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Methyljasmonate and salicylic acid 
contribute to the control of Tilletia 
controversa Kühn, causal agent 
of wheat dwarf bunt
Ghulam Muhae‑Ud‑Din1, Delai Chen1,2, Taiguo Liu1, Wanquan Chen1 & Li Gao1*

Tilletia controversa Kühn (TCK) is the causal agent of dwarf bunt of wheat, a destructive disease 
in wheat-growing regions of the world. The role of Meja, SA and Meja + SA were characterized for 
their control of TCK into roots, coleoptiles and anthers. The response of the defence genes PR-10a, 
Catalase, COI1-1, COII-2 and HRin1 was upregulated by Meja, SA and Meja + SA treatments, but 
Meja induced high level of expression compared to SA and Meja + SA at 1, 2, and 3 weeks in roots and 
coleoptiles, respectively. The severity of TCK effects in roots was greater at 1 week, but it decreased 
at 2 weeks in all treatments. We also investigated TCK hyphae proliferation into coleoptiles at 3 weeks 
and into anthers to determine whether hyphae move from the roots to the upper parts of the plants. 
The results showed that no hyphae were present in the coleoptiles and anthers of Meja-, SA- and 
Meja + SA-treated plants, while the hyphae were located on epidermal and sub-epidermal cells of 
anthers. In addition, the severity of hyphae increased with the passage of time as anthers matured. 
Bunted seeds were observed in the non-treated inoculated plants, while no disease symptoms were 
observed in the resistance of inducer treatments and control plants. Plant height was reduced after 
TCK infection compared to that of the treated inoculated and non-inoculated treatments. Together, 
these results suggested that Meja and SA display a distinct role in activation of defence genes in the 
roots and coleoptiles and that they eliminate the fungal pathogen movement to upper parts of the 
plants with the passage of time as the anthers mature.

Abbreviations
TCK	� Tilletia controversa Kühn
PI	� Propidium iodide
WGA-AF488	� Wheat germ agglutinin, Alexa Flour 488 conjugate
Meja	� Methyljasmonate
SA	� Salicylic acid

Wheat is a staple food crop and considered an essential element for food security in the world1,2. Plants live in 
complex environments in which they interact with a broad range of microbial pathogens with different lifestyles 
and infection strategies3,4. Dwarf bunt of wheat is a serious wheat disease caused by Tilletia controversa Kühn 
(TCK)5–7. TCK is a soilborne and seedborne pathogen, and it infects wheat crops under favourable conditions. 
The teliospores require several weeks for germination in an unchanging cool temperature obtained by continuous 
snow cover. After teliospores germination, hyphae infect roots and coleoptiles, and they move to the reproduc-
tive parts of the wheat crops8. Yield losses due to TCK have reached 70–80% in cold wheat growing areas of the 
world9,10. Symptoms of dwarf bunt infection do not generally manifest until culm elongation of the host. During 
the seedling stage, leaves of the infected plants might have a characteristic flecking, depending on the wheat 
cultivar/dwarf bunt race combination. Extreme dwarfing is a characteristic symptom of dwarf bunt, and height 
reduction ranging from 25 to 66% has been observed. Heads of wheat plants infected with dwarf bunt are often 
longer, wider, and thicker than heads, and they are generally squarrose. In general, all florets of a single spikelet 
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are filled with bunt balls (sori) with a fishy smell of trimethylamine11. The use of traditional fungicides to con-
trol dwarf bunt pathogen is restricted, and it increases environmental pollution12. Thus, new environmentally 
friendly chemicals and methods to control dwarf bunt pathogen are needed13. Plants have a sound and complex 
defence system to recognize and respond to pathogen infection14–16. Several defence-related actions, including 
signal generation, pathogen perception, transmission, and stimulation of defence-related chemicals that restrict 
pathogen invasion, have been classified and identified2. The interaction between plant R-genes and pathogen 
Avr genes are important for initial recognition of the pathogen17. In general, recognition of the pathogen by the 
plant results in increased endogenous levels of nitric oxide (NO), reactive oxygen species (ROS), jasmonic acid 
(JA), ethylene and salicylic acid (SA), which activate defence responses through various signalling networks3,18. 
Signalling networks activate a continuous series of defence responses that eliminate the aggressiveness of the 
fungal pathogens18. SA plays a key role in disease resistance signalling pathways19, and its response is typically 
more effective against biotrophic pathogens than necrotrophic pathogens20. JA is a major defence hormone and 
significantly increases the resistance level of the plants against fungal pathogens3,21. The responses activated 
by SA, JA, ROS, and NO include upregulation of antimicrobial compounds, phytoalexins, and phenylalanine 
lyase, an enzyme important for plant defence, hypersensitive response, and deposition of defence material on 
the cell wall22. The molecular responses of roots and coleoptiles to pathogen infections involve several signal-
ling pathways23. Induction of specific antimicrobial compounds, i.e., PR proteins, positively correlates with the 
onset of systematic acquired resistance (SAR) and can be regulated by the exogenous application of SA and 
Meja24–26. Catalase is the key enzyme for plant defence systems and is the major component of oxidative stress 
metabolism27,28. Coronatine-insensitive (COI) molecules play a significant role in the defence strategies of plants 
under stress conditions29. COI1 signalling has been associated with basal resistance to the soilborne necrotrophic 
pathogen, Pythium ultimum in Arabidopsis30. Similarly, HRin1 is the hypersensitive response protein associated 
with the host hypersensitive defence response28. These defence genes increase the defence systems of the roots 
and coleoptiles against Pseudomonas fluorescens, Pythium and other fungal pathogens30,31.

