tox3–) isolates 

Kazakhstanskaya 10 Omskaya 35

Cultivar/isolate Damage area, % Group* Cultivar/isolate Damage area, % Group*

Каz10/SnB 80.0 ± 3.0 SS Оm35/SnB 10.9 ± 2.5 R

Каz10/SnB+ЕТ** 94.9 ± 2.3 SS Оm35/SnB+ЕТ 57.2 ± 2.6 S

Каz10/SnB+AVG** 18.6 ± 2.2 M Оm35/SnB+AVG    9.1 ± 1.9 R

Каz10/Sn4VD    8.4 ± 2.2 R Оm35/Sn4VD    1.6 ± 0.5 RR

Каz10/Sn4VD+ЕТ    8.1 ± 1.8 R Оm35/Sn4VD+ЕТ    1.9 ± 1.1 RR

Каz10/Sn4VD+AVG    6.5 ± 2.6 R Оm35/Sn4VD+AVG    1.6 ± 0.5 RR

* RR (0–5 %) – cultivars with very high and high resistance; R (5–15 %) – resistant cultivars; M (15–25 %) – slightly susceptible cultivars; S (25–65 %) – susceptible 
cultivars; SS (65–100 %) – cultivars with very high and high susceptibility. 

** Plants were treated with either ethephon (ET) or ethylene biosynthesis inhibitor (AVG) 24 h before inoculation with S. nodorum. 

а
SnB SnB

MM M M1 1 112 2 22

Sn4VD Sn4VD Xcfd20 Xgwm234
b c
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tion of TaEIL1 mRNA was low as compared to control plants 
(see Table 2).

Redox state of infected plants. We studied the components 
of the pro-/antioxidant system in order to elucidate the role 
of SnTox3 in the regulation of redox metabolism in the host 
plant via the biosynthesis and signaling pathway of ethylene 
in suppressing defense reactions in infected plants. The com-
patibility reactions in susceptible plants (Kaz10/SnB) and in 
plants treated with ET (Kaz10/SnB + ET, Om35/SnB + ET) 
were characterized by a decrease in H2O2 content (Fig. 2, a, b) 
due to elevated activity of catalase (CAT) (Fig. 3, e, f), reduced 
peroxidase (PO) (see Fig. 3, a, b) and oxalate oxidase (OXO) 
(see Fig. 3, c, d) activities, and lack of transcript accumula-
tion of the genes encoding oxidoreductases NADPH oxidase 

(TaRbohF), SOD (TaSod), and PO (TaPrx) (Table 3). However, 
in Tox3-insensitive plants (Om35/SnB + ЕТ cultivar/isolate 
combination), the suppression reaction of oxidative burst 
was less pronounced than in other combinations leading to a 
compatibility reaction (see Fig. 2, 3, Table 3).

The incompatibility reactions in the Om35/SnB, Om35/
Sn4VD, Kaz10/Sn4VD cultivar/isolate combinations and in 
AVG-treated plants from all combinations were character-
ized by an increase in H2O2 generation (see Fig. 2, a, b) due 
to a decrease or absence of increase in CAT activity, a drastic 
increase in the activity of PO and OXO (see Fig. 3), and the 
accumulation of TaRbohF, TaSod, and TaPrx transcripts at 
the early stage of infection (24 h) (see Table 3), which led to 
the development of a hypersensitive-type response and arrest 

Fig. 2. Hydrogen peroxide contents in leaves of cultivars Kazakhstanskaya 10 (a) and Omskaya 35 (b) 24 and 72 h after inoculation with S. nodorum  
SnB (Tox3+) and Sn4VD (Tox3–) isolates. 
Control – uninfected plants; Sn – infection with S. nodorum isolates; Sn + AVG – infection + AVG treatment; Sn + ET – infection + ET treatment. Asterisks show 
statistically significant differences from the control group, and different numbers of asterisks indicate differences between the variants significant at p ≤ 0.05.

