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Mycological herbaria contain important records of plant biodiversity and past outbreaks of plant disease. Mycological herbaria have been used to (1) understand the life history of plant pathogens; (2) identify outbreak strains and track their source; (3) understand the landscape ecology, biodiversity, and distribution of native plants and their diseases; and (4) examine the impact of climate change on pests and plant diseases. In this review, recent ecological and evolutionary questions being addressed using mycological herbarium specimens will be discussed followed by a case study on the evolution and migration of the historic outbreak strain of the Irish famine pathogen, Phytophthora infestans. Herbarium specimens are providing new information on the population biology and source of one of oldest plant diseases.
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INTRODUCTION

Some of the biodiversity on the earth including plant diversity is maintained in dried reference specimens in the world’s herbarium collections (Thiers, 2018). Originally preserved by European physicians for medicinal purposes, specimens bound into books were used as sources for herbal medicine (Fertig, 2016). Over time, their uses became more diverse. There are more than 300 active herbaria in the world today that contain an estimated 387 million specimens documented from earth’s vegetation for the past 400 years (Thiers, 2018). These collections can be used to study the ecology, evolution, and biodiversity of not only the earth’s plant species but also their associated microbes, including plant pathogens that cause disease (Ristaino et al., 2001; Soltis, 2017).

Mycological herbaria provide a glimpse into past genetic information of extinct and extant fungal and oomycete plant pathogens and have been used to address unsolved and intriguing questions in plant biology (Ristaino et al., 2001; Martin et al., 2013). Traditionally, specimens in mycological herbaria were used to understand the life history of plant pathogens. Disputes about taxonomy or nomenclature of organisms, and studies of systematics, phylogenies, function, and evolution of genes can be resolved. Herbarium specimens have been used to identify outbreak strains of plant pathogens and track their source. Examples of these studies will follow. Origins of pathogen populations and causal agents of historical epidemics have been discerned. Changes in genetic structure of “old” versus “new” populations have also been compared. Specimens can be used to understand the landscape ecology and distribution of native plant and their plant diseases. Increasingly, herbarium records are being used to provide baseline data on the impact of climate change on pest and plant disease distribution.

In this review, examples of the use of mycological herbarium specimens to address these questions will be given. Today, questions on the ecology and evolution of pathogens are being addressed using herbarium specimens containing a range of plant pathogens. We make the case for the value and necessity of these collections, which need continued curation. This is followed by a detailed case study of the use of mycological herbarium specimens to address several important research questions related to the evolution, source, and migration of Phytophthora infestans, the famed Irish famine pathogen.



GENETIC STRUCTURE OF “OLD” VERSUS “NEW” POPULATIONS

Citrus bacterial canker caused by Xanthomonas axonopodis pv. citri (Xac) was first documented in India and Java in the mid-19th century and causes severe disease on leaves, stems, and fruit of citrus that affect marketability of fruit. DNA sequencing was used to sequence insertion sequences from 90 herbarium samples from Japan and Florida and study DNA diversity present within the pathogen populations in herbarium specimens over the past century (Li et al., 2007). Four different genotypes of the pathogen were identified in early citrus samples from Florida. All of these genotypes were preserved in herbarium specimens from Japan, thus suggesting that Japan was the source of the original outbreak of citrus canker in Florida in 1911 according to Li et al. (2007). Multiple introductions of the pathogen into citrus in Florida were inferred based on Florida populations that contained all four global genotypes and had greater genetic diversity than genotypes from other regions of the world.

A larger-scale global study of citrus bacterial canker lineages using multilocus minisatellites revealed four clusters of genotypes of the citrus canker pathogen and that a single lineage caused the original outbreaks in Asia (Pruvost et al., 2014). Work is underway in France to sequence the whole genomes from early outbreak strains of the bacterial canker pathogen found in citrus specimens in plant herbaria that were not originally collected for that purpose (Gagnevin, 2017). Unidentified leaf spots are common in plant herbaria and provide a time stamp of disease outbreaks from the past. The study documented the usefulness of searching outside traditional mycological herbaria for plant specimens not labeled as diseased for plant disease records. Interestingly, positive samples of the citrus canker pathogen were found in citrus samples from the 1820s in Japan, many years before it was even documented that bacteria could cause disease and the citrus canker bacterium was identified.



