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Abstract

:

Sugarcane is an important industrial crop because it is the major source of white sugar. It is also one of the crops for the alcohol and biofuel industries. Disease-causing organisms can significantly decrease the productivity of sugarcane plants and sugar quality. Among the disease-causing organisms, Colletotrichum falcatum Went causes the most significant economic loss (5–50%) in the sugarcane production due to red rot disease. This loss results in only 31% sugar recovery. It is reported that C. falcatum can kill sugarcane plants. Currently, there is no sustainable way of preventing red rot disease from spreading in sugarcane plantations. Many popular sugarcane varieties are no longer used in sugarcane cultivation because of their susceptibility to C. falcatum. The objectives of this manuscript were to: (i) summarize existing approaches for the early detection of red rot disease and controlling techniques of red rot disease in the field and laboratory and (ii) assess red rot disease control effectiveness so as to propose better methods for mitigating the spread C. falcatum. If our proposition is adopted or practiced, it could significantly contribute to the mitigation of C. falcatum infection in the sugarcane industry. This could enable achieving sustainable cultivation of sugarcanes to guarantee the sustainability of the sugar industry in the tropics and the subtropics.
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1. Introduction


Sugarcane (Saccharum officinarum L.) is regarded as one of the essential cash crops because it improves the socio-economic livelihood of many sugarcane growers [1,2]. Although sugar is widely used in our daily lives, there is a growing interest in sugarcane as one of the potential economic crops for bio-energy (ethanol) production [3]. The worldwide occurrence of sugarcane is approximately 26.3 million hectares and the gross production is approximately 1.9 billion tons [4]. The major sugarcane producing countries are Brazil, India, Thailand, Pakistan, China, Mexico, United States of America and Australia [5]. In spite of the public concern about the excessive sugar consumption in the world, the daily consumption of sugar is on the increase trend especially in the developing countries where the per capita consumption is relatively low [6]. For example, the global sugar demand is projected to increase to 203 Mt by 2028 and this will add 32 Mt to the existing tonnage. Increasing the demand for sugar will be driven by Asian, Middle Eastern and North African countries [7]. In addition, the sugar industry is playing a key role in improving the socio-economic status of many people through resource mobilization, job and rural infrastructural development, especially in the sugarcane growing countries.



Currently, the small-scale sugarcane planters are facing many challenges including biotic and abiotic factors. These factors have been implicated in the decreasing sugarcane production. The abiotic factors include extreme heat, drought, typhoons, flooding, frost and poor soil fertility [8]. It is believed that, productivity of the sugarcane plants is reduced because of water stress. The life cycle of sugarcane plants is affected by approximately 240 sugarcane diseases [9]. Approximately 100 fungi, 10 bacteria, 50 nematodes, and 10 viruses have been identified as pathogens of sugarcane worldwide [10,11]. Out of the many biotic stresses of the sugarcane, the Colletotrichum falcatum Went causes significant reduction in the quality and yield of susceptible sugarcane cultivars [12]. The red rot occurs in 68 sugarcane producing countries [13]. This disease decreases sugarcane yield by 5–50%. The loss results in only 31% sugar recovery [14]. Besides reducing yield attributes, the red rot reduces the sugarcane juice quality (as sucrose content, purity, Brix) and commercial cane sugar [2]. Red rot disease is the major disease due to the destructive effects of the disease as the main cause for the withdrawal of the many sugarcane varieties in the sugarcane cultivation worldwide [15]. The variation in the morphologic and pathologic characteristics of the genus of Colletotrichum are related to their geographical origins. However, because of many overlapping characteristics within the species’ complex, identification using morphologic techniques is not enough. Moreover, managing red rot disease in the field is difficult as the genetic makeup of this fungus keeps changing [16]. Therefore, accurate and rapid identification of Colletotrichum is essential. To date, there is no effective management of red rot disease because of the frequent breakdown of resistant cultivar. To develop resistant cultivars, breeders need to know races of the red rot pathogen. There is dearth of information on early detection and control strategies for C. falcatum.



The objectives of this manuscript were to: (i) summarize the existing approaches for early detection of red rot disease and controlling techniques of red rot disease in the field and laboratory and (ii) assess red rot disease control effectiveness so as to propose better methods for mitigating the spread C. falcatum.




2. Pathogen, Infection and Transmission


Colletotrichum falcatum belongs to the Ascomycota phylum. This pathogen is a facultative parasite. It occurs in anamorphic and teleomorphic forms but the amorphic stage which infects standing canes is the most important stage. The distinctive morphological and cultural characteristics of C. falcatum include the development of acervuli with setae, presence or absence of teleomorph, pinkish appearance of colony, sporulation and growth rate [2,17]. These characteristics are well described by Sharma et al. [18]. Many fungal isolates are significantly different [13]. Diversity in virulence within pathotypes had revealed that a red rot pathogen undergoes adaptive changes in host cultivars.Viswanathan et al. [19] reported that isolates are virulent in susceptible varieties, but not in resistant and moderately susceptible varieties. Virulence frequencies of isolates range from 21.3–40% on mildly susceptible varieties compared with 62.9–97.9% on susceptible varieties. This suggests that C. falcatum isolates differ in their host infectivity. Thus, it is very important to identify the extent of pathogen diversity and the way infection occurs to develop effective disease control and planting management [20].