In the present study, we determined the response of PR-10a, COI, HRin1 and catalase in roots and coleoptiles 
after exogenous application of Meja, SA and their combination (Meja + SA). Exogenous application of the above 
inducers of resistance to a highly susceptible cultivar increased the defence level of the highly susceptible culti-
var against dwarf bunt of wheat. We measured the expression of defence-related genes in roots and coleoptiles 
after treatment with inducers of resistance for different time intervals. Moreover, we investigated the invasion of 
TCK into epidermal and sub-epidermal cells of the anther in treated inoculated (inducer + TCK), non-treated 
inoculated (TCK) and control plants. Plant height was also measured in all treatments. The results suggested 
that inducers of resistance play distinct roles in TCK control in the roots and coleoptiles and that they increase 
the plant height of the wheat crops. To the best of our knowledge, this study is the first to investigate Meja, SA 
and Meja + SA to activate defence pathways in wheat against TCK.

Results
PR‑10a, catalase and CoI1‑1 transcriptional levels in roots after treatment of wheat plants 
with resistance inducers.  The transcriptional level of PR-10a was analysed by qPCR in the roots of a 
highly susceptible cultivar (Dongxuan 3) after treatment with inducers of resistance (SA, Meja and Meja + SA). 
For PR-10a, Meja induced the maximum level of expression at 1  week with a 12.26-fold increase in treated 
non-inoculated (inducer) plants compared to reference. In treated inoculated (inducer + TCK) plants, an 8.98-
fold increase was recorded after Meja treatment, but in the non-treated inoculated (TCK) group, an increase of 
only 1.39-fold was recorded after treatment with Meja. SA treatment downregulated the expression of PR-10a 
by 0.18-fold (inducer + TCK) and 0.45-fold (inducer) at 1 week compared to the reference (Fig. 1a). A similar 
response was recorded after 2 and 3 weeks for Meja and SA (Fig. 1b,c). With regard to Meja + SA, the maximum 
transcription level of PR-10a was noted at 3 weeks, reaching a 4.29-fold increase compared to the reference in 
inducer (Fig. 1c), and it reached a 3.84-fold increase compared to the reference at 1 week (Fig. 1a). The above 
results indicated that the expression of PR-10a was increased at 1 week in the Meja treatment compared to the 
expression level at 2 and 3 weeks, which may be due to the prevalence of TCK in the roots during the first week 
compared to the other weeks. The inducers of resistance may have degraded the cell wall of TCK during weeks 
2 and 3, or they may have activated the host resistance genes or pathogen avirulence genes, encoding specific 
elicitor molecules.

The response of catalase to the exogenous application of hormones was comparatively higher compared to 
the reference. As shown in Fig. 1, catalase expression slowly increased over time. The expression level of catalase 
increased to 50.95-fold (inducer) after 3 weeks of SA treatment (Fig. 1f), and significant expression was recorded 
after 1 week and 2 weeks in the inducer and inducer + TCK plants, respectively, for SA (Fig. 1d,e). Similarly, 
catalase responded in a similar way to the exogenous application of Meja at 3 weeks. The highest expression 
in the Meja treatment occurred at 3 weeks with an increase of 26.9-fold for inducer plants, which was higher 
compared weeks 1 and 2 (Fig. 1f). In the Meja + SA treatment, upregulated expression of catalase was recorded in 
weeks 2 and 3 (Fig. 1e,f), but the catalase expression was reduced in the inducer + TCK and inducer treatments 
compared to the reference at 1 week (Fig. 1d).

COI1-1 responded similarly as it was downregulated by both Meja and SA after 1 week in all treatments, but 
a significant upregulation in COI1-1 was noted in the TCK treatment compared to the reference at week 2. The 
expression of COI1-1 was significantly upregulated after Meja + SA treatment at week 1 in the inducer treatment 
compared to the reference (Fig. 1g). With regard to Meja, COI1-1 expression was increased by 4.89-fold and 
2.59-fold in the inducer + TCK and inducer treatments, respectively, compared to the reference (Fig. 1i). In the 
SA treatment, COI1-1 expression was increased by 2.03-fold and 1.77-fold in the inducer + TCK and inducer, 
respectively, compared to the reference. After the Meja + SA treatment, COI1-1 expression was increased by 
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4.29-fold and 2.4-fold in the inducer + TCK and inducer, respectively, compared to the reference. However, there 
was no significant difference for the Meja, SA and Meja + SA for TCK treatments compared to their reference 
at week 3 (Fig. 1i).

