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Abstract

:

Stem canker on dragon fruit caused by Neoscytalidium dimidiatum causes severe losses in production of this fruit worldwide. Biological control by Trichoderma species is widely used to control several plant diseases. However, environmental conditions affect the use of biocontrol agents in the field. The development of a new formulation may offer an alternative way to address the problem of stem canker on dragon fruit caused by N. dimidiatum. In this study, we sought to develop a Trichoderma asperelloides PSU-P1 formulation that would be effective against N. dimidiatum. Three vegetable oils, two emulsifier-dispersing agents (Tween 20 and Tween 80), and one source of carbon (dextrose) were tested for carrier additives. We assessed the viability and antifungal ability of formulations incubated at ambient temperature and at 10 °C during a storage period of 1–6 months. The formulation composed of coconut oil, DW, and tween 20 in a ratio of 30:60:10 required a mixing time of 1.14 min; this was significantly faster than the mixing times of other formulations. Application of this formulation suppressed canker development; a canker area of 0.53 cm2 was recorded, compared with a control (pathogen only) area of 1.65 cm2. In terms of viability, this formulation stored at ambient temperature showed a surface area percentage of T. asperelloides PSU-P1 ranging from 64.43 to 75.7%; the corresponding range for the formulation stored at cool temperature was 70.59–75.6%. For both formulations, percentage inhibition gradually decreased from 1 to 6 months, with ranges of 59.21–77% and 60.65–76.19% for formulations incubated at ambient and cool temperatures, respectively. Our findings suggest that the formulation developed in this study prolongs the viability of T. asperelloides PSU-P1 conidia by up to 6 months, effectively inhibits N. dimidiatum in vitro, and reduces stem canker in vivo.
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1. Introduction


Trichoderma species are commonly found in soil and are endophytic fungi which play an important role in ecosystems by degrading plant biomass, restricting plant pathogens, and promoting plant growth [1,2,3]. The main mechanisms of Trichoderma species are antibiosis, competition, induction of plant resistance, parasitism, and the promotion of plant growth [4]. Several Trichoderma species are highly adaptive to their environment, with high growth rates which enable them to compete for nutrients and space against fungal pathogens [5]. Trichoderma spp. have the ability to produce cell-wall-degrading enzymes such as chitinase and β-1,3-glucanase which degrade the cell walls of fungal pathogens [6,7]. They can also produce and release volatile organic compounds and/or secondary metabolites with fungicidal ability against plant pathogens [8,9]. Trichoderma species mainly reproduce by means of three asexual propagules: mycelia; conidia; and chlamydospores [10,11]. These exhibit typical characteristics with respect to production, stability and biocontrol activity; however, in nature, some species of this genus form ascospores in perithecia [12].



The use of antagonistic microorganisms to control several plant diseases has led to the manufacture and registration of many biofungicide products [13,14]. A number of Trichoderma species, such as Trichoderma asperellum, T. asperelloides, T. kiningiopsis, T. harzianum, T. viride and T. virens, have been used as biocontrol agents against several tropical plant diseases [14]. However, conditions in agricultural fields such as temperature, light, wind and moisture represent a major limitation on the use of biocontrol agents [15]. One potentially important way to overcome this problem is by the use of an appropriate formulation to create a microclimate that protects active spores from diverse environmental conditions [16].



Dragon fruit or pitaya are commonly planted throughout Thailand due to their rich micronutrients and vitamins [17]. To date, dragon fruits are classified into three varieties: red skin with white flesh, namely, Hylocereus undatus; red skin with red flesh, namely, H. costaricensis; and yellow skin with white flesh, namely, H. megalenthus [18]. Red-fleshed dragon fruit (Selenicereus costaricensis) or syn. H. costaricensis are tropical crops commonly cultivated for consumption. Thailand has a tropical and sub-tropical climate suitable for the cultivation of dragon fruit, and the climate is also suitable for pathogen germination and disease spread [19]. Several fungal diseases of dragon fruits, especially stem canker, are considered the most destructive and negatively impact dragon fruit production.



