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Abstract

:

The production of cocoa (Theobroma cacao L.) in Colombia has a significant environmental and socioeconomic importance as a promissory crop in the post-conflict process. The department of Norte de Santander has cocoa crops that are dramatically affected by fungal pathogens causing important losses during harvest and post-harvest. Therefore, the current study focused on the determination of the incidence of diseases caused by phytopathogenic fungi in cocoa crops, and the identification of primary phytopathogenic fungi found in biological material from different farms of the region. The study was conducted in four municipalities of the department, by sampling fruits infected with frosty pod rot (FPR) and black pod rot (BPR) that presented in situ incidence ranging from 0.37 to 21.58% and from 1.75 to 35.59%, respectively. The studied hybrid materials, together with clone TSH 65, were found to be the most susceptible, while the remaining clones were more tolerant, especially CCN 51, IMC 67, and ICS95. Fifteen strains were isolated using in vitro assays and then morphologically characterized both in solid media and by microscopy. Nine of them corresponded to the pathogen Moniliophthora roreri, and other six to Phytophthora palmivora. The isolated agents showed in vitro morphological variability, as well as the ability to adapt to different environments when growing in situ.
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1. Introduction


Pathogenic fungi are a significant threat to global food security that generate losses in plant production equivalent to 200 billion dollars per year estimated in losses of more than 30% of the harvest; however, without the use of the actual crop protection methods, its impact would increase [1,2].



Cocoa (Theobroma cacao L.) trees house a diverse pathogenic community [3], so controlling methods for cocoa pathogens are required. Currently, the phenomena of El niño and La niña produce considerable alternation between dry and rainy periods, thus intervening in the productive and vegetative cycles of the cocoa trees [4] and promoting fungal pathogens infection [5].



Phytopathogenic diseases cause 30 to 100% annual losses of the cocoa harvest [6]. Frosty pod rot (FPR), caused by the endemic fungus Moniliophthora roreri (Cif. & Par.) Evans (1986), is one of the most severe diseases affecting cocoa not only in Colombia but also in some Central and South American countries. It takes about 74 days for the symptomatology to start, with shiny humps or swellings until a white fungus structure formation covers the pod and spreads to contaminate others pods [7].



Another very frequent disease of cocoa crops is known as black pod rot (BPR), which is produced by different species of Phytophthora. It is featured by the presence of lesions that start with a light color and finally become chocolate brown. After two or three weeks, these lesion cover the entire pod, starting at the apex and finishing at the peduncle [4].



The principal worldwide cocoa growing regions are Africa, Asia, and Latin America, with Ivory Coast of Africa encompassing 33% of the global supply. According to FAOSTAT, Ivory Coast was the largest producer worldwide in 2015, with 2,176,960 tons, followed by Ghana (740,000 tons) and Indonesia (395,500 tons). Latin America not only accounts for the 14.4% of the global cocoa production (522,000 tons) but also grows 70% of the global fine aromatic cocoa, mainly in Ecuador, Colombia, Peru, and Venezuela [8].



Colombian production was about 26,104 tons in 2015 and 33,443 tons in 2016, thus generating an average six-monthly growth rate of 12%. Locally, the department of Santander contributes about 50% of the national production, while the neighboring department of Norte de Santander contribution corresponds to 4%. As part of the Colombian Ten Years Cocoa Growing Development Plan 2012–2021, the national goal is to produce 246,000 tons in 2021, requiring an investment of US 1100 million in the next 10 years [9].



Therefore, considering that the majority of biological materials planted in the Norte de Santander region are susceptible to fungal pathogenic agents, the main objective of this study was to establish the present in situ incidence of FPR and BPR, and to isolate and characterize their causal agents in vitro, evaluating different biological materials planted in four farms of Norte de Santander, thus contributing to the current knowledge of the agro-ecology of this crop to develop better cocoa pathogen control strategies.




2. Materials and Methods


2.1. Study Area


The study was carried out in four randomly selected farms located at the municipalities of Bochalema (7°39′15.15″ N, 72°37′4.52″ W), Bucarasica (7°53′04.5″ N, 72°42′12.6″ W), Chinacota (7°35′27.28″ N, 72°37′34.55″ W) and Zulia (8°11′49.55″ N, 72°34′34.95″ W), all of them from the Department of Norte de Santander, Colombia. Evaluated sites have a warm and humid climate, with a temperature range from 22 °C to 31 °C, with an average of 28.6 °C and altitudes ranging from 220 to 1051 m a.s.l. Annual mean rainfall is 1969.6 mm, allowing the zone to be classified as a tropical humid forest, and an average cocoa production of around 1600 tons per year [10].