Table 2. Transcriptional analysis of ethylene biosynthesis and signaling pathway genes measured in Kazakhstanskaya 10  
and Omskaya 35 wheat cultivars contrasting in SNB resistance 24 h after inoculation with S. nodorum isolates 

Variant of treatment Gene

ТаACS ТаACO ТаEIL1 ТаERF1

Kazakhstanskaya 10 

Каz10 100 100 100 100

Каz10/SnB 311 ± 60 237 ± 30 1400 ± 200 356 ± 70

Каz10/SnB+AVG 143 ± 23    77 ± 3    389 ± 0 100 ± 20

Каz10/SnB+ЕТ 350 ± 34 223 ± 10 1810 ± 270 450 ± 34

Каz10/Sn4VD 128 ± 28 110 ± 10    322 ± 10 102 ± 10

Каz10/Sn4VD+AVG 117 ± 9    63 ± 15    390 ± 60 146 ± 10

Каz10/Sn4VD+ЕТ 121 ± 10    65 ± 6    375 ± 20 107 ± 7

Omskaya 35

Оm35 100 100 100 100

Оm35/SnB    86 ± 10    47 ± 10    77 ± 6    92 ± 10

Оm35/SnB+ЕТ 169 ± 8 190 ± 15 325 ± 54 262 ± 35

Оm35/SnB+AVG 102 ± 20    54 ± 10 115 ± 20 178 ± 40

Оm35/Sn4VD    97 ± 10 143 ± 10 133 ± 20    54 ± 2

Оm35/Sn4VD+ЕТ 125 ± 6    95 ± 7 156 ± 10 199 ± 2

Оm35/Sn4VD+AVG 108 ± 20 206 ± 20 129 ± 20 134 ± 5

Control
Sn
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Sn + EТ
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Fig. 3. Enzyme activities in leaves 24 and 72 h after inoculation with S. nodorum SnB (Tox3+) and Sn4VD (Tox3–) isolates: (a, b) peroxidase;  
(c, d ) oxalate oxidase; (e, f ) catalase; (a, c, e) cv. Kazakhstanskaya 10; (b, d, f ) Omskaya 35. 
Designations follow Fig. 2.

Table 3. The results of transcriptional analysis of oxidoreductase genes registered 24 h after inoculation with S. nodorum  
isolates in wheat cultivars Kazakhstanskaya 10 and Omskya 35 characterized by different levels of resistance to the disease

Variant  
of treatment*

Pathogen isolate 

SnB (Tox3+) Sn4VD (Tox3–)

Gene 

ТаRboh ТаSod ТаPrx ТаRboh ТаSod ТаPrx

Kazakhstanskaya 10

Control 100 100 100 100 100 100

Sn    78 ± 3    88 ± 10    71 ± 3 160 ± 21 144 ± 8 223 ± 20

Sn + AVG 111 ± 20 169 ± 20 163 ± 30 145 ± 40 110 ± 3 210 ± 50

Sn + ET 15 ± 1    81 ± 7 104 ± 20 152 ± 37 114 ± 2 251 ± 50

Omskya 35 

Control 100 100 100 100 100 100

Sn 126 ± 10 264 ± 20 365 ± 26 160 ± 20 196 ± 9 264 ± 20

Sn + AVG 136 ± 20 242 ± 40 311 ± 31 129 ± 10 178 ± 18 170 ± 20

Sn + ET    83 ± 10 118 ± 9 136 ± 15 132 ± 30 159 ± 10 181 ± 34

* Treatment options are designated as in Fig. 2.
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of pathogen growth (see Table 1). Treatment with ET did 
not affect the nature of the response to inoculation with the 
Sn4VD isolate in either Tox3-sensitive or insensitive plants 
(see Fig. 2, 3, Table 3).

Discussion
At present, it is known that S. nodorum produces eight NEs 
associated with the virulence of pathogen isolates (Phan et al., 
2016; Shi et al., 2016). The main NEs are SnToxA, SnTox1, 
SnTox3 toxins, which are considered to be the key factors 
of the virulence of pathogen strains and isolates, as shown 
in experiments with mutant S. nodorum strains and different 
wheat lines sensitive and insensitive to these effectors (Phan 
et al., 2016; Shi et al., 2016). 

