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ABSTRACT 

 The hypothesis of horizontal gene transfer of a hybrid gene from bacteria to the 

filamentous Ascomycota was tested using constrained phylogenetic analyses and tests of 

topological congruence.  Results suggest that the hybrid gene was acquired from bacteria 

by a single transfer before the radiation of the Leotiomyceta.  The phylogenetic 

relationship among Nimbya and Embellisia was investigated using both morphological 

and molecular data.  Examination of conidia morphology revealed that Nimbya and 

Embellisia comprise two and four distinct morphological groups, respectively.  Molecular 

analyses support all morphological groups of Nimbya and Embellisia and reveal that both 

genera are polyphyletic.  Results suggest the circumscription of these genera is based 

upon convergent morphological characters.  To further understand the evolutionary 

relationship among Alternaria and closely related genera, ten protein-coding genes were 

sequenced across 176 species.  Three genes possessed significant substitution saturation 

and two other genes did not possess sufficient phylogenetic signal to assess relationships 

among the asexual Alternaria.  The remaining five loci revealed strong support for 

asexual Alternaria and the order of divergence among eight asexual Alternaria species-

groups.  The current polyphyly of Alternaria was resolved using morphological and 

molecular data.  Morphological examination revealed that most members of the infectoria 

clade (sexual Alternaria) produce diagnostic colony characters on dichloran rose bengal 

yeast extract sucrose agar (DRYES) and weak potato dextrose agar (WPDA) that are 

fundamentally different as compared to other small-spored Alternaria species.  These 

data also revealed that all members of the infectoria clade produce arachnoid vegetative 
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hyphae with multiple primary conidiophores, whereas other small-spored Alternaria 

species do not.  Phylogenetic analyses revealed that the sexual infectoria clade clusters 

with other sexual genera phylogenetically distant to the asexual Alternaria.  Lastly, the 

validity of taxonomy and the phylogenetic relationship among three small-spored 

Alternaria species was examined.  Total ortholog comparisons and whole-genome 

comparisons revealed that the DNA sequence of A. alternata ATCC 11680 has a higher 

percent similarity to A. tenuissima EGS 34-015 than to A. alternata EGS 34-016.  This 

suggests that these two isolates share a more recent common ancestor and A. alternata 

EGS 34-016 is more distantly related. 
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INTRODUCTION 

1.1 Literature review 

Biological systematics is defined as the study of the diversification of organisms and their 

evolutionary relationships through time (Rossman and Pam-Hernández 2008).  As such, 

systematics is a broad science that encompasses taxonomy, classification, and 

evolutionary biology.  Taxonomy is perhaps the most fundamental component of 

systematics and includes assigning organisms a scientific binomial based upon the work 

of Linnaeus through the process of describing and cataloguing new species.  

Classification of organisms in a hierarchical system is a logical complement of 

taxonomy, and for biology this consists of organizing taxonomic units into kingdoms, 

phyla, classes, orders, families, and genera. Additionally, systematics includes the 

elucidation of organismal relationships over evolutionary time and ideally, both the 

taxonomy and classification of organisms will reflect their phylogenetic histories. 

Three major methods exist for the systematic study of organismal relationships.  

The first is termed traditional systematics, where organismal relationships are assessed by 

weighting specific characters that are believed (subjective intuition) to be important 

(Wiley et al. 1991).  The second method, phenetics, uses morphological characters to 

infer relationships based on the total similarity of phenotypes without regard to 

evolutionary processes that generate such phenotypes, such as parallel and convergent 

evolution (Wiley et al. 1991).  The third method, cladistics, differs from traditional 

systematics and phenetics by employing empirical methods that are based strictly on 

evolutionary principles to infer organismal relationships (Wiley et al. 1991). 
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 The concept of cladistics was first formalized by Hennig (1950, 1966).  Cladistics 

infers evolutionary relationships by indirectly discovering evidence of the ancestry of the 

organism(s) under study.  Evidence of common ancestry is assessed by inferring shared 

derived characters called synapomorphies, which may include phenotypic and/or genetic 

data that are hypothesized to be useful for delimiting organismal relationships (Hennig 

1965).  In contrast, shared ancestral characters (symplesiomorphies) are not useful for 

inferring organismal relationships because all descendants share the character (Hennig 

1965).  In cladistics, evolutionary relationships are depicted using phylogenetic trees, 

which are reconstructions of the genealogical history of organisms.    