Stem canker of red-fleshed dragon fruit caused by the fungus Neoscytalidium sp. is a devastating disease which affects cultivation of this fruit worldwide, especially in tropical and sub-tropical regions [20]. In Thailand, the most widespread species is Neoscytalidium dimidiatum, which is endemic in the southern part of the country [21]. Control of fungal diseases has depended on the application on synthetic fungicides [22]. For example, the synthetic fungicides cyprodinil + fludioxonil, azoxystrobin + difenoconazole, and tebuconazole are all able to inhibit mycelial growth of N. dimidiatum, and metiram, trifloxystrobin, pyraclostrobin, azoxystrobin, azoxystrobin + difenoconazole, and iminoctadine are all effective in inhibiting spore germination of N. dimidiatum [23]. However, the excessive use of synthetic chemicals leads to pathogen resistance and causes harmful side effects on human health [24,25]. The use of fresh conidia of Trichoderma sp. has been shown to effectively reduce the severity of disease in many plant species [26,27]. However, preparation of viable conidia of Trichoderma may take time due to culturing on a substrate for sporulation. Nevertheless, the use of Trichoderma species as a biocontrol agent in a ready-to-use formulation may be considered an effective method for application in controlling plant diseases.



In this study, therefore, we sought to develop a novel emulsion formulation of T. asperelloides PSU-P1 whose viability and antifungal ability against N. dimidiatum could be tested in vitro, and whose capacity to reduce stem canker on dragon fruit could be tested in vivo. The objectives of this study were (i) to test the mixing time of various formulations and identify which is the most suitable, (ii) to test the recommended formulation against stem canker on dragon fruit in vivo, (iii) to test the viability of the recommended formulation stored at ambient temperature and cool temperature, and (iv) to test the antifungal ability of the recommended formulation against N. dimidiatum in vitro.




2. Materials and Methods


2.1. Fungal Materials and Spore Suspension Preparation


Trichoderma asperelloides PSU-P1 with multiple mechanisms against fungal pathogens [28,29] was obtained from the Culture Collection of Pest Management Division (CCPMD), Faculty of Natural Resources, Prince of Songkla University. T. asperelloides PSU-P1 was cultured on potato dextrose agar (PDA) and incubated at ambient temperature (28 ± 2 °C) for 7 days for sporulation. Conidia of T. asperelloides PSU-P1 were harvested and suspended in sterile distilled water (DW) for further formulation preparation. Neoscytalidium dimidiatum, which causes stem canker of dragon fruit [21], was also obtained from CCPMD and cultured on PDA for further bioassays.




2.2. Formulation Preparation


To develop the emulsion formulation, several carrier additives of three different types were tested: (1) three vegetable oils (coconut, palm and soybean); (2) two emulsifier-dispersing agents (Tween 20 and Tween 80); and (3) one source of carbon (dextrose). The compositions of the different oil dispersions tested are presented in Table 1. Emulsion-based formulations were prepared by mixing oils with emulsifier-dispersing agents and then adding dextrose. Finally, water was added. Conidia of T. asperelloides PSU-P1 were then progressively incorporated. The experiment comprised two sets in order to determine the most appropriate vegetable oil and achieve the fastest mixing time. Firstly, to determine the most appropriate vegetable oil, the viscosity of 12 formulations with varying amounts of vegetable oils in 12 formulations were tested, as shown in Table 1, and the mixing times were measured. The vegetable oil with the fastest mixing time was selected. Secondly, varying volumes of the selected vegetable oil were prepared and dextrose was added, resulting in 6 formulations, as shown in Table 2. The mixing time was then measured to identify the formulation with the fastest mixing time. The viscosity of the formulations was assessed by recording the mixing time. The formulation with the fastest mixing time was then selected for further evaluation.




2.3. In Vivo Testing of Formulation


In order to test the effectiveness of the emulsion formulation of T. asperelloides PSU-P1 in reducing stem canker, in vivo testing was conducted on healthy stems of dragon fruits. A total of ten cladodes from healthy dragon fruit were prepared for inoculation. The cladodes were surface-disinfected with 70% ethanol and wounded by fine needle. The emulsion formulation was diluted in DW at a ratio of 1:99. The experiment consisted of four treatments: (i) dropping of 1 mL distilled water alone (T1); (ii) dropping of 1 mL spore suspension of N. dimidiatum alone (T2); (iii) dropping of 1 mL spore suspension of N. dimidiatum for 24 h, followed by challenge with formulation (T3); and (iv) dropping of formulation alone (T4). The experiment was conducted in the form of a completely randomized design (CRD); each treatment involved three cladodes, and the experiment was repeated twice. The dragon fruit cladodes were then incubated in a moist box at ambient temperature. Lesion development was observed and measured by ImageJ software.