Many sources of inocula are involved in the transmission of the disease. The pathogen is primarily disseminated through soil and diseased setts, whereas secondary distribution is through irrigation water, rainfall splashing, midrib lesion dew brushing, wind dispersal and other field vectors [21]. The relative importance on how inoculum is spread depends on the time of the year and the conditions under which the cane is growing. The pathogen infects stalks through nodes leaf scar, growth ring, root primordial and buds. The pathogen enters the nodes of a sugarcane plant through the inner epidermis of the lower part of the leaf sheath of this plant. In an unfavorable condition, the fungus produces appressoria on rind and leaves. Late in the season, the infection restarts by the placement of healthy plants. The Life cycle of Colletotrichum falcatum Went in sugarcane plants is summarized in Figure 1. The existence of the spot on sugarcane plants is not an evidence of their stalks’ susceptibility to red rot disease.



During soil borne transmission, latent fungal structures, namely appressoria, dense-walled hyphae chlamydospores, and setae play important roles in the dispersal of disease [22]. Colletotrichum falcatum thrives on unhealthy stalks or stubble fragments. Although C. falcatum is not a definite soil-inhabitant pathogen, there is enough evidence to suggest that fungal propagules are perpetuated by debris borne inocula [23]. The red rot appearance depends on type of the infection and environmental conditions [24]. Usually disease occurs at early growth stages and symptoms are often difficult observe [25]. The red rot disease is divided into four types, namely tiller, lamina, mid rib and stem red rot. The symptoms of the tiller red rot are generally identified as stunted plant growth with dry and straw colored leaves (Figure 2a).



The infection also causes alterations in the color of the lamina leading to straw color in the middle and dark reddish-brown on the edges as the black acervuli progresses (Figure 2b). Eventually, the infected leaves split and hang at the lesions, whereas, in the rib red rot, red color is observed through the whole mid rib (Figure 2c) [10]. Reddening of the internal tissues with alternating red and white patches (with an alcoholic scent) (Figure 2d) are the main indicators to suggest occurrence of the disease in the stalk at the later stages. Generally, the disease symptoms appear when leaves of the spindle (3rd and 4th leaves) show drying that wipe the top along the leaf margins. This discoloration persists from the tip to the base until all the crown leaves wane and red rot infected canes are separated from the nodes easily [26].




3. Identification of Colletotrichum falcatum


The most important requirement in any good disease management practice is the accurate identification of the pathogen. Characterization of C. falcatum isolates by cultural, pathologic and molecular methods are commonly used to confirm the presence and to study the genetic and phenotypic diversity within a population [26,27]. The different methods that have used to identify C. falcatum are subsequently discussed.



3.1. Traditional Methods


The traditional approaches that are used to detect and identify diseases include isolation and characterization pathogens using inoculation testing [26,28]. Colletotrichum species are described primarily based on morphologic features such as mycelia development, production of mycelia dry matter, mycelia color, texture, topography, shape and size of conidia [29]. The conidia of Colletotrichum species are easily seen using a compound microscope, but the accuracy of the conventional identification method and its reliability depend on depth of experience [30]. In addition, phenotypic detection is time-consuming and requires skilled or skillful personnel [31,32]. However, because of the many overlapping characteristics within the species complex, identification using morphologic techniques is not enough [33]. Pathogenicity and virulence tests are also another part of the conventional techniques for the identification of plant pathogens [11,25]. Generally, the pathogenicity test requires longer time to confirm the pathogen [34]. Moreover, the morphologic and pathologic identification techniques are time-consuming. In addition, these techniques are significantly affected by environmental factors [35,36].




3.2. Serologic Methods


Serological methods are used to identify red rot fungus. A body of knowledge has been developed on the serological variability among C. falcatum isolates using for example, enzyme-linked immune sorbent assay (ELISA) technique [34]. The findings of Viswanathan et al. [34] suggest the possibility of using the serological technique to quantify the pathogen colonization and how they correlate with host resistance. Based on C. falcatum colonization in cane stalk, Viswanathan et al. [34] classified the host reaction to the pathogen as resistant, moderately resistant and susceptible. The authors concluded that the pathogen colonization was higher in nodal regions compared with the intermodal tissues. Hiremath and Naik [37] tried to detect C. falcatum in sugarcane tissue using multiple serological analyses such as ELISA, dot immune binding assay (DIBA) and western blotting. Viswanathan et al. [34] demonstrated that the ELISA technique could detect C. falcatum infection of sugarcane tissue in stalks using polyclonal antiserum raised against the pathogen. In addition, they found that the isolated polyclonal antibodies were specific to C. falcatum. Khalid et al. [38] isolated two protein molecules from the mycelium of C. falcatum race cf. 05 at 27 kDa and 45 kDa molecular weights—after which it was used to develop polyclonal antibodies. The antibodies produced were species specific and they had high affinity for C. falcatum (1:50,000 and 1:500 dilution). Another simple, fast and targeted assay for the laboratory analysis of sugarcane (C 671) red rot (at the early growth stage of sugarcane plants) using DIBA with dilution ratios of 1:1000 and 1:100 antigen and secondary antibody, respectively [37]. Although these techniques are promising, the disadvantage of the serologic tests is the possibilities of false positives. The false positives are caused by cross-reaction of antibodies with plant debris or unrelated organisms [38]. Using ELISA, Viswanathan et al. [34] showed that seed cane indexing is possible for red rot infection. This index identifies red rot resistance in a shorter time, and it can also be used to screen large populations. This technique is appropriate for rapid screening because it enables early detection of pathogen colonization before symptoms are evident. In addition, the technique enables pathogen assessment load of different nodal sites of sugarcane plants with plant growth promoting rhizobacteria [37]. However, the nonspecific reaction caused by certain cane tissues we must be fixed.




