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Abstract

:

Background and objectives: The global forest economy is threatened by eucalypt pathogens which are often latent or cryptic species that escape common quarantine and detection methods. Plantation forestry using eucalypts is of considerable importance to Paraguay, but knowledge regarding the pests and diseases affecting these plantations is limited. This study identified fungal diseases present in these plantations. Materials and Methods: We surveyed eucalypt plantations in four provinces in Paraguay and collected material from diseased trees for identification of the causal agents. The samples were analyzed using a combination of morphological and molecular methods. Results: Diseases encountered included Botryosphaeria stem canker, Calonectria leaf blight, Chrysoporthe stem canker, myrtle/eucalypt rust, Coniella leaf spot, heartwood rot and Teratosphaeria stem canker. Contrary to expectations, the causal agent of Teratosphaeria stem canker was identified as Teratosphaeria zuluensis (M.J. Wingf., Crous & T.A. Cout.) M.J. Wingf. & Crous and not Teratosphaeria gauchensis (M.-N. Cortinas, Crous & M.J. Wingf.) M.J. Wingf. & Crous, that is commonly documented for the South American region. Conclusions: This study updates the knowledge on forest fungal pathogens in Paraguayan eucalypt plantations and is the first report of T. zuluensis in Paraguay and in South America.
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1. Introduction


Eucalyptus (Myrtaceae) species are native to Australia but form the basis of plantation forestry industries on multiple continents. More than 20 million hectares are planted globally for the production of pulp, energy and timber, augmenting the declining productivity of native forests [1,2]. Over 30% of eucalypt plantations are in South America [1]. The first plantations of eucalypts for industrial timber in Paraguay were established in the 1940s, and currently, there are approximately 100,000 hectares of eucalypts in the country [3]. Eucalypt plantations in the country are considered profitable due to their fast growth and short rotation period [4]. According to the last census, eucalypt plantations represented around 93% of exotic plantations in Paraguay [5]. They comprise mostly Eucalyptus grandis Hill ex Maiden and E. grandis hybrids such as E. grandis × urophylla and E. grandis × camaldulensis [6,7] These are mostly used for timber and secondarily for energy [8].



In recent years, pests and diseases affecting Eucalyptus species and their hybrids grown in plantations globally have become increasingly common, particularly in tropical countries in the Southern Hemisphere [9]. Eucalypt plantations consist mostly of single clone monocultures, which renders them more vulnerable to losses caused by pathogen attack [10,11]. Several host-jumps and host range expansions of native fungal species in countries to which eucalypts have been introduced have been reported. For example, Austropuccinia psidii (G. Winter) Beenken and Chrysoporthe cubensis (Bruner) Gryzenhout & M.J. Wingf. are both thought to have originated on native Myrtaceae in South America and adapted to Eucalyptus species and later spread globally [12,13,14]. The possibility of host shifts is enhanced by the presence of related native Myrtaceae tree species, such as in South American countries [15], consequently increasing the potential appearance of novel diseases in these areas [16,17]. Inadvertently, the forestry industry has contributed to the evolution and expansion of pathogen ranges by exposing tree species to microorganisms with which they have not co-evolved by moving vegetative material across continents [10]. Additionally, many microbes are latent pathogens that remain undetected by traditional quarantine methods, resulting in the movement of pathogens between continents [18]. Thus, both local adaptations of native fungal pathogens and the introduction of novel pathogens can affect eucalypt plantations globally [10].



Knowledge of eucalypt diseases in Paraguay is limited. The only fungal species formally reported by peer reviewed journals as pathogens of eucalypts in Paraguay are Austropuccinia psidii [19], Pseudocercospora paraguayensis (Tak.Kobay.) Crous [20] and Teratosphaeria eucalypti (Cooke & Massee) Crous [21]. This lack of knowledge regarding the incidence, identity and severity of diseases affecting eucalypt plantations hinders the effective management of diseases and gives rise to economic losses. In the face of globalization, preventing or preparing for novel arrivals and managing local pathogens require constant monitoring, control and research [10]. The objective of this study was to address this knowledge gap and build a foundation on which future actions can be developed. We surveyed and identified eucalypt fungal pathogens in commercial plantations in Paraguay using a combination of morphological and molecular methods.




2. Materials and Methods


2.1. Site Description and Sample Collection


Eucalypt plantations in the Eastern Region Provinces of Paraguay were visited at intervals between December 2014 and July 2016 to survey for fungal pathogens of eucalypt trees. Site visits took place in December 2014, August to December 2015 and July 2016, during which time plantations of the INFONA (Spanish acronym of the National Forest Institute) in Itapúa (three compartments) and three private companies were visited. The private companies where samples were taken are situated in Caazapá (21 compartments), Alto Paraná (13 compartments) and San Pedro (three compartments) (Figure 1). The history of the compartments varied but all were typically used for planting eucalypts. The average annual temperature of Alto Parana, Caazapa and San Pedro is 23 °C degrees, while in Itapua is 21 °C. The average rainfall values are 2419 mm/year, 1990 mm/year, 1830 mm/year and 1146 mm/year, for Itapua, Alto Parana, Caazapa and San Pedro, respectively. The average altitude are 225 msl., 200 msl., 195 msl. and 84 msl. in Alto Parana, Caazapa, Itapua and San Pedro, respectively. Soils of the sampled areas are of fine to very fine clay and of very low fertility, and thus, are used mostly for forestry purposes.



In each compartment, haphazard transects were walked in order to find diseased trees. The duration of time spent per compartment depended on the time available at the site and the abundance of any diseases observed. Where encountered, leaf and stem samples displaying symptoms of disease were collected from representative trees in each plot. On average, 5–10 symptomatic leaves were collected per affected individual and 1–3 stem samples per symptomatic tree, from 5–10 trees per compartment. Samples were collected from a total of 255 eucalypt trees of varying age classes.



Two forestry nurseries were surveyed for diseases. These were located in Alto Parana and Caazapa. From these nurseries, 65 saplings younger than a year were collected. Samples were placed into individual bags for each tree and transported to a laboratory for further processing.