TAXONOMIC DISPUTES

Disputes about the taxonomy and classification of plant pathogens can be resolved with herbarium samples (Table 1). For example, the taxonomic status of the spinach downy mildew pathogen was resolved using herbarium specimens from four continents (Choi et al., 2007). These workers constructed phylogenetic trees using the internal transcribed spacer (ITS) region of the ribosomal DNA (rDNA) within Peronospora accessions (Choi et al., 2007). The work led to reinstatement of Peronospora effusa as the name of the pathogen on spinach (Spinacea oleracea) (Choi et al., 2007).


TABLE 1. Examples of plant pathogens studied using mycological herbaria.

[image: Table 1]Similarly, authenticated herbarium specimens were used to change the nomenclature of an anthracnose pathogen of safflower, garland chrysanthemum, and pot marigold in the Asteraceae from Gloeosporium carthami to Colletotrichum carthami comb. nov. (Uematsu et al., 2012). The cause of Peronospora blight on opium poppy was also determined to be Peronospora arborescens and not Paraschistura cristata using type specimens from the early 19th century (Montes-Borrego et al., 2008). Support for the name of the postharvest rot of apple as Botrytis mali was shown after conducting molecular phylogenies from DNA extracted from the earliest described diseased apples in herbarium samples (O’Gorman et al., 2008). A real-time PCR diagnostic was developed to distinguish common corn rust, Puccinia sorghi, from southern corn rust, Puccinia polysora. Rust spores from samples from herbaria were used to develop the primers and validate the specimen labels (Crouch and Szabo, 2011). These examples document the usefulness of mycological herbaria in designating fungal species names, revising names, giving naming priority, and developing pathogen diagnostic tools.



LANDSCAPE ECOLOGY AND DISTRIBUTION OF PATHOGENS OF NATIVE PLANTS

The spatial distribution of anther smut fungi in the eastern United States was studied using plant herbarium specimens. Herbaria containing Silene virginica, Silene caroliniana, Smilax rotundifolia, and Silene latifolia were used to survey the incidence of anther-smut disease caused by Microbotryum violaceum sensu lato, in the eastern United States (Antonovics et al., 2003). Landscape level maps of plant species occurrence and the occurrence of the anther-smut pathogen were made by visual confirmation of symptoms on anthers stored in plant herbaria specimens. Disease was found in two of the four species, S. virginica and S. caroliniana but not S. rotundifolia, and S. latifolia, in the eastern United States. Relative abundance of disease was related to species and latitude with more disease occurring further north in S. virginica than S. caroliniana. Comparisons with modern native populations and disease outbreaks on these Silene species revealed different results and indicated a recent introduction of the disease on S. latifolia that was not identified previously in plant herbaria records.

Herbarium samples of the forest sedge Carex blanda were examined for the presence of Anthracoidea blanda (smut), Puccinia caricina (rust), and a chalcid insect on forest sedge in Kansas (Alexander et al., 2007). The latitude and longitude of the plant host were not related to the presence of the insect seed predator or the two pathogens. However, the smut fungus was dispersed more locally than the rust and both pathogens were found less frequently at the western borders of the plant host range. There was also a significant increase in occurrence of both plant pathogens over time revealed in the herbarium sample records.

Both of these examples demonstrated the spatial dynamics of plant diseases in native plant populations. Understanding disease spread in native plant populations is important as native plants may provide reservoirs for pathogens to migrate into agricultural crops. In addition, the work on anther smut has led to elegant models on the transmission dynamics of plant pathogens in native plant populations that are relevant for understanding disease management in agroecosystems (Antonovics, 2017).

The associated metadata from specimen labels can be used to study and map pathogen and host species distributions over time and could provide important baseline data for regulatory agencies interested in new pathogen introductions. The DNA sequence data generated from specimens can be linked to reference specimens in herbaria using data aggregating portals such as the Global Biodiversity Information Facility (GBIF), the United States Geological Survey’s portal (Biodiversity Information Serving Our Nation; BISON), iDigBio (Integrated Digitized Biocollections), and the MyCoPortal1. The data can then be archived and used by groups of scientists on biodiversity projects such as the microbial tree of life to provide baseline data for pathogen phylogenetic trees. The Atlas of Living Australian Life is an example of a project that uses mycological herbarium data to create spatial maps of disease outbreaks. These data are useful to provide early records of plant disease or new reports of diseases and can be very useful to regulatory and plant quarantine personnel trying to control an outbreak.