3.3. Molecular Method


Colletotrichum species are characterized using different molecular approaches. Unlike the traditional methods, molecular techniques not affected by environmental factors. The presumed existence of intermediate forms between species, morphologic plasticity and overlapping of the phenotype make the use of the traditional method less effective. These barriers hinder the use of classical criteria to identify these pathogens. As a result, the molecular biology technique encompasses alternative and supplementary approaches because they are important techniques for overcoming the difficulties in identifying up to species level [39]. For the good detection of Colletotrichum species, molecular phylogeny combined with morphologic and cultural traits, pathogenicity and physiological tests are recommended [40,41]. Molecular approaches such as sequence analysis of the internal transcribed spacer (ITS) region between large and small subunits of ribosomal DNA (rDNA) are commonly used to detect fungi such as Colletotrichum spp. [27]. Combination of multiple genes characterization, such as ITS, actin, glyceraldehydes-3 phosphate dehydrogenase (GPHD) and beta-tubulin could offer more accurate for identification of fungal taxa (Table 1) [42]. Inter simple sequence repeat (ISSR) markers have been effective multilocus markers for genetic diversity analysis, finger printing and mapping of genomes. This approach enables us to understand pathogen population dynamics [43,44]. The advantages of ISSR markers are semi-arbitrary markers, highly polymorphic, highly informative, low cost and only low quantities of template DNA are needed [45]. To successfully improved crop productivity, genetic characterization of pathogenic variants of crop pathogens is essential [46]. Molecular biology is a good tool for fungal taxonomists. The approach is reputed for enabling rapid identification of isolates and clarification of the relationships between fungal organisms [47].



Viswanathan et al. [48] documented that C. falcatum draft genome size is approximately 48.16 Mb. This genome has 12,270 genes with 90% and 84% identical genes for C. graminicola and C. sublineola, respectively. In addition, Viswanathan et al. [48] reported that C. falcatum genome has plant cell wall degrading enzymes (CWDE), transposable components, primary secondary metabolites, candidate secretory effectors (CSEPs), membrane carriers, signaling molecules, carbohydrate-active enzymes (CAZymes), matting proteins, sclerotic development proteins and a special member of the Colletotrichum family. This report improves our understanding on species that are close to C. falcatum.



Scindiya et al. [49] showed that RNA-mediated silencing of PKS1 gene in C. falcatum causes the red rot in sugarcanes. The authors believe that the gene homologs are responsible for C. falcatum virulence and its pathogenesis. Scindiya et al. [49] showed that two isolates—viz., Cf 671 and Cf92020 differed phylogenetically with multiple gene homologs differing in their virulence. Intra and interspecific variation as well as genomic sequenced origins between two C. falcatum isolates (Cf671 and Cf92020) have been identified. During interaction with the host–pathogens, expression of pathogenic gene homologs with both isolates occurs. Scindiya et al. [49] showed that molecular approaches can be used to differentiate between closely related species with few morphologic differences and stains or even distinct isolates within the species.



According to Nandakumar et al. [50], green fluorescent protein (GFP) can be used to explore the interactions between C. falcatum and sugarcane to establish pathogenesis, colonization and dissemination of this fungus in host tissues.



The authors demonstrated that the GFP transformed C. falcatum strain was firmly incorporated in the mitotic stability. Moreover, the C. falcatum transformants retained morphologic features and growth parameters because the wild type and virulence type were not altered relative to wild C. falcatum. The C. falcatum pathotypes tagged with GFP specifically showed differences in C. falcatum colonization through cooperative and incompatible sugarcane encounters. However, these molecular methods are expensive and need specific primers to amplify DNA for identification of pathogens.




3.4. Image Processing Method


Padhy et al. [51] reported that image processing techniques are innovations in agriculture and one of such innovations is automatic disease detection. Computer vision-based image processing techniques and detection algorithms had been used detect midrib red rot, leaf scald and mosaic diseases in sugarcane [52]. The steps involved in this disease detection method are image acquisition, image preprocessing, image segmentation and feature extraction and classification. The image processing method is not commonly used in the field because the length and width of the sugarcane leaf blade vary upto 60 inches and three inches, respectively. Proportional adjustments are required to cover the entire leaf region. Disproportional changes can reduce image resolution, resulting in poor segmentation of the diseased section of leaves. To increase precision, it is essential that leaves are cut into pieces. Another important factor in image acquisition is that the rate of evaporation of sugarcane is 150 to 200 times greater than in other plants. As a result, the sugarcane leaf wrinkles after it is removed from the stem. Therefore, rapid capturing of the images is recommended. This method gives rapid results. It must be stressed that because the image processing method is a new innovation more experimental results are required to validate the method.