2.2. Soil Sample Collection


Ten soil samples of 100 g each were taken from the rhizosphere of the plants at 20 cm of depth, over an area of 1 ha of cultivated land, until collecting 1 kg of soil sample from each farm. Samples were packed and transported to the Soil Laboratory of the Chemistry Department of the Universidad Industrial de Santander, Colombia, where they were analyzed for C, Ca, Mg, K, and P content and pH. Texture was characterized by electrometric methods and through colorimetric and atomic absorption [11,12].




2.3. Fungal Incidence


Fungal incidence was evaluated by analyzing the number of pods affected by the disease. Therefore, incidence was measured as the percentage of diseased fruits (with internal and external symptoms) out of all harvested fruits. The procedure was carried out in the field, by sampling 10% of the total population in 1 ha of cocoa crop. The percentage of incidence was calculated as the percentage ratio between the number of diseased pods (D) and the total number of pods—diseased (D) plus healthy (H) pods—in the sampled population (Equation (1)).


% Incidence=(DD+H)×100%



(1)








2.4. Pod Sample Collection


For the pod collection, 10 pods with FPR and BPR, respectively, from the different available cocoa materials in the plantations (clones and hybrids) were collected. Diseased pods exhibited typical symptoms of each of the above-mentioned diseases. The collected pods were packed in plastic, labeled, and transported in boxes to the laboratory of Nanosost (Nanotechnology and Sustainable Research Group at the Universidad de Pamplona, Pamplona, Colombia) for later analysis [6].




2.5. Fungal Isolation and Cultures


Phytopathogens were obtained from cocoa pods exhibiting the symptoms of each disease. Spores present in the upper and inner pod cortex were directly cultured on petri dishes containing potato dextrose agar modified with cocoa pod cortex extract and chloramphenicol (CEC-PDA) [6]. Isolated colony forming unit were re-cultured until obtaining axenic colonies, which were subsequently characterized.




2.6. Macroscopic Morphology Characterization


Macroscopic morphological characterization was carried out in CEC-PDA taking into consideration aspects such as texture, edge, the presence or absence of rings, and mycelium color, as described in [13] with some modifications. Mycelium color was determined according to the Munsell color chart [14]. The growth rate was assessed by measuring the diameter of the colonies in Moniliophthora and Phytophthora. This was determined with an incubation period of 18 days at 25 °C during which radial growth was monitored every two days by using ImageJ software (National Institutes of Health, Bethesda, Maryland). All assays were conducted in triplicate.




2.7. Microscopic Morphology Characterization


Microscopic morphology characterization was carried out by washing the colonies and staining with lactophenol blue, safranin, and/or lugol. In the case of Phytophthora, the length and width of the sporangia and zoospores were measured by adding sterile distilled water at 4 °C/2 h to separate the sporangium [15]. For Moniliophthora, the length and width of individual spores and chain spores, taking into consideration the presence and/or absence of globose and ellipsoidal spores, were measured. A photographic record was obtained with a Nikon Eclipse 80i phase contrast optical microscope (1000× magnification, Sanitas Ltd.a, Bogota, Colombia) and then analyzed in ImageJ software. At least 15 zoospores and spores were measured per isolated strain.




2.8. Statistical Analysis


Statistical analysis was used to classify the characterization of the fungal samples. Different types of descriptive components were used in these analyses, some univariate and other multivariate. Univariate components considered the prevalence of the pathogenic fungi in the sampled farms, while multivariate components included a series of dichotomous qualitative variables associated with colony color, texture, edge, and the presence or absence of rings. These multivariate analyses were used to classify and to establish evaluation groups using Ward’s grouping method [16].