IMPACTS OF CLIMATE CHANGE ON THE DISTRIBUTION OF PESTS OR PATHOGEN OUTBREAKS

Historical plant collections have been used in global change research to investigate how plant species interactions shift with time (Meineke et al., 2018). The impact of climate on herbivory caused by plant feeding insects on hickory, oak, trefoil, and blueberry in the northeastern United States was examined using a large number of plant herbarium specimens that were not originally collected for this purpose (Meineke et al., 2018). There was increased herbivory in more recent than older specimens of the plant species investigated. In addition, higher winter temperatures were associated with increased herbivory, and there was less herbivory in samples from urban than rural areas (Meineke et al., 2019).

A bias in the collection of historical plant collections can impact interpretation of results, as herbarium samples are not typically collected randomly. In addition, there tends to be greater numbers of collections made in the developed than developing world so data gaps can be evident. However, there is the advantage that many plant specimens present in herbaria were collected before wide-scale human changes to climate occurred, so the specimens provide useful baseline data for plant, pest, or pathogen distribution in climate change studies.

An example of the impact of air pollutants on historic pathogen occurrence was done using the Rothamsted long-term wheat trials. The temporal occurrence of two major wheat pathogens was investigated from specimens collected in the long-term trials on wheat at Rothamsted Research in the United Kingdom over a 160-year period (Bearchell et al., 2005). The abundance of Phaeosphaeria nodorum and Mycosphaerella graminicola were monitored in wheat from samples from the Broadbalk experiments where systematic sampling from the same sentinel plots at Rothamsted has occurred since 1844 (Table 1). DNA was extracted from samples and a beta tubulin gene was amplified using real-time PCR to identify each species. Strong correlations between changes in the ratio of the two pathogens over the 160-year period with changes in atmospheric SO2 emissions were observed. The abundance of P. nodorum was positively correlated with SO2 emissions, while the abundance of Mycosphaerella graminícola was negatively correlated with SO2. The study was one of the first to use long-term data from archival collections for understanding and investigating anthropogenic factors such as air pollutants on the dynamics of pathogens on wheat.

Climate change is expected to affect not only the abundance but also the distribution of plant species. The distribution of plant diseases is also likely to change as climates warm with some plant diseases expanding into new ranges and at higher latitudes that were previously inhospitable for disease (Bebber, 2015). Knowledge of baseline pathogen distributions can be discerned from data-mining and mapping plant pathogen occurrence records of mycological herbaria. Much of the data records in the world’s mycological herbaria are now being digitized and uses of specimens have changed from traditional taxonomy and systematics to DNA analyses, global change biology, and biodiversity informatics (Heberling et al., 2019). These examples suggest the importance of historic plant and mycological herbarium collections and the need for not only curation but deposits of both diseased and healthy plant specimens into collections.



A CASE STUDY USING MYCOLOGICAL HERBARIUM SPECIMENS: THE IRISH FAMINE PATHOGEN P. infestans

Phytophthora infestans, an oomycete plant pathogen, caused the Irish potato famine. The disease first occurred in the United States in 1843 and subsequently spread into Europe and Ireland in 1845 (Bourke, 1964). My laboratory has studied both modern and historic outbreaks of the disease for many years. Mycological herbaria have been used to address several important research questions including (1) understanding the life history of the pathogen, (2) identification of the strain that caused famine-era outbreaks and its source, (3) the spatial scale of the outbreak strain, (4) the center of origin of the disease, (5) the genetic structure and evolutionary history of P. infestans and sister lineages, and (6) changes in pathogen virulence through time.