2.4. Viability of Trichoderma Conidia, Antifungal Ability of Formulation, and pH Evaluation


The viability of T. asperelloides PSU-P1 conidia in emulsion formulations stored at ambient temperature (28 ± 2 °C) and at 10 °C was assessed over a period of 6 months. The pH of each formulation was tested using a pH meter. Each month, an emulsion formulation was diluted at 1:99. Autoclaved sterilized filter paper discs (0.4 cm) were soaked in a 1% suspension of T. asperelloides PSU-P1. A T. asperelloides PSU-P1 filter paper disc was placed on one side of the PDA plate; on the opposite side was placed a N. dimidiatum agar plug cut from a 2-day-old culture. For the control plate, the agar plug of N. dimidiatum was placed on one side of the PDA plate only. The tested plates were incubated at 28 ± 2 °C for 7 days. Viability was analyzed on the third day by determining the area of the colonized surface of T. asperelloides PSU-P1; this was expressed as a percentage of the total surface area of the Petri dish. Assessment of the antifungal ability of T. asperelloides PSU-P1 was carried out on day seven using the tested plates. All the tested plates were photographed and subjected to surface area analysis by ImageJ software 167 version 1.53e (National Institutes of Health, Washington, DC, USA). Each test involved three PDA plates (three replicates), and the experiment was repeated twice. The radial growth of N. dimidiatum was also measured; this was converted to percentage inhibition (PI) by the following formula:


  PI = (   R 1 − R 2   R 1   ) ×   100  








where R1 is the radial growth of N. dimidiatum in the control plate, and R2 is the radial growth of N. dimidiatum in the tested plate.



The pH of the formulation was measured from 1 to 6 months by pH meter, and data are expressed as average ± SD.




2.5. Statistical Analysis


Mixing time, disease development, viability and antifungal ability were assessed. The data met the parametric criteria for normality and homogeneity of variance necessary for the analysis of variance (ANOVA) and were subjected to one-way ANOVA. Tukey’s test and t-testing were used to analyze statistically significant differences at a 95% significance level (p < 0.05).





3. Results


3.1. Selection of an Appropriate Formulation


The physico-chemical characteristics of the three oil dispersions tested, and of the two emulsifying agents, are shown in Table 1. We compared the mixing times of the twelve formulations and found that coconut-oil-based formulations showed more rapid mixing times than those based on palm oil or soybean oil (Figure 1). The results showed mixing times in the range 1.86 ± 0.05–16.37 ± 0.01 min. The coconut oil-based formulations had short mixing times in the range 1.86 ± 0.05–4.46 ± 0.14 min (Form. 1–4), whereas the soybean oil-based formulation showed the longest mixing time, ranging from 3.57 ± 0.06 to 16.37 ± 0.01 min (Form. 9–12). We also found that mixing time was impacted by the volume of oil in each formulation. Therefore, the coconut oil-based emulsion formulation was selected with varying amounts of the oil and DW phases to test the mixing time.



We selected coconut oil for further study and recorded the mixing times of various formulations, as shown in Table 2. The coconut oil-based emulsion formulations showed mixing times in the range 1.14 ± 0.06–3.58 ± 0.01 min (Table 3). We found that a ratio of 30:60:10 of coconut oil, DW, and tween 20, respectively, produced the fastest mixing time of 1.14 min, which was significantly faster than that of other formulations, p < 0.05 (Table 3). This formulation exhibited separation of oil and DW phases in the resting stage; after mixing, it was a slightly green milky lotion (Figure 2). This coconut-oil-based emulsion formulation was, therefore, considered most suitable for further bioassay testing.




3.2. In Vivo Test of Formulation


We tested the ability of the emulsion formulation of T. asperelloides PSU-P1 in suppressing the development of disease in dragon fruit cladodes. The results showed that application of this formulation resulted in a canker lesion area of 0.53 cm²; this was significantly smaller than the area of 1.65 cm² which resulted from inoculation with the pathogen alone (Figure 3). The control showed no canker lesions after inoculation with DW or with emulsion formulation alone. These results suggest that the emulsion formulation of T. asperelloides PSU-P1 suppressed the severity of canker on dragon fruit cladodes.




