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Abstract

:

Due to the high market value of cashew nut, cashew became a significantly important cash crop in many countries. Originating from Brazil, the plant was introduced into Africa, India, and Southeast Asia and is nowadays found across most of the tropical regions. However, the diseases that threaten and compromise crop production have not yet been comprehensively documented. The aim of this study was to examine the published scientific data on cashew diseases, to identify current knowledge gaps, and to present a review of the most important diseases and pathogens affecting cashew productivity. The most described diseases are caused by fungi genera—mainly Colletotrichum, Lasiodiplodia, and Erysiphe (worldwide); Cryptosporiopsis (East Africa); and recently Fusarium in Tanzania. Other fungal genera (e.g., Septoria, Pilgeriella, and Pestalotia) may correspond to emerging local cashew diseases that have not yet expanded to other geographic regions or for which records are lacking. Gummosis (Lasiodiplodia spp.), which is considered the most prevalent and damaging disease of cashew, has a pantropical distribution. There is large discrepancy concerning the causal agents of cashew diseases that might be explained by the lack of proper species identification through morpho-cultural and molecular approaches. This, in turn, can easily lead to misdiagnoses that have serious negative consequences for the implementation of specific control actions. It is important to establish a standardized identification workflow that will allow a reliable identification of the disease-causing agent and to determine the occurrence and/or expansion of a given pathogen across cashew-producing regions.
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1. Introduction


Cashew (Anacardium occidentale L.) is a tropical evergreen tree native to Brazil [1]. It belongs to the Anacardiaceae family along with other important fruit species such as mango and pistachio [2]. Over the last three decades, cashew has gained significant economic importance as a cash crop in many countries due to the high market value of cashew nut [3,4], which represents significant revenues as a major export product. The cashew nut offers a good and healthy source of high contents of unsaturated fatty acids, proteins, dietary fiber, antioxidant vitamins, and flavonoids [5] and is widely used in the food industry.



Worldwide expansion was initiated by the Portuguese in the 16th century, introducing the plant from Brazil into the African continent and from there into India and Southeast Asia [6]. Nowadays, cashew is distributed over most of the tropical regions; the three top cashew nut (shelled) exporters are Vietnam, India, and Brazil [7]. The growing interest in this crop is illustrated by the increasing trend in cashew nut production over the last decades, presently reaching a world production of around 4.2 billion tons, which corresponds to USD 2.5 billion [7]. To meet the global market demand, cashew has been produced under an extensive regime, increasingly occupying more land but not achieving higher productivity, especially in West African countries, which account for 50% of the world’s production. In these countries, cashew represents both a significant contribution to the gross domestic product and exports and an essential source of income for smallholder farmers; these make up most of the cashew producers in African countries such as Guinea-Bissau [8], Nigeria, and Mozambique [9].



Cashew is well adapted to seasonally wet and dry tropical climates and is able to grow in well-drained light textured soils with minimal inputs [10]. This tolerance of cashew trees to drought and poor soils, as well as the possibility of being intercropped with other cultures, has made their cultivation ideal for small farmers [11]. However, cashew is affected by several diseases that constrain production, representing a major threat to the economy and food safety of cashew-producing countries. Cashew orchards are typically established as a monocropping system, which favors the dissemination of diseases because monocultures tend to have a lower genetic variability that can compromise plant defense responses; in addition, the frequently close spacing between trees favors disease dissemination [8]. Fungal diseases in cashew trees are very diverse and affect all parts of the plant; these have caused significant losses mainly due to damages in the young tissues, which can lead to flower loss and death of nuts, compromising yield and nut quality [12,13,14]. For instance, in Nigeria, infestation with gummosis (Lasiodiplodia spp.) resulted in a 40–50% yield loss; recent outbreaks of Fusarium oxysporum in Tanzania had devastating consequences and killed the trees within a short period of time [15].