 The goal of cladistics is to produce natural groups or monophyletic groups 

(clades), which consist of a common ancestor and all of its descendants (and only its 

descendants; Hennig 1965; Wiley et al. 1991).  Members of a monophyletic group consist 

of a group of organisms that share an evolutionary history that is not shared with any 

member placed outside the group.  Examples of monophyletic groups include plants, 

fungi, and animals (Bremer 1985; Barr 1992; Bruns et al. 1992; Hanelt et al. 1996).  

Additional types of groups exist and are artificial because they do not reflect ancestor-

descendent relationships.  One example of an artificial group is a paraphyletic group, 

where one or more descendants of a common ancestor are omitted (Hennig 1965).  

Paraphyly is usually the result of dubious taxonomic placement of organisms based upon 

the phenetic classification scheme.  Another artificial group is called a polyphyletic 

group; this is produced when the common ancestor of a group of organisms is placed in 
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another taxon (Hennig 1965).  Therefore, the only true group is a monophyletic group, 

which is the product of genealogical descent, i.e., evolution. 

 This dissertation examines the evolutionary relationships among fungi by utilizing 

morphological and molecular data and identifying evolutionary processes that contribute 

to inaccurate phylogenetic hypotheses.  The ultimate goals of this work are to understand 

the process of reconstructing strongly supported and robust phylogenies for a 

phylogenetically recalcitrant group of fungi and to identify underlying evolutionary 

processes that obscure phylogenetic signal.  As such, this work, concentrates on 

identifying genetic loci that have strong phylogenetic resolving capabilities and processes 

such as horizontal gene transfer, convergent evolution of morphological traits, and other 

evolutionary forces that cloud phylogenetic reconstruction.  The following provides a 

brief introduction to past and present assessments of fungal relationships, phylogenetic 

relationships among Alternaria and closely related fungi, and evolutionary forces that 

occlude phylogenetic reconstruction. 

Assessing phylogenetic relationships among fungi 

Fungal systematics traditionally has focused on taxonomy and circumscription of 

morphologically similar fungal groups, while their evolutionary relationships have often 

been overlooked.  Before the advent of molecular analyses several systems were 

developed to investigate the evolutionary history within the filamentous Ascomycota.  In 

the traditional classification system of filamentous ascomycetes, the type of ascoma 

produced was used as the principle character.  Four different classes were created to 

accommodate different fruiting body structures such as open (apothecium), flask-shaped 
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(perithecium), closed (cleistothecium), or ascolocular (pseudothecium). Taxonomic 

groupings used to encompass each type of structure were Discomycetes, Pyrenomycetes, 

Plectomycetes, and Loculoascomycetes, respectively (Ainsworth et al. 1971).  However, 

this system has been heavily criticized by not including other characters, for example 

ascus type, which can be either bitunicate (two-walled) or unitunicate (single-walled) 

(Luttrell 1951; Reynolds 1981, 1989).  Use of the single character of fruiting body 

structure lead to the production of artificial groups that broke down as more 

comprehensive knowledge of the organisms increased.         

 Many of the early molecular analyses utilized slowly evolving loci such as 18S 

ribosomal DNA (rDNA) and the second largest subunit of RNA polymerase II (RPB2) to 

investigate deep divergences within the Ascomycota (e.g., Berbee and Taylor 1995; Liu 

et al. 1999).  Surprisingly, these analyses supported some of the traditional classifications 

of filamentous ascomycetes (Berbee and Taylor 1992, 1995; Gargas and Taylor 1995; 

Spatafora 1995).  For example, the perithecium forming fungi form a strongly supported 

monophyletic group circumscribed as the Sordariomycetes.  However, inclusion of many 

secondary characters such as type of ascoma and asci produced did not consistently result 

in robust clades (Berbee and Taylor 1992; Spatafora et al. 1995).   

The recent availability of multigene sequences from broadly supported research 

consortia such as the Assembling the Fungal Tree of Life (AFTOL) project and the more 

than one hundred fungal genomes now available has allowed for a comprehensive 

examination of phylogenetic relationships across the Ascomycota (Fitzpatrick et al. 2006; 

James et al. 2006; Kuramae et al. 2006; Robbertse et al. 2006; Spatafora et al. 2006).  The 
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availability of multiple gene sequences has concluded the monophyly of the Ascomycota 

and several classes (e.g., Leotiomycetes, Sordariomycetes, Eurotiomycetes, and 

Dothideomycetes) (Schoch et al. 2009).  These studies laid the foundation for future 

evolutionary studies by producing phylogenetic hypotheses that are strongly supported 

even though conflicts existed between morphological and molecular data. 

