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Abstract

:

The incidence of wheat head infection by Pyrenophora tritici-repentis (Ptr), the etiological agent of tan spot disease, was evaluated during grain development in a glasshouse experiment. Heads artificially inoculated with a Ptr spore suspension developed widespread brown spots across the spikelets, and mycelia and conidophores were observed on glumes and awns. Seeds of heavily infected heads were darkened and shrivelled, but no red smudge symptoms were apparent. The recovery rate of Ptr isolates from the inoculated wheat heads was low, and colonies that were re-isolated displayed an irregular morphology with reddish mycelia when grown on agar plates. The presence of Ptr on inoculated wheat heads was assessed directly via PCR detection, and a limitation of Ptr hyphae to proliferate beyond the point of contact of spore inoculum on floret tissues was observed. The systemic transmission of Ptr from infected seeds was minimal; however, saprophytic growth of the pathogen occurred on the senescing leaves of wheat plants grown from inoculated seeds. Thus, even though Ptr seed infection is not as common as foliar infection, infected seeds are still a source of disease inoculum and screening for pathogen contamination is advisable.
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1. Introduction


The major wheat disease tan spot is caused by the fungus Pyrenophora tritici-repentis (Died.) abbreviated to Ptr. Although Ptr is mainly known as a foliar pathogen that causes tan coloured lesions often surrounded by a chlorotic halos, Ptr has also been associated as a seed-borne pathogen, with infected grain reported to be a source of inoculum [1,2,3,4]. The most common symptom associated with seed infection by Ptr is red smudge, a pink to bright red discolouration of the wheat kernel [1,5]. Other seed symptoms have also been reported to be associated with Ptr infection and include black point [1], a black discolouration of the grain coat overlying the germ, and dark smudge, which is characterised by darkening at the germ end [5,6]; however, other fungal pathogens such as Alternaria species and Cochiliobolus sativus are generally associated with such darkening symptoms [1,3,7,8]. Although the biosynthetic pathways leading to the development of the pink discolouration on the kernel has not been understood, oxidation of phenolic compounds has been suggested to be the cause [9].



Since grain grade and quality are highly important traits, blemished or discoloured kernels result in economic losses due to the downgrading of the grade or even rejection, as per strict receival standards. In Australia, grain staining limits are a maximum of 5% for high protein milling grades and up to 50% for feed wheat, while pink fungal staining limits are 2% for milling wheat and 5% for general purpose and feed grades [10].



The detrimental effect of fungal infected seeds is not limited to profitability but also affects crop plant productivity and ultimately yield if the infected seeds are used as source for sowing. A slower rate of seedling emergence, a decrease in overall seed germination and seedling vigour [5,11], as well as a reduced numbers of tillers and heads [2,8,12,13] are some of the negative effects that have been observed as a result of Ptr infected seeds. In plants grown from heavily infected seed, up to 20% or fewer heads have been reported, which resulted in a 17% lower grain yield per plot [2]. However, discrepancies as to the effect of red smudge on seed germination and the resulting number of tillers have been described. Although a 20% decrease in germination was recorded across the discoloured kernels, the effect of red smudge on the numbers of tillers has been shown to be more variable in comparison to black point or dark smudge under different experimental environments [8].



The occurrence of black point caused by Alternaria alternata [7,14,15] and the recovery of Ptr from pink grain in storage [15] has been reported, however, the extent of the occurrence of wheat seed discolouration or infection caused by Ptr in Australia is unknown. The majority of the incidence of red smudge reported in Canada occurred on durum wheat, and similar symptoms appeared to be less apparent on common wheat [9]. Since tan spot is a major wheat disease in Australia, seed infection by this pathogen is an important consideration which may have an impact on the epidemiology of the disease in the field and grower returns. Therefore, the objectives of this study were to (1) assess the occurrence of Ptr infection on wheat heads during grain development of an Australian bread wheat variety, (2) examine the appearance of grain from infected wheat heads for discolouration and (3) evaluate the occurrence of tan spot disease transmission via seed.