COI1‑2 and HRin1 levels in roots and PR‑10a level in coleoptiles after treatment of wheat 
plants with resistance inducers.  COI1-2 levels were similarly upregulated by Meja, SA and Meja + SA 
after treatment for 1, 2 and 3 weeks in the inducer + TCK, inducer and TCK groups compared to the reference 
group (Fig. 2a–c). In the 1 week Meja treatment, the transcriptional levels of COI1-2 were 7.9-fold and 5.81-
fold higher in the inducer + TCK and inducer plants, respectively, compared to reference. After 1  week, the 
COI1-2 levels were increased by 5.82-fold and 6.10-fold in the SA and Meja + SA treatments, respectively, in 
the inducer plants compared to reference (Fig. 2a). After 2 weeks of treatment, the highest transcriptional level 
of COI1-2 was in the Meja + SA treatment with compared increases of 1.24-fold, 9.8-fold and 10.79-fold in the 
inducer + TCK, inducer and TCK groups, respectively, compared to reference (Fig. 2b). However, the highest 
expression level of COI1-2 occurred after 3 weeks of treatment compared to treatments for 1 and 2 weeks. In the 
inducer + TCK and inducer groups after 3 weeks of Meja treatment, the COI1-2 levels increased by 14.65-fold 
and 7.74-fold, respectively, compared to the reference group (Fig. 2c). There was no statistically significant dif-
ference in COI1-2 expression in the inducer + TCK and TCK groups after SA application compared to the refer-
ence, but the COI1-2 expression level was 3.99-fold and 3.73-fold higher in the inducer groups after treatments 
with SA and Meja + SA, respectively, compared to the reference (Fig. 2c).

The HRin1 expression levels after treatment for 1, 2 and 3 weeks in the inducer + TCK, inducer, TCK and ref-
erence groups were also analysed (Fig. 2d–f). After treatment with Meja for 1 week, the HRin1 expression levels 
in the inducer + TCK, inducer and TCK groups were increased by 0.72-fold, 4.27-fold and 2.92-fold, respectively, 
compared to the reference. There was no statistically significant difference between the Meja + TCK group and 
the reference group. The HRin1 expression level after SA treatment decreased in the inducer + TCK and inducer 
groups compared to the reference. For the Meja + SA treatment, HRin1 expression levels were upregulated in 
the inducer treatment and TCK treatment (Fig. 2d). After SA treatment for 2 weeks, the expression of HRin1 
increased by 17-fold in the inducer compared to the reference. Similarly, HRin1 expression was increased by 
4.11-fold in the inducer treatment after Meja + SA application compared to the reference (Fig. 2e). After Meja 
treatment for 3 weeks, HRin1 expression was increased by 8.23-fold and 3.9-fold in the inducer + TCK and 
inducer groups, respectively, compared to the reference. After SA application for 3 weeks, HRin1 expression 
increased by 2.92-fold and 3.12-fold in the inducer + TCK and inducer treatments, respectively, compared to 

Figure 1.   Time course of PR-10a, catalase and C0I1-1 transcript expression in roots in treated inoculated 
(inducer + TCK), treated non-inoculated (inducer), non-treated inoculated (TCK) plants. Plants receiving 
no inducer of resistance or TCK inoculation were used as controls. Treated mean application of inducers of 
resistance and inoculated mean application of TCK are shown. The treatments within the time interval followed 
by the same letters are not statistically significant using Tukey’s LSD test (P < 0.05).
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the reference. Moreover, after Meja + SA application for 3 weeks, HRin1 expression was increased by 3.39-fold 
and 4.96-fold in the inducer + TCK and inducer treatments, respectively, compared to the reference (Fig. 2f).

The PR-10a expression in coleoptiles after treatment with Meja and Meja + SA was generally upregulated in the 
inducer + TCK and inducer groups compared to the reference. After SA application, the expression of PR-10a was 
downregulated in the inducer + TCK group compared to the reference, and no significant difference was found 
in the TCK treatment compared to the reference (Fig. 2g). While Meja induced the highest PR-10a expression at 
2 weeks, reaching increases of 5.46-fold and 3.78-fold in the inducer + TCK and inducer treatments, respectively, 
compared to the reference, the PR-10a expression in the TCK group was decreased by 0.71-fold compared to the 
reference. Moreover, a low level of PR-10a expression was detected after SA and Meja + SA treatments at 2 weeks 
(Fig. 2h). The PR-10a expression was high after treatment with Meja for 3 weeks in the inducer + TCK treated 
plants compared to the reference. There was no significant difference in the inducer and TCK groups compared 
to the reference group after treatment with Meja and Meja + SA. Additionally, no significant change in expres-
sion was observed in all groups after treatment for 3 weeks with SA and TCK compared to the control (Fig. 2i).

COI1‑1, COI1‑2 and HRin1 transcriptional levels in coleoptiles after treatment of wheat plants 
with resistance inducers.  COI1-1 expression showed a clear response to Meja in the inducer + TCK and 
inducer groups after 1 week with increases of 4.64-fold and 1.84-fold, respectively, compared to the reference. 
Compared to the reference, COI1-1 expression was downregulated after SA application for 1 week, but there 
was no significant change in COI1-1 expression after Meja + SA treatment for 1 week (Fig. 3a). Compared to 
the reference, Meja upregulated COI1-1 expression in the inducer + TCK and inducer groups by 11.39-fold and 
5.24-fold, respectively, at 2 weeks (Fig. 3b). After 3 weeks of treatment with Meja and Meja + SA, COI1-1 expres-
sion was increased by 2.62-fold and 3.82-fold in the inducer + TCK treatments, respectively, compared to the 
reference, and there was no significant difference in SA application in the inducer + TCK and inducer treatments 
compared to the reference group (Fig. 3c).