Ascolocularous fungi were first described by Nannfeldt (1932) where taxonomic 

emphasis was placed on the type of ascoma produced.  Ascolocular fungi produce a 

pseudotissue called an ascostroma where bitunicate asci develop within locules of the 

ascoma termed a pseudothecium.  These fungi were later ranked as a subclass within the 

Ascomycota (Luttrell 1955).  Luttrell circumscribed additional taxa as belonging to this 

subclass based predominately on the production of bitunicate asci (Luttrell 1951, 1955, 

1973).  However, additional fungal taxa belonging to different classes such as the 

Arthoniomycetes (Arthoniales; Henssen and Jahns 1974; Henssen and Thor 1994), 

Eurotiomycetes (Pyrenulales; Parguey-Leduc and Janex-Favre 1981 and; Verrucariales, 

Henssen and Jahns 1974) also produce bitunicate asci without ascolocularous 

development, thus producing non-natural groups.   

The molecular study by Berbee (1996) provided the first evidence that fungi 

producing bitunicate asci do not form a monophyletic group.  Additionally, the results of 

18S rDNA analysis, in conjunction with additional loci revealed that the Chaetothyriales, 

a small group of bitunicate asci forming fungi thought to be ascolocularous, formed an 

independent order phylogenetically distant to other ascolocularous bitunicate asci 

producing fungi (Winka et al. 1998; Schoch et al. 2009).  Analysis of sequences from 
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RPB2 could not reject the monophyly of ascolocularous fungi although the 

Chaetothyriales clustered outside of the Dothideomycetes (Liu et al. 1999).   

Asexual fungi comprise more than half of the Ascomycota and lack a known 

sexual stage, or teleomorph (Taylor et al. 1999).  Thus they do not produce sexual 

fruiting bodies (Shenoy et al. 2007).  These asexual fungi, or anamorphic fungi, were 

placed in the artificial form-subphylum called the Deuteromycotina, which was used for 

convenience rather than for elucidation of evolutionary relationships (Shenoy et al. 

2007).  Anamorphic fungi traditionally have been classified based upon the asexual state 

that produces mitotic spores called conidia.  In 1989, molecular analyses of 28S rRNA 

from mitosporic and meiosporic fungi provided the first convincing evidence of a 

connection between the anamorphic fungus Fusarium and the teleomorphic states of 

Gibberella, Calonectria, and Nectria (Guadet et al. 1989).  This connection led reviewers 

of the field to comment, “If all fungi can be compared through their nucleic acids and 

placed on a single phylogenetic tree, do we need to maintain the Deuteromycota?” (Bruns 

et al. 1991).  Mitosporic fungi are now commonly integrated with meiosporic fungi and 

the use of the Deuteromycotina as a taxonomic unit has been abandoned (Taylor 1995).  

Subsequently, many more anamorph-teleomorph connections have been inferred and 

asexual fungi have been circumscribed as belonging to various fungal classes based upon 

molecular analyses (Spatafora et al. 1995; Taylor 1995; Schoch et al. 2006).  The 

International Code of Botanical Nomenclature is currently being revised to incorporate 

the “one name for one fungus” rule (Hawksworth 2012) which nullifies anamorphic 

names when a teleomorph is known.  This nomenclatural change, which will take effect 
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on 1 January 2013, should simplify the dual name taxonomy that is currently utilized by 

mycologists. 

 

Phylogenetic relationships among Alternaria and related fungal genera 

The genus Alternaria was first described by Nees von Esenbeck in 1816 with A. tenuis as 

the type specimen, but the genus has suffered from taxonomic flux since its inception.  In 

1832, Fries wrote his monumental work entitled Systema Mycologicum where he did not 

recognize Nees’ description of A. tenuis and cited it as a synonym of Torula alternata, 

complicating the taxonomy of Alternaria for years to come.  In 1912, Keissler 

reevaluated both Nees’ and Fries’ descriptions and synonymized both specimens with 

Alternaria alternata, now the type for the genus. The defining characteristics of 

Alternaria include dark-colored multicelled conidia with transverse and longitudinal 

septa (phaeodictyospores) that commonly occur in chains (catenulate) or may be borne 

singly, and possess an apical beak or tapering apical cells (Elliot 1917; Joly 1964; 

Neergaard 1945; Simmons 1967; Wiltshire 1933). 