3.4.1. Fluorescence Imaging


Noninvasive strategies to photograph multispectral fluorescence patterns or leaf temperatures across contaminated plants have significantly improved our knowledge on plant responses to biotic stress (Figure 3).With this technique, chlorophyll fluorescence is measured as an incident light factor on plant leaves, and variations of the fluorescence parameters are used to examine the response of pathogenic pathogens to changes in photosynthetic system and pathways of photosynthetic proton transport [52,53,54]. Temporal and spatial differences in chlorophyll fluorescence had been used to successfully detect causative pathogens with powdery mildew and leaf rust in wheat leaves [52]. Although this technology can be used to detect diseases and photosynthetic anomalies in sugarcane leaves, the practical use of the technique in the field is limited [55].




3.4.2. Thermography in Disease Detection


Thermography provides information on the variations in plant leaves’ surface temperature and plant canopies.Thermographic cameras can track emitted infrared radiation as well as analyzing color variance. Earlier studies had suggested that phytopathogens can inhibit lack of water in stomata-regulated plants [56,57]. Thermographic imaging can monitor the resulting infection, and the volume of water culminated can be calculated without specific temperature considerations [57]. Several research scientific groups have related plant pathogen infection to temperature changes [53,57,58,59]. For good identification of plant diseases, thermographic evaluation of plant diseases can also be scaled up (Figure 4) [60]. For example, thermographic image of healthy oil palm tree is compared to palm infected with basal stem rot disease (BSR). The images captured at the same scale can suggest that temperature of the leaves of BSR-infected trees is higher than the leaves of healthy trees. Thermography is also a good means of measuring soil borne pathogen infection heterogeneity [61]. Nevertheless, because of their high susceptibility to changes in environmental conditions, the practical application of thermography in disease control is limited. Thermographic identification is usually disease-specific and because of this limitation it is not capable of differentiating diseases with identical thermographic patterns.




3.4.3. Hyperspectral Imagery


Hyperspectral imagery can be used to gather valuable information on the health of plants over a wide range of wavelengths (350 to 2500 nm).With hyperspectral imagery, valuable information on plant canopies such as chlorophyll pigment status, plant cell structure condition and plant structural water content can be obtained. In production agriculture, hyperspectral imagery is widely used for the detection of crop diseases. This technology is versatile and offers rapid interpretation of image data. For sugarcane diseases, Apan et al. [62] analyzed multiple narrowband indices from EO-1 Hyperion imagery (Figure 5). Forty spectral foliage indices were produced with emphasis on leaf pigment-based lines, internal leaf composition and water content of leaf. Discriminatory function analysis was used to pick an optimal range of indices dependent on their similarities to the discriminatory method. The outcome showed that Hyperion imagery can be used to identify orange rust disease in sugarcane crops. The findings suggested that the spectral reflections (signatures) in the areas with sugarcane orange rust disease were significantly different. Although sugarcane plants are vulnerable to multiple diseases and pests, only Apan et al. [62] conducted a research to identify and delineate infested cane areas using hyperspectral remote sensing. Research on orange rust disease diagnosis showed positive outcomes using hyperspectral remote sensing. Nevertheless, further research is required to identify the pests and diseases that are caused by other phytopathogens. Although the hyperspectral technology has worked well in association with different methods of band analysis and pattern recognition algorithms [63], more research projects are needed to improve information on ease of use, large scale coverage, plant variability and the economic viability for using this technology.





3.5. DNA/RNA-Based Affinity Biosensor


Anew affinity biosensor had been developed using nucleic acid fragments as pathogen identification components. The DNA-based biosensor enables early identification of diseases before occurrence of visible symptoms. This is based on probability identification at molecular level. The specific DNA sequences had been widely used to classify genetically engineered organisms, viruses and fungi. Depending on the precise nucleic acid hybridization on the sensor and DNA analytes sequence of immobilized DNA probe DNA-based biosensor, it is possible to identify genetic and infectious diseases rapidly, reliably and accurately. The most commonly used DNA assay is the single stranded DNA (ssDNA) on electrodes with electro active markers to test hybridization between the DNA source and the supplementary DNA analysis [65]. The identification of DNA analytes is achieved based on the differences in physio-chemical characteristics such as mass, temperature, optical and electrical characteristics resulting from the two-stranded DNA hybridization (dsDNA) that occurs during the analysis. Although the use of DNA-based biosensors for the detection of plant diseases is promising, it requires small amount of nucleic acid and PCR is often required before continuing to the downstream analysis [66]. The drawbacks of biosensors based on DNA include a single DNA detector synthesis criterion, target DNA amplification, high cost (DNA-based molecular beacons) and insufficiency for real-time detection.