COI1-2 expression in the coleoptile was upregulated by Meja and Meja + SA after treatment for 1 week in the 
inducer + TCK and inducer treatments compared to the reference (Fig. 3d). COI1-2 expression was increased by 
3.25-fold after Meja treatment for 1 week in the in the inducer + TCK group compared to the reference. Similarly, 
COI1-2 expression was increased by 6.77-fold and 3.74-fold after treatment with Meja + SA for 1 week in the 
inducer + TCK and inducer groups, respectively, compared to the reference. With regard to SA application, there 
was no significant difference in COI1-2 expression when comparing the inducer group to the reference group. 
However, downregulated COI1-2 expression was observed in the inducer + TCK group compared to the reference 

Figure 2.   Time course of CoI1-2, HRin1 and PR-10a transcript expression in roots and coleoptiles in treated 
inoculated (inducer + TCK), treated non-inoculated (inducer), non-treated inoculated (TCK) plants. Plants 
receiving no inducer of resistance or TCK inoculation were used as controls. Treated mean application of 
inducers of resistance and inoculated mean application of TCK are shown. The treatments within the time 
interval followed by the same letters are not statistically significant using Tukey’s LSD test (P < 0.05).
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(Fig. 3d). A low level of COI1-2 expression was noted for Meja and SA after 2 weeks in the inducer + TCK and 
inducer groups compared to the reference, and the expression level of COI1-2 was downregulated in the TCK 
group compared to the reference after treatment with Meja and SA. No statistically significant difference was 
present after treatment with Meja + SA for 2 weeks in all groups (Fig. 3e). However, downregulation of COI1-2 
was observed after SA application for 3 weeks compared to the reference, and no statistically significant change 
in COI1-2 expression was observed after Meja treatment. However, COI1-2 expression reached a peak after 
treatment with Meja + SA for 3 weeks with increases of 6.42-fold and 2.87-fold in the inducer + TCK and inducer 
plants, respectively, compared to the reference (Fig. 3f).

HRin1 expression in the coleoptile was slightly upregulated by Meja treatment and significantly upregulated 
by the Meja + SA treatment but downregulated by SA treatment in the inducer + TCK and inducer groups. HRin1 
expression in the inducer + TCK and inducer groups was increased by 2.23-fold and 2.51-fold, respectively after 
treatment with Meja compared to the reference. Treatment with Meja + SA in the inducer + TCK and inducer 
groups increased HRin1 expression by 10.86-fold and 3.55-fold, respectively, compared to reference (Fig. 3g). 
After treatment for 2 weeks, maximum relative expression of HRin1 was noted after treatment with SA compared 
to treatment with Meja and Meja + SA. SA treatment increased HRin1 expression by 7.91-fold and 9.62-fold 
in the inducer + TCK and inducer groups, respectively, compared to reference. Compared to reference, Meja 
treatment increased HRin1 expression by 6.18-fold in the inducer + TCK group, but treatment with Meja + SA 
increased HRin1 expression by only 2.05-fold (Fig. 3h). After 3 weeks, no statistically significant change in HRin1 
expression was present after treatment with Meja treatment, but HRin1 expression was downregulated by SA 
treatment in all groups. However, HRin1 expression was increased by 4.17-fold after treatment with Meja + SA 
in the inducer + TCK group compared to the reference (Fig. 3i).

The above relative expression results showed that the inducers of resistance upregulated the expression levels 
of defence genes to protect against TCK after 1, 2 and 3 weeks. However, the expression changes were not con-
sistent for specific periods of time. For example, Meja showed the best results at 1 week for one gene but not for 
all genes compared to SA and Meja + SA. Comparatively, inducers of resistance increased the expression level 
of defence genes in highly susceptible cultivars, suggesting that TCK, a bunt pathogen, can be controlled by the 
application of different inducers of resistance. More importantly, the overall expression levels in coleoptiles were 
low compared to roots, indicating that inducers of resistance degrade the fungal hyphae into roots and hyphae, 
thus preventing movement into the upper parts of plants.