2. Materials and Methods


2.1. Plant Growth and Inoculation


The common Australian bread wheat (Triticum aestivum) variety Yitpi, which is rated as susceptible to very susceptible (SVS) to tan spot disease [16] was used in this study. Six seeds were sown per pot, and plants were grown in Richgro potting mix (Richgro, Lansdale, WA, Australia) and placed in an ambient temperature glasshouse with natural light. Pots were fertilized initially with Nitrophoska Perfekt (Bayer, Leverkusen, Germany) compound fertilizer followed by Thrive all-purpose water soluble fertilizer (Yates, Clayton, Victoria, Australia) fortnightly. After two months, Thrive flowering water soluble fertilizer (Yates) was applied and followed with monthly application of Nitrophoska Perfekt (Bayer) compound fertilizer. After three months, wheat heads were inoculated at either ear emergence/heading (GS50-59), flowering (GS60-69) or ripening (GS90-99) by spraying with a conidial suspension of Ptr at the concentration of 2500 spores per ml. Twenty five ml of spore suspension in 0.25% gelatin was sprayed onto the wheat heads for each pot, and for each growth stage, 10 pots were inoculated. To ensure that the inoculum level was not a limitation for the development of grain discolouration symptoms, a separate batch of pots were grown for multiple inoculations with the same plants being sprayed at all three growth stages (ear emergence/heading, flowering and ripening). The Ptr spore suspension was prepared from the West Australian Ptr isolate M4 (race 1) as described previously [17]. Inoculated plants were kept at 100% humidity for 24 h. A gelatin solution of 0.25% was sprayed on the wheat heads of uninfected control plants (10 pots).




2.2. Re-Isolation of Ptr from Inoculated Wheat Heads


The heads of wheat plants were sampled at 1, 3, 6 and 9 weeks post-inoculation and assessed for symptoms. A total of 3 biological replicates (where each biological replicate consisted of three wheat heads) were sampled for each time point at each growth stage. From each replicate, 5 randomly selected spikelets were sampled, totalling 60 spikelets per time point each for the heading, flowering and ripening growth stages. In order to minimise the contamination of surface saprophytic fungi, all wheat heads sampled were surface sterilised in 10% of bleach for 1 min, followed by rinsing twice with sterile water and allowed to air dry. Grains were then separated from the glume, palea and lemma (collectively referred to as the husk thereafter). Surface sterilised grain and husk materials were plated on water agar plates (15% agar) containing antibiotics (ampicillin 100 mg L−1, neomycin 50 mg L−1 and streptomycin 30 mg L−1) and incubated at 22 °C for 5 days under a 12 h photoperiod. Any fungal colonies growing on the water agar were then transferred to V8PDA media plates (Campbell’s V8 juice 150 mL L−1, potato dextrose agar 10 g L−1, CaCO3 3 g L−1 and agar 15 g L−1) by excising and transferring a 5 mm × 5 mm agar plug containing fungal mycelia. Plates were then incubated at 22 °C for 7 days. A Nikon SMZ800 stereomicroscope imaging system (Nikon, Chiyoda, Japan) was used for closer examination and documentation of infected wheat heads. Fungal colonies were confirmed as Ptr via PCR using the Ptr specific primers PtrUnique_F2 and PtrUnique_R2 [18]. Genomic DNA was extracted from each fungal colony using a Qiagen BioSprint 15 DNA extraction kit according to the manufacturer’s instruction (Qiagen, Hilden, Germany). PCR was performed in a 20 µL reaction consisting of 1 × MyTaq Reaction Buffer Red (Bioline, London, UK), 250 nM of each forward and reverse primer, 100 ng of DNA and 1 U of MyTaq Red DNA polymerase (Bioline) with thermal cycling conditions of 94 °C/3 min, (94 °C/30 s, 57 °C/30 s, 72 °C/30 s) × 35 cycles. The genomic DNA of Ptr strain M4 [19] was used as the positive control for PCR amplification. PCR products were analysed via agarose (1.5%) gel electrophoresis.