LIFE HISTORY OF THE PATHOGEN AND MYCOLOGICAL COLLECTIONS

Herbarium specimens played an early role in identifying and understanding the pathogen that caused the Irish potato famine (Figure 1). There was no consensus on the cause of the potato disease and weather, insects, “the wrath of God,” the “temperament of the Irish,” and a minute “fungus” were suggested (Berkeley, 1846; Bourke, 1993). Teschemacher, a member of Boston’s Natural History Society, associated a fungus with the lesions on the potato plant (Teschemacher, 1845). In 1846, Montagne in France and Miles J. Berkeley in the United Kingdom (Berkeley, 1846; Montagne, 1846) gave the name Botrytis infestans for the pathogen. These scientists collected and exchanged specimens of infected potato leaves and wrote letters to colleagues. M. J. Berkeley’s letter to W. G. Farlow of Harvard University is preserved in the Farlow archives (Figure 2) and includes early descriptions of the pathogen including the asexual fruiting bodies called sporangia and discussion of putative sexual spores or oospores (Ristaino, 1998).
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FIGURE 1. Phytophthora infestans-infected potato collected in (A) Sweden in 1882 by Jacob Eriksson from the herbarium in Uppsala, Sweden. (B) Sample collected in Bogata, Colombia by J. M. Vargas Vergana in 1913 (BPI186968). Disease in both samples was caused by the FAM-1 lineage of P. infestans.
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FIGURE 2. Letter and drawing by Berkeley sent to W. G. Farlow at Harvard University on July 10, 1875 showing the sporangiophore, sporangia, zoospores and putative oogonia (female), and antheridia (male) of P. infestans. Letters deposited in the Farlow Library Archives, Harvard University.


The work on late blight by M. J. Berkeley and others predated work by Louis Pasteur on the germ theory and clearly documented that a microbe could cause disease (Berkeley, 1846). The work was a major contribution to both the development of the science of plant pathology and the germ theory of disease and is often unrecognized by microbiologists. In 1876, Anton de Bary elucidated the full life cycle of the pathogen and based on morphology of sporangia and sporangiophore characteristics changed the pathogen name from Peronospora to P. infestans (De Bary, 1876). The word Phytophthora means “plant destroyer.”

Mycological specimens linked with archival documents have been used to understand the life history of P. infestans (Ristaino, 1998). The occurrence of the sexual oospores of the pathogen in field samples was investigated and documented in herbarium sample records. Herbarium specimen labels from the early 20th century collected by G.P. Clinton in Connecticut indicated that oospores (survival spores) of P. infestans were observed in infected potatoes and PCR and microscopic evidence was published that corroborate his work and that of others who also observed oospores of the pathogen in potato in the early 20th century (Ristaino, 1998).

We searched the Index Herbariorum and the MyCoPortal for plant herbarium specimens infected with P. infestans. Over 1280 specimens of P. infestans-infected plant leaves are stored in global mycological herbaria (Figure 3). Most samples were collected between 1843 and 1950, while far fewer samples were collected more recently (Figure 3A). The distribution of historic samples is biased toward the developed world and temperate climates (Figure 3). The greatest number of samples were from potato (n = 771) followed by tomato (n = 134), other wild Solanum species (n = 48), and petunia (n = 6) (Figure 3B). The largest numbers of specimens were collected from the United States, followed by Germany, the United Kingdom, Sweden, Canada, France, New Zealand, India, and Italy (Supplementary Figure 1). Samples from many other countries were also found in the global database and span most continents where potatoes are currently grown (Figure 3A). The greatest numbers of P. infestans-infected plant specimens are housed at the United States National Fungus Collections (BPI) in Maryland followed by the Kew Mycological Collections (Kew) in the United Kingdom and Harvard’s Farlow Herbarium (FH) in Cambridge, MA, United States (Supplementary Figure 1B).
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FIGURE 3. Distribution of late blight caused by P. infestans herbarium records. (A) Sorted by year from 1845 to 2018. (B) Collections sorted by host including potato, tomato, wild Solanum species, or petunia. Herbarium records mined from a search of MyCoPortal.