2.2. Isolation and Culture Purification


Two isolation strategies were used to obtain the causal agents of the disease symptoms observed on the collected samples. This included the collection of spores from fungal fruiting bodies on the surfaces of diseased material and the transfer of the leading margins of lesions to a general fungal culture medium. In order to isolate single spores of potential pathogens associated with the disease symptoms, moisture chambers and standard isolation methods were used as previously described (Maússe-Sitoe et al., 2016). Purification of the fungal isolates onto 2% malt extract agar (MEA, Sigma-Aldrich, VWR International LLC Laboratory supplies) was done at the laboratories of the SENAVE (Spanish acronym of the National Service of Plant and Seed Quality and Health) in San Lorenzo. Purified cultures were grouped into morphotypes based on the color of mycelia, spore morphology and growth traits. Representative isolates from each morpho-group were selected for identification with the aid of DNA sequencing. All isolates were deposited in HAMBI mBRC (Microbial Domain Biological Resource Centre HAMBI), University of Helsinki, Finland, and selected isolates were additionally placed in the CMW fungal culture collection at FABI (Forestry and Agricultural Biotechnology Institute), University of Pretoria, South Africa.




2.3. Nucleic Acid Extraction, PCR and Sequencing


DNA extraction and sequencing were conducted at the Department of Forest Sciences, University of Helsinki, Finland for all samples, with the exception of biotrophic pathogens which were processed and analyzed at the University of Pretoria, Pretoria, South Africa. DNA was extracted following a CTAB protocol [22].



Three gene regions were selected for DNA sequencing: the fungal barcode region, the internal transcribed spacer (ITS) region of the rRNA operon, the Beta tubulin (BT2) and the translation elongation factor 1-α gene (tef). The ITS 1 and 2 regions were amplified using the universal primers ITS1-F [23] and ITS4 [24], the Beta tubulin (BT2) region was amplified using BT2A and BT2B [25], and the translation elongation factor 1-α using primers EF1-728F and EFI-986R [26]. The ITS regions were amplified with PCR according to the method described by Cortinas et al. [27], which was also followed for the amplification of the BT2 region of the Teratosphaeria canker samples. The method outlined by Myburg et al. [28] was followed for the amplification of the BT2 region for the Chrysophorte canker, while for the TEF region, the method described by Slippers et al. [29] was followed. Dream Taq polymerase was used according to the manufacturer’s recommendations (Thermofischer Scientific, Denmark). Samples were commercially sequenced at Macrogen, Inc. (Amsterdam, Netherlands) through standard sanger sequencing on a ABI 3730xl DNA Analyzer (96-capillary type) and using BigDye® Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems, Foster City, CA, USA).



For samples representing putative rust fungal species, DNA sequence analysis and morphology was used to establish the identity of the rust pathogen. Genomic DNA was extracted from a single uredinium per host using the Ultraclean® Microbial DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA). Rust samples were sequenced at the DNA Sequencing Facility of the Faculty of Natural and Agricultural Science (NAS), University of Pretoria, South Africa.




2.4. Sequence Analysis and Isolate Identification


All obtained sequence electropherograms were manually quality checked using Geneious R11 [30]. Thereafter, Blastn searches were conducted in the NCBI database (National Center for Biotechnology Information, U.S. National Library of Medicine, Bethesda, MD, USA) to obtain a first level identification of sequences. Because ITS and BT sequences were sufficient for accurate identification of the Teratosphaeria stem canker and rust samples, sequences of these fungi were further analyzed using phylogenetic analyses. Sequences were aligned using the E-INS-i strategy in MAFFT version 7 [31] and adjusted in MEGAx [32]. Sequences of different regions were concatenated with Mesquite 3.6.1 [33] to obtain a combined tree. The Maximum Likelihood method and Kimura 2-parameter model [34] and Neighbor-Join and BioNJ algorithms in MEGAx were used for tree construction. Phylogenetic trees were viewed using MEGAx. Outgroups and comparative sequences were selected according to published literature [27,35,36].





3. Results


3.1. Observed Diseases


Diseases observed in the field included both stem and leaf diseases (Table 1). Symptoms of leaf diseases were typical of myrtle/eucalypt rust, Calonectria leaf blotch, Coniella leaf spot and Mycosphaerella leaf blotch. Myrtle/eucalypt rust symptoms included leaf spot, shoot and leaf death. Yellow masses (Figure 2a) of uredioniospores were commonly encountered on affected leaf and shoot parts. This disease was encountered on Eucalyptus grandis, E. urophylla × grandis, and E. benthamii Maiden & Cambage in Caazapa (Table 1). Leaf spots with pycnidia distributed in concentric rings, typical of Coniella leaf spot (Figure 2b), were observed on E. grandis and E. benthamii in Caazapa; however, the causal agent could not be isolated. Leaf blotch lesions coalescing on mature leaves, consistent with Calonectria leaf blotch symptoms (Figure 2c), were found on E. benthamii in Caazapa (Table 1). Leaf spots delimited by leaf veins and pycnidia on the underside of leaves, consistent with Mycosphaerella leaf spot, were found on Eucalyptus urophylla × grandis in nurseries in Alto Parana and Caazapa, on E. urophylla × camaldulensis and E. grandis in nurseries at Caazapa and on adult leaves of E. grandis, E. urophylla × grandis and E. grandis × camaldulensis in San Pedro (Table 1).



Stem diseases encountered were Botryosphaeria stem canker, Chrysoporthe canker, Teratosphaeria stem canker and an unidentified wood rot disease. Typical symptoms of Botryosphaeria stem canker included longitudinal cracks in the bark and kino exudation and was observed in Alto Parana, Caazapa and Itapua (Table 1, Figure 2d). Chrysoporthe canker symptoms such as swelling, cracking and splitting of the bark at the bases of the trees, as well as superficial pycnidia (Figure 2e–f) and yellow spore masses, were found in Caazapa and Alto Parana. Symptoms typical of Teratosphaeria stem canker disease, namely discrete, sunken, oval necrotic lesions, kino exudation (Figure 2g–h) and dark pycnidia were encountered at Alto Parana, Caazapa, and San Pedro (Table 1). This disease resulted in tree stems having a red to black color as a result of the kino exudation from lesions. A rot disease affecting the heartwood of mature six year old E. urophylla × grandis trees was observed at Caazapa. The symptoms were cracks in the bark, and when cut, streaking patterns of discoloration were observed within the heartwood (Figure 2i). The causal agent for this disease could not be isolated.