2.3. PCR Detection of Ptr from Inoculated Wheat Heads


The single inoculated wheat heads collected 6 and 9 weeks post-inoculation at each of the three growth stages (heading, flowering and ripening) were assessed for Ptr presence via PCR. A total of three biological replicates were analysed (where each replicate consisted of 3 wheat heads). For each replicate, the grain and husk were separated and DNA was extracted using a Qiagen Biosprint 15 DNA extraction kit according to the manufacturer’s instructions (Qiagen). The presence or absence of Ptr in the plant material was confirmed in a standard PCR-based assay using Ptr specific primers (PtrMulti_F and PtrMulti_R) [20]. Briefly, each PCR assay was performed in a 20 µL reaction containing 1 × MyTaq Reaction Buffer Red (Bioline), 250 nM of each forward and reverse primer, 1 U of MyTaq Red DNA polymerase (Bioline) and 100 ng of DNA template, with the following cycling conditions: 94 °C/3 min, (94 °C/30 s, 59 °C/30 s, 72 °C/30 s) × 35 cycles. PCR products were separated via agarose (1.2%) gel electrophoresis. The genomic DNA from Ptr isolate M4 [19] was used as a positive control in the PCR assays.




2.4. Germination of Seedlings from Recovered Grain


Seeds from the triple inoculated wheat heads were threshed manually and those with visible discolouration or shrivelling were sown in vermiculate and grown in a controlled growth chamber at 22 °C with a 12 h photoperiod. In total, 60 seeds were sown (5 seeds from each biological replicate) for disease evaluation. Individual seedlings were visually assessed for disease 4 weeks after sowing. To verify the presence of Ptr on senescing leaves, leaf DNA was extracted and assayed via PCR using the PtrMulti_F and PtrMulti_R primer set as described above. Single inoculated wheat grains had little or no visual symptoms and therefore were not selected for evaluation of disease transmission.





3. Results


3.1. Wheat Head Symptoms and Seed Discoloration


Wheat heads inoculated with Ptr developed small brown spots that were visible on the entire spikelet (Figure 1A–D). Brown spots were observed on spikelets that were inoculated once during flowering, grain-filling and ripening stages (Figure 1A–C) as well as on those heads that were inoculated sequentially three times (Figure 1D). Upon visual assessment, brown spotting was more prevalent on the triple inoculated plants compared to those single inoculated. Symptoms were not restricted to the glume but were also observed on the awns (Figure 2A). Closer examination of the spots on the spikelets showed presence of fungal mycelia (Figure 2B,C). Conidiophores were also observed on some of the lesions (Figure 2D).



No evidence of red smudge was observed on the seeds harvested from the heads for any of the inoculations, including those that had been inoculated three times. However, the triple inoculated seeds displayed symptoms of shrivelling and darkening, reminiscent of black point and dark smudge (Figure 3B,C).




3.2. Re-Isolation of Ptr Colonies from Inoculated Wheat Heads


Of the 180 samples of inoculated heads across the three growth stages (60 samples per stage), Ptr colonies were recovered from 34 (18.9%), of which 11 were obtained at the heading stage, 6 from the flowering stage and 17 from the ripening stage. Of the 34 re-isolated Ptr colonies, 28 (82.3%) of the Ptr colonies exhibited irregular morphology, with a tint of reddish mycelia that lacked filamentous morphology and an incapacitated sporulation capacity (Figure 3D). These type of Ptr colonies were obtained from both the husks and grains and were confirmed as Ptr using PCR-based detection with Ptr species-specific primers (Figure S1).