4. Management of Red Rot Disease


Red rot disease management is conventionally based on cultural practices, use of resistant varieties, disease free planting materials, physical, biologic and chemical control, among others. These methods are intended to restrict incidence of red rot after replanting to increase the productivity of sugarcane plants. However, the management strategies for minimizing red rot incidence had not yielded acceptable results [23]. To date, no single method is able to mitigate the disease incidence. Integrated disease management (IDM) is one of the excellent practices for disease control approaches. Integrated disease management practices decrease red rot occurrence, increase growth parameters and increase sugarcane performance attributes compared to non-IDM practices. Integrated disease management involves all the methods of disease control. The subsequent discussion focuses on this aspect.



4.1. Agronomic and Cultural Practices


Opting for the good agricultural practices and integrating cultural and biologic control methods as a preventive measure should be of utmost priority. The use of healthy planting materials, certified seeds, field sanitation, crop rotation and proper drainage facility could significantly minimize red rot disease. These cultural practices have been suggested not only to reduce the inoculum from the field, but to also reduce crop losses. Mono cultivation of the same crop with the same cultivar increases the inoculum level resulting in the development of the disease. The crop must be rotated after two to three years/cycles in the heavily infested field and the ratooning should be discouraged [18]. Considering that red rot disease is seed/sett-borne, disease-free nursery should be adhered to [24]. Authorized enforcement of nursery programs is very important. Disease and pest free seeds/setts and mixtures with other varieties must be guaranteed. The most useful method for control of the pathogen is the use of disease-free setts.



Jain [67] reported that the geographical origins of pathogen isolates had not been related to molecular and pathologic heterogeneity. This suggests that the most effective ways of avoiding this destructive disease is through the use of disease-free planting inputs in commercial cultivation. Adopting field sanitation practices such as removing and burying of crop debris, withered leaves, stubble, among others before planting is essential [68].Sugarcane fields should be well leveled, and hygienic farming should be adhered to. Regular field inspection and roughing of diseased plants could minimize the occurrence of red rot disease [10]. Moreover, because the disease is associated with soil nutrient imbalance [69], fertilizer management is very important. The abovementioned practices have been reported to minimize the disease incidence and severity. However, these practices are unable to eradicate the disease.




4.2. Physical Treatment


Infected planting materials are the primary source of pathogen inocula for the occurrence of red rot disease in sugarcane fields [8,28]. Many researchers had documented that sett borne red rot infection can be suppressed using heat therapy. Talukdar et al. [8] reported that moist hot air therapies (54 °C for 3 h and RH 95%) can completely eradicate sett borne infection. In combination with heat and chemotherapy, mixing synthetic chemicals in a hot water controlled the red rot [2]. Talukdar et al. [70] stated that using moist hot air at 54 °C for 2 h was more effective in reducing the incidence of the red rot than using hot water at 50 °C for 2 h. Singh and Singh [57] reported that aerated stream at 52 °C or sett, soaking in cold running water for 48 h followed by 150–180 min of hot water treatment at 50 °C can eliminate the pathogen from infected setts. Other practices which had been recommended for the red rot management include burning waste, preserving enough soil moisture and timely harvesting of contaminated or susceptible crops [71]. The advantages of the physical treatment are as follows: eco-friendly, easy to adopt, cheaper, and it kills setts borne pathogens. However, this intervention is time-consuming.




4.3. Chemical Control


In-vitro studies suggest that the chemical control method completely inhibits C. falcatum growth. For example, Benomyl® 50 WP, Folicar® and Radomil® 75WP (100%) at a level of 5–50 μgmL−1 completely inhibited fungal growth [72]. Similarly, Bharadwaj and Sahu [73] reported complete inhibition of C. falcatum mycelia growth using Bavistin®. However, their effectiveness in the field remains unproven. In the field, the role of sett treatment controls the primary source of red rot from setts [30], and the use of fungicides to combat red rot in the field is usually restricted to setts treatment. It is possible to reduce red rot incidence by treating the infected setts with carbendazim and benomyl for 30–60 min [74]. In some studies, dip treatment of sugarcane setts (handling debris borne infection 24 h before planting) with 0.25% suspension of thiophanate methyl and carbendazim metabolite effectively controlled red rot disease. Rahman et al. [75] reported that Topsin® M treatment protected canes against red rot disease and the effectiveness increased cane yield. Using thiophanate methyl at 0.25% as sett treatments considerably suppressed red rot disease incidence [76]. The defense had been attributed to chemical antifungal effects on the pathogen. Fungicide thiophanate methyl also increased germination rate, tillers count, number of millable cane, weight of single cane, length of the cane, diameter of cane and yield of cane. In spite of these positive results, the literature is replete with many findings that the chemical treatment method has miniature effect on red rot disease because of rinds impermeability, presence of abundant nutrient in the area, the existence of fibrous nodes at the cutting ends, poor fungicide solubility and water in setts [18,24]. The benefit of the chemical treatment method is its efficacy because the effectiveness is better than other methods, but it is not eco-friendly.