3.2. Pathogen Identities


Fungi obtained from the sampled material were morphologically typical of the fungal genus responsible for the observed field symptoms. Cultures from the spores isolated from Calonectria leaf blotch samples resulted in fast growing orange to brown colonies with elongated and ellipsoidal conidia typical of Calonectria species. The spores isolated from the Mycosphaerella leaf spot samples were elongated Cercospora-like and hyaline and slightly curved, and resulted in very slow growing, olivaceous grey cultures. Spores from the Botryosphaeria canker samples were hyaline and ellipsoid to fusiform, and colonies were fast growing and turned grey to black with age. The observed perithecia on the Chrysoporthe canker samples were dark, while the spores were hyaline and fusoid to oval, resulting cultures that were fast growing and white to orange and fluffy. The spores isolated from the Teratosphaeria canker samples were hyaline and oval, and resulted in cultures that were very slow growing and olivaceous green.



Blastn results confirmed the identities of the fungi associated with the eucalypt diseases in Paraguay as made based on field symptoms. Leaf pathogens, based on Blastn comparisons, could be assigned to the genera Austropuccinia, Calonectria, Pallidocercospora and Pseudoteratosphaeria (Table 2). Based on phylogenetic analyses of the ITS gene region of rust samples from Paraguay, the cause of myrtle rust in the country could be confirmed as being A. psidii (Supplementary Materials, Figure S1).



Stem canker pathogens were assigned to the genera Botryosphaeria, Chrysoporthe and Teratosphaeria (Table 2). Blastn and phy logenetic analyses of the Teratosphaeria stem canker isolates using ITS and BT2 showed that isolates from Paraguay represented T. zuluensis (M.J. Wingf., Crous & T.A. Cout.) M.J. Wingf. & Crous (Table 2, Figure 3).



The leave diseases found in the nurseries were associated with Pallidocercospora sp. and Pseudoteratosphaeria sp., while that from the shoots was associated with Botryosphaeria sp. (Table 1).





4. Discussion


This study provides results of the most detailed survey of the diseases affecting plantation grown eucalypt trees in Paraguay to date. Diseases encountered included Botryosphaeria, Chrysoporthe and Teratosphaeria stem canker, and an unidentified stem rot disease, Calonectria leaf blotch, Coniella leaf spot, Mycosphaerella leaf spot and myrtle/eucalypt rust. With one exception, none of the diseases were new to South America, yet reports from Paraguay extend their geographic range in the region. Of significant importance was the discovery of Teratosphaeria zuluensis as the cause of Teratosphaeria stem canker disease in Paraguay; this represents a new species record for South America.



The disease documented as the most concerning by forestry companies was Teratosphaeria stem canker, as it is reported to negatively affect both wood quality and yield and increase pulping costs. Teratosphaeria stem canker is most commonly referred to as ‘ox foot’ by foresters in Paraguay. The disease was recorded in all provinces surveyed, with the exception of Itapua. Because of the reported importance of the disease, the ITS and BT2 regions of the causal agent were sequenced, resulting in the surprising discovery that the disease in Paraguay is caused by T. zuluensis and not T. gauchensis (M.-N. Cortinas, Crous & M.J. Wingf.) M.J. Wingf. & Crous as recorded in neighboring countries. Previously, the distribution of T. zuluensis was limited to China, Malawi, Mozambique, Mexico, South Africa, Thailand, Uganda, Vietnam and Zambia [37].



The discovery of T. zuluensis in Paraguay is a novel finding of importance for the forest industry and forest health authorities. An implication of this finding is that both Teratosphaeria stem canker pathogens are present on the South American continent. The relevance of the proximity of these two related pathogens is that they have the potential to hybridize and give rise to a new lineage or transfer genes, both of which could result in more virulent pathogens and subsequent economic losses [38,39]. Presently, there is no clear indication of the point of entrance of this pathogen. Species in the Teratosphaeriaceae have been shown to have been moved globally with the expansion of eucalypt plantation forestry. It was, for example, shown that T. zuluensis occurs in the seed of E. grandis trees [40]. Species in the Teratosphaeriaceae have also been identified as symptomless endophytes in the leaves, twigs and stems of E. grandis trees [37,41]. Further studies on the population diversity of Paraguayan T. zuluensis isolates may shed light on its variability and potential origin(s).



Austropuccinia psidii has previously been recorded in Paraguay from Syzygium jambos (L.) Alston, Psidium guajava L. [19,42] and Eucalyptus sp. [43]. The current study is the first to report A. psidii from E. benthamii in plantations. Previous studies in Brazil have reported that E. benthamii is susceptible to A. psidii, but did not report its occurrence in the field [44,45], making this the first study to do so.



Furthermore, more detailed phylogenetic studies are required to confirm the species identities of the other pathogens encountered in this study. Although multiple gene regions were sequenced for selected isolates, none were sufficient to satisfactorily identify, e.g., species in the Botryosphaeriaceae or Calonectria at a species level. This is the first study to report Pseudoteratosphaeria and Pallidocercospora from eucalypts in Paraguay, although species in these genera have previously been observed on eucalypts in other countries in South America [46,47]. Similarly, stem canker in eucalypts related to species belonging to the genera Botryosphaeria [48] and Chrysoporthe [49] recorded in this study are common to South American eucalypt plantations. Further studies are necessary to confirm the identity of these species and determine how significant each of these pathogens may be for the local forestry industry. This is of particular relevance for Chrysoporthe, because C. cubensis remains recorded as absent in the list of quarantined pathogens for the COSAVE (Spanish acronym of the Southern Cone Plant Health Committee) [50].



The aim of this study was to provide baseline information regarding the incidence and identity of fungal diseases affecting eucalypt plantations in Paraguay in order to better inform disease management strategies. Although this has been achieved, with the recording of T. zuluensis as the causal agent of Teratosphaeria stem canker in Paraguay, the report of A. psidii on E. benthamii in the field and the report of species of Pallidocercospora, Pseudoteratosphaeria and Chrysoporthe in Paraguayan eucalypts, much remains to be done. The causal agents of the Coniella-like leaf spot disease and the heartwood disease merit further study. Future studies should also focus on the seasonality of disease occurrence. Although in this study sampling was done during either summer-winter or winter-summer periods, more detailed documentation of the disease incidences and patterns at different periods of the year is required.



