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ABSTRACT
Moniliophthora perniciosa (Marasmiaceae) causes witches’ broom, one of the most important fungal diseases of cacao in the Americas. In this study, we evaluated the in vitro characteristics and the population dynamics of the pathogen in the Peruvian Upper Amazon, center of diversity and domestication of the crop. We collected fifty samples from six cacao growing districts: three with more intensive cacao cultivation and closer to urban areas, and three where cacao plots are more dispersed and are managed by people in native communities in remote Amazonian areas. All samples were isolated in pure culture and their macro and micro characteristics were evaluated. Isolates were also molecularly genotyped with an eleven microsatellite-marker. We identified nine morphological patterns of mycelial growth, which were related to the abundance or scarcity of clamp connection-bearing hyphae and culture growth rate, and had no relation with their origin. Conversely, the microsatellite genotyping revealed that the population genetics and dynamics of the pathogen in the region is shaped by the intensity of cacao cultivation. Districts with more intensive cacao plots had a reduced diversity (Shannon index, H = 0.69–1.10) compared to remote districts deeper into the Amazon (H = 1.10–2.30). Additionally, clustering, and minimum spanning network analyses revealed that all genotypes in the districts with more intensive cultivation derived from the genotypes in remote districts, i.e., the pathogen was introduced from areas located deeper into the Amazon. Moniliophthora perniciosa was first observed in the Brazilian Amazon in the 1780’s and it spread to Bahia, the main cacao cultivation region of this country, not before 1989. Our findings reveal a similar pattern in the invasive history of M. perniciosa in Peru.
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1. Introduction
Moniliophthora perniciosa is the causal agent of the witches' broom disease of cacao (Theobroma cacao) (Aime & Phillips-Mora, 2005). It has been reported in South America, part of Central America and some Caribbean islands (Bowers et al., 2001; Díaz-Valderrama et al., 2020). The first observations of M. perniciosa were probably made by Alexandre Rodrígues Ferreira in the 1870s in the state of Amazonas in the Brazilian Amazon (Meinhardt et al., 2008; Silva, 1987). However, it was first described in 1915 as Marasmius perniciosus. It was later transferred to the genus Crinipellis, as C. perniciosa (Singer, 1942), name by which it was known until 2005, when it was transferred to the genus Moniliophthora, as Moniliophthora perniciosa (Aime & Phillips-Mora, 2005).

As cacao cultivated areas expanded, M. perniciosa spread rapidly to various countries in the Americas, causing the loss of thousands of tons of cacao beans (Bowers et al., 2001). It is estimated that M. perniciosa caused losses of 150,000 t in 2001 and 380,000 t in 2012 (Ploetz, 2016). In Brazil, after the introduction of M. perniciosa in the state of Bahia in the late 1980s, Brazilian production fell catastrophically by 70%, going from 378,000 t in 1990 to less than 120,000 t in 1999 (Gray, 2001). Similar losses have been reported in Colombia, Peru, Venezuela, Bolivia, Panama, Guyana, Suriname, Trinidad and Tobago, among others (Bowers et al., 2001; Pérez-Vicente, 2018; Ploetz, 2016).

Theobroma cacao is not the only host of M. perniciosa. It also infects other species and families, which has led to its classification into biotypes (Griffith & Hedger, 1994; Lisboa et al., 2020). The C-biotype parasitizes species of Theobroma and Herrania (Evans, 1977; Meinhardt et al., 2008); the L-biotype, wild lianas, especially Arrabidaea verrucosa (Bignoniaceae) (Evans, 1977; Lisboa et al., 2020); the S-biotype, Solanaceae species (Bastos & Evans, 1985; Lisboa et al., 2020); the B-biotype was reported on a single opportunity parasitizing Bixa Orellana (Bastos & Anderbrhan, 1986); and the H-biotype parasitizes Heteropterys acutifolia and other Malpighiaceae species (Lisboa et al., 2020; Resende et al., 2000). These biotypes differ by their mode of reproduction. The C-, S- and B-biotypes have been described as primarily homothallic, i.e., their monokaryotic hyphae do not need of different and compatible hyphae to undergo sexual reproduction; while the L-biotype is primarily heterothallic, i.e., relies of outcrossing for sexual reproduction (Griffith & Hedger, 1994).