In our study, high transcriptional activity of the SnTox3 
gene was found in the virulent isolate SnB (Fig. 1, b). The 
avirulent isolate Sn4VD did not express this gene (see Fig. 
1, b), which may be indicative of SnTox3 inactivation in this 
isolate (Tan, Oliver, 2017). Here we studied two cultivars of 
soft spring wheat contrasting in resistance to S. nodorum and 
differing in the allelic composition of the Snn3-B1 locus (see 
Fig. 1, c). This difference is presumed to be associated with 
their sensitivity and insensitivity to NE SnTox3 (Shi et al., 
2016). In the referred study, two BG220 and Sumai3 wheat 
lines carrying different alleles of the Snn3-B1 locus showed 
different degrees of sensitivity to NE SnTox3. Despite the fact 
that the Snn3-B1 null allele was not detected in cv. Om35, this 
cultivar was insensitive or weakly sensitive to SnTox3. This 
may indicate a large deletion in the locus between the Xcfd20 
and Xgwm234 markers, which is in agreement with the litera-
ture data (Shi et al., 2016). Thus, out of 17 Sumai3 mutants 
insensitive to SnTox3, the Snn3-B1 null allele was detected 
only in 5 of them: two lines harbored null alleles for three 
microsatellite markers, Xgwm234, Xmag705 and Xcfb306, 
and three lines had a null allele for one microsatellite marker 
Xcfb306 (Shi et al., 2016). Thus, four different cultivar/isolate 
combinations were selected with two isolates of S. nodorum 
SnB (Tox3+) and Sn4VD (Tox3–) and two cultivars of spring 
common wheat with different genotypes to study the role of 
SnTox3 in the development of infection.

On the one hand, the main function of NE SnTox3 is the 
formation of lesion zones on the wheat leaves of sensitive 
genotypes by hijacking host’s nonspecific signaling defense 
pathways and manipulating them for pathogen growth and 
propagation (Winterberg et al., 2014). Furthermore, SnTox3 
has been shown to increase ethylene synthesis in infected 
plants (Winterberg et al., 2014).

To elucidate the role of SnTox3 in ethylene biosynthesis 
and signaling pathways, we treated part of wheat plants of 
two cultivars, Kaz10 and Om35, with ethylene chemical 
precursor ET and ethylene biosynthesis inhibitor AVG. The 
results showed that both the elevated susceptibility of the 
ET-treated plants to S. nodorum and elevated resistance of 
the AVG-treated plants depended on the pathogen genotype: 
Tox3+ in SnB or Tox3– in Sn4VD (see Table 1). This obser-
vation suggests that NE SnTox3 acts as a virulence factor 
and affects the plant defensive system by regulating ethylene 
biosynthesis and signaling pathways. It has been shown that 
ethylene production by some pathogens is closely associated 
with their virulence (Ма K.-W., Ma W., 2016). For instance, 

the XopD effector of the pathogenic bacterium Xanthomonas 
euvesicatoria manipulates the ethylene signaling pathway, af-
fecting transcription factor ERF4 (Ма K.-W., Ma W., 2016), 
and the necrotrophic fungus Cochliobolus miyabeanus in-
duces the ethylene signaling pathway in rice to produce and 
secrete ethylene as an effector to accelerate infection (Shen 
et al., 2018).

In our work, the analysis of the transcriptional activity of 
the genes controlling the biosynthesis and signaling pathway 
of ethylene also showed that the activation of genes involved 
in this pathway in infected plants depended on the pathogen 
isolate genotype and the sensitivity of the wheat genotype 
to NE SnTox3 (see Table 2). These results suggest that the 
biosynthesis and signaling pathway of ethylene are induced in 
the gene-for-gene interaction between Snn3-B1 and SnTox3.