Figure 3.   Time course of COI1-1, CoI1-2 and HRin1 transcript expression in coleoptiles in treated inoculated 
(inducer + TCK), treated non-inoculated (inducer), non-treated inoculated (TCK) plants. Treated mean 
application of inducers of resistance and inoculated mean application of TCK are shown. Plants receiving no 
inducer of resistance or TCK inoculation were used as controls. The treatments within the time interval followed 
by the same letters are not statistically significant using Tukey’s LSD test (P < 0.05).
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Hyphae development in wheat roots and coleoptiles in inoculated, non‑inoculated and treated 
inoculated plants.  To track the hyphae in roots, roots treated with different inducers of resistance were 
analysed by confocal microscopy. In general, we observed a gradual decrease of fungal colonization and propa-
gation with time intervals (Fig. 4a–c). At germination, hyphae started from small tips, and they formed a hyphal 
network on and inside the roots. Hyphae moved into sub-epidermal cells through intercellular spaces where 
they branched and continued to grow. Sub-epidermal hyphae penetrated spaces between primary cell walls 
and plasma membranes of cortical cells. Hyphae penetrated epidermal cells and reached root cortical cells in 
the treated inoculated (TCK + inducers) and inoculated control (only TCK) plants, but there was no prevalence 
of hyphae into the non-inoculated plants. However, cortical cells were attacked more harshly in the inoculated 
control plants (Fig. 4a). These results showed that Meja, SA and their combination (Meja + SA) played pivotal 
roles in the control of T. controversa hyphae movement into the roots 1 week post-inoculation of the inducers 
of disease resistance. At 2 weeks, similar results were observed in all treated, inoculated control plants, but the 
hyphae were weaker than they were at 1 week (Fig. 4b). To confirm these observations, infected coleoptiles were 
stained with WGA-AF 488 at week 3 to diagnose the presence or movement of hyphae from roots to the upper 
parts of plants. The confocal results showed that there was no prevalence of hyphae movement into coleoptiles 
in the treated plants. Moreover, some broken hyphae were observed in coleoptiles after SA treatment, but fungal 
hyphae were present in the inoculated control (Fig. 4c). Therefore, we tracked T. controversa into different sub-
cells of the anthers using confocal microscopy in inoculated control and treated inoculated plants.

Hyphae proliferation into epidermal and sub‑epidermal cells of anthers in non‑treated inocu‑
lated plants.  To investigate the effect of T. controversa on anther cells, anthers were stained with WGA-AF 
488 and PI to determine the establishment and proliferation of fungal hyphae in anther cells. Hyphae were 
observed on epidermal (EPI) and sub-epidermal cells, including the endothecium (EN), middle layer (ML) and 
pollen mother cells (PMCs) (Fig. 5a–l). Additionally, we investigated hyphal severity on EPI cells at different 
time intervals in non-treated inoculated plants. The results showed that at 6- and 7-days post inoculation (dpi), 
hyphae were observed on anther EPI cells (Fig. S1a–f and Table 1). The intensity of the hyphae increased with 
time, and the maximum fungal intensity on EPI cells was recorded at 8, 9 and 10 dpi (Fig. S1g–o and Table 1).

Inducers of resistance eliminate T. controversa from anther cells.  To track the hyphae of T. con-
troversa in treated inoculated and inoculated control plants, fungal penetration into the EPI, EN and PMCs 
(anther cells) was analysed by confocal laser scanning microscopy (Table 1). No hyphae was observed in these 
three cell types (Fig.  6a–i), but highly infestation of hyphae was observed in the inoculated control anthers 
(Fig. 6j–l). These results indicated that there was no T. controversa hyphae penetration into the EPI, EN and 
PMCs of anthers after treatment with Meja (Fig. 6a–c). Similarly, in SA and Meja + Sa treatments, no T. contro-
versa hyphae penetration into the EPI, EN, and PMCs was observed (Fig. 6d–i). However, in inoculated control 
anthers, hyphae encased the EPI, EN and PMCs, resulting in cell shrinkage and rupture (Fig. 6j–l). Additionally, 
the physical and morphological structures of the EPI, EN and PMCs after treatment with Meja, SA and Meja + Sa 
indicated healthy cells compared to inoculated control anthers. These findings revealed that inducers of resist-
ance played pivotal roles in inhibiting the penetration of T. controversa into epidermal and sub-epidermal cells 
of the highly susceptible cultivar of wheat.

Inducers of resistance enhance wheat resistance to T. controversa.  To further investigate the dis-
eased symptoms in treated inoculated, non-treated inoculated and control plants, we observed three seeds from 
spikes of each treatment. The results TCK hyphae were not present in the seeds from the treated inoculated 
and control plants (Fig. S2a–d), while clear and obvious bunted seeds were found in the non-treated inoculated 
plants (Fig. S2e). These data suggested that inducers of resistance contribute to control the dwarf bunt disease 
of wheat. Furthermore, we compared the treated inoculated, non-treated inoculated and control seeds collected 
from the spike of every treatment to investigate the symptoms in more detail. Normal seeds were observed in 
treated inoculated and control plants (Fig. S3a,c,e,g), while bunted seeds with clear symptoms were observed in 
non-treated inoculated plants (Fig. S3b,d,f,h). Additionally, we cut the seed longitudinally to compared the black 
powder inside the seeds in the non-treated inoculated plants to the treated inoculated and control plants. There 
were millions of teliospores in the seeds collected from non-treated inoculated spikes (Fig.  S4b,d,f,h), while 
a white-like powder was observed in the treated inoculated and control seeds (Fig. S4a,c,e,g). Plant height is 
parameter affected by TCK, and stunted growth was observed in the infected fields, indicating that TCK-infected 
plants showed stunted growth compared to treated inoculated and control treatments (Fig. 7).