Morphologically and molecularly, various studies have demonstrated the existence of genetic diversity in M. perniciosa. A recent study reported the existence of a high degree of genetic diversity in sixty-three isolates of the C-biotype using Amplified Inter-Retrotransposon Polymorphism (IRAP) and Amplified Microsatellite Retrotransposon Polymorphism (REMAP) markers (Maridueña-Zavala et al., 2019). Another similar study carried out in Brazil reported the presence of genetic diversity between and within biotypes in 131 isolates, based on the analysis of 14 microsatellite or Simple Sequence Repeat (SSR) markers (Artero et al., 2017). Various other studies also highlight the genetic diversity among M. perniciosa isolates (Maricília. De Arruda et al., 2003; Gramacho et al., 2007; Rincones et al., 2006; J. Silva et al., 2008). 
Peru is the eighth largest producer of cacao, and one of the main producers of fine flavored cacao in the world, yet it is severely affected by M. perniciosa (MIDAGRI, 2020). However, there have not been conclusive studies about the morphological or molecular characterization of M. perniciosa in Peru. In this context, this study aimed to determine the morphological and genetic diversity of M. perniciosa in this cacao agroecosystem of the Bagua province, Amazonas department, by collecting samples from accessible districts where cacao is intensively cultivated, and from remote districts, deep into the Amazon, where cacao is cultivated more dispersedly. In these districts, we also estimated incidence of the disease to contrast it with historical records of temperature and humidity to provide recommendations to farmers.
2. Methods  
2.1 Sampling and calculation of incidence
Sampling of M. perniciosa was carried out in 44 cacao Productive Units (PUs), in the six districts of Bagua province, in Amazonas department: 33 PUs were located in Imaza; 4 in Aramango; 4 in La Peca; 4 in Copallín; 1 in El Parco; and 1 in the Bagua district (Figure 1; Appendix A). The sampling was probabilistic and was determined by the method of proportions (Scheaffer et al., 2006), based on a total population of 6,505 cacao PUs throughout the entire province (INEI, 2012). Cacao tissue samples with symptoms of M. perniciosa infection were collected in all the PUs in paper envelopes and transported carefully in coolers to the laboratory for processing.
To calculate incidence, twenty random cacao trees were evaluated in each of the forty-four production units evaluated, by using the zigzag method (Murrieta & Palma, 2018). In each tree, the presence or absence of any of the characteristic symptoms produced by the infection of M. perniciosa (hypertrophy in shoots, young stems, and young fruits; floral cushions with peduncles and thickened flowers; necrotic witches' brooms; and fruiting bodies of the fungus) was carefully recorded.
2.2 Macro and micro morphological characterization
Isolation. – Segments of 3-5 cm of the collected tissues were disinfected with 3% sodium hypochlorite for 5 minutes, followed by three 3-min rinses each in sterile distilled water. The disinfected material was submerged in 96° alcohol for 1 second and very carefully flamed for about 2 seconds. The segments were sectioned into smaller fragments (0.4-0.6 cm) and placed onto Petri dishes containing PDA medium with chloramphenicol (0.02 g / 0.4 ml of 96° alcohol to 15.6 g of PDA dissolved in 400 ml of water). Finally, the plates were incubated at 27 °C in the dark. After 6 days, discs at the edges of the colonies with white mycelium emerged from the seeded tissues, were transferred to new culture plates, and kept active in dark conditions at 27°C.
Macro and micro morphological characterization. – Isolates were incubated for 25 days at 27°C and photographed. The color, shape, edge and mycelial appearance of the colony from both sides of petri plates (front and reverse view) were described (Pacasa-Quisbert et al., 2017). Additionally, the microculture technique was used to observe presence of microstructures such as clamp connections (Hernandez & Monter, 2013). PDA discs (0.7 cm in diameter) were placed at the ends of microscope mounting slides arranged on two glass rods placed in a "V" shape inside Petri dishes with moistened filter paper. The PDA discs were inoculated with small fragments of mycelium and covered with a cover slips. The plates were incubated at 27 °C, and ten days later, when the mycelium grew attached to the upper and lower face of the slides and coverslips, these were mounted for microscope observation.
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Figure 1
Geographic distribution of the production units where Moniliophthora perniciosa was sampled in this study.
2.3 Molecular characterization
DNA extraction and quantification. – DNA was extracted from 15–20-day old mycelia, grown on PDA at 27°C in dark conditions. The mycelium was scraped and homogenized, for DNA extraction using the Wizard® Genomic DNA (Promega) following the manufacturer's instructions. 
Molecular markers and PCR. - Eleven SSR markers were amplified. In addition to the 44 samples morphologically analyzed in vitro, six more isolates of M. perniciosa were added to this analysis: MEB 51 (from La Peca); MEB45, MEB55 and MEB57 (Condorcanqui); MEB50 and MEB53 (Utcubamba). Loci MsCepec_14, MsCepec_15, MsCepec_16, MsCepec_19, and MsCepec_45, (Gramacho et al., 2007); and mMpCena4, mMpCena8, mMpCena11, mMpCena12, mMpCena19 and mMpCena26 (Silva et al., 2008) were used. The forward primers were modified as proposed by Schuelke (2000). PCR protocols and fragment analyses was the same as previous studies (Díaz-Valderrama & Aime, 2016; Díaz-Valderrama et al., 2022).
Genetic diversity. - The analysis of genetic diversity was performed with the R package poppr v.2.9.3, (Kamvar et al., 2014, 2015). Allelic diversity was determined using Nei's heterozygosity index (Hexp) (Nei, 1978), and genotypic diversity, using the Shannon-Wiener (H) index (Shannon, 1948). Finally, linkage disequilibrium was estimated via the standardized index of association (𝑟𝑑) (Agapow & Burt, 2001). Isolates from Bagua, El Parco and Utcubamba were grouped for these analyses because of their low sample number. Diversity analyses were carried out with clone correction (Smith et al., 1993), a method that removes clone data, keeping a single multi locus genotype (MLG) per population. Additionally, a minimum spanning network analysis was conducted on the SSR dataset without clone correction.