Species within Alternaria are commonly identified based on culture 

characteristics that include colony and conidial morphology.  Species that share colony 

and conidial morphological characteristics have been organized into several species-

groups typified by a representative species. For example, the alternata species-group, 

typified by A. alternata, produces small catenulate phaeodictyospores whereas the porri 

species-group, typified by A. porri, produces large, long-beaked, non-catenulate 

phaeodictyospores (Simmons 1992).  Additional species-groups have been proposed and 
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include the infectoria, brassicicola, cheiranthi, and tenuissima species-groups (Simmons 

1989, 1995).  Pryor and Gilbertson (2000) provided the first report of molecular 

phylogenetic support for Alternaria species-groups by demonstrating that Alternaria and 

Ulocladium cluster as a monophyletic group with internally nested distinct species-

groups such as the porri and radicina species-groups.  Since then four distinct 

phylogenetic lineages have been discovered within Alternaria based upon morphological 

and molecular data, and these include the sonchi species-group (Hong et al. 2005), the 

alternantherae species-group (Lawrence et al. 2012), and the panax and gypsophilae 

species-groups (Appendix C). 

Traditionally, the molecular systematic evaluation of relationships within the 

Pleosporales has utilized 18S rDNA to resolve family-genus relationships (Berbee 1996).  

In an attempt to resolve species relationships the highly variable internal transcribed 

spacer (ITS) regions are commonly analyzed.  Previous studies of ITS and protein-coding 

genes (gpd, Alt a1, and endopolygalacturonase) have failed to produce strongly supported 

robust phylogenies among Alternaria and closely related genera either as individual 

datasets or in combined analyses.  Many previous phylogenetic studies of Alternaria and 

closely related genera have demonstrated strong support for the species-groups described 

above, however all previous studies were unable to provide strong support for the 

monophyly of asexual Alternaria species and provide strong nodal support for the order 

of divergence of the described species-groups. 
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Identification of systematic error 

Systematic biology using the cladistics approach utilizes synapomorphies to elucidate 

organismal relationships.  Such synapomorphies may include phenotypic characters 

and/or genetic data.  Systematic evaluation of morphological characters and/or genetic 

data may lead to inferences of organismal relationships that are incongruent with the 

currently understood phylogeny of the organisms under evaluation.  Processes that may 

contribute to systematic error include horizontal gene transfer, recombination, incomplete 

lineage sorting, analysis of paralogous genes, substitution saturation of codon positions, 

and convergent evolution of morphological traits (Keeling and Palmer 2008; Taylor et al. 

1999; Hobolth et al. 2011; Maddison 1997; Xia et al. 2003; Doolittle 1994). 

 This dissertation focuses on three processes that lead to systematic error of 

organismal relationships, namely horizontal gene transfer, substitution saturation of 

codon positions, and convergent evolution of morphological traits.  Herein is a brief 

introduction to each and how this dissertation contributes to the current body of 

knowledge in each area.   

 

Horizontal gene transfer 

Horizontal gene transfer (HGT) is defined as the transfer of a genetic element from one 

organism to another without vertical descent (Keeling and Palmer 2008). Evidence of 

HGT includes high similarities between DNA or amino acid sequences between 

phylogenetically distinct taxa, discontinuous distribution of a genetic element within a 

phylogenetic lineage, inconsistencies in GC content and/or codon bias of a genetic 
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element compared to the remaining genome, and/or presence or absence of introns 

(Rosewich and Kistler 2000; Eisen 2000; Katz 2002).  However, the gold standard for 

detecting HGT is phylogenetic incongruence, which manifests as gene trees that do not 

correspond to the understood organismal phylogeny (Keeling and Palmer 2008). 

 HGT between prokaryotes has been well documented through conjugation, the 

uptake of exogenous DNA, and viral-mediated transduction (Thomas and Nielsen 2005; 

Zaneveld et al. 2008).  Prokaryote-to-eukaryote and eukaryote-to-eukaryote gene 

transfers have also been documented (Lawrence et al. 2011; Rosewich and Kistler 2000; 

Keeling et al. 2005; Friesen et al. 2006; Khaldi et al. 2008; Slot and Hibbett 2007; Ma et 

al. 2010).  One of the most famous examples of HGT between bacteria and fungi 

involves the transfer of an isopenicillin-N-synthase gene from a beta-lactam producing 

bacterium to the filamentous Ascomycota with beta-lactam production now observed in 

species of Aspergillus and Penicillium (Buades and Moya 1996).   