4.4. Use of Resistant Varieties against Red Rot


The recurrent outbreak of red rot in epiphytotic condition had compelled breeders to develop red rot resistant varieties. The evolution of new races of the pathogen is a major factor for the breakdown of new varieties. Among the species of sugarcane, S. spontaneum is the most resistant species whereas S. officinarum is the least resistant species. Although the inherited genetics of the red rot resistant genes are not well established, there is significant progress in the development of resistant varieties against the red rot [23]. The red rot resistance is transferred in sugarcane species through interspecific, intraspecific or intergeneric crosses [77,78]. The focus of the breeding work in the Indian sub-continent is the development of red rot resistant varieties through interspecific crosses [52]. However, because the pathogen varies, after a disease-resistant variety is released for commercial cultivation, within 8 to 10 years, it becomes vulnerable to red rot disease because the pathogen evolves into a new and more virulent strain [4]. There are significant attempts to detect genes and markers which are related to the red rot resistance. Because of exceedingly heterozygous polyploid seed genome along with a constricted genetic base (based on the conventional and genetic mapping methods), it has been difficult to breed for red rot resistance in sugarcane. Although tags of differentially articulated sequences had been identified in response to the infection of C. falcatum they do not contribute to the discovery of the functional target gene(s) for resistance of the red rot because the study was conducted on a particular sugarcane genotype without exploring the history of segregation and epistatic interactions [79]. Singh et al. [80] developed recognized target genes for the red rot resistance following linkage imbalance-based interaction mapping. However, their role in imparting resistance to disease is yet to be confirmed thus, restricting their use as molecular markers for the detection of resistant genotypes and marker assisted collection for sugarcane. Recently, Nayyar et al. [81] discovered β-1, 3 glucanasegene expressions from Trichoderma sp. The β-1, 3 glucanasegene is responsible for the improvement of transgenic sugarcane that is resistant to the red rot. The integration of transgenic genes and their expression was confirmed in the first generation of T0 plants by quantitative reverse transcription PCR up to 4.4 times higher expression than with non-transgenic sugarcane. Two virulent pathotypes of C. falcatum (Cf08 and Cf09) which cause the red rot have been shown in bioassays of transgenic plants where some plants had resistance to Cf08 and mild resistance to Cf.09. Nayyar et al. [81] clarified that the resistant transgenic plants cells did not lose sucrose because of inhibition of fungal hyphae-to-hyphae or hyphae swelling. Hyphallysis occurs because of the action of β-1, 3-glucanase on the β-1,3-glucosyl enzyme linkages of the fungal cell wall. This transgenic resistant and moderately tolerant sugarcane can also be used to develop resistant varieties against C. falcatum. For example, Isd 2/54, Isd 39, Isd 40, BSRI Akh 41, BSRI Akh 43, BSRI Akh 44,BSRI Akh 45 and BSRI Akh 46 and Co 8371, Co 85004, Co 86032,Co 94,008 and Co 94,270 are resistant varieties in Bangladesh and India [82,83,84].




4.5. Biologic Control and Natural Products


Eco-friendly and sustainable alternative approach to manage diseases is biological control. Different bio-control agents have been used either alone or in combination with other management methods to control C. falcatum in sugarcane. Among the biocontrol agents, plant growth-promoting rhizobacteria (PGPR) that are allied with root of sugarcane would be useful in sustaining plant growth through developing many plant growth-supporting metabolites [85]. Plant growth-promoting rhizobacteria at the rhizosphere of sugarcane plants improves the growth of sugarcane plants by colonizing their rooting zones. Plant growth-promoting rhizobacteria can also inhabit C. falcatum [86]. In recent times, different genera of bacterial such as Enterobacter, Pseudomonas, Burkholderia, Bacillus, Gluconaceto bacter and Ochrobactrum are known (in-vivo and in-vitro trials) to effectively inhibit C. falcatum in the sugarcane rhizosphere [86,87,88]. Patel et al. [16] conducted an in-vivo study against three strains of C. falcatum. The findings showed that Ochrobactrum intermedium (TRD 14) effectively regulated the pathogenicity of C. falcatum (cfNAV) and it also enhanced the growth of sugarcane plants by 8.2%. Furthermore, the sugarcane plants with O. intermedium (TRD 14) increased stem diameter. In the case of Acinetobacter sp. (PK9) and Bacillus sp. (RSC 29) protection against C. falcatum strains, it was observed that the height and diameter of the stem of the sugarcane plants were not significantly improved. The sugarcane plants started drying after 45 days, but in the absence of red rot disease, the two strains increased height of the sugarcane stem. The most promising results were noticed using Escherichia sp. (VRE34) because it effectively suppressed the disease apart from improving the growth of sugarcane plants.



Trichoderma harzianum is another bio-agent which is being used to management red rot disease. The effectiveness of T. harzianum is related its direct parasitic effect on C. falcatum. Trichoderma harzianum application is reduces the economic losses in susceptible varieties. In addition, the use of T. harzianum increases cane yield because of the increased germination and shooting of biomass. Trichoderma bio-pesticide application is eco-friendly, economical, besides improving soil quality [41]. Trichoderma harzianum can directly control C. falcatum by producing systemic resistance in treated sugarcane plants [89]. The application of T. harzianum strain Th37 on stubbles at 20 kg/ha increased nitrogen (N), phosphorus (P) and potassium (K) availability by 27.65% and 44%, respectively. The level of red rot defense increased to78%when in combination with TMC/salicylic acid (SA) and 86% with metabolites/SA, where defense was 60% and 71%, respectively. The commonly used bio-control agents against C. falcatum are summarized in Table 2.