3. Results  

3.1 Incidence
Witches’ broom disease was present in 100% of the PUs evaluated.  However, incidence levels were highly variable at the district level (Table 1). Aramango presented the highest incidence rate with 97.5%, followed by Copallín (80.0%), Imaza (74.3%), La Peca (72.5%), Bagua (30.0%), and Parco (10.0%).
Table 1. 
Weather conditions and incidence of Moniliophthora perniciosa found in all districts of the Bagua province

	District
	Location
	Humidity a
	Precipitation (mm/year) a
	Annual T° a
	Incidence

	Aramango
	Remote
	Very humid
	1748.7
	24.3°C
	97.5%

	Imaza
	Remote
	Very humid
	3013.3
	24.7°C
	74.3%

	La Peca
	Not remote
	Very humid
	1748.7
	24.3°C
	72.5%

	Copallín
	Not remote
	Very humid
	1748.7
	24.3°C
	80.0%

	Bagua
	Not remote
	Dry
	673.5
	26.3°C
	30.0%

	El Parco
	Not remote
	Dry
	673.5
	26.3°C
	10.0%


a Data obtained from Vargas (2010). 
3.2 Morphological characterization
Macromorphological characteristics of the front and back of isolates at 25 days of growth were highly variable. The color, border, and texture marked the differences and similarities between isolates, which allowed the formation of nine groups among the 44 isolates evaluated (Figure 2). Micro morphologically, the presence of clamp connections in groups 1–3 was extremely scarce, while in groups 4–9 they were much more abundant. Additionally, in the first three groups, the mycelium was uniform, abundant, and much faster growing, while in the remaining 6 groups, the mycelium was dispersed and much slower growing. Remarkably, The MEB12 isolate on the back presented intense lilac coloration in the center, followed by orange and yellowish white.
3.3 Molecular characterization and genetic diversity