The diseases reported in this study may negatively impact forestry production in Paraguay, and thus, forest disease management is of the utmost importance. A first step in forest pathogen management is quarantine, which is the focus for SENAVE and COSAVE, which produce lists of quarantine plant pests for the country and region respectively, and have conventions and treaties to prevent the arrival of various pests and to detect them if present [50,51]. Eradication can be attempted if a pathogen is detected early in a region or country, but this is hindered by the considerable size of forest ecosystems and the lack of human resources to constantly monitor them [52]. To alleviate this lack of personnel and improve local scientific literacy and capacity, citizen science projects can be a useful management tool for pest monitoring to detect the presence and expansion of a pathogen [53] and improve models of pathogen behavior [54] and detection of host recovery [55]. Another pest management tool is avoiding the spread of a pathogen to other areas inside a country by practices such as burning, as seen in the case of eucalypt seedlings infected with Leptocybe invasa in Paraguay [56]. Chemical control or biocontrol are common options for nursery material, but for mature trees, silvicultural management and the selection of resistant provenances, families or clones is more effective [57]. Tree species or genotypes need replacement if proven to be highly susceptible to a new pathogen. This necessitates that eucalypt breeding programs diversify and ensure pipelines of genotypes that are genetically heterogeneous [58,59]. The resistant genotypes can replace others more susceptible to diseases or pests. Conventional breeding programs can improve efficiency by the use of modern technologies such as biomarkers, genomic selection, genetic modification and ”omics” techniques. These molecular tools could help traditional breeding programs in the selection and design of resistant genotypes, resistant traits, understanding of tree defense mechanisms, host-microbe interactions and the importance of tree microbiomes in tree defense [60,61,62,63].



To address the complexities of forest pathogens, Paraguayan institutions should invest in building local capacity and forming forest pest research centers to engage with regional and global pest management initiatives where countries openly share their expertise and knowledge regarding forest pests and pathogens [11,64]. Additionally, collaboration is needed among experts of different disciplines such as geneticists, tree breeders, foresters, landscape ecologists and conservation biologists to fill the interdisciplinary gaps in tree pathogen research [65]. These centers and multidisciplinary teams would better enforce phytosanitary regulations and quarantine methods, which have been shown to effectively reduce the introduction of new pathogens and/or virulent genotypes [66]. Reports of undocumented eucalypt seedlings of unknown origin entering Paraguay are not rare [7,56], and could be a source of new pathogen species or genotypes. Evidence indicates that insufficient attention to quarantine and repeated introductions of a pathogen contributes to its diversification, epidemic outbreaks and economic losses in eucalypt plantations [10]. Breeding trees for resistance is a long and costly process, and it is essential to limit the genetic diversity of forest pathogens and thus prolong the lifespan of tree genotypes [67]. A diverse forest plantation can be more resilient to pathogen invasion and reduce the economic loss caused by pathogens [68], but persistent introduction and diversification of pests and pathogen populations can be harder and more costly to manage [69]. This is particularly relevant because in this study we identified a novel pathogen for this area, T. zuluensis; the potential reintroduction and diversification of this pathogen, or the potential hybridization with related T. gauchensis, present in neighboring countries, could cause considerable losses to eucalypt plantations, and thus should be avoided.




5. Conclusions


This survey lays an important foundation on which forestry companies, the Paraguayan forest department and quarantine institutions can improve and build strategies for the protection of forest resources in the country. Although most of the diseases encountered in Paraguay are not new to South America, potential novel species may be present in Paraguay, as illustrated by the discovery of T. zuluensis in this study. It is, therefore, important to further identify the pathogens obtained in this study at the species level. Further analyses of these pathogens will increase the understanding of the geographical distribution of South American eucalypt pathogens. This is relevant because eucalypt pathogens keep expanding regionally and globally [10]. While phytosanitary regulations can help deter the illegal movement of vegetative material and the subsequent dispersion and arrival of pathogens and new virulent genotypes, common regional and global efforts are needed to strengthen and enforce these regulations.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4907/11/10/1035/s1, Figure S1: Phylogram based on the analysis of ITS region for Austropuccinia rust found in eucalypts leaves in Paraguay. Bootstrap confidence values (1000 replicates) are indicated above the internodes. The tree is rooted in Dasyspora segregaria





Author Contributions


X.S., J.R. and F.O.A. conceived the study. X.S. and J.R. conducted the field surveys and collections. X.S. did the lab work. X.S., J.R. and F.O.A. contributed to the data analysis and interpretation. X.S. drafted the manuscript. J.R. and F.O.A. reviewed and edited the manuscript. F.O.A. acquired funding and provided resources. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Academy of Finland (Grant no 307580), the University of Helsinki Chancellor grant, and the University of Helsinki graduate school in Plant Sciences (DPPS). The Programa Nacional de Becas de Postgrado en el Exterior “Don Carlos Antonio López” (BECAL) provided the scholarship to XS. Open access funding provided by University of Helsinki.




Acknowledgments


We acknowledge Ginna Granados of University of Pretoria for DNA isolation of the rust samples and laboratory assistance during a research visit by XS to the University of Pretoria. The staff of INFONA, Guyra Paraguay, SENAVE, POMERA and Felber Forestal are acknowledged for their support in this project, in particular Raquel Acuña, Alberto Yanosky, Cecilia Pizzurno, Alfredo Gricyuk, Adriana Caballero, Carolina Garay, Ricardo Kiriliuk, Mauricio Moran, Diana Ramirez, Carlos Arevalos and Jorge Paiva.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Iglesias-Trabado, G. Eucalyptus Universalis: Cultivated Eucalypt Forest Global Map. GIT Forestry Consulting’s Ecualyptologics Blog. 2008. Available online: http://git-forestry-blog.blogspot.com/ (accessed on 12 August 2018).