Despite the economic importance of cashew, data on the diseases that threaten and compromise crop production are scarce and have not yet been properly documented and made available. The aim of this study was to systematically review the available scientific data on cashew diseases, to identify current gaps in the literature, and to reveal the most important diseases and causal pathogens that affect its productivity by linking their distribution with that of cashew-producing regions across the world. Information on the status of cashew diseases is vital for the stakeholders to improve the cashew value chain and constitutes a baseline for the design of efficient strategies to control the spread of disease.




2. Materials and Methods


2.1. Literature Search and Dataset Construction


This systematic review was performed according to the PRISMA guidelines [16,17]. We searched three electronic databases: PubMed, Web of Science (WoS) and Google Scholar. The search was conducted on 15 April 2022 using the following set of keywords: (1) cashew AND disease; (2) cashew AND diseases* AND (bacteria* OR fungi*); and (3) first report cashew (Table S1). Database searches were restricted to titles and abstracts.



Records from the three databases were assembled, resulting in 538 references. Their titles and abstracts were submitted to a manual curation with the aim of selecting only original research studies published in scientific journals available in English and reporting data on cashew diseases. Duplicated articles between databases were removed. A first exclusion criterion was applied to articles that reported data not directly related to cashew diseases (e.g., records on human diseases caused by cashew, biotechnological applications of cashew byproducts; reports on technical aspects of cashew culture, etc.). A second criterion excluded grey literature such as conference papers, proceedings, theses, and technical reports, as well as records without abstracts and those only found in the form of a citation, since these items are usually not subjected to peer review.



To add relevant reports that escaped the initial search (additional records identified through other sources), the abstract and full text of the remaining records were examined to identify the most representative cashew pathogenic genera reported and a more specific search was conducted in the same databases (accessed at 10 June 2022) using the keywords “cashew AND Colletotrichum OR Oidium OR Lasiodiplodia” (the most representative microorganism genera in the literature with more than 10 articles) (Table S1). In addition, the references from the selected articles were scanned for potential studies that might not have been indexed in the three databases used for the literature search. Records addressing cashew pests were excluded (third exclusion criterion). Records written in languages other than English were only kept if the abstract was in English. The PRISMA flow diagram shows the number of records in each step of the selection process (Figure 1).




2.2. Data Extraction and Analysis


The abstract and/or full text of the final records (see summarized information in Tables S2 and S3) were reviewed to extract the relevant data regarding the following aspects:



Database—database from which the article was retrieved (PubMed, WoS, or Google Scholar).



Year—year of article publication.



Country—country where data reported in each article were collected.



Microorganism group—main group of microorganisms (bacteria/fungi) to which the reported cashew pathogen(s) belong(s).



Microorganism genus—bacterial/fungal genera to which the reported cashew pathogen(s) belong(s).



Microorganism species—bacterial/fungal species to which the reported cashew pathogen(s) belong(s).



Plant tissue—Part of the cashew plant reported to be affected by the pathogen(s); the plant parts considered were: nut, apple, inflorescence, leaves, stem, trunk, and roots.



Disease-identification method—means by which the pathogen causing disease on cashew was identified; the methods considered were: disease symptoms (include the description of affected plant organs and changes in plant growth or appearance observed in field surveys), morpho-cultural characteristics (including assessments comprising shape, size, color of fungal colony, and mycelial growth rate for pathogen identification), and molecular analysis (identification of the pathogen using markers described for species-level identification).



Disease incidence/severity—disease incidence or disease severity index.



Pathogenicity tests—studies that performed pathogenicity tests (inoculation of pathogen pure isolates on cashew plants, observation of symptom development, and re-isolation of the pathogen from symptoms).



First report—first reports of cashew diseases.