The analysis of the eleven SSR molecular markers showed the existence of allelic polymorphism. Six loci (MsCepec_15, MsCepec_19, MsCepec_45, mMpCena4, mMpCena8, mMpCena19, and MsCepec_14) were polymorphic, four loci (MsCepec_16, mMpCena11, mMpCena12, mMpCena26) were monomorphic. In total, nineteen MLGs were identified. At the population level, the isolates from Aramango presented four MLGs; those from Imaza, ten; those from Copallín, two; those from La Peca, three; those from Condorcanqui, three; and the isolates from the districts of Bagua, El Parco and Utcubamba, three (one in each).
The analysis of diversity showed a total value of Hexp equal to 0.22, and at the population level the highest value was obtained by Condorcanqui (0.25), followed by Imaza (0.23); Copallin obtained the lowest value (0.06). The Shannon-Weiner (H) index was 2.84 for the total isolates, and at the population level Imaza (2.30) and Aramango (1.39) obtained the highest values. La Peca, Condorcanqui, and the isolates grouped in the population of Bagua, El Parco and Utcubamba had an H index value of 1.1 (Table 2). However, due to the allelic diversity observed through Hexp, Condorcanqui and Imaza were the populations with the greatest diversity, followed by La Peca and the districts grouped in the population of Bagua, El Parco and Utcubamba. Copallín obtained the lowest diversity index in the three diversity indices evaluated (Table 2).
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Figure 2
The nine colony groups (morphologies) of Moniliophthora perniciosa at 25 days of age found in this study. To the right, the front view of petri plate; To the left, the reverse view.

The minimum spanning network of MLGs without clone correction showed that twelve isolates had unique MLGs, and the remaining thirty-eight isolates shared seven MLGs. Most MLGs were unique for each population, except for four that were shared by isolates from different districts: MLG.10 with 6 isolates, MLG.13 with 18 isolates, MLG.14 with 3 isolates; and MLG.18, with 2 isolates (Figure 4). Imaza isolates spread throughout the network, although more than 50% of isolates from this district had MLG.13 at the center of the network, with one isolate from Aramango and another one from Utcubamba (Figure 4). Isolates from Aramango and Condorcanqui also presented a good distribution throughout the network. The isolates from Copallín, La Peca, and the isolates grouped in the population of Bagua, Parco and Utcubamba presented the lowest distribution, with only six MLGs (Figure 3). The analysis of linkage disequilibrium showed an 𝑟𝑑 value of 0.0124, which was non-significant (p = 0.259), indicating linkage equilibrium, i.e., the occurrence of genetic recombination through outcrossing.
Table 2. 
Diversity analysis of Moniliophthora perniciosa from remote and not remote areas in Amazonas, Peru.

	Location
	Population
	N
	MLG
	Hexp
	H

	Remote
	Condorcanqui
	3
	3
	0.25
	1.1

	Remote
	Imaza
	30
	10
	0.23
	2.3

	Remote
	Aramango
	4
	4
	0.18
	1.39

	Not remote
	Copallin
	4
	2
	0.06
	0.69

	Not remote
	Bagua – El Parco – Utcubamba
	4
	3
	0.17
	1.1

	Not remote
	La Peca
	5
	3
	0.19
	1.1

	Total
	50
	19
	0.22
	2.84


N= number of samples; MLG= multi locus genotype; Hexp= Nei index; H=Shannon-Wiener index
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Figure 3.
Minimum spanning network analysis based on allelic dissimilarity distance. Each node represents a multilocus genotype (MLG). The node size responds to the number of MLGs.

4. Discussion
Witches’ broom disease of cacao has an incidence above 70% in districts with high levels of precipitation and humidity. All districts in areas of difficult access (Aramango and Imaza) have this problem. In these districts, most farmers belong to native communities, and are more economically affected by the disease. During sampling, we observed they often do not apply adequate cultural practice, which worsens the situation. Temperature does not seem a factor that influences the incidence of witches’ broom disease.
Moniliophthora perniciosa has been previously studied in on PDA, finding homogeneous and heterogeneous characteristics regarding the growth and morphology of isolates of various biotypes (Maridueña-Zavala et al., 2019; Meinhardt et al., 2006). In this study we found that C-biotype isolates of M. perniciosa from Amazonas, Peru, had a wide range of morphological and genetic diversity. Morphology evaluations showed highly variable colony aspects. From the upper-side view, the mycelium was mostly white except for some with a tendency to cream, and the MEB12 isolate with a purple and garnet coloration. White, cream, and reddish-purple colors are frequent colors of M. perniciosa colonies in vitro (Purdy & Schmidt, 1996). Isolates with a saturated, smooth and/or cottony mycelial appearance with defined colony edges were fast growing (groups 1–3), while isolates with a dispersed, velvety, rhizoidal mycelial appearance with irregular colony edges were slow growing (groups 4–9). Similar results were also reported by Maridueña-Zavala et al. (2019), who described isolates grown on PDA with white mycelia, and some with shades between reddish and purple. Evans (1980) reported white-colored and cottony-appearance mycelia in fast-growing isolates, while opaque white to gray colors were present in isolates with rhizoidal growth (slower growth), turning yellow and brown as getting older. The color of the reverse-view of the colonies has only been documented by (Evans, 1980), who reported a gray-brown color on the reverse of some isolates, which differs from the yellow-orange color observed on the back of most isolates. 