	



Payn, T.; Carnus, J.-M.; Freer-Smith, P.; Kimberley, M.; Kollert, W.; Liu, S.; Orazio, C.; Rodriguez, L.; Silva, L.N.; Wingfield, M.J. Changes in planted forests and future global implications. Forest Ecol. Manag. 2015, 352, 57–67. [Google Scholar] [CrossRef]

	



INFONA. Mapa de Plantaciones Forestales. Instituto Forestal Nacional; Programa Nacional Conjunto ONU-REDD: Ciudad de San Lorenzo, Paraguay, 2016.

	



Cubbage, F.; Koesbandana, S.; Mac Donagh, P.; Rubilar, R.; Balmelli, G.; Olmos, V.M.; De La Torre, R.; Murara, M.; Hoeflich, V.A.; Kotze, H.; et al. Global timber investments, wood costs, regulation, and risk. Biomass Bioenergy 2010, 34, 1667–1678. [Google Scholar] [CrossRef]

	



MAG (Ministry of Agriculture and Livestock by Spanish acronym). Censo Agropecuario Nacional 2008; Ministerio de Agricultura y Ganaderia: San Lorenzo, Paraguay, 2009; Volume 1. [Google Scholar]

	



INFONA. Inventario Forestal Nacional (Reporte 2015). Instituto Forestal Nacional, FAO, ONU-REDD, Federacion por la Autodeterminacion de los Pueblos Paraguayos, PNUD, PNUMA, Paraguay. 2015. Available online: http://www.infona.gov.py/index.php/snif (accessed on 2 April 2020).

	



Tileria, J. Diagnóstico del Segmento de Viveros Forestales Clonales de la Cadena Productiva de la Madera con Fines Industriales y Energèticos del Paraguay. Bachelor Thesis, Universidad Nacional de Asunción, San Lorenzo, Paraguay, 8 June 2020. [Google Scholar]

	



INFONA. Rentabilidad de la Inversion en Plantaciones de Eucalyptus con Fines Maderables; Instituto Forestal Nacional, Direccion General de Plantaciones Forestales: San Lorenzo, Paraguay, 2014.

	



Wingfield, M.J.; Slippers, B.; Hurley, B.P.; Coutinho, T.A.; Wingfield, B.; Roux, J. Eucalypt pests and diseases: Growing threats to plantation productivity. South. For. 2008, 70, 139–144. [Google Scholar] [CrossRef]

	



Burgess, T.I.; Wingfield, M.J. Pathogens on the Move: A 100-Year Global Experiment with Planted Eucalypts. BioScience 2017, 67, 14–25. [Google Scholar] [CrossRef]

	



Wingfield, M.; Slippers, B.; Wingfield, B.D.; Barnes, I. The unified framework for biological invasions: A forest fungal pathogen perspective. Biol. Invasions 2017, 19, 3201–3214. [Google Scholar] [CrossRef]

	



McTaggart, A.R.; Roux, J.; Granados, G.M.; Gafur, A.; Tarrigan, M.; Santhakumar, P.; Wingfield, M.J. Rust (Puccinia psidii) recorded in Indonesia poses a threat to forests and forestry in South-East Asia. Australas. Plant Path. 2016, 45, 83–89. [Google Scholar] [CrossRef]

	



Wingfield, M.J. Increasing threat of diseases to exotic plantation forests in the Southern Hemisphere: Lessons from Cryphonectria canker. Australas. Plant Path. 2003, 32, 133–139. [Google Scholar] [CrossRef]

	



Seixas, C.D.; Barreto, R.W.; Alfenas, A.C.; Ferreira, F.A. Cryphonectria cubensis on an indigenous host in Brazil: A possible origin for eucalyptus canker disease? Mycologist 2004, 18, 39–45. [Google Scholar] [CrossRef]

	



Lucas, E.; Jennings, L. Neotropical myrtaceae. In Neotropikey—Interactive Key and Information Resources for Flowering Plants of the Neotropics; Milliken, W., Klitgård, B., Baracat, A., Eds.; Royal Botanic Gardens: Kew, UK, 2009; Available online: https://www.kew.org/science/tropamerica/neotropikey/families/Myrtaceae.htm (accessed on 10 May 2017).

	



Branco, M.; Brockerhoff, E.G.; Castagneyrol, B.; Orazio, C.; Jactel, H. Host range expansion of native insects to exotic trees increases with area of introduction and the presence of congeneric native trees. J. Appl. Ecol. 2015, 52, 69–77. [Google Scholar] [CrossRef]

	



Slippers, B.; Stenlid, J.; Wingfield, M.J. Emerging pathogens: Fungal host jumps following anthropogenic introduction. Trends. Ecology Evol. 2005, 20, 420–421. [Google Scholar] [CrossRef]

	



Wingfield, M.J.; Garnas, J.R.; Hajek, A.; Hurley, B.P.; De Beer, Z.W.; Taerum, S.J. Novel and co-evolved associations between insects and microorganisms as drivers of forest pestilence. Biol. Invasions 2016, 18, 1045–1056. [Google Scholar] [CrossRef]

	



Spegazzini, C.L. Fungi Guaranitici. Pugillus1. An. Soc. Cient. Argent. 1884, 17, 119–134. [Google Scholar]

	



Kobayashi, T. Notes on fungi parasitic to woody plants in Paraguay. Trans. Mycol. Soc. Japan 1984, 25, 255–273. [Google Scholar]

	



Crous, P.W. Mycosphaerella spp. and Their Anamorphs Associated with Leaf Spot Diseases of Eucalyptus; American Phytopathological Society (APS Press): St. Paul, MN, USA, 1998; p. 170. [Google Scholar]

	



Silva, X.; Terhonen, E.; Sun, H.; Kasanen, R.; Heliövaara, K.; Jalkanen, R.; Asiegbu, F.O. Comparative analyses of fungal biota carried by the pine shoot beetle (Tomicus piniperda L.) in northern and southern Finland. Scand. J. For. Res. 2015, 30, 497–506. [Google Scholar] [CrossRef]

	



Gardes, M.; Bruns, T.D. ITS primers with enhanced specificity for basidiomycetes—Application to the identification of mycorrhizae and rusts. Mol. Ecol. 1993, 2, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. PCR Protoc. 1990, 18, 315–322. [Google Scholar]

	