Interestingly, in SnTox3 insensitive plants (Om35/SnB + ET 
cultivar/isolate combination), ET treatment increased plant 
sensitivity to this NE (see Table 3), suggesting that such a 
reaction could result from a mutation in genes regulated by the 
Snn3-B1-SnTox3 interaction (Shi et al., 2016). However, the 
activation of genes for ethylene biosynthesis and the signal-
ing pathway in the Om35/SnB + ET combination was weaker 
than in case of the compatible interaction in plants sensitive 
to SnTox3 (Kaz10/SnB, Kaz10/SnB + ET) (see Table 2). This 
suggests that resistant plants possess a mechanism for efficient 
suppression of ethylene biosynthesis and signaling pathway to 
induce defense responses that are inhibited by ethylene. For 
example, ethylene inhibited salicylic acid (SA) biosynthesis 
and suppressed the expression of the SA-mediated signaling 
pathway marker genes PR-1 and PR-2 in Arabidopsis plants 
infected with Pseudomonas syringae (Chen et al., 2009), as 
well as in wheat plants infected with S. nodorum (Veselova et 
al., 2016). Silicon blocked ethylene production by the patho-
gen C. miyabeanus, which improved the resistance of rice 
plants (Shen et al., 2018). Thus, the obtained results prove 
the influence of SnTox3 on the biosynthesis and signaling 
pathway of ethylene in the course of Snn3-B1-SnTox3 in-
teraction according to the gene-for-gene type with ultimate 
suppression of the defense reactions of wheat plants to 
facilitate colonization.

Our previous studies showed that ethylene provided com-
fortable conditions for the penetration and development of 
S. nodorum in wheat plant tissues at the initial stage of infec-
tion due to the regulation of redox metabolism and reduction 
of Н2О2 generation (Veselova et al., 2016, 2018). On the 
contrary, the accumulation of ROS in wheat plants at the initial 
stage of infection with the pathogen S. nodorum determined 
the resistance of the cultivar, inducing the expression of the 
genes encoding pathogenicity-related proteins (Veselova et al., 
2016, 2018). The change in the redox state of infected wheat 
plants in our experiments completely depended on the activa-
tion or inhibition of the biosynthesis and signaling pathway 
of ethylene, and this effect was due to the Snn3-B1-SnTox3 
interaction of the gene-for-gene type (see Fig. 2, 3). Our 
results demonstrate that ethylene suppresses Н2О2 accumula-
tion in plants sensitive to SnTox3 via increasing CAT activity, 
reducing PO and OXO activities, and lowering the transcript 
contents of genes encoding NADPH oxidase and SOD, in 
consistency with literature data (Golemiec et al., 2014; Ma 
et al., 2017) and our earlier results (Veselova et al., 2018).
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Formerly, it was shown that NE SnTox3 regulated genes 
involved in redox metabolism and the formation of necrosis 
(Winterberg et al., 2014), but the mechanisms effecting the 
influence of SnTox3 on ROS generation remain obscure. It is 
known from the literature that specific effectors of pathogens 
can induce hypersensitive response in plant cells and suppress 
the oxidative burst in plants during the infection process in 
various ways (Jwa, Hwang, 2017). For example, two cytoplas-
mic effectors of Phytophthora sojae interact with catalases to 
regulate Н2О2 concentration. The Pep1 effector of U. maydis 
interacts with POX12 maize peroxidase in vivo and suppresses 
early immune responses in maize (Hemetsberger et al., 2012). 

Conclusion
The results of our work suggest that the pathogen effector 
SnTox3 influences biosynthesis and signaling pathway of 
ethylene in order to regulate the redox metabolism of infected 
wheat plants in the way promoting successful colonization 
of the host at initial stages of infection, which subsequently 
gives rise to extensive damage lesions due to fast pathogen 
reproduction.

References
Barna B., Fodor J., Harrach B.D., Pogány M., Király Z. The Janus 

face of reactive oxygen species in resistance and susceptibility of 
plants to necrotrophic and biotrophic pathogens. Plant Physiol. 
Biochem. 2012;59:37-43. DOI 10.1016/j.plaphy.2012.01.014.

Bertucci M., Brown-Guedira G., Murphy J.P., Cowger C. Genes con-
ferring sensitivity to Stagonospora nodorum necrotrophic effec-
tors in Stagonospora nodorum blotch-susceptible U.S. wheat cul-
tivars. Plant Dis. 2014;98(6):746-753. DOI 10.1094/PDIS-08-13- 
0820-RE.

Chen H., Xue L., Chintamanani S., Germain H., Lin H., Cui H., 
Cai R., Zuo J., Tang X., Li X., Guo H., Zhou J.M. ETHYLENE 
INSENSITIVE3 and ETHYLENE INSENSITIVE3-LIKE1 re-
press SALICYLIC ACID INDUCTION DEFICIENT2 expres-
sion to negatively regulate plant innate immunity in Arabidopsis. 
Plant Cell. 2009;21:2527-2540. DOI 10.1105/tpc.108.065193. 