Spore length and width (µm) were determined using a multivariate analysis applied to the variance of 75 observations generated in the study. For such a purpose, two levels were considered as the factor under analysis, which was carried out under and a completely randomized factorial design. After this, a second multivariate analysis was applied to the variance data, this time segregating not only the type, using five experimental units per isolate. The factorial design remained the same, only changing the number of levels involved. For this analysis, a table of mean values adjusted through least squares was obtained under Wilks’ lambda test. In a similar way, size in terms of average length and width (cm) of each isolate (nine of them correspond to M. roreri, and six to P. palmivora) was determined via multivariate analysis.



Growth rate was assessed by adjusting specific curvilinear regression models to colony length and width data that were collected every two days. The rate of change for each model, which depended on the evaluation day in all cases, was calculated as the first derivative. In each case, both length and width data allowed for grouping the isolates. By equating the estimated curves, it was possible to calculate the point at which a given length or width growth rate overtook a group of isolates of the same pathogen genus. Using all this information obtained from the statistical analysis, it was possible to group the different samples, the statistical prevalence of the pathogenic fungi, and to determine their growth rates, morphological characteristics, and therefore their identification.





3. Results


3.1. Soil Sample Collection


The soil analysis results showed that soil pH values in the towns of Zulia and Bucarasica are slightly acidic, while those of Bochalema and Chinacota tend to be more neutral, as also reported in [17]. As for C content, the samples from the municipality of Zulia showed the lowest counts, while those of Bochalema were the highest. The Ca/Mg ratio oscillated within a 3.2–3.6 range, which is considered acceptable, while the (Ca + Mg)/K ratio, especially in Bochalema soils, was found to be below the acceptable range, with a value of 17.7 (Table 1).




3.2. Pod Sample Collection


Random collected pods with FPR and BPR from the different plantations sites were analyzed to establish the agro-ecological characteristics of the evaluated areas. Incidence of FPR in the four sites ranged from 0.4 to 21.6%, while BPR ranged from 1.8 to 35.6%. The most susceptible biological materials, to both FPR and BPR, were Hybrid_1 and Hybrid_2, followed by clone TSH 565. The lowest incidence percentages were observed in clones CCN 51, ICS 95, and ICM 67 (Figure 1).




3.3. Fungal Isolation and Cultures


For the fungal isolation and cultures, a total of 24 phytopathogens were identified in the studied biological material by their morphological characteristics. Macroscopically, nine of them were characterized as Moniliophthora, and six as Phytophthora, thus coinciding with the results obtained in [13,14,17]. Secondary pathogens like Aspergillus and Fusarium were also commonly found; however, this study focused only on the primary pathogens found (i.e., Moniliophthora and Phytophthora) (Table 2).




3.4. Macroscopic Morphology Characterization


Differences in both morphology and growth characteristics were observed in the isolates of Moniliophthora. The pathogens exhibited a plushy texture with central and/or terminal rings (Figure 2A), as also reported in [13]. Munsell colors are similar to those reported in [18] In turn, Phytophthora exhibited a uniform color in the culture medium, as reported in [19]. In addition, sharp edges with no ring formation were observed (Figure 2B).



Figure 3 shows the growth rate measurements observed every two days over an 18-day period for all Moniliophthora and Phytophthora isolates. When analyzing the results obtained for Moniliophthora spp. isolates, two groups can be clearly distinguished. The first group (i.e., SM001 to SM005) displayed lower growth rates than the second group (i.e., SM006 to SM009). Isolates SM006 to SM009 were observed to be the longest ones, reaching diameters between 4.0 and 4.5 cm after 18 days of incubation. The first group was isolated from pods coming from Hybrid_2, clones ICM 67, CCN51, ICS 95, and TSH 656, while isolates SM0006 to SM009 were all obtained from Hybrid_1.



Phytophthora isolates also formed two groups: SP001 to SP003 and SP004 to SP006. The first one came from clones TSH and Hybrid_1, while the second group came from Hybrid_2. The growth rates of the first group were lower than those of the second group. The two higher growth rates correspond to isolates SP004 and SP005. The total diameter of the area covered by the first group ranged between 2.2 and 3.1 cm, while the second group reached 3.8 to 4.5 cm on Day 18 of the trial.



The average growth rate of Moniliophthora in the first group ranged from 0.3 cm on Day 2 to 3.3 cm in Day 18, while for the second group growth ranged between 0.4 cm on Day 2 and 4.3 cm on Day 18. These results agree with Lozada et al. (2012) [20], who determined a radial growth in PDA agar of 3.7 and 4.5 cm. Both Group 1 and Group 2 increased 10 times in size over the 18 days of incubation. Isolates from Group 2 significantly increased their growth rate after 4 days of incubation; however, isolates of Group 1 required at least 8 days to significantly increase its growth rate.