THE IDENTIFICATION OF THE STRAIN THAT CAUSED FAMINE-ERA OUTBREAKS AND ITS SOURCE

A single clonal lineage named US-1 [Ib mitochondrial DNA (mtDNA) haplotype] was globally distributed in the late 20th century and was proposed as the “famine-era” lineage of P. infestans (Goodwin et al., 1994). The lineage was identified at that time by RFLP fingerprinting and mitochondrial haplotying. However, my laboratory conducted the first direct PCR amplification of mitochondrial genes from actual 19th-century herbarium samples of blight-afflicted potato leaves, and our work led to a different conclusion (Ristaino et al., 2001). Historical P. infestans from famine-era outbreaks were the Ia and not the Ib mtDNA haplotype and thus US-1 was not the culprit (May and Ristaino, 2004). In addition, evidence of other mtDNA haplotypes in Nicaragua (type IIb) in the mid-20th century were found, suggesting that there was more than one clonal lineage circulating by the 1950s in the Americas (May and Ristaino, 2004).

My laboratory in collaboration with Tom Gilbert and Mike Martin (Martin et al., 2013) and another group simultaneously (Yoshida et al., 2013) conducted Illumina sequencing of whole genomes from historical P. infestans derived from infected potato samples in Europe. Both studies corroborated our previous work (Ristaino et al., 2001), concluding that the historical lineage was not the US-1. Yoshida called the mitochondrial lineage “HERB-1” and suggested that it was more closely related to the US-1 lineage (Ib mtDNA haplotype) than the Ia mtDNA haplotype and that the lineage was rare or possibly extinct (Birch and Cooke, 2013; Yoshida et al., 2013). Subsequently, we sequenced 45 additional mitochondrial genomes from historic and modern lineages (Martin et al., 2014) and results indicated that the famine lineage was not extinct but present in both Mexico and Ecuador, thus refuting the Yoshida claim (Yoshida et al., 2013). The divergence time of the HERB-1 and other mitochondrial lineages was also dated to 75 years prior to the Irish famine outbreaks (Martin et al., 2014). Highly supported structure within the HERB-1 lineage indicated that multiple distinct mitogenome haplotypes were present in 19th-century Europe, a situation compatible with either multiple introductions of different haplotypes of the pathogen or a single introduction containing multiple haplotypes into Europe. The HERB-1 mitochondrial lineages radiated within Europe over time and formed a sister lineage that was most closely related to the type Ia mitochondrial lineage.



THE SPATIAL SCALE OF THE OUTBREAK STRAIN

PCR primers were developed based on full mitogenome sequences to differentiate HERB-1/Ia mitogenomes from other reported modern mtDNA lineages (Ib, IIa, and IIb) (Avila-Adame et al., 2006; Gomez-Alpizar et al., 2007; Martin et al., 2014; Lassiter et al., 2015). The HERB-1 mitogenome shared all the SNPs in the P2, P3, and P4 regions of the mitochondrial genome that were reported in previous studies of historic mtDNA lineages and was thus a type Ia mitochondrial DNA haplotype (Ristaino et al., 2001; Martin et al., 2014; Saville et al., 2016). A survey of an even larger set of global herbarium specimens documented the frequent occurrence of the HERB-1 mitochondrial haplotype in archival collections from 1866 to 1875 and 1906 to 1915 and the later rise of the Ib mitochondrial lineage (US-1) between 1936 and 1955 (Saville et al., 2016). The HERB-1 mtDNA lineage was identified in the Andean hybrid species Phytophthora andina, suggesting that this mtDNA lineage was not exclusive to P. infestans and that it still exists in South America (Martin et al., 2014, 2016; Saville et al., 2016). For that reason, we renamed the actual famine lineage found in P. infestans as FAM-1 (Saville et al., 2016).