The taxonomy of the microorganisms (genus and species) cited in each report were checked and updated using the NCBI taxonomy browser (https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi (accessed on12 May 2022) and the GBIF Tools catalogue (https://www.gbif.org/resource/search?contentType=tool (accessed on 12 May 2022). The extracted data were qualitatively analyzed to describe the status of the current scientific knowledge on cashew diseases, including the evolution of scientific research on the subject, identification of the major taxonomic groups of pathogenic microorganisms affecting cashew culture, identification of the major cashew disease geographic hotspots and their associated pathogens, identification of the plant parts affected by those pathogens, assessment of the use of molecular methods to identify pathogens in cashew against traditional methods relying on observed symptoms and on morphological and cultural characteristics, and evaluation of the incidence of the most important cashew pathogens, among others.



Chord diagrams showing the relations between the genera and factors such as the countries where the studies were performed and the plant parts affected were performed in R v. 4.0.5 [18] using the package “circlize” v. 0.4.14 and the function “chordDiagram”. The QGIS software [19] was applied to analyze the location of studies worldwide and to build their distribution map.





3. Results and Discussion


3.1. Dataset and General Results


3.1.1. Available Studies


A total of 538 records (raw data available at Figshare [20]) were retrieved from the three freely available electronic databases used in the present search—PubMed, WoS, and Google Scholar (Figure 1). After removing all the records that did not meet the established criteria (see Section 2.1), 106 records were used for further analysis. A set of 16 records was added that corresponded to studies that addressed the most important fungal genera found to cause disease in cashew (Lasiodiplodia, Erysiphe, and Colletotrichum). The 122 records were then screened to exclude studies on insect pests, non-English-written studies, and review articles. Finally, a total of 94 records fitting all our inclusion criteria were used as sources of the data for the present review.



A Venn diagram (Figure S1) showed that Google Scholar was the main source of records, followed by WoS. A high overlap of the records obtained from PubMed and the other databases was detected, with no unique records retrieved from PubMed.



According to the year of publication (Figure 2), publications on cashew diseases were only available starting in 1974, with few articles published in the 1990s and an increasing trend detected only from 2010 onwards. However, the number of publications rarely exceeded more than 10 articles per year. Considering the great importance of cashew as a commercial crop among several tropical regions, along with the general perception by cashew farmers that diseases affect its productivity and the scientific advances in pathogen identification, the number of publications is expected to increase in the future.




3.1.2. Pathogens Affecting Cashew


Among the pathogens found associated with cashew diseases, fungi were by far the most reported ones, being represented in a substantially higher number of studies (90) than bacteria (9).



Twenty-two different fungal genera were identified as associated with cashew diseases (Figure 3), whereas bacteria were represented by two genera only: Xanthomonas (6%) and Candidatus (2%). The most representative pathogenic fungal genera, recorded in 20 articles or more, were Lasiodiplodia (27%), Erysiphe (23%), and Colletotrichum (22%), followed by Cryptosporiopsis and Fusarium in eight articles (8.5%). In these, Lasiodiplodia was the most investigated fungal genus, accounting for 22% of the total fungal species recorded, with L. theobromae being the main Lasiodiplodia species referred in the literature as being pathogenic to cashew. The genus Erysiphe includes two species (E. quercicola and E. necator), the first of which was reported in most studies screened as the former species Oidium anacardii, which was recently reclassified as Erysiphe quercicola (Cardoso et al., 2017). Colletotrichum gloeosporioides was the most frequently recorded species from the genus Colletotrichum, but C. chrysophilum was also identified as pathogenic to cashew.



Regarding pathogen identification, nearly half of the studies (48%) only relied on the observation of plant symptoms in the field (Table S2) in response to pathogenic fungi, including dieback, flagging, wilting, chlorosis, and trunk cankers. Complementary methods such as morphological and cultural evaluation (e.g., assessment of shape, size, color of fungal colony, and mycelial growth rate) or molecular analysis (e.g., usage of molecular markers to achieve species identification using molecular biology techniques) of the pathogenic organisms isolated from symptoms were only found in 43% and 31% of the studies, respectively. These two methods have been used more recently, mainly since 2007, particularly in records addressing first reports of cashew diseases.




3.1.3. World Distribution of Cashew Diseases


Regarding the worldwide distribution of cashew diseases, Brazil and Tanzania were the top countries, accounting for about 60% of the studies that focused on the five major pathogenic fungal genera (Figure 4).