We found nineteen MLGs, which mostly were composed of up to three isolates from one or more populations. In some cases, MLGs were found in isolates with the same origin, as in the populations of Imaza and Copallín, where more than 50% samples of each district were part of MLG.13 and MLG.10, respectively (Figure 4). Similarly, same MLGs in samples with the same origin had already been observed in isolates of the C- and other biotypes (Artero et al., 2017). Overall, Aramango, Imaza and Condorcanqui, i.e., districts in remote areas with difficult access, which are mostly only reachable via fluvial routes, showed the highest diversity values. On the other hand, Copallin, and other district in non-remote areas of the Bagua province, where cacao is cultivated intensively, showed the lowest genotypic diversity index. Additionally, Aramango and Condorcanqui were the only populations whose isolates were distributed in different MLGs, and, together with Imaza, were the three populations that showed the widest distribution in the minimum spanning network. All this evidence suggests that M. perniciosa moved from these remote Amazonian areas towards the more accessible and more intensely cacao cultivating districts of Bagua. A similar pattern of dissemination was observed in Brazil. The arrival of M. perniciosa in the region with the highest cacao production, i.e., Bahía, at the end of the 80's, has been documented as an introduction of the pathogen from Amazonian areas (Andebrhan et al., 1999; De Arruda, Miller, et al., 2003), attributed to an anthropogenic act of agroterrorism (Caldas & Perz, 2013).  Additionally, it has been shown that cacao-growing areas where there are large areas of productive units dedicated to commercial cultivation present low genetic variability in M. perniciosa (Artero et al., 2017; Maricília. De Arruda et al., 2003). This matches to what was observed in the network and the low genetic diversity indices observed in the populations of Bagua, La Peca, Copallín, El Parco, and Utcubamba.

Finally, one of the most outstanding characteristics of the C-biotype, related to its low diversity, is its homothallic sexual reproduction strategy (Griffith & Hedger, 1994). However, in this study the occurrence of genetic recombination at the field level through crossed sexual reproduction is reported for the first time. This mode of reproduction had only been described for L-biotype of M. perniciosa, (Griffith & Hedger, 1994). This is the first study to report a heterothallic mode of reproduction at the field level for M. perniciosa.
5. Recommendations

· Farmers should apply adequate cultural practices such us pruning, disease surveillance and removal of symptomatic tissues, especially in districts with high levels of humidity and precipitation.
· Farmers, extensionists and researchers must transport cacao materials for propagation cautiously, as these may be infected by the witches’ broom disease. This probably was the reason the fungus spread from remote areas in the Amazon into areas of easier access in Amazonas, Peru. 
· Cacao breeding efforts must consider the genetic diversity of M. perniciosa, as we found it is not only morphologically and genetically diverse, but reproduces sexually via outcrossing, which may easily overcome the resistance some accessions or cultivars may have.
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Appendix 
Appendix A.  Sample information

	District
	Sector
	Latitude (°)
	Longitude (°)
	Plant tissue used in insulation
	Code