Plant based extracts had also been reported to suppress C. falcatum. It has been reported that ginger, onion, and garlic extracts can inhibit mycelia development of C. falcatum. Applications of essential oils such as menthe oil, patchouli oil, peppermint oil and palm oil can also mitigate C. falcatum infection [73]. According to Imtiaj et al. [90], Datura metal and Curcuma domestica leaf extracts can inhibit both mycelia and conidial growth of the red rot pathogens. Similarly, tobacco and dhup smoke (incense) are thought to inhibit the red rot conidial germination. These findings were not obtained from field experiments. Thus, stages and detailed studies on their effectiveness in field evaluations are required. The use of biocontrol agents and natural products are eco-friendly, economically efficient for improving soil health and good for pathogens suppression for a long period. However, their field effectiveness is very low and currently, there is dearth of information on this aspect. To this end, emphasis on the formulation of durable bio products whose potencies can withstand different environmental challenges is essential.





5. Legislation (Quarantine)


Plant quarantine laws enable government agencies to protect the entry of alien insects and pathogens into countries [96]. Uncontrolled setts cane movement is primarily responsible for spreading red rot disease. Therefore, it is important to limit cane transport from an infected area to disease free zones/areas [97]. Only research stations with valid phytosanitary certificates should import seeds [24]. Stringent implementation of these regulations is urgently needed. The lack of skilled personnel to certify the setts, extension services, and laboratory facilities in sugarcane growing countries may limit the implementation of the quarantine laws.




6. Conclusions and Future Perspectives


The red rot pathogen, C. falcatum, is a major threat to the sugar industry. It is believed that the inocula resides in crop debris, infected soils and infected setts, resting appressorial cell, conidia and mycelia. The genetic make-up of this fungus varies, making the management of red rot disease in sugarcane plantations difficult. Extensive disease testing using ELISA has been conducted and verified using PCR assay. Specific antibodies are required to avoid false positive and negative. The use of DNA-based nanosensors and DNA microarrays is also promising because these technologies are easier to adopt, they are more reliable and more cost-effective compared with the traditional PCR-based techniques. Non-molecular approaches such as screening for hyperspectral reflective data are being studied with some degree of success, but there is a long way from achieving accurate identification. Although biocontrol methods are promising, they require extensive field evaluation to develop bio-formulated products. It may be argued that both DNA fingerprinting and genome sequencing are ideally placed to include the evidence that is crucial for promoting phylogenetic and systematic research (until natural remedy to disease resistance becomes a reality). The currently the sugarcane planters are focused on the management of red rot disease through eliminating diseased materials that blur cultural traditions. Until C. falcatum resistant varieties are fully development, sanitation is the most practical red rot disease management method. In addition, an intense genome project on C. falcatum is urgently needed. Nonetheless, the occurrence of disease destruction has been considerably reduced as the field disease management has been well established. To sustain the sugarcane industry, intensive breeding work on coming out with red rot disease resistant sugarcane variety or developing biologic control technologies are essential.
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Figure 1. Life cycle of Colletotrichum falcatum Went in sugarcane plants. Green boxes indicate path of primary infection; orange boxes indicate secondary infection; blue boxes indicate dormant stage. 
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Figure 2. Typical disease symptoms of red rot on different plant parts and stages of sugarcane in the field. note: (a) tiller red rot observed at tillering stage; (b) lamina red rot, (c) mid rib red and (d) stem red rot observed at later stage of sugarcane in the field. 






Figure 2. Typical disease symptoms of red rot on different plant parts and stages of sugarcane in the field. note: (a) tiller red rot observed at tillering stage; (b) lamina red rot, (c) mid rib red and (d) stem red rot observed at later stage of sugarcane in the field.



[image: Agronomy 10 01253 g002]







[image: Agronomy 10 01253 g003 550] 





Figure 3. Flowchart of the leaf disease detection algorithm adapted from Khan et al. [52]. 
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Figure 4. Thermal images of (a) healthy palm (b) basal stem rot (BSR)-infected palm. When the images used the same scaled, the temperature of the leaves taken from BSR-infected palm was higher than the healthy palm. 
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Figure 5. Main steps in the hyperion image processing for spectral differentiation of orange rust sugarcane adapted from Apan & Held et al. [64]. 
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Table 1. Colletotrichum falcatum nucleotide sequences available in public domain database.
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	Accession Number
	Sequence Length (bp)
	Product
	Source
	Year of Release





	NR144793
	539
	5.8S rDNA
	CBS 127,945
	2018



	MH868869
	894
	large subunit ribosomal RNA gene
	strain CBS 275.54
	2020



	KC790965
	583 bp
	5.8S ribosomal RNA
	strain LC0885
	2014



	KU220963
	553 bp
	5.8S ribosomal RNA
	isolate RR03
	2016



	MK850182
	584 bp
	5.8S rDNA
	isolate I-2
	2019



	MN636356
	582 bp
	5.8S rDNA
	isolate I-39
	2019



	MK937676
	492 bp
	5.8S rDNA
	strain 1802020746Q
	2019



	NR144793
	539 bp
	5.8S ribosomal RNA
	strain CBS 127,945
	2018



	AF275524
	556 bp
	small subunit ribosomal RNA gene
	strain A97 (CBS 252.59)
	2000