The analysis of the available information showed that the genera Lasiodiplodia and Colletotrichum were the cashew pathogens with the widest global distribution, having been reported in all cashew-producing regions of America, Africa, and Asia. Cryptosporiopsis seemed to be a fungal genus found exclusively in Africa because it only was reported in Tanzania, whereas Lasiodiplodia appeared to be missing from this region or simply no studies were found under the criteria used in the present analysis. Tanzania was also the most reported country for Fusarium and Erysiphe. However, these genera are present in other continents; i.e., Fusarium was reported in Indonesia (Asia) and Erysiphe in Brazil (America).



In Brazil, the country of origin of cashew, the most important pathogenic genera are Lasiodiplodia and Colletotrichum (Figure 5), while in eastern Africa, most of the studies that addressed pathogenic fungi infecting cashew referred to the genus Oidium, which currently belongs to Erysiphe and was recently reported in Brazil. In contrast, Lasiodiplodia was the genus reported in more countries. Benin, Mexico, South Africa, and Kenya were only reported in one study for only one genus.




3.1.4. Plant Tissues and Incidence of Cashew Diseases


Information describing plant tissues affected by each pathogen were extracted from records addressing the most important fungal genera (with more than five records) (Figure S2). The chord diagram presents the relation between the genera and the plant tissues affected.



Most of such fungi infect the aerial parts of cashew tree; only Fusarium is reported to attack the roots. Lasiodiplodia and Colletotrichum infect all the aerial parts of cashew, including both the vegetative tissues (such as leaves, trunk, and stems) and the reproductive structures (such as inflorescences, apples (false fruits), and nuts (fruits)). The leaves and nuts are the most susceptible plant parts and are attacked by all the pathogenic fungal genera.



The selected studies were examined to identify those that reported field surveys measuring disease incidence/severity with the aim of identifying the most damaging pathogens affecting cashew culture. The only index calculated in the same way by several studies was the disease incidence, which was measured as the proportion (%) obtained by dividing the number of diseased plants by the total number of plants evaluated. This was recorded in a total of five studies that evaluated adult plants in cashew orchards. According to the literature, infection of cashew trees with Lasiodiplodia theobromae resulted in a mean disease incidence of 91% while incidence related to Colletotrichum gloeosporioides was 33%.





3.2. Major Cashew Diseases


Lasiodiplodia, Erysiphe, Colletotrichum, Fusarium, and Cryptosporiopsis were identified as the most representative pathogenic fungal genera, accounting for most of the records found (84 records; 89%). Although more than 10 fungal diseases are known to affect cashew, the present overview of the current knowledge published by the scientific community allowed us to assess which diseases are the major constraints to cashew worldwide and where they have been reported so far.