Phytophthora Group 1 showed an average growth of 0.15 cm on Day 2 and 2.6 cm at the end of the incubation period with an increase of 25 times in its initial size, with the highest growth rate observed on the 8th day. Group 2 presented an initial growth of 0.35 cm with a final diameter of 4 cm, covering almost the entire petri dish. This represented an increase of 10 times its initial size, showing that isolates belonging to this group required only 4 days of incubation, similar to the results reported in [19]. In addition, 24 h photoperiods were necessary to promote the growth of the Phytophthora group. Finally, isolates of Moniliophthora as well as Phytophthora that showed the highest growth rates were isolated from biological material of unknown hybrid parentage.




3.5. Microscopic Morphology Characterization


Microscopically, Moniliophthora showed hyaline, septate hyphae with branched conidiophores from which catenulate, ellipsoid, or circular conidia were obtained, exhibiting basipetal maturation (Figure 4) as also described in [4]. These findings allowed one to determine that the species of Moniliophthora isolated in all cases corresponded to Moniliophthora roreri [13]. Single spores showed an average length/width ratio of 1.0 to 2.3, globose/subglobose being more common than ellipsoidal, which is consistent with a previous report in [19]. Chain spores showed a length/width ratio in the range from 0.72 to 1.04 (Figure 5).



Isolated pathogens revealed a fast growth when favored by the cocoa supplement in the culture medium. This is consistent with a previous report in [21], wherein it was shown that media modified with cocoa favor the growth of Moniliophthora perniciosa. Group 2 underwent less than 48 h growth rates, accelerated from the 4th day of incubation. Morphologically, it was possible to observe that isolates showed no significant differences between them, except for the diversity of colors found in M. roreri mycelium. These results are similar to those reported in [18].



Phytophthora showed thin, non-septated (coenocytic), hyaline mycelium with papillate sporangia containing zoospores (Figure 6), thus coinciding with the results obtained in [14]. The predominant morphology was that of ovoid, papillate sporangia with short pedicels. Sporangia had an average length of 33.46 μm and width of 31.93 μm (Figure 7A), while zoospores showed an average length/width ratio of 2.71 (Figure 7B). These findings indicated that the species of Phytophthora isolated in all cases corresponded to Phytophthora palmivora [22].





4. Discussion


Proper soil composition is required for cocoa crops. A low (Ca + Mg)/K ratio produce immature plants, which facilitates pathogen attack. This was observed in Bochalema soil samples, so the highest incidence of phytopathogenic diseases was also observed in that locality.



Soil texture varied from sandy loam, through sandy-clay to clay-loam. The latter two soil types are very permeable to water, which facilitates the attack of pathogens, especially at the root level. This characteristic condition increased susceptibility to pathogen attack in Chinacota and Bochalema. However, a low incidence of plant pathogens was observed in the municipality of Bucarasica, which may be due to the resistance of the biological material employed there. Clone ICM 67 has shown resistance to attack by pathogens in both root and stem [23].



In the evaluated farms, the crops are established from 220 to 1200 m a.s.l., thus corresponding to physiographic cocoa conditions which are found to be between 30 and 1300 m a.s.l. Incidence and severity of moniliasis decreases above 800 m a.s.l., coinciding with an increasing susceptibility to black pod [24]. This was evident in the farms located in Zulia and Bucarasica, where the incidence of these two diseases was observed to be the lowest. On the contrary, the farms located in Chinacota and Bochalema, above 1000 m a.s.l., showed an increased incidence of black pod, coupled to a decrease of moniliasis.