Glass, N.L.; Donaldson, G.C. Development of primer sets designed for use with the PCR to amplify conserved genes from filamentous ascomycetes. Appl. Environ. Microbiol. 1995, 61, 1323–1330. [Google Scholar] [CrossRef] [PubMed]

	



Carbone, I.; Anderson, J.B.; Kohn, L.M. A method for designing primer sets for speciation studies in filamentous ascomycetes. Mycologia 1999, 91, 553–556. [Google Scholar] [CrossRef]

	



Cortinas, M.-N.; Crous, P.W.; Wingfield, B.D.; Wingfield, M.J. Multi-gene phylogenies and phenotypic characters distinguish two species within the Colletogloeopsis zuluensis complex associated with Eucalyptus stem cankers. Stud. Mycol. 2006, 55, 133–146. [Google Scholar] [CrossRef]

	



Myburg, H.; Gryzenhout, M.; Wingfield, B.D.; Wingfield, M.J. β-Tubulin and histone H3 gene sequences distinguish Cryphonectria cubensis from South Africa, Asia, and South America. Can. J. Bot. 2002, 80, 590–596. [Google Scholar] [CrossRef]

	



Slippers, B.; Crous, P.W.; Denman, S.; Coutinho, T.A.; Wingfield, B.D.; Wingfield, M.J. Combined multiple gene genealogies and phenotypic characters differentiate several species previously identified as Botryosphaeria dothidea. Mycologia 2004, 96, 83–101. [Google Scholar] [PubMed]

	



Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al. Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data. Bioinformatics 2012, 28, 1647–1649. [Google Scholar]

	



Katoh, K.; Standley, D.M. A simple method to control over-alignment in the MAFFT multiple sequence alignment program. Bioinformatics 2016, 32, 1933–1942. [Google Scholar]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [PubMed]

	



Maddison, W.P.; Maddison, D.R. Mesquite: A Modular System for Evolutionary Analysis. Version 3.61. 2019. Available online: http://www.mesquiteproject.org (accessed on 1 January 2020).

	



Kimura, M. A simple method for estimating evolutionary rate of base substitutions through comparative studies of nucleotide sequences. J. Mol. Evol. 1980, 16, 111–120. [Google Scholar] [PubMed]

	



Maússe-Sitoe, S.N.; Chen, S.; Wingfield, M.J.; Roux, J. Diseases of eucalypts in the central and northern provinces of Mozambique. South. For. 2016, 78, 169–183. [Google Scholar]

	



Beenken, L. Austropuccinia: A new genus name for the myrtle rust Puccinia psidii placed within the redefined family Sphaerophragmiaceae (Pucciniales). Phytotaxa 2017, 297, 053–061. [Google Scholar]

	



Aylward, J.; Roets, F.; Dreyer, L.; Wingfield, M. Teratosphaeria stem canker of Eucalyptus: Two pathogens, one devastating disease. Mol. Plant Pathol. 2019, 20, 8–19. [Google Scholar]

	



Brasier, C.M. Rapid evolution of introduced plant pathogens via interspecific hybridization. Bioscience 2001, 51, 123–133. [Google Scholar]

	



Harrison, R.G.; Larson, E.L. Hybridization, introgression, and the nature of species boundaries. J. Hered. 2014, 105, 795–809. [Google Scholar]

	



Jimu, L.; Kemler, M.; Wingfield, M.J.; Mwenje, E.; Roux, J. The Eucalyptus stem canker pathogen Teratosphaeria zuluensis detected in seed samples. Forestry 2016, 89, 316–324. [Google Scholar] [CrossRef]

	



Kemler, M.; Garnas, J.; Wingfield, M.J.; Gryzenhout, M.; Pillay, K.A.; Slippers, B. Ion Torrent PGM as tool for fungal community analysis: A case study of endophytes in Eucalyptus grandis reveals high taxonomic diversity. PLoS ONE 2013, 8, e81718. [Google Scholar] [CrossRef] [PubMed]

	



Spegazzini, C.L. Fungi Paraguayensis. An. Mus. Nac. Buenos Aires 1922, 31, 355–450. [Google Scholar]

	



Ross-Davis, A.L.; Graca, R.N.; Alfenas, A.C.; Peever, T.L.; Hanna, J.W.; Uchida, J.Y.; Hauff, R.D.; Kadooka, C.Y.; Kim, M.S.; Cannon, P.G.; et al. Genetic and genotypic diversity of Puccinia psidii-the cause of guava/eucalypt/myrtle rust-and preliminary predictions of global areas at risk. In Proceedings of the IUFRO Joint Conference: Genetics of Five-Needle Pines, Rusts of Forest Trees, and Strobusphere, Fort Collins, CO, USA, 15–20 June 2014; pp. 173–186. [Google Scholar]

	



Alfenas, A.C.; Zauza, E.A.V.; Mafia, R.G.; Assis, T.F. Clonagem e Doenças do Eucalipto; UFV: Viçosa, Brazil, 2009; p. 500. [Google Scholar]

	



Vieira, A.; Ghini, R.; Betiol, W.; Auer, C.; Dos Santos, A.F. Puccinia psidii X Eucalyptus benthamii: Patogenicidade e efeito do aumento da concentração de CO2 do ar em sala climatizada. In Resumo em Anais de Congresso (ALICE). Summa Phytopathologica, Jaguariuna. 34 Congresso Paulista de Fitopatologia; Embrapa Florestas: Campinas, Brazil, 2011. [Google Scholar]

	



Crous, P.W.; Summerell, B.A.; Carnegie, A.J.; Mohammed, C.; Himaman, W.; Groenewald, J.Z. Foliicolous Mycosphaerella spp. and their anamorphs on Corymbia and Eucalyptus. Fungal Divers. 2007, 26, 143–185. [Google Scholar]

	



Pérez, C.; Wingfield, M.; Altier, N.; Blanchette, R. Mycosphaerellaceae and Teratosphaeriaceae associated with Eucalyptus leaf diseases and stem cankers in Uruguay. For. Pathol. 2009, 39, 349–360. [Google Scholar] [CrossRef]

	



Pérez, C.A.; Wingfield, M.J.; Slippers, B.; Altier, N.A.; Blanchette, R.A. Endophytic and canker-associated Botryosphaeriaceae occurring on non-native Eucalyptus and native Myrtaceae trees in Uruguay. Fungal Divers. 2010, 41, 53–69. [Google Scholar]

	



Gryzenhout, M.; Myburg, H.; Van der Merwe, N.A.; Wingfield, B.D.; Wingfield, M.J. Chrysoporthe, a new genus to accommodate Cryphonectria cubensis. Stud. Mycol. 2004, 50, 119–142. [Google Scholar]

	



COSAVE. Lista de las Principales Plagas Cuarentenarias para la Region del COSAVE. Comite de Sanidad Vegetal, 2018. Available online: http://www.cosave.org/sites/default/files/paginas/adjuntos/Anexo%20Lista%20de%20Plagas%20Cuarentenrias%20Re0.pdf (accessed on 10 April 2020).