3.2.1. Gummosis and Dieback


Lasiodiplodia (Botryosphaeriaceae), which was the most frequently reported fungal genus in our study (25 records), is widespread across major cashew-producing regions, from its native country (Brazil) to West African countries and India. Most reports highlighted L. theobromae as the causal agent of cashew gummosis and dieback [21] except in Brazil and Guinea-Bissau, where different Lasiodiplodia species were ascribed to this disease [22,23,24]. Lasiodiplodia spp. are cosmopolitan pathogens that affect a wide range of crop hosts, including cashew [25], and cause gummosis and dieback. Cashew gummosis caused by L. theobromae was first reported in 1990 [26] and soon became one of the most important diseases in semi-arid northeastern Brazil [27]. It is characterized by symptoms such as branch dieback, stem cankers, gum exudation, necrotic lesions, seed and fruit decay, and foliage yellowing, and ultimately leads to plant death [28,29,30,31,32]. The identification of L. theobromae as the causal agent of both gummosis and dieback has relied mostly on plant symptoms and morphological characteristics of asexual reproductive structures (such as the size of conidia and pycnidia, as well as the growth rate and production of pigments in culture media) (Table S2). However, given that species boundaries are still unsettled in most fungal genera, pathogen identification solely based on morphological/cultural characteristics might be deceiving. In fact, molecular phylogenies using multilocus data provided evidence that L. theobromae should be considered a species complex [33,34,35]; since then, accurate identification methods using phylogenetic data together with morpho-cultural characteristics have identified more than 25 new species of Lasiodiplodia, which was previously classified as L. theobromae; e.g., [33,35,36,37]. The need to include multilocus sequence analysis (MLSA) was expressed by the most recent studies in Brazil and Guinea-Bissau, which identified Lasiodiplodia species other than L. theobromae that were associated with gummosis [22,23,38], as well as other Botryosphaeriaceae species such as Neofusicoccum batangarum and Pseudofusicoccum stromaticum [22]. Similarly, other species have been associated with cashew dieback in Brazil (e.g., Cophinforma atrovirens [39]) and in Guinea-Bissau (N. batangarum [24]). As such, it should be highlighted that previous data reporting L. theobromae might be incorrect; re-analysis using molecular tools will enable adequate identification at the species level. This is particularly important for cashew because, based on the current literature, the causal agent of cashew gummosis and dieback has been mostly identified as L. theobromae by relying on plant symptoms and/or morpho-cultural characteristics without a molecular identification at the species level. Considering the integration of molecular tools to support species identification, L. theobromae may not be regarded as a pantropical pathogen in cashew found from Brazil to the African continent and to India.




3.2.2. Powdery Mildew


Erysiphe appeared as the second most frequently reported fungal genus, with two species recently reported in cashew in Brazil: E. quercicola [40,41,42] and E. necator [42]. Cashew powdery mildew (CPM) has been considered a minor disease that affects young leaves, inflorescences, and nuts, reducing fruit onset and severely damaging apple and kernels [40]. Recently, following a CPM outbreak in Brazil that significantly reduced the yield and quality of nuts and apple, this disease became a major concern [40]. Based on morphological characteristics and molecular data, the causal agent of CPM was identified as E. quercicola [40]. Based on these new data, it was possible to determine that the fungus previously reported in Tanzania (Voucher MUMH781, Mie University, Mycological Herbarium, Japan) [43] under the anamorphic name of Pseudoidium anacardii (Noack) U. Braun & R.T.A. Cook, formerly known as Oidium anacardii, was in fact Erysiphe quercicola [44]. Studies on CPM until 2017 identified Oidium anarcardii as the causal agent; hence, in our study, we considered this taxonomic arrangement to assess an up-to-date distribution of this cashew disease. The first record of the disease was in 1979 [45] from Tanzania (East Africa), where it was responsible for a decline of about 50–70% in cashew production [46]. Since the 1960s, it has been considered the major pathological problem in East African cashew-growing countries [47] because young shoots, inflorescences, young fruits, and leaves were severely affected, reducing nut yields and apple quality. Our study identified the first reports of this disease in East African countries (Tanzania, Kenya, and Mozambique), South Africa, China, and more recently in Cameroon [48]; only in 2017 was it reported in Brazil, the native region of cashew (e.g., [40]). Recent reports from Brazil highlighted powdery mildew as the main disease that is constraining cashew production. A very interesting feature is that this disease only began to be considered a main concern in Brazil in the last decade, with most cashew varieties seeming to be susceptible to this pathogen [41]; while in East Africa, it has been the major disease for over 50 years.