3.3. pH and Viability of Trichoderma asperelloides PSU-P1 Conidia in Formulation


The acidic and basic conditions of the emulsion formulation were measured from 1 to 6 months; the formulations were incubated at ambient and cool temperatures for comparison with the viability of T. asperelloides PSU-P1 conidia. The pH value of both formulations was below pH 6, indicating an acidic condition. The pH values ranged from 3.03 to 5.24 (mean ± SD; 4.12 ± 0.76) and from 3.75 to 5.45 (4.70 ± 0.67) for formulations incubated at ambient and cool temperatures, respectively (Figure 4).



The viability of T. asperelloides PSU-P1 conidia was assessed by observing colonization of the surface area in the PDA plates. We compared the viability of T. asperelloides PSU-P1 conidia in formulations incubated at ambient temperature (AT) and at a cool temperature of 10 °C (CT). The percentage surface area of T. asperelloides PSU-P1 gradually decreased between 1 and 6 months (Figure 5). After 3 days of incubation, T. asperelloides PSU-P1 conidia germinated in the PDA plate and covered more than 50% of the surface area (Figure 5). The percentage surface area of T. asperelloides PSU-P1 had ranges of 58.08–76% (68 ± 6.19) and 70.59–75.63% (73 ± 1.78) for formulations incubated at ambient and cool temperatures, respectively (Figure 5). In short, we found a greater viability of T. asperelloides PSU-P1 conidia in terms of growth for the formulation stored at cool temperature (10 °C), compared with the formulation stored at ambient temperature. The percentage of the surface area colonized by T. asperelloides PSU-P1 in the ambient-temperature formulation at 3–6 months was significantly lower than the corresponding area for the cool-temperature formulation.




3.4. Antifungal Ability of Trichoderma asperelloides PSU-P1 Conidia in Formulation against Neoscytalidium dimidiatum


An assessment of the fungicidal activity of T. asperelloides PSU-P1 conidia in the emulsion formulation was carried out by a dual-culture assay against N. dimidiatum in PDA plates. Mycelial growth which germinated from conidia covered more than 50% of the PDA plate surfaces and competed with the growth of N. dimidiatum. The percentage inhibition of the emulsion formulation against N. dimidiatum was also calculated from 1 to 6 months. The results showed that percentage inhibition gradually decreased for formulations incubated at both temperatures (Figure 6). The formulation incubated at cool temperature showed percentage inhibitions ranging from 60.25 to 76.19% (68 ± 6.65); those of the formulation incubated at ambient temperature ranged from 59.21 to 77% (70 ± 5.74) (Figure 6). The percentage inhibition of the formulation incubated at cool temperature was significantly higher than that of the formulation incubated at ambient temperature in months 4–6 (Figure 6).





4. Discussion


Our study is the first contribution to the development of an emulsion-based formulation of T. asperelloides PSU-P1 conidia for use as a biological control agent against N. dimidiatum, the pathogen of stem canker on dragon fruit. The goals of this study were to develop a formulation that can improve the protection of dragon fruit against stem canker. The emulsion-based formulation selected was composed of coconut oil (30%), tween 20 (10%) and T. asperelloides PSU-P1 conidia in DW (60%). In the course of in vivo testing, we found that application of the emulsion formulation reduced the severity of stem canker disease on dragon fruit cladodes. This result is in agreement with the findings of Syed-Ab-Rahman et al. [30], who reported that application of an emulsion formulation reduced the severity of brown root and bacterial leaf blight in rice by 55–61%.



In Thailand, farmers normally store biopesticides either at ambient temperature or in a refrigerator (approximately 10 °C). In this study, therefore, we tested the effects of temperature on the viability and antifungal ability of T. asperelloides PSU-P1 conidia in formulation. We found that the formulation stored at cool temperature seemed more effective against N. dimidiatum in terms of both viability and antifungal ability. The results of this study also showed that the viability and antifungal ability of the formulation both declined gradually from 1 to 6 months. Long periods of storage may, therefore, reduce the viability of the formulation. A similar previous study reported that formulations in invert emulsions (water-in-oil formulations) continued to exhibit viability at 36 months; however, viability also declined by 50% after 5.3 months at 20 °C [31]. Previous studies have also shown that an invert formulation of Trichoderma spp. may be used to prolong the shelf life of Trichoderma conidia and protect against subsurface contamination in the environment [32,33,34].