3.3. PCR Detection of Ptr from Inoculated Wheat Heads


Due to the low recovery of Ptr colonies using conventional culturing methods on water agar, PCR assays were conducted to detect the presence of Ptr directly from inoculated wheat heads. Ptr was detected on the head samples as shown by the presence of a Ptr species-specific PCR band that was amplified from the DNA samples collected across the three growth stages (Figure 4). Ptr fungal DNA was predominantly detected in the husk in comparison to the grain. Ptr was only detected in the husk for samples inoculated at the heading stage. For samples that were inoculated at the flowering stage, Ptr was consistently present in the husk samples, while less intense PCR bands or absence of amplification were observed for the grain samples. When inoculated at the ripening stage, Ptr DNA was detected across all the biological replicates and both post-inoculation time points (six and nine weeks) in both grain and husk.




3.4. Systemic Transmission of Tan Spot Disease via Seeds


To investigate if tan spot disease can be transmitted from seeds, seeds collected from the triple inoculated wheat heads were germinated and monitored for the presence of foliar tan spot symptoms. No delay of seed germination was recorded. Out of the 60 plantlets, only 1 seedling developed a tan spot lesion (Figure 5A). However, fungal mycelia were observed on the senescing leaves (Figure 5B) and confirmed as Ptr via PCR (Figure 5C).





4. Discussion


Symptoms of Ptr infection on wheat heads were distinct from the typical foliar symptoms of tan spot, with brown spots present on the spikelets. Although a susceptible wheat variety Yitpi was inoculated, no red smudge symptoms were observed on the grain. Since the wheat heads were artificially inoculated, the inoculum level could not have been the limiting factor to red smudge development, but rather other factors such as the environment, genotype or wheat type may be the cause. Prolonged high humidity and temperature have been found to have an effect on grain discolouration [6], therefore, it is probable that the conditions in the glasshouse of this study did not favour red smudge development. The incidence of red smudge may also be related to the grain type, since pigmented phenolic compounds such as catechins, proanthocyanidins and anthocyanins accumulate in the grain coat [21,22] resulting in coloured grain. White grain wheats are only produced in Australia; however, the evaluation of other varieties, including the red grain wheats produced in America and Europe, would be of interest for further work.



Intriguingly, some Ptr colonies re-isolated from wheat heads had a reddish appearance which does not conform to the standard morphology of the pathogen when cultured in vitro. Although the recovery of Ptr from infected or discoloured glumes and kernel has previously been reported [6,8,23], no study has reported an irregular Ptr colony morphology isolated from wheat heads. While the case for such changes in morphology is unknown, it is possible that the reddish pigmentation observed in the colonies may be responsible for the red smudge symptoms, if in high abundance under the right conditions. Ptr is known to produce several mycotoxins from the anthraquinone class such as emodin, islandicin and catenarin [24,25,26], and both catenarin and emodin have been detected in Ptr-infected grain. Catenarin has been hypothesized to cause red smudge due to the red pigmentation property of the compound [27]. Thus, an understanding of the biosynthesis of these natural pigmented compounds in Ptr under in vitro and in vivo conditions would shed some light on the development of grain discolouration. Furthermore, some fungal pathogens are associated with the capability to produce mycotoxins in infected discoloured grain. For example, in black point disease, Alternaria species is associated with the production of alternariol (AOH), alternariol-monomethyl ether (AME), tenuazonic acid (TA) and altenuene (ALT) in grains [28]. The ability of Ptr to produce toxic secondary metabolite compounds in the kernel remains to be explored.