3.2.3. Anthracnose


Colletotrichum, the third most frequently reported fungal genus, is recognized to cause anthracnose in several crops worldwide, with C. gloeosporioides being generally ascribed to cashew anthracnose [21,49,50,51]. The occurrence of cashew anthracnose was first reported in 1948 [52] in Brazil, where most studies were developed. The causal agent C. gloeosporioides is a common pathogen of other tropical fruit plants [53] that is highly variable in its cultural and morphological characteristics and its pathogenicity [54]. It can infect leaves, twigs, inflorescences, young apples, and fruits; symptoms include sunken subcircular or angular lesions. Symptoms in cashew start with water-soaked lesions, which turn orange to slightly reddish during sporulation [21]; with the infection onset, premature abscission of leaves or depressed lesions on the fruit may occur (Menezes, 2005). According to Veloso et al. [14], it is the main disease affecting cashew in Brazil. Most studies published to date on cashew anthracnose identified C. gloesporioides as the causal agent either through morpho-cultural criteria and plant symptoms or by using molecular phylogenetic data with low-informative markers (Table S2). However, C. gloeosporioides is a species complex that is the widest within the genus [55], comprising at least 38 species including C. gloeosporioides sensu stricto [56]. In fact, C. gloeosporioides is considered as the most challenging species complex to resolve and is frequently regarded as a dumping taxon for diverse Colletotrichum fungi; in this sense, the species name is of little practical use [57]. Thus, the traditionally referred C. gloeosporioides may in reality correspond to different species or encompass a combination of species, many of which cannot be reliably distinguished using the internal transcribed spacer (ITS), the official barcoding gene for fungi [55,58]. For this reason, other genes have been proposed as secondary barcodes for species-level identification, such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and glutamine synthetase (GS) [55], as well as several genes from the DNA lyase Apn2/mating-type locus [58]. Cashew anthracnose may fall into this challenging issue because pathogen molecular identifications performed up to now were mostly based on ITS [e.g., 51,53]. Data from our study highlighted C. gloesporioides as the only causal agent of anthracnose in cashew described in India [59], West Africa [60,61], and Mozambique (East Africa [51]); while in Brazil, seven Colletotrichum species, namely C. chrysophilum, C. fragariae, C. fructicola, C. gloeosporioides, C. queenslandicum, C. siamense, and C. tropicale [14,62], were associated with cashew anthracnose. A major difference between studies in Brazil and the remaining countries/regions was the use of a multilocus phylogeny with resolving power to identify other Colletotrichum species beyond C. gloesporioides. This is an important step in solving species-identification issues in cashew anthracnose, which should be promoted in cashew-producing regions, thus allowing the development of precise and effective control measures.




3.2.4. Other Fungal Diseases


Data collected from eight records on other fungal genera, namely Cryptosporiopsis and Fusarium, revealed that none of these pathogens was reported in Brazil, the native region of cashew. Reports on Cryptosporiopsis, which causes cashew blight disease infecting mainly the apple and nuts, were restricted to Tanzania (n = 8), with a high potential to decrease cashew productivity [47]. The Fusarium genus represented by a single species (F. oxysporum) was associated with root rot disease [63] and, more recently, with Fusarium wilt disease (FWD) in Tanzania [15], which mainly affects the leaf and root/stem and ultimately leads to complete wilting of the cashew canopy and tree death [64]. Our study showed that F. oxysporum occurs in Tanzania (East Africa), Nigeria (West Africa), India, and Indonesia. Despite previous reports of root rot disease in Nigeria in 1974 [65] and afterward in Indonesia [63] and India [66], few studies highlighted F. oxysporum as a major pathogen in cashew. Nevertheless, due to the alarming scenario described in recent works from Tanzania [64], where cashew orchards have been devastated by FWD, cashew-producing countries should be vigilant regarding possible future infections by this pathogen. Indeed, due to the lack of proper disease-screening trials in cashew-producing countries, Fusarium should not be discarded as a minor pathogen and remains to be identified at the species level.



To a lesser extent, several other fungal pathogens were also identified from the genera Pestalotia, Phomopsis, Pilgeriella, and Septoria. Specifically, Pestalotia was found in Brazil, Burkina Faso, Venezuela, Nigeria, Tanzania, and India [47,67,68] to be infecting leaves and inflorescences and causing Pestalotia leaf spot [47,69]. Phomopsis spp. were detected in Brazil, Tanzania, and India [47,70] as the causal agents of leaf blight disease. This pathogen infects young leaves and in severe cases can lead to defoliation [70]. Pilgeriella anacardii was found in Brazil to exclusive infect cashew, affecting mainly the leaves and shoots and indirectly contributing to a loss in nut yield [71]. Septoria anacardii, which causes angular leaf spot cashew disease, is a pathogen specific to cashew that was only reported in Brazil [21]. Although less studied by the scientific community over the years, these cashew-disease-related fungi seem to be expanding while still presenting just local significance as cashew diseases.