	



SENAVE. Lista de Plagas Cuarentenarias del Paraguay. Servicio Nacional de Calidad y Sanidad Vegetal y de Semillas. San Lorenzo, Paraguay. 2020. Available online: https://www.senave.gov.py/cuarentena-vegetal (accessed on 10 April 2020).

	



Simpson, J.; Podger, F. Management of eucalypt diseases—Options and constraints. In Diseases and Pathogens of Eucalypts; Keane, P., Kile, A., Podger, F., Brown, B., Eds.; CSIRO Publishing: Clayton, Australia, 2000; pp. 427–444. [Google Scholar]

	



Brown, N.; Van den Bosch, F.; Parnell, S.; Denman, S. Integrating regulatory surveys and citizen science to map outbreaks of forest diseases: Acute oak decline in England and Wales. P. Roy. Soc. B Biol. Sci. 2017, 284, 20170547. [Google Scholar]

	



Meentemeyer, R.K.; Dorning, M.A.; Vogler, J.B.; Schmidt, D.; Garbelotto, M. Citizen science helps predict risk of emerging infectious disease. Front. Ecol. Environ. 2015, 13, 189–194. [Google Scholar] [CrossRef]

	



Lione, G.; Gonthier, P.; Garbelotto, M. Environmental factors driving the recovery of bay laurels from Phytophthora ramorum infections: An application of numerical ecology to citizen science. Forests 2017, 8, 293. [Google Scholar] [CrossRef]

	



IP. Senave Elimina 48.800 Plantines de Eucalipto Infectados con Plagas. 4 Junio 2015. Agencia de Información Paraguaya, 2015. Available online: https://www.ip.gov.py/ip/senave-elimina-48-800-plantines-de-eucalipto-infectados-con-plagas/ (accessed on 10 April 2020).

	



Old, K.M.; Wingfield, M.J.; ZiQing, Y. A Manual of Diseases of Eucalypts in South-East Asia; CIFOR: Bogor, Indonesia, 2003; p. 98. [Google Scholar] [CrossRef]

	



Wingfield, M.J.; Roux, J.; Slippers, B.; Hurley, B.P.; Garnas, J.; Myburg, A.A.; Wingfield, B.D. Established and new technologies reduce increasing pest and pathogen threats to Eucalypt plantations. For. Ecol. Manag. 2013, 301, 35–42. [Google Scholar] [CrossRef]

	



Wingfield, M.J.; Brockerhoff, E.G.; Wingfield, B.D.; Slippers, B. Planted forest health: The need for a global strategy. Science 2015, 349, 832–836. [Google Scholar] [CrossRef] [PubMed]

	



Kovalchuk, A.; Keriö, S.; Oghenekaro, A.; Jaber, E.; Raffaello, R.; Asiegbu, F. Antimicrobial Defenses and Resistance in Forest Trees: Challenges and Perspectives in a Genomic Era. Annu. Rev. Phytopathol. 2013, 52, 221–244. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, R.; Wiesner-Hanks, T.; Wisser, R.; Balint-Kurti, P. Navigating complexity to breed disease-resistant crops. Nat. Rev. Genet. 2018, 19, 21. [Google Scholar] [CrossRef] [PubMed]

	



Sniezko, R.; Koch, J. Breeding trees resistant to insects and diseases: Putting theory into application. Biol. Invasions 2017, 19, 3377–3400. [Google Scholar] [CrossRef]

	



Terhonen, E.; Blumenstein, K.; Kovalchuk, A.; Asiegbu, F.O. Forest tree microbiomes and associated fungal endophytes: Functional roles and impact on forest health. Forests 2019, 10, 42. [Google Scholar]

	



Liebhold, A.M.; Brockerhoff, E.G.; Kalisz, S.; Nuñez, M.A.; Wardle, D.A.; Wingfield, M.J. Biological invasions in forest ecosystems. Biol. Invasions 2017, 19, 3437–3458. [Google Scholar] [CrossRef]

	



Pautasso, M.; Schlegel, M.; Holdenrieder, O. Forest Health in a Changing World. Microb. Ecol. 2015, 69, 826–842. [Google Scholar] [CrossRef]

	



Haack, R.A.; Britton, K.O.; Brockerhoff, E.G.; Cavey, J.F.; Garrett, L.J.; Kimberley, M.; Lowenstein, F.; Nuding, A.; Olson, L.J.; Turner, J.; et al. Effectiveness of the International Phytosanitary Standard ISPM No. 15 on reducing wood borer infestation rates in wood packaging material entering the United States. PLoS ONE 2014, 9, e96611. [Google Scholar] [CrossRef]

	



Burgess, T.; Wingfield, M.J. Quarantine is important in restricting the spread of exotic seed-borne tree pathogens in the southern hemisphere. Int. Forest. Rev. 2002, 56–65. [Google Scholar]

	



Macpherson, M.F.; Kleczkowski, A.; Healey, J.R.; Quine, C.P.; Hanley, N. The effects of invasive pests and pathogens on strategies for forest diversification. Ecol. Model. 2017, 350, 87–99. [Google Scholar] [CrossRef] [PubMed]

	



Nahrung, H.F.; Carnegie, A.J. Non-native Forest Insects and Pathogens in Australia: Establishment, Spread, and Impact. Front. For. Glob. Change 2020, 3, 37. [Google Scholar] [CrossRef]








[image: Forests 11 01035 g001 550] 