Discussion
Wheat is one of major staple food crops worldwide. However, yield losses of wheat due to T. controversa under 
favourable conditions can reach up to 70–80% in some wheat growing areas. Controlling dwarf bunt disease of 
wheat by resistant cultivars is a laborious and time-consuming process. Here, we reported the role of inducers of 
resistance to control dwarf bunt in the roots and coleoptiles, and we analysed the infection mechanism of TCK in 
anther epidermis and sub-epidermal cells. Assays using confocal microscopy, qRT-PCR and physiological traits 
showed that inducers of resistance (i.e., Meja, SA and combination of Meja + SA) enhanced resistance to dwarf 
bunt disease in a highly susceptible wheat cultivar. Overall, the data demonstrated that inducers of resistance are 
important mediators that increase the defence mechanism of wheat against T. controversa. New environmentally 
friendly molecules to protect against wheat biotic stress should be investigated to broaden insights on abiotic 
and biotic stress signalling pathways in different plant species. In this experiment, exogenous application of 
Meja, SA and Meja + SA was used to control the dwarf bunt pathogen in the roots and coleoptiles by activating 
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Figure 4.   Infestation of TCK in wheat roots and coleoptiles as indicated by staining with WGA-AF 488 (for hyphae) 
and propidium iodide (for root cell). Plants receiving no inducer of resistance or TCK inoculation were used as 
controls. (a) At 1 week, hyphae excessively occupied rhizodermal and cortical cells of the roots. Presence of hyphae was 
visualized in treated inoculated (TCK + inducers), non-treated inoculated (TCK), and control plants. (Meja) Presence 
of hyphae in Meja-treated plants. Hyphae moved within the cortical cells. After penetrating the cortical cells, the 
hyphae moved into the endodermis and vascular bundles. (SA) Hyphae appeared in the epidermal cells of SA-treated 
roots. (Meja + SA) Hyphae were observed in the epidermal cells of Meja + SA-treated roots. (TCK) The epidermal 
structures were highly infested in the non-treated inoculated (TCK) plants compared to all other treated plants and 
controls. (Control) No hyphae were observed in the root structures of control plants. Scale bars = 50 µm, 50 µm, 50 µm, 
25 µm and 75 µm for Meja, SA, Meja + SA, TCK and control, respectively. (b) (Meja) Presence of hyphae in Meja-
treated plants. Hyphae moved within the cortical cells and penetrated the cortical cells. (SA) Long hyphae appeared 
on the cortical and sub-epidermal cells of SA-treated roots. (Meja + SA) Hypha were observed on cortical cells in 
Meja + SA-treated roots. (TCK) The sub-epidermal structures were highly infested in the non-treated inoculated (TCK) 
plants compared to all other treated and control plants. (Control) No hyphae were observed in the root structures of 
the control plants. Scale bars = 25 µm, 50 µm, 50 µm, 25 µm and 50 µm for Meja, SA, Meja + SA, TCK and control, 
respectively. (c) (Meja) Hyphae were not present in Meja-treated plants. (SA) In the SA treatment, small amounts 
of hyphae were observed. Hyphae did not wrap around the sub-epidermal cells properly. (Meja + SA) There was no 
presence of hyphae in Meja + SA-treated plants. (TCK) The cortical cells were ruptured in the non-treated inoculated 
plants, indicating that the hyphae moved from the roots to other upper parts of the inoculated control plants. (Control) 
No hyphae were observed into root structures in the mock plants. Scale bars = 50 µm, 25 µm, 50 µm, 25 µm and 50 µm 
for Meja, SA, Meja + SA, TCK and control, respectively.
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Figure 5.   TCK is present on the epidermal and sub-epidermal cells of the anther. WGA-AF488 appeared green 
in live fungal tips, while PI appeared red colour in dead anther cells. (a–c) Hyphae were located on the EPI cells 
(scale bars = 25 µm). (d–f) Hyphae were located on the EN cells (scale bars = 7.5 µm). (g–i) Hyphae were located 
on the ML cells, scale bars = 10 µm. (j–l) Hyphae were located on the PMCs (scale bars = 75 µm).
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different root defence genes. SA is a defence signal molecule associated with resistance to hemibiotrophic and 
biotrophic pathogens3,32,33. Many defence-related genes of plants are associated with the SA pathway18,34. Our 
results showed that the expression of defence genes in roots and coleoptiles of SA- and Meja- treated plants was 
higher compared to control or non-treated plants (Figs. 1, 2, 3). Additionally, our results revealed that the inva-
sion capability of T. controversa decreased with the passage of time after treatment with SA, Meja and Meja + SA 
(Fig. 4). Thus, we concluded that inducers of resistance significantly control TCK in the roots and coleoptiles. 
Movement of the hyphae into roots and into vegetative and reproductive parts of the plants almost disappeared 
after treatment for 3 weeks with inducers of resistance.