A large set of historic United States and European P. infestans from specimens collected from 1846 to 1970 and more recent isolates from 1992 to 2014 were genotyped with 12 plex SSR multilocus genotyping (Saville et al., 2016; Ristaino et al., 2020). The same, unique SSR multilocus genotype, FAM-1 was found. This lineage caused outbreaks in both the United States and Europe and was widely distributed. Interestingly, the FAM-1 lineage shared allelic diversity and grouped with the oldest known historic specimens infected with P. infestans collected in Colombia (Figure 1B) and FAM-1 was also found in Costa Rica, thus confirming the presence of the famine lineage in Central and South America in the early 20th century. The FAM-1 lineage of P. infestans formed a genetic group that was distinct from more recent aggressive lineages of the pathogen (US-8, US-22, US-23) found in the United States. The US-1 lineage formed a second, mid-20th-century group and shared allelic diversity with lineages from Peru suggesting a South American source of US-1. The US-1 lineage was first found in the United States in herbarium records in samples from Texas in 1931. In contrast, many recent modern United States lineages with the exception of the US-23 lineage, grouped with Mexican lineages, suggesting a Mexican source of recent aggressive United States lineages of P. infestans (Saville and Ristaino, 2019). Tomatoes and potatoes grown in Mexico are imported into the United States frequently, and are likely sources of introductions of recent clonal lineages of the pathogen.

Evidence from historic herbarium collections from the United States show that the FAM-1 lineage first emerged on potato as all the 19th-century samples genotyped on potato were FAM-1 (Figure 4A). In contrast, FAM-1 was not confirmed on tomato until after 1900 (Figure 4B). A host jump to tomato may have occurred later after initial introductions of FAM-1 on potato. We are continuing to sequence more Solanum species from global populations to provide further information on host jumps. It is clear that the FAM-1 lineage survived for almost 100 years in the United States, and was geographically more widespread than originally assumed (Saville et al., 2016). In contrast, the US-1 lineage was not identified on potato between 1845 and 1900 but was more common on potato in later samples from 1901 to 1950 (Figure 4A). In addition, the US-1 lineage was found in a greater percentage of the samples genotyped from tomato than potato from 1901 to 1950 (Figure 4B), suggesting tomato may have been the initial host of introduction of the US-1 lineage.
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FIGURE 4. Distribution of United States lineages of P. infestans from herbaria (1850–1950) and modern United States collections (2009–2019) on (A) potato and (B) tomato. Data from 2011 to 2019 are from USABlight.org.




CENTER OF ORIGIN OF DISEASE

The first researchers who studied late blight said the pathogen originated in the Andes of South America (Berkeley, 1846; De Bary, 1863). These workers cited reports by Spanish explorers and Jesuit priests that stated the pathogen was widely known in the Andean region of Colombia (Abad and Abad, 1997). In addition, in Europe, potato seed recently imported from Andean sources on fast-moving steam ships was reported to harbor the pathogen. The higher temperatures in the ship holds of earlier vessels would have likely killed P. infestans (Jones et al., 1912).

In the 20th century, Reddick and others suggest that Mexico was the center of origin of the pathogen and the source of 19th-century outbreaks (Reddick, 1939; Fry et al., 2015). Evidence includes the presence of sexual oospores that were described in field populations in Mexico (Gallegly and Galindo, 1958) and highly diverse sexual lineages in modern populations there (Fry et al., 2015). In addition, resistance to the pathogen in Solanum demissum, which was widely used as a source of R genes, came from Mexico.

Gomez-Alpizar (Gomez-Alpizar et al., 2007), using a global set of isolates and more lineages from South America than previous work, conducted multilocus genotyping of nuclear and mitochondrial genes and presented gene genealogies that provided evidence of a South American origin of the pathogen. Coalescent-based genealogies of all loci were congruent and demonstrate the existence of two lineages leading to present-day haplotypes of P. infestans on potatoes. The oldest lineage associated with isolates from the section Anarrhichomenun including Solanum tetrapetalum from Ecuador (later identified as P. andina) evolved from a common ancestor of P. infestans. Mexican haplotypes were derived from only one of the two lineages.

Gomez-Alpizar’s work stimulated research by others to do further multilocus genotyping with a wider set of Mexican samples, and in that work, a Mexican center of origin was proposed (Goss et al., 2014). However, the P. infestans lineages from South America studied in that work were most likely reintroductions from Europe, and their migration analysis supports this idea. The disparate results stimulated further work by our team using the population genomics approaches described in the next section that have shed more light on the historic controversy “Whence came P. infestans” (Martin et al., 2016).