Figure 1. Map of Paraguay showing the geographical locations of San Pedro, Alto Parana, Caazapa and Itapua from which eucalypts samples were collected. Map obtained from Google maps (Google, Mountain View, CA, USA). 
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Figure 2. Symptoms of fungal diseases in Paraguayan eucalypts plantations. (a) Myrtle/Eucalypt rust symptoms on mature leaf, (b) Coniella leaf spot, (c) Calonectria blight, (d) Botryosphaeria canker, (e) Chrysoporthe canker, (f) Chrysoporthe sp. on eucalypt bark, (g, h) Teratosphaeria stem canker, (i) cross section showing a stem disease caused by unknown pathogen present in Eucalyptus urophylla x grandis. 
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Figure 3. Maximum likelihood tree of Teratosphaeria canker isolates from Paraguay based on the combined analysis of ITS and the BT2 regions. Isolates and their culture collection names are indicated as CBS (Dutch Centraalbureau voor Schimmelcultures), CMW Fungal Culture Collection at FABI, MUCC (Murdoch University culture collection) and BRIP (Biosecurity Queensland Plant Pathology Herbarium), respectively. Bootstrap confidence values (1000 replicates) are indicated above the internodes. The tree was rooted in Dothiostroma septosporum. 
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Table 1. Sampled eucalypts plantation areas in Paraguay, host species, affected plant parts and fungal pathogens isolated from them.
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Provinces

	
Towns

	
Coordinates

	
Host Species

	
Affected Plant Parts

	
Pathogens






	
Alto Parana

	
Hernandarias

	
25°22′00″ S 54°45′00″ W

	
Eucalyptus urophylla × grandis

	
Sapling’s leaves

	
Pallidocercospora sp., Pseudoteratosphaeria sp.




	
Stem

	
Botryosphaeria sp., Chrysoporthe sp., Teratosphaeria zuluensis




	
Eucalyptus grandis

	
Sapling’s shoot

	
Botryosphaeria sp.




	
Stem

	
Chrysoporthe sp., Teratosphaeria zuluensis




	
Caazapá

	
San Juan Nepomuceno

	
26°07′00″ S 55°55′48″ W

	
Eucalyptus urophylla × grandis

	
Sapling’s leaves

	
Pseudoteratosphaeria sp.




	
Leaves

	
Austropuccinia psidii




	
Sapling’s shoot

	
Botryosphaeria sp.




	
Stem

	
Botryosphaeria sp., Teratosphaeria zuluensis




	
Eucalyptus urophylla × camaldulensis

	
Sapling’s leaves

	
Pseudoteratosphaeria sp.




	
Eucalyptus camaldulensis

	
Stem

	
Botryosphaeria sp., Chrysoporthe sp.




	
Eucalyptus grandis

	
Leaves

	
Austropuccinia psidii




	
Stem

	
Botryosphaeria sp., Chrysoporthe sp., Teratosphaeria zuluensis




	
Eucalyptus grandis × camaldulensis

	
Stem

	
Teratosphaeria zuluensis




	
Eucalyptus benthamii

	
Leaves

	
Austropuccinia psidii, Calonectria sp.




	
Corymbia citriodora

	
Stem

	
Teratosphaeria zuluensis




	
Itapua

	
Pirapo

	
26°51′36″ S 55°32′42″ W

	
Eucalyptus saligna Smith.

	
Leaves

	
Botryosphaeria sp.




	
Stem

	
Botryosphaeria sp.




	
Eucalyptus urophylla × grandis

	
Leaves

	
Botryosphaeria sp.




	
Stem

	
Botryosphaeria sp.




	
San Pedro

	
Vlla del Rosario

	
24°25’28.3” S 57°06’20.8” W

	
Eucalyptus grandis

	
Leaves

	
Pseudoteratosphaeria sp.




	
Stem

	
Teratosphaeria zuluensis




	
Eucalyptus urophylla × grandis

	
Leaves

	
Pseudoteratosphaeria sp.




	
Stem

	
Teratosphaeria zuluensis




	
Eucalyptus grandis × camaldulensis

	
Leaves

	
Pseudoteratosphaeria sp.
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Table 2. Fungal pathogens in Eucalypt plantations and nurseries in Paraguay with their Genbank accession numbers and herbarium data.
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Isolate

	
GenBank Accession No. of Isolate

	
GenBank Accession No. of Best Matches

	
Mi (%)/Qc (%)

	
Suggested Name for Isolate

	
Region

	
Herbarium






	
PUCPY01

	
MH513947

	
KF792096

	
99/100

	
Austropuccinia psidii

	
ITS

	




	
BOTPY01

	
MH518155

	
MN856397

	
99/99

	
Botryosphaeria sp.

	
ITS

	
HAMBI




	
MN508824

	
KR232664

	
100/100

	
Botryosphaeria sp.

	
TEF




	
CALPY01

	
MH512924

	
MH863819

	
98.85/100

	
Calonectria sp.

	
ITS

	
HAMBI




	
CRYPY01

	
MH518146

	
AF273476

	
99.79/100

	
Chrysoporthe sp.

	
ITS

	
HAMBI




	
MN508822

	
KX639104

	
100/100

	
Chrysoporthe sp.

	
BT2




	
MYCPY01

	
MH518178

	
GQ852745

	
98.34/100

	
Pallidocercospora sp.

	
ITS

	
HAMBI




	
TEPY01

	
MH518183

	
EF394846

	
98.75/99

	
Pseudoteratosphaeria sp.

	
ITS

	
HAMBI




	
CMW49670

	
MN508828

	
JQ732915

	
100/100

	
Teratosphaeria zuluensis

	
ITS

	
CMW fungal culture collection at FABI, HAMBI




	
KY401245

	
DQ240110

	
100/100

	
Teratosphaeria zuluensis

	
BT2








Comparison of fungal isolate with best matches in GenBank. ITS, internal transcribed spacer, BT2, beta tubulin; TEF, elongation factor; Mi, maximum identity; Qc, query coverage. All samples were deposited at HAMBI mBRC (Microbial Domain Biological Resource Centre HAMBI), University of Helsinki, Finland, and the Teratosphaeria zuluensis samples were also deposited at the CMW fungal culture collection of FABI (Forestry and Agricultural Biotechnology Institute), University of Pretoria, South Africa.
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