Pathogenesis-related (PR) proteins play key roles in the defence mechanism of plants against various pathogen 
infections35,36. PR proteins are a group of functionally diverse inducible proteins that accumulate in plant tissue 
in response to pathogen infection37. PR proteins directly threaten pathogen integrity or release biochemicals by 
their enzymatic activity as elicitor molecules, which activates other plant defence-related pathways38. Most PR 
proteins play a role in fungal/oomycete pathogens. PR-10a and HRin1 are associated with the defence response 
in cereals, and they help plants to overcome the infection of pathogens39,40. PR-10a-like proteins have been 
described in the root epidermis and root hair cells of pea plants41. HRin1 activates the hypersensitive response in 
plants, which prevents the establishment of the pathogens31. Catalase genes are the major component of oxidative 
stress metabolism27,28. Catalases, along with other scavenging enzymes for reactive oxygen species (ROS), such as 
superoxide dismutase (SOD) and ascorbate peroxidase, are of fundamental importance to the survival of organ-
isms undergoing oxidative and pathogenic stress42. Previous studies have shown that the expression of COI1-1 
and COI1-2 genes enhances resistance to soilborne pathogens in various crops30. Meja signalling is mediated by 
COI1-1 and COI1-2 genes, which are F-box components of the Skp1-Cullin F-box protein (SCF COI1) ubiquitin 
E3 ligase43. COI is also involved in apical dominance44, leaf senescence45, ethylene-induced root growth inhibi-
tion in the light in Arabidopsis thaliana46 and inositol polyphosphates47. Therefore, we applied the inducers of 
resistance to the highly susceptible wheat cultivar to activate the defence genes in the roots and coleoptiles to 
reduce the level of dwarf bunt pathogen. The roots and coleoptiles of wheat seedlings exhibited changes in gene 
expression during T. controversa inoculation and treatment with the inducers of resistance. The expression of 
defence-related gene expression of inoculated and treated plants was higher than the control plants (Figs. 1, 2, 3).

In this study, we also analysed the effect of T. controversa on anther development to investigate whether T. 
controversa present on epidermal and sub-epidermal cells of the anther and its intensity level increase on anther 
cells with the passage of time. TCK severity increased over time, resulting in cell wall rupturing in plants (Figs. 5, 
S1). Infection of young anthers prior to cell-fate differentiation results in total disruption of anther internal lobe 
development because all sub-epidermal cells are abnormal and cannot produce differentiated features of the 
EN, ML and PMCs48. Fungal penetration into roots is a gradual progress. Spores start to germinate on the soil 
surface, enter into roots, move to nodes and finally reach into anthers. We first observed fungal hyphae only on 
EPI cells, but over time, the fungal hyphae appeared on the EN, ML and PMCs (Fig. 5). These results indicated 
that establishment of hyphae on cells and sub-cells destroys the normal process of cell expansion and division. 
Additionally, the intensity level of the hyphae increased as the anther increased in size and matured (Fig. S1). 
Healthy anthers produced healthy ovaries and grains, while infected anthers produced bunted ovaries. Finally, 
ovaries and grains produced by the infected anthers turned into a black coloured powder containing teliospores 
(Figs. S2, S3, S4).

Our finding supported the hypothesis that inducers of resistance activate the defence responses in the roots 
and coleoptiles and that they eliminate the pathogen movement to the vegetative and reproductive parts of the 
plants. Exogenous application of inducers of resistance was effective in reducing the infection of T. controversa 
into roots, coleoptiles and anther tissues. Our results revealed that treatment with the inducers of resistance 
decreased the intensity level of the T. controversa hyphae at 3 weeks with no obvious systems observed at any 
stage of the plants and no teliospores in the grains. In contrast, clear hyphae were observed on the epidermis 
and sub-epidermal cells of the anthers in non-treated inoculated plants, and intensity level of hyphae increased 
with the passage of time as the anthers matured. Additionally, plant height was reduced by T. controversa but 
increased by the inducers of resistance.

Table 1.   Infection of TCK on the epidermal and sub-epidermal cells of the anthers at different days post 
inoculation (DPI). Epidermal cell (EPI), Endothecium cell (EN), Middle layer cell (ML), Pollen mother cell 
(PMC).

DPI Fungal location

6 EPI

7 EPI

8 EPI, EN

9 EPI, EN, ML

10 EPI, EN, ML, PMC
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Figure 6.   TCK is present on the epidermal and sub-epidermal cells of the anthers in non-treated inoculated 
(TCK) and treated inoculated (inducers + TCK) plants compared to control plants. WGA-AF488 appeared green 
in hyphae, while PI appeared red in dead anther cells. (a–c) There were no hyphae on the EPI, EN and PMCs of 
anthers in Meja-treated plants (scale bars = 50 µm, 25 µm and 100 µm, respectively). (d–f) There were no hyphae 
on the EPI, EN and PMCs of anthers in SA-treated plants (scale bars = 50 µm, 25 µm and 50 µm). (g–i) Similarly, 
we did not observe hyphae on the EPI, EN and PMCs in Meja + SA-treated plants (scale bars = 25 µm, 50 µm 
and 50 µm, respectively). (j–l) Hyphae were located on the EPI, EN and PMCs in non-treated inoculated (TCK) 
anthers (scale bar = 25 µm, 25 µm and 50 µm, respectively.
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Materials and methods
Plant material, fungal isolate and treatments.  Wheat (Triticum aestivum L.) cv. Dongxuan 3 (highly 
susceptible) seeds were obtained from the Institute of Plant Protection, Chinese Academy of Agricultural Sci-
ences, China. The TCK strain was kindly provided by Blair Goates from United States Department of Agricul-
ture (USDA), Agriculture Research Service.