Cocoa cultivation shows an optimum development at temperatures ranging between 23 and 30 °C, an upper limit that should never exceed [25]. In this regard, all the evaluated farms are within the appropriate range. However, in the towns such as Chinacota and Bochalema, considerable day/night temperature differences were observed (~5–7 °C) compared to others studied localities. This abrupt change in temperature favors the germination of pathogen spores such as Phytophthora palmivora and Moniliopthora roreri, thus supporting the high incidence of these pathogens in two locations. In addition, cocoa crops in this department usually resort to plantain as a natural shadowing system. These, coupled to the annual precipitation range in the studied localities, increases the incidence of diseases caused by phytopathogens. Thus, environmentally speaking, when cocoa is grown under the shade of other trees, carbon sink and biodiversity are both favored. Moreover, there is availability of cocoa varieties yielding up to 1500 kg/ha, which, compared to the 300 kg/ha records of the local varieties, are considerably more efficient because they use the same amount of green water (rainfall) to produce significantly higher yields [11,26].



In situ results determined that hybrid materials were the most pathogen susceptible, together with clone TSH 65, while the most tolerant materials corresponded to clones CCN 51, IMC 67, and ICS 95. The last one has been found to resist aggressive strains of M. roreri [27], while clone IMC 67 is moderately resistant to the frosty pod rot since it is able to reduce the sporulation process of the fungus [7].



Studies published by the Colombian Federation of Cocoa Growers revealed that farmers prefer clones ICS 95 and CCN 51, which yield 1561 and 1532 kg/ha per year, respectively, and exhibit a low incidence of moniliasis [26].




5. Conclusions


The current research determined that cocoa crops in Norte de Santander are affected by both FPR and BPR, the first one being more significant than the latter, especially in the studied municipalities of Bochalema and Chinacota, due to the type of biological material planted. The hybrid materials, together with clone TSH 65, were found to be the most susceptible, while the remaining clones exhibited higher tolerance, especially CCN 51, IMC 67, and ICS 95. Therefore, it is recommended that these resistant materials are spread, especially to those cocoa growers who do not belong to FEDECACAO, in order to avoid the incidence of phytopathogens in the region and increase cocoa productivity. However, for those growers cropping aromatic cocoa clones, which are usually susceptible to different pathogens, cultural practices will be the best option to keep the crops safe.
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Figure 1. Frosty pod rot (FPR) and black pod rot (BPR) incidence in the study area. 
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Figure 2. Macroscopic growth and Munsell Colors of (A) Moniliophthora (SM01-SM009) and (B) Phytophthora (SP001-SM006) in agar. CEC-PDA, cocoa pod cortex extract and chloramphenicol. 






Figure 2. Macroscopic growth and Munsell Colors of (A) Moniliophthora (SM01-SM009) and (B) Phytophthora (SP001-SM006) in agar. CEC-PDA, cocoa pod cortex extract and chloramphenicol.



[image: Agriculture 09 00044 g002]







[image: Agriculture 09 00044 g003 550]





Figure 3. Diameter (cm). (A) Nine isolates of Moniliophthora (B). Six isolates of Phytophthora. 
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Figure 4. Reproductive structures of isolated Moniliophthora roreri (100×). (A) Catenulate spores. (B,C) Basipetally maturing spores. (D) Globose and ellipsoid spores. (E) Hyaline hyphae and ellipsoid spores. 
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Figure 5. Average size of individual and chain spores of Moniliophthora roreri. (A) Spore size and (B) length and width. 
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Figure 6. Reproductive structures of isolated Phytophtora palmivora (40×). (A) Ovoid sporangia. (B) Papillate zoosporangia with short pedicels. (C,D) Zoosporangia containing mobile zoospores. (E) Zoosporangium sprouting from a coenocytic hypha. 
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Figure 7. Average size of (A) sporangia and (B) zoospores of Phytophtora palmivora. 
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Table 1. Physicochemical characteristics of the soils employed for cocoa growing in the study area.
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	Location
	T

(°C)
	RH

(%)
	Altitude

(m a.s.l.)
	pH
	% C
	P (ppm)
	Ca:Mg
	(Ca/Mg) + K
	Texture





	Bochalema
	23.0
	63
	1051
	5.6
	1.8
	49.4
	3.6
	17.7
	Sandy



	Bucarasica
	31.0
	70
	870
	5.1
	2.1
	6.0
	3.6
	27.0
	Sandy-clay



	Chinacota
	22.7
	86
	1200
	5.9
	2.1
	53.8
	3.2
	30.0
	Sandy-loam



	Zulia
	30.0
	66
	220
	5.3
	2.5
	28.0
	3.4
	29.9
	Clay loam







RH, relative humidity; % C, carbon content.
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