Dong N., Liu X., Lu Y., Du L., Xu H., Liu H., Xin Z., Zhang Z. 
Overexpression of TaPIEP1, a pathogen-induced ERF gene of 
wheat, confers host-enhanced resistance to fungal pathogen Bi-
polaris sorokiniana. Funct. Integr. Genomics. 2010;10(2):215-
226. DOI 10.1007/s10142-009-0157-4.

Fraaije B.A., Lovell D.J., Baldwin S. Septoria epidemics on wheat: 
combined use of visual assessment and PCR-based diagnostics 
of identify mechanisms of disease escape. Plant Protect. Sci. 
2002;38(2):421-424.

Gimenez M.J., Piston F., Atienza S.G. Identification of suitable 
refe rence genes for normalization of qPCR data in comparative 
transcriptomics analyses in the Triticeae. Planta. 2011;233:163-
173. DOI 10.1007/s00425-010-1290-y.

Giovanini M.P., Puthoff D.P., Nemacheck J.A., Mittapalli O., 
Saltzmann K.D., Ohm H.W., Shukle R.H., Williams C.E. Gene-
for-gene defense of wheat against the Hessian fly lacks a classical 
oxidative burst. Mol. Plant-Microbe Interact. 2006;19(9):1023-
1033. DOI 10.1094/MPMI-19-1023.

Golemiec E., Tokarz K., Wielanek M., Niewiadomska E. A dissec-
tion of the effects of ethylene, H2O2 and high irradiance on anti-
oxidants and several genes associated with stress and senescence 

in tobacco leaves. J. Plant Physiol. 2014;171:269-275. DOI 
10.1016/j.jplph.2013.08.007.

Hemetsberger C., Herrberger C., Zechmann B., Hillmer M., Doehle-
mann G. The Ustilago maydis effector Pep1 suppresses plant im-
munity by inhibition of host peroxidase activity. PLoS Pathog. 
2012;8(5):e1002684. DOI 10.1371/journal.ppat.1002684.

Jwa N.-S., Hwang B.K. Convergent evolution of pathogen effec-
tors toward reactive oxygen species signaling networks in plants. 
Front. Plant Sci. 2017;8:1687. DOI 10.3389/fpls.2017.01687.

Liu J., Zhang T., Jia J., Sun J. The wheat mediator subunit TaMED25 
interacts with the transcription factor TaEIL1 to negatively regu-
late disease resistance against powdery mildew. Plant Physiol. 
2016;170(3):1799-1816. DOI 10.1104/pp.15.01784.

Liu Y., Shen Q., Naqvi N.I. Fungal effectors at the crossroads of 
phytohormone signaling. Curr. Opin. Microbiol. 2018;46:1-6. 
DOI 10.1016/j.mib.2018.01.006.

Ma K.-W., Ma W. Phytohormone pathways as targets of pathogens 
to facilitate infection. Plant Mol. Biol. 2016;91:713-725. DOI 
10.1007/s11103-016-0452-0.

Ma Y., Yang M., Wang J., Jiang C.-Zh., Wang Q. Application of exo-
genous ethylene inhibits postharvest peel browning of ‘Huang-
guan’ pear. Front. Plant Sci. 2017;7:e.2029. DOI 10.3389/
fpls.2016.02029.

Maksimov I.V., Valeev A.Sh., Cherepanova E.A., Burkhanova G.F. 
Effect of chitooligosaccharides with different degrees of acety-
lation on the activity of wheat pathogen-inducible anionic per-
oxidase. Appl. Biochem. Microbiol. 2014;50(1):82-87. DOI 
10.1134/S0003683813060124.

Maniatis T., Fritsch E., Sambrook J. Molecular Cloning: a Labora-
tory Manual. New York: Cold Spring Harbor Laboratory Press, 
1982. (Russ. ed.: Maniatis T., Frich E., Sembruk Dzh. Moleku-
lyarnoe Klonirovanie. Moscow, 1984.)

McDonald M.C., Solomon P.S. Just the surface: advances in the 
disco very and characterization of necrotrophic wheat effec-
tors. Curr. Opin. Microbiol. 2018;46:14-18. DOI 10.1016/j.
mib.2018.01.019.