The Dongxuan 3 specimens (30-day seedlings) were grown in a greenhouse incubator (Percival, America) 
under a 24 h light (6 ± 2 °C and 70% relative humidity) regime. The wheat seedlings were inoculated with TCK 
according to the method of our laboratory. Briefly, TCK was grown on 2% agar media and incubated for 60 days 
at 5 °C under 24 h light. The TCK mycelia were harvested in a laminar flow hood by adding 5 ml of ddH2O into 
each TCK culture plate. TCK hyphae were injected 5 times into the root zone at 2-day intervals. Hyphae were 
also injected into spikes during ear emergence from boot, corresponding to Zadok’s growth stages 49, 50 and 
5149. The TCK-inoculated plants were kept in an incubator at 6 ± 2 °C until they were treated with the inducers 
of resistance.

The inducers of resistance were applied 6 and 8 days after TCK inoculation into the wheat root zones and 
seedlings as previously reported17. Roots and seedlings were sprayed with 20 mM SA (APE × BIO, Catalogue 
No. B1092) and 100 µM Meja (APE × BIO), and Tween 20 (0.01%) was added as a surfactant to the SA and Meja 
treatments. The inducers of resistance were applied to both non-inoculated and TCK-inoculated plants. Plants 
receiving only TCK were considered as the non-treated inoculated plants, and plants receiving no inducer or 
TCK were considered as the control plants. Control plants were sprayed with Tween 20/water plus 0.1% ethanol.

RNA extraction and cDNA synthesis.  The roots and coleoptiles were harvested, immediately frozen 
in liquid nitrogen and ground in a 2-µL centrifuge tube by adding 5-mm beads. Total RNA was extracted from 
0.8 g of root and coleoptile powder using the Solarbio Life Sciences kit (Beijing, China) according to the manu-
facturer’s instructions. The quantity and quality of RNA were analysed by a NanoDrop device (Denovix, Spec-
trophotometer, USA). First-strand cDNA was synthesized using 1 µg of purified total RNA, RT/RI enzyme and 
oligo (dT)18 primer (TransGen) following the kit’s instructions (TransGen). The synthesized cDNA was diluted 
4 times in ddH2O to a final 80 µL volume, and 2 µL of the diluted cDNA was used as the template for real-time 
PCR analysis.

Real‑time quantitative RT‑PCR (RT‑qPCR) analysis of defence‑related genes.  RT-qPCR was 
performed using Top Green qPCR SuperMix (TransGen) in a volume of 20 µL according to the manufacturer’s 
instructions and applied to the QuantStudio 5 real-time PCR system (Applied Biosystems, Beijing, China) for 
quantification. Amplification of the wheat GPDH43 gene was used as an internal control for normalizing all 
data. We used the following RT-qPCR protocol: pre-denaturation at 95 °C for 10 min; and 40 cycles of 95 °C for 
15 s, 58 °C for 30 s and 72 °C for 30 s. The 2−ΔΔCt method50 was used to evaluate the relative expression of defence-
related genes with three biological replicates and four technical replicates.

Staining TCK in root and coleoptile tissues.  Hyphae in root and coleoptile segments were stained with 
the wheat germ agglutinin-Alexa Flour 488 conjugate (WGA-AF 488) chitin-specific dye (Molecular probes/
Invitrogen, P1304MP, Life Technologies, America), and plant cells were stained with propidium iodide (PI). 
Depending on the experiment, roots and coleoptiles were dipped in absolute ethanol for 30 min. Absolute etha-
nol was added three times after 35 min until the tissue turned white. Subsequently, both segments were incubated 
at room temperature for 5 min in 1 × phosphate-buffered saline (PBS; pH 7.4) containing each respective dye at 
10 µg/ml. This process was repeated three times for optimal washing. PI (W11261, Life Technologies, USA) was 
used as a counterstain by adding it to the WGA-AF 488 staining solution at a final concentration of 10 µg/ml. 
Each segment of root and coleoptile was mounted on a glass slide for observation using a confocal microscope 
(TCS SP8, Leica, Germany). WGA-AF 488 was excited at a wavelength of 448 nm and detected at 510–550 nm.

PI was excited at a wavelength of 561 nm and detected at 570–730 nm. For every treatment, 15 to 20 replicates 
were assessed.

Figure 7.   Plant height of the treated inoculated, TCK-inoculated and control plants was measured and analysed 
using a LSD test (Statistix 8.1 software). Twelve replicates were used for comparing the plant height of treated 
inoculated, control and TCK-inoculated plants. Different letters represent the statistical significance among the 
different treatments.
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TCK staining in anther tissue.  Spikelets of non-treated inoculated plants were separated from spikes to 
recover the anthers, and all anthers from every dissected floret were incubated in absolute ethanol (95% ethanol) 
for 35 min. The protocols for staining and observing the fungal hyphae in anthers under confocal microscopy 
were same as those mentioned above. Moreover, 12 plants were selected for plant height comparison in all treat-
ments, and they were measured using a ruler. The spikes were removed from the treated inoculated, non-treated 
inoculated and control plants for symptom comparison.

Primers.  All qRT-PCR primers are listed in Supplementary data (Table S1).

Statistical analysis.  Data were statistically analysed using one-way ANOVA followed by LSD test using 
SPSS software version 20.0. The mean and standard error were calculated using data from three independent 
biological samples and four technical replicates.
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