3.2.5. Bacterial Diseases


Among the pathogenic bacteria reported in the analyzed studies, only two genera were identified: Xanthomonas and Candidatus (Table S2). The former was the most represented (8 out of 10 articles) and is known to cause cashew bacterial canker disease, resulting in premature fruit drop and reduced nut quality and commercial value [72]. This disease was first reported in cashew orchards in Brazil in 2004 and more recently in Burkina Faso (West Africa [72]), where it is considered of great concern and dissemination potential.






4. Conclusions


Although the description of a high number of pathogens associated with several diseases in cashew orchards can be found for many cashew-producing countries, studies that addressed the impact of such diseases in the field were scarce and focused only on the disease incidence and the severity analysis of gummosis (L. theobromae) and anthracnose (C. gloeosporioides). Based on the available data, gummosis is considered the most prevalent and damaging disease of cashew, with a pantropical distribution reaching more than 90% of the total planted areas, while anthracnose shows a quite low incidence and becomes of economic significance only when inflorescences and fruits are affected.



Other fungi genera documented to cause cashew diseases (e.g., Septoria, Pilgeriella, and Pestalotia) might correspond to emerging diseases that have not yet expanded to other geographic regions or that are still understudied. Africa seemed to be the region where most diseases were documented, with newly recorded ones such as Fusarium wilt disease currently restricted to East Africa and cashew blight caused by Cryptosporiopsis spp. not yet reported in the native cashew region (Brazil).



Understanding the extent of crop disease incidence, its damaging potential, and how it progresses in the field is crucial in assessing the risks to production and to delineate adequate control strategies. This seemed to be an important but missing research area in the current body of publications analyzed when considering, for instance, diseases such as cashew powdery mildew, which is emerging as a relevant threat in Brazil despite being a long-standing disease in East Africa.



In the present work, it was possible to disclose the discrepancy of causal agents ascribed to cashew diseases. Such was the case of gummosis, with many Botryosphaeriaceae species indicated as causal agents. Proper species identification using both morpho-cultural and molecular approaches is still lacking. Our analysis revealed a scarce use of molecular tools for pathogen identification (31% of the studies) and even a low level of application of classical morpho-cultural criteria (43% of the studies), which could easily lead to misdiagnoses with serious negative consequences for the implementation of specific control actions. This may obviously result from insufficient resources in many cashew-producing countries to engage in more comprehensive studies. However, it was noticeable that despite the growing importance of cashew cultivation, research on cashew diseases is lagging behind that for other tropical cash crops. This problem must be tackled because it is crucial to improve biosecurity and disease control toward a sustainable production of cashew. It is important to establish a standardized identification workflow applied to cashew diseases that will allow a reliable identification of the disease-causing agent and to determine the occurrence and/or expansion of a given pathogen across cashew-producing regions.
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Figure 1. PRISMA flow diagram for the selection of studies included in the present systematic review on disease-causing agents in cashew studies. 
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Figure 2. Cumulative number of publications (line) and number of publications per year (bars) on cashew diseases since 1974. 
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Figure 3. Number of articles reporting pathogenic fungal genera infecting cashew trees according to decade since 1971. 
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Figure 4. Chord diagram showing the relations between the genera and the countries where the studies were performed. 
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Figure 5. Worldwide distribution of studies on cashew diseases and major pathogenic fungal genera infecting cashew trees in each country. The light red (minimum) to dark red (maximum) color represents the number of studies per country. The pie charts show the proportion of studies focused on each genus next to the colored countries. 
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