While a significant body of work has focused on plant host resistance to foliar diseases, the inheritance of resistance to grain disease is a less explored topic. Several wheat genetic studies have been published with the aim to improve the resistance of breeding lines to black point [29,30,31,32] and wheat spike diseases [33,34,35,36,37,38]. However, the complexity of studying grain infection is often exacerbated with the influence of foliar disease on the host. This is particularly the case with fungal pathogens that have the ability to infect both leaves and wheat heads, such as Fusarium species. The observation that Ptr infection of wheat heads can result in grain shrivelling and discolouration on a wheat variety that is susceptible to tan spot, poses the question as to the incidence of grain symptoms on more resistant varieties. In this study, Ptr was detected on the husk but not on the developing grains at the earlier growth stage, while presence of Ptr on the grains only occurred at the later growth stages. This demonstrates that grain infection occurred via direct contact of inoculum when grains were no longer shielded within the glume, lemma and palea. This observation is supported by an earlier study [39] which also showed that the thick-walled epidermides of these structures was sufficient to inhibit further hyphal penetration. Restricted growth of Ptr mycelia between the different tissues and absence of mass proliferation of saprophytic growth on wheat seeds has previously been reported [3] with Ptr shown to produce appressoria on the pericarp layers of wheat seeds; however, no evidence of mycelia growth was found in the seed coat or embryo. A study of the infection of Pyrenophora semeniperda (a pathogen that infects seed and causes leaf spot on grasses) on wheat florets, showed that hyphae grew saprophytically on the surface of anther, stigma and stylar tissues [40]. On the developing seed, hyphae were generally confined to the epidermal layers and were not observed in the endosperm [40]. Altogether, these results suggest that seed infection by Pyrenophora species may be limited to the point of inoculation contact or confined to the outer layer of the seeds, during a phase of a saprophytic growth.



A single tan spot lesion on a seedling grown from Ptr infected seed was observed in this study, thus the incidence of seed transmission was very low. However, what appears to be more detrimental is the presence of Ptr hyphae on the seeds that progressed to saprophytic growth of mycelia on senescing leaves. Such a mass of fungal mycelia could act as a source of inoculum that may lead to the proliferation of fungal load under the right environmental conditions. Therefore, seed screening for the presence of Ptr would be advisable to reduce the inoculum load as well as the biosecurity risk of an incursion by an exotic Ptr race from imported wheat seeds. Molecular detection of the fungal pathogen in grain samples using PCR-based assays would be able to diagnose and potentially circumvent the transmission of pathogen propagules via seed.
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Figure 1. Representative images of wheat heads infected with Ptr upon single inoculation at: (A) Heading; (B) Flowering; (C) Ripening; (D) Multiple inoculations at heading, flowering and ripening; (E,F) Wheat heads sprayed with gelatin only as control. 
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Figure 2. Representative images of diseased wheat spikelets as indicated by the white arrows: (A) Lesions on glumes and awns; (B) Mycelia on lemma; (C) Mycelia on glume; (D) Conidiophores on glume. Scale bar, 1 mm. 
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Figure 3. Representative images of ripened seeds from Ptr infected wheat heads: (A) Seeds with no visual symptoms; (B) Shrivelled and discoloured seed; (C) Black tip symptoms. Images of Ptr colonies recovered from inoculated wheat heads: (D) Irregular colony morphology lacking aerial hyphae; (E) Colony with typical filamentous morphology. 
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Figure 4. Agarose gel analysis of Ptr species-specific PCR amplification for the detection of the pathogen on developing grain (g) and husk (h) inoculated at the heading, flowering and ripening stage. Samples were obtained from wheat heads collected at 6 (W1) and 9 (W2) weeks post inoculation. DNA samples are of three biological replicates (r1, r2 and r3) extracted from independent grain and husk samples. PCR was performed using the PtrMulti_F/R primer set. 
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Figure 5. Wheat seedlings germinated from Ptr infected seeds: (A) Tan spot disease symptom on the leaf; (B) Saprophytic growth of fungus on the senescing leaves; (C) Agarose gel electrophoresis of Ptr species-specific bands amplified from DNA extracted from three senescing leaves (L1, L2 and L3; three biological replicates of independent senescent leaves). +ve; positive control of PCR amplification using M4 DNA and PtrMulti_F/R primers. 
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