	AF275543
	568 bp
	large subunit ribosomal RNA gene
	strain A97 (CBS 252.59)
	2014



	JQ005772
	539 bp
	ITS1, 5.8S rRNA gene
	strain CBS 147,945
	2013



	KC790965
	584 bp
	ITS1 1.5S complete rRNA, 18s and 28s rRNA partial sequence
	strain LC0885
	2014



	MN636354
	537 bp
	5.8s rRNA
	strain I-42
	2019



	JQ005856
	484 bp
	beta-tubulin (TUB2) gene, partial cds
	strain CBS147945
	2013



	MK867418
	750 bp
	beta-tubulin (TUB2) gene, partial cds
	strain I-40
	2019



	AJ409290
	545 bp
	beta-tubulin (TUB2) gene, partial cds
	isolate 80
	2016



	HM171680
	682 bp
	beta-tubulin (TUB2) gene, partial cds
	isolate LC885
	2011



	MK867410
	750 bp
	beta-tubulin (TUB2) gene, partial cds
	isolate I-19
	2019



	MK867412
	750 bp
	beta-tubulin (TUB2) gene, partial cds
	isolate I-24
	2019



	MK867417
	750 bp
	beta-tubulin (TUB2) gene, partial cds
	isolate I-38
	2019



	JQ005835
	252 bp
	actin (ACT) gene, partial cds
	strain CBS 147,945
	2013



	MK867380
	272bp
	actin (ACT) gene, partial cds
	isolate I-5
	2019



	JQ005835
	252 bp
	actin (ACT) gene, partial cds
	strain CBS 147,945
	2013



	KP895580
	253 bp
	actin (ACT) gene, partial cds
	isolate 238
	2015



	MK867393
	271 bp
	actin (ACT) gene, partial cds
	isolate I-27
	2019



	MK867379
	271 bp
	actin (ACT) gene, partial cds
	isolate I-2
	2019



	FJ002020
	152 bp
	glyceraldehyde 3-phosphate dehydrogenase gene, partial cds
	isolate Cf64-8
	2019



	MK867433
	150 bp
	glyceraldehyde-3-phosphate dehydrogenase gene, partial cds
	isolate I-27
	2019



	FJ001997
	152 bp
	glyceraldehyde-3-phosphate dehydrogenase gene, partial cds
	Cf419
	2019



	FJ002002
	152 bp
	glyceraldehyde-3-phosphate dehydrogenase gene, partial cds
	isolate Cf86032C
	2019



	JQ005793
	280 bp
	Chitin synthase 1 (CHS1) gene, partial cds
	strain CBS147945
	2013



	JQ005814
	385 bp
	histone (HIS3) gene partial cds
	strain CBS147945
	2013







Source: National Center for Biotechnology Information (NCBI).
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Table 2. Potential biocontrol agents and their effects on red rot management in vitro or field trials.
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Classification

	
Bio-Agent

	
Effect

	
Recommendation

	
References






	
Bacteria

	
Acinetobacter sp. PK9

Bacillus safensis B1

Bacillus megaterium PK2

Cronobacter muytjensii VRE6

Enterobacter sp. RSC32

Enterobacter cloacae VRE7 Pseudomonas plecoglossicida S2 Ochrobactrum anthropi TRD11

Ochrobactrum intermediumTRD14

Stenotrophomonas acidaminiphila Pseudomonas plecoglossicida S2

Sphingobacterium

thalpophilumRSC24

	
Dual culture test indicated 36% to 60% inhibition.

	
Field evaluation required

	
Patel et al. [16]

Patel et al. [91]




	
Pseudomonas putida NH-50

	
Reduced disease severity by 44–60% in different field trials

	
This strain possesses other plant growth characteristics and can be used as a bio-pesticide for sugarcane crop

	
Hassan et al. [88]




	
Pseudomonas fluorescens Md1

Abrus precatorius

	
Significant level of disease reduction and increase yield in pot trials in glass house experiment.

	
Field evaluation required

	
Jayakumar et al. [92]

Senthil et al. [93]

Malathi et al. [94]




	
Bacillus subtilis NH-100, 160 and 217

	
Three strains of the genus Bacillus reduced disease incidence by 45–49% in sugarcane plants challenged by pathogen inoculation in the stem and by 48–56% in the plants inoculated in the soil near the roots.

	
The results of present study suggest a potential use of these strains in the development of commercial inoculants to be applied for the control of red rot disease

	
Hassan et al. [21]




	
Pseudomonas aurantiaca

	
The endophytic bacterium Pseudomonas aurantiaca PB-St2 exhibits antifungal activity and represents a biocontrol agent to suppress red rot disease of sugar cane in vitro.

	
Field trials required

	
Mehnaz et al. [35]




	
Fungi

	
Trichoderma harzianumTh 37

T. virideT6

	
Red rot infection was suppressed in 20–28% in field trail.

	
Sett and soil treatment with T. harzianum and T. viride for enhancing the yield

	
Singh et al. [95]

Yadav et al. [89]












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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