Phan H.T.T., Rybak K., Furuki E., Breen S., Solomon P.S., Oli-
ver R.P., Tan K.-C. Differential effector gene expression under-
pins epistasis in a plant fungal disease. Plant J. 2016;87:343-354. 
DOI 10.1111/tpj.13203.

Shen Q., Liu Y., Naqvi N.I. Fungal effectors at the crossroads of 
phytohormone signaling. Curr. Opin. Microbiol. 2018;46:1-6. 
DOI 10.1016/j.mib.2018.01.006.

Shi G., Zhang Z., Friesen T.L., Bansal U., Cloutier S., Wicker T., 
Rasmussen J.B., Faris J.D. Marker development, saturation 
mapping, and high-resolution mapping of the Septoria nodorum 
blotch susceptibility gene Snn3-B1 in wheat. Mol. Genet. Ge-
nomics. 2016;291:107-119. DOI 10.1007/s00438-015-1091-x.

Subramaniam K., Abbo S., Ueng P.P. Isolation of two differentially 
expressed wheat ACC synthase cDNAs and the characterization 
of one of their genes with root-predominant expression. Plant 
Mol. Biol. 1996;31(5):1009-1020. DOI 10.1007/BF00040719.

Tan K.-C., Oliver R.P. Regulation of proteinaceous effec-
tor expression in phytopathogenic fungi. PLoS Pathog. 
2017;13(4):e1006241. DOI 10.1371/journal.ppat.1006241.

Veselova S.V., Burkhanova G.F., Nuzhnaya T.V., Maksimov I.V. 
Roles of ethylene and cytokinins in development of defense re-
sponses in Triticum aestivum plants infected with Septoria nodo-
rum. Russ. J. Plant Physiol. 2016;63(5):609-619. DOI 10.1134/
S1021443716050150. 



S.V. Veselova, G.F. Burkhanova, T.V. Nuzhnaya 
S.D. Rumyantsev, I.V. Maksimov 

864 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2019 • 23 • 7

Effect of the SnTOX3 on the ethylene signaling pathway 
and redox-status in common wheat

Veselova S.V., Burkhanova G.F., Nuzhnaya T.V., Rumyantsev S.D., 
Maksimov I.V. Influence of ethylene and reactive oxygen spe-
cies on the growth of the pathogen Stagonospora nodorum Berk. 
in wheat plant tissue. Biomika = Biomics. 2018;10(4):387-399. 
DOI 10.31301/2221-6197.bmcs.2018-50. (in Russian)

Vleesschauver D.D., Yinong Y., Casiana V.C., Monica H. Abscisic 
 acid-induced resistance against the brown spot pathogen Co-

chliobolus miyabeanus in rice involves MAP kinase-mediated 
repression of ethylene signaling. Plant Physiol. 2010;152:2036-
2052. DOI 10.1094/MPMI-10-13-0313-IA.

Winterberg B., Du Fall L.A., Song X.M., Pascovici D., Care N., 
Molloy M., Ohms S., Solomon P.S. The necrotrophic effector 
protein  SnTox3 re-programs metabolism and elicits a strong 
defence response in susceptible wheat leaves. BMC Plant Biol. 
2014;14:215. DOI 10.1186/s12870-014-0215-5.

ORCID ID
S.V. Veselova orcid.org/0000-0002-1219-2383
G.F. Burkhanova orcid.org/ 0000-0003-2346-3502
S.D. Rumyantsev orcid.org/0000-0002-5331-448X
I.V. Maksimov orcid.org/0000-0002-5707-3265

Acknowledgements. This work was supported by State Project AAAA-A16-116020350027-7 and the Russian Foundation for Basic Research, project  
18-04-00978. The authors are grateful to the staffs of the “Biomika” Shared Access Center (Branch of Biochemical Methods and Nanobiotechnology, 
“Agidel” Resource Center for Collective Use) and the “KODINK” Complex of Equipment for the Study of Nucleic Acids for access to the equipment. 
Conflict of interest. The authors declare no conflict of interest. 
Received June 1, 2019. Revised July 8, 2019. Accepted July 22, 2019.    