	Aramango
	Vista Alegre
	-5.35513
	-78.43084
	Vegetative green broom
	MEB1

	
	Miraná
	-5.33230
	-78.42488
	Vegetative green broom
	MEB2

	
	N. C.  Tutumberos
	-5.33471
	-78.45115
	Vegetative green broom
	MEB3

	
	La Libertad
	-5.44330
	-78.48550
	Vegetative green broom
	MEB34

	Imaza
	N. C.  Chipe
	-4.78594
	-78.28101
	Vegetative green broom
	MEB4

	
	N. C.  Tupac Amaru II
	-4.86877
	-78.19133
	Vegetative green broom
	MEB5

	
	N. C.  Zuwa
	-4.88533
	-78.30388
	Necrotic broom
	MEB6

	
	N. C.  Shushuí
	-4.91507
	-78.32422
	Vegetative green broom
	MEB7

	
	N. C.  Pumpú
	-4.93498
	-78.33769
	Necrotic broom
	MEB8

	
	N. C.  Sasa
	-5.00696
	-78.33068
	Vegetative green broom
	MEB9

	
	N. C.  Yamayakat
	-5.05229
	-78.33709
	Vegetative green broom
	MEB10

	
	N. C.  Yupicusa
	-5.18998
	-78.38204
	Vegetative green broom
	MEB11

	
	N. C.  Tsamarem
	-5.18225
	-78.37910
	Vegetative green broom
	MEB12

	
	N. C.  San Ramón
	-5.16732
	-78.36656
	Necrotic broom
	MEB13

	
	N. C.  San Rafael
	-5.15436
	-78.34487
	Vegetative green broom
	MEB14

	
	N. C.  Puerto Samaren
	-5.10515
	-78.36445
	Vegetative green broom
	MEB15

	
	Estación Seis
	-5.03578
	-78.25872
	Vegetative green broom
	MEB16

	
	Nuevo Chota
	-5.07129
	-78.30230
	Green fruit broom
	MEB17

	
	Nuevo Huancabamba
	-4.88708
	-78.20707
	Vegetative green broom
	MEB18

	
	Nueva Alianza
	-4.91465
	-78.20224
	Vegetative green broom
	MEB19

	
	Aguas Turbias
	-4.96990
	-78.22210
	Vegetative green broom
	MEB20

	
	Mesones Muro
	-5.06884
	-78.32129
	Vegetative green broom
	MEB21

	
	N. C.  Teesh
	-5.23415
	-78.24836
	Vegetative green broom
	MEB22

	
	N. C.  Nayumpin
	-5.22251
	-78.25305
	Vegetative green broom
	MEB23

	
	N. C.  Pacui
	-5.20412
	-78.27995
	Vegetative green broom
	MEB24

	
	Durand
	-5.23841
	-78.36301
	Necrotic broom
	MEB25

	
	Shushunga
	-5.20901
	-78.32861
	Green fruit broom
	MEB26

	
	N. C.  Nasareth
	-5.13858
	-78.31696
	Vegetative green broom
	MEB27

	
	Chiriaco
	-5.15554
	-78.29013
	Necrotic broom
	MEB28

	
	Inayo
	-5.19024
	-78.28996
	Green fruit broom
	MEB29

	
	Nuevo Horizonte
	-5.08823
	-78.34078
	Green fruit broom
	MEB30

	
	N. C.  Wawin
	-5.14341
	-78.23509
	Vegetative green broom
	MEB31

	
	N. C.  Wan Entsa
	-5.14894
	-78.25527
	Vegetative green broom
	MEB32

	
	N. C.  Wachapea
	-5.14626
	-78.27432
	Vegetative green broom
	MEB33

	Copallín
	Lluhuana
	-5.68025
	-78.40404
	Vegetative green broom
	MEB35

	
	Pan de Azucar
	-5.66687
	-78.40061
	Vegetative green broom
	MEB36

	
	La Palma
	-5.65287
	-78.38903
	Vegetative green broom
	MEB37

	
	Lluhuana
	-5.67009
	-78.39742
	Necrotic broom
	MEB52*

	Bagua
	Alenya
	-5.67240
	-78.47741
	Green fruit broom
	MEB39

	La Peca
	Chonza Alta
	-5.62281
	-78.40519
	Vegetative green broom
	MEB40

	
	Humbate
	-5.62088
	-78.41588
	Vegetative green broom
	MEB41

	
	Nueva Florida
	-5.60303
	-78.44024
	Green fruit broom
	MEB42

	
	San Francisco
	-5.62045
	-78.44945
	Vegetative green broom
	MEB43

	El Parco
	El Parco
	-5.62464
	-78.47955
	Vegetative green broom
	MEB44


PU = Productive Unit.

N. C. = Native Community.

(*) Isolate included in the study, because it was not possible to isolate M. perniciosa from the tissues collected in the UP of the Palo Grande sector, in Copallín.