In the present study, we also found that, from 3 to 6 months, the formulation stored at cool temperature resulted in a surface area percentage of T. asperelloides PSU-P1 higher than that for the formulation stored at ambient temperature. Because of the hot and humid conditions in Thailand, Trichoderma conidia in formulation may have reduced viability and antifungal ability. It is known that Trichoderma sp. commonly grows at temperatures ranging from 12 to 37 °C, with maximum growth at 27 °C [35]. Furthermore, the present study showed that, while the pH of both formulations gradually decreased during the period from 1 to 6 months, the formulation stored at cool temperature showed pH values significantly higher than those of the formulation stored at ambient temperature. Although Trichoderma spp. commonly grows in acidic conditions, with pH ranging from 4 to 7 [36,37], a more strongly acidic environment (pH about 3) may not suitable for Trichoderma conidia; for this reason, the viability and percentage inhibition of the formulation stored at ambient temperature was significantly lower than that of the formulation stored at a cool temperature.



The shelf life of T. asperelloides PSU-P1 conidia in formulation may be associated with temperature. For the first 2 months, our results showed no significant differences in the surface area of T. asperelloides PSU-P1; however, significant differences were observed from 3 to 6 months. Our results indicate that active conidia of T. asperelloides PSU-P1 could be stored for up to half a year. This is in line with the findings of Batta et al. [31] who showed that liquid formulations could be preserved and stored without contamination or loss of viability. Several studies have shown that formulated conidia remain viable for longer periods [38,39]. Our results are, therefore, in agreement with those of previous studies which reported that formulated conidia of Trichoderma can remain viable for at least 6 months. The phenomenon may be due to the effect of certain ingredients in the formulation. As a basic food source, vegetable oils may help to boost conidial viability [40]. In the present study, the use of coconut oil as the main ingredient for the emulsion formulation may have helped to preserve conidia.



Approximately 90% of formulations of antagonistic microorganisms are made from active conidia of several Trichoderma species [14]. However, most formulations have been developed as granules [41] or as a wettable powder [13]. Only a few emulsion formulations have been developed from vegetable oils. In this study, we developed an emulsion formulation of T. asperelloides PSU-P1 conidia as an alternative formulation for agricultural application. One benefit of the emulsion formulation reported in this study is that it is better adapted for use in the sprayers commonly used by farmers, without resulting in coagulation. Conidia of T. asperelloides PSU-P1 as an emulsion dispersion can be mixed readily with water, so the formulation may be described as a ready-to-use product, and the conidia remain in suspension. Finally, during storage, this emulsion formulation separates into oil and water phases, as was previously reported in the work of Batta [31].




5. Conclusions


In the present study, T. asperelloides PSU-P1 conidia were incorporated in a water- and oil-based formulation and expressed as an emulsion formulation. The formulation composed of coconut oil, DW, and tween 20 in a ratio of 30:60:10 required the shortest mixing time. Application of coconut oil-based emulsion formulation to dragon fruit cladodes suppressed canker development, as observed by in vivo tests. Furthermore, this formulation prolonged the viability of T. asperelloides PSU-P1 conidia by up to 6 months, though viability decreased by about 20% over this period. The percentage inhibition of T. asperelloides PSU-P1 conidia against N. dimidiatum was also retained up to 6 months, though this also decreased over the period. These results indicate that the emulsion formulation ensures the prolonged viability and antifungal ability of T. asperelloides PSU-P1 conidia. The effectiveness of this formulation as an application should be verified by means of field trials in the near future.
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Figure 1. Evaluation of viscosity of formulations in different forms as indicated by mixing time (minutes). Values are expressed as means ± standard deviation (SD) indicated by whiskers. Letters indicate significant differences among treatments according to Tukey’s test (p < 0.05). 
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Figure 2. Characteristics of the novel emulsion formulation. Separation into oil and water phases: before mixing (A); and after mixing (B). 
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Figure 3. Suppression of canker lesion by emulsion formulation: (A) T1 control; (B) T2 inoculated with Neoscytalidium dimidiatum alone; (C) T3 inoculated with N. dimidiatum for 24 h and then challenged with formulation; (D) T4 inoculated with formulation alone; and (E) lesion development under each treatment. Values are expressed as means ± standard deviation (SD) indicated by whiskers. Letters indicate significant differences among treatments according to Tukey’s test (p < 0.05). 
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Figure 4. pH values of emulsion formulation incubated at ambient temperature and at cool temperature. Asterisks indicate significant differences among treatments according to Student’s t-test (p < 0.05). 
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Figure 5. Viability of Trichoderma asperelloides PSU-P1 in emulsion formulation. (A) Observations of percentage surface area of PSU-P1 against Neoscytalidium dimidiatum from 1 to 6 months; (B,C) top and bottom views of colonies of T. asperelloides PSU-P1 in formulation incubated at cool temperature; (D,E) top and bottom views of formulations incubated at ambient temperature. Asterisks indicate significant differences among treatments according to Student’s t-test (p < 0.05). 
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Figure 6. Percentage inhibition of Trichoderma asperelloides PSU-P1 conidia in formulation against Neoscytalidium dimidiatum in PDA plates from 1 to 6 months. Values are expressed as means ± standard deviation (SD) indicated by whiskers. Asterisks indicate significant differences among treatments according to Student’s t-test (p < 0.05). 
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Table 1. Different compositions of oils and emulsifier-dispersing agents for emulsion formulation preparation.
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Form. 1