THE GENETIC STRUCTURE AND EVOLUTIONARY HISTORY OF P. infestans AND SISTER LINEAGES

Several sister lineages of P. infestans have been described in association with wild Solanaceous species in South America, including Phytophthora betacei (Mideros et al., 2018) and the hybrid species P. andina (Adler et al., 2004; Oliva et al., 2010; Goss et al., 2011). P. andina (Adler et al., 2004; Oliva et al., 2010) is a close relative of P. infestans and hypothesized to have arisen through multiple hybridizations between P. infestans and an as yet undescribed species within Phytophthora clade 1c (Gomez-Alpizar et al., 2008; Goss et al., 2011; Blair et al., 2012; Lassiter et al., 2015). P. andina is a pathogen on various Solanum species in the Andean highlands and, in some South American locales, occurs sympatrically with P. infestans on Solanum betaceum (tree tomato) and Solanum muricatum (pear melón) (Perez et al., 2001; Adler et al., 2004; Oliva et al., 2010; Forbes et al., 2013, 2016).

Historic genomes of P. infestans were sequenced using Illumina sequencing and have been compared with more recent genomes from collections of modern aggressive lineages of P infestans and P. andina, suggesting an Andean origin of the outbreak strain of P. infestans (Martin et al., 2016). The famine lineage from historical Europe is one of the parents of the hybrid P. andina that is endemic to the Andean highlands of South America on wild Solanum species (Gomez-Alpizar et al., 2008; Martin et al., 2016). As P. andina lineages are the most basal in a phylogeny that includes much of the known diversity of P. infestans, this indicates that the sister hybrid species P. andina, although described only recently (Oliva et al., 2010), actually diverged early on in the history of P. infestans in South America. Thus, the closest relative of P. infestans is likely on a wild host and is likely endemic in South America. This is evidence that FAM-1-like genotypes responsible for the Irish famine once existed in Ecuador, Colombia, and/or Peru, the known range of P. andina (Martin et al., 2016). FAM-1 lineages were indeed present in the oldest herbarium samples tested to date from Colombia (Figure 1B) (Saville et al., 2016). The work illustrates the need for further sampling of P. infestans and related sister species on wild Solanum species in South America. Further sequencing of P. infestans from additional wild species present in mycological herbaria (Figure 3) is also needed to further understand the ancestry of the entire 1c clade of Phytophthora.



CHANGES IN PATHOGEN VIRULENCE OVER TIME

Next-gen sequencing of genomes from historic P. infestans has also enabled us to ask questions about the virulence of the FAM-1 lineage (Martin et al., 2013; Yoshida et al., 2013). Computational analysis of pathogen genomes from plant herbaria can have many challenges, and these challenges have been reviewed and analyzed elsewhere (Yoshida et al., 2015). P. infestans produces proteins known as effectors present in gene sparse regions of the genome that are recognized by host resistance genes (R) or not to trigger host immunity or susceptibility (Gilroy et al., 2011). The first genome sequence of P. infestans revealed over 500 effectors present in gene sparse regions of the pathogen genome (Haas et al., 2009). Many Avr genes have been cloned and identified (Vleeshouwers et al., 2011). Many of the Avr genes known to be essential for virulence in modern P. infestans were absent in the historic lineages (Vleeshouwers et al., 2011; Martin et al., 2013; Yoshida et al., 2013). Results showing the absence of Avr genes in historic outbreak strains known to be essential for virulence in modern P. infestans suggest the likely role of plant breeding in accelerating development of new lineages with expanded effector repertoires.



CONCLUSION

Our scientific ancestors could never have imagined the diverse uses and questions now being addressed with plant pathogen herbaria. Mycological herbaria form a window into epidemics of the past. As genome sequencing comes down in price and specimen digitization occurs, further sequencing of historic outbreak samples are expected from diverse plant pathosystems. Unfortunately, funding to maintain, preserve, and study these historic collections has been reduced and some collections are threatened. Linking DNA sequence data back to voucher specimens in herbaria is important, as presently much of the sequence data are in separate databases from the collections. Further work to mine specimen labels and link sequence data with larger data portals and geospatial mapping is needed. In addition, further deposits of modern-day pathogen-infected plants into mycological herbaria are needed to preserve the temporal scale of archived samples. Going back to archival samples to predict future emerging disease outbreaks can yield valuable information on changes in pathogen virulence, abundance, and evolution of important plant diseases.
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