	
Ingredients (mL)




	
Coconut

Oil

	
Palm

Oil

	
Soybean

Oil

	
DW

	
Tween 20

	
Tween 80

	
Spore Suspension






	
1

	
40

	
-

	
-

	
40

	
20

	
-

	
X 2




	
2

	
40

	
-

	
-

	
40

	
-

	
20

	
X




	
3

	
20

	
-

	
-

	
60

	
20

	
-

	
X




	
4

	
20

	
-

	
-

	
60

	
-

	
20

	
X




	
5

	
-

	
40

	
-

	
40

	
20

	
-

	
X




	
6

	
-

	
40

	
-

	
40

	
-

	
20

	
X




	
7

	
-

	
20

	
-

	
60

	
20

	
-

	
X




	
8

	
-

	
20

	
-

	
60

	
-

	
20

	
X




	
9

	
-

	
-

	
40

	
40

	
20

	
-

	
X




	
10

	
-

	
-

	
40

	
40

	
-

	
20

	
X




	
11

	
-

	
-

	
20

	
60

	
20

	
-

	
X




	
12

	
-

	
-

	
20

	
60

	
-

	
20

	
X








1 Form. = formulation; 2 spore suspension at concentration ×108 conidia/mL, suspended in DW phase.













 





Table 2. Mixing times of different formulations with varying amounts of selected oil and dextrose additive.
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Form. 1

	
Ingredient




	

	
Selected Oil (mL)

	
DW (mL)

	
Dextrose (g)

	
Tween 20

(mL)

	
Spore Suspension

(×108 Conidia/mL)






	
1

	
40

	
40

	
5

	
20

	
X 2




	
2

	
40

	
40

	
-

	
20

	
X




	
3

	
45

	
45

	
5

	
10

	
X




	
4

	
45

	
45

	
-

	
10

	
X




	
5

	
30

	
60

	
5

	
10

	
X




	
6

	
30

	
60

	
-

	
10

	
X








1 Form. = formulation; 2 spore suspension at concentration ×108 conidia/mL, suspended in DW phase.













 





Table 3. Mixing times of different formulations (variations in amounts of coconut oil and dextrose additive).






Table 3. Mixing times of different formulations (variations in amounts of coconut oil and dextrose additive).





	Form. 1
	Ratio of

Coconut Oil:DW:Tween 20 (mL)
	Dextrose (g)
	Mixing Time (min.)





	1
	40:40:20
	5
	3.21 ± 0.02 d



	2
	40:40:20
	-
	2.29 ± 0.06 c



	3
	45:45:10
	5
	3.58 ± 0.01 e



	4
	45:45:10
	-
	2.25 ± 0.02 c



	5
	30:60:10
	5
	1.25 ± 0.06 b



	6
	30:60:10
	-
	1.14 ± 0.06 a







1 Form. = formulation; Values are expressed as means ± standard deviation (SD). Means within the same column followed by the same letters indicate significant differences among treatments according to Tukey’s test (p < 0.05).
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