One of the most compelling examples of HGT between two closely related but 

phylogenetically distinct fungi involved the transfer of an 11.2 KB region from 

Phaeosphaeria nodorum to Pyrenophora tritici-repentis (Friesen et al. 2006).  Research 

by Friesen et al. (2006) demonstrated that the horizontally transferred region was 99.7% 

similar between the two species, whereas the ITS region and the protein-coding gene gpd 

were 83% and 80% similar, respectively.  The polarity of transfer was elucidated by 

examining the amount of polymorphism within the 11.2 KB region.  Fifty-four isolates of 

P. tritici-repentis from different geographical regions possessed no polymorphic sites, 

whereas 123 isolates of P. nodorum from different geographical regions possessed 18 
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polymorphic sites, suggesting that the transfer occurred relatively recently from P. 

nodorum to P. tritici-repentis (Friesen et al. 2006).   

Phylogenetic studies have suggested that genes involved in highly complex 

interactions with other genes are less prone to transfer as compared to those with simpler 

interaction complexes (Jain et al. 1999; Richards et al. 2006).  Acquisition of novel 

secondary metabolite genes may open new niches for recipient lineages and will only be 

maintained if they confer a selective advantage (Thomas and Nielsen 2005; Richards et 

al. 2006; Rogers et al. 2007), conversely horizontally transferred genes may be lost if 

they do not provide a selective benefit (Kurland et al. 2003). 

HGT has shaped the evolution of prokaryotes and eukaryotes.  Prokaryote-to-

prokaryote, prokaryote-to-eukaryote, eukaryote-to-prokaryote, and eukaryote-to-

eukaryote HGT has produced complex reticulations in the tree of life that has allowed for 

the diversification of life on Earth to occupy new and untapped niches (Thomas and 

Nielsen 2005; Buades and Moya 1996; Rogers et al. 2007; Friesen et al. 2006).  From the 

earliest endosymbioses and subsequent genetic transfers leading to the evolution of 

eukaryotes (Hotopp et al. 2007) to HGT events that appear to be recent in evolutionary 

time (Friesen et al. 2006; Hotopp et al. 2007), HGT represents an intriguing and 

fundamental aspect of biological science. 

  Appendix A of this dissertation provides the first evidence of transfer of a hybrid 

NPS/PKS (nonribosomal peptide synthetase/polyketide synthase) secondary metabolite 

gene from bacteria to the filamentous Ascomycota.  This work demonstrates empirical 

methods for testing hypotheses of horizontal gene transfer by invoking constrained tree 
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analyses followed by statistical tests of topological congruence.  This work also suggests 

that the hybrid was inherited as a single unit before the radiation of the Leotiomyceta. 

 

Substitution saturation 

Protein-coding genes consist of codons which have three nucleotide positions.  The third 

codon position is the most variable while the second position is the most conserved (Xia 

1998; Xia et al. 1996).  Generally, all codon positions are included in phylogenetic 

analyses for two reasons: 1) exclusion of the third codon position limits the number of 

variable sites; 2) substitutions at the third codon position conform better to the neutral 

theory of evolution compared to the first and second codon positions (Xia et al. 2003).  

However, the use of the third codon position may offset phylogenetic hypotheses if the 

third codon positions have experienced substitution saturation (Xia et al. 2003).  

Consequently, many phylogenetic analyses have used highly conserved genes such as 

translation elongation factor 1-alpha and beta-tubulin because they are evolutionarily 

constrained (Walldorf and Hovemann 1990; Cleveland et al. 1980).   

Substitution saturation may cause a loss or reduction in the phylogenetic signal in 

a nucleotide sequence dataset (Lopez et al. 1999; Philippe and Forterre 1999), and this 

phenomenon has limited the phylogenetic resolving power in analyses involving deep 

divergences of arthropod groups (Xia et al. 2003) and lower-scale phylogenetic analyses 

among fungi (Spribille et al. 2011; Appendix C).  Substitution saturation is a common 

problem among protein-coding genes routinely utilized to infer evolutionary relationships 

among fungi (Liu et al. 1999; Hansen et al. 2005; Matheny et al. 2007; Miller and 
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Huhndorf 2005; Sung et al. 2007).  In cases where nucleotide sequences have 

experienced full substitution saturation, the similarity between the sequences is entirely 

dependent upon the nucleotide frequency of the sequences, which may lead to inaccurate 

phylogenetic relationships (Xia 2000). 

Currently, there are two schools of thought regarding the inclusion or exclusion of 

substitution saturated third codon positions in phylogenetic analyses.  The first group 

suggests that third codon positions should be included in phylogenetic analyses because 

they increase the number of variable sites, thus decreasing the potential for stochastic 

errors and they also increase nodal support values (Edwards et al. 1991; Källersjö et al. 

1998; Müeller et al. 2006; Simmons et al. 2006).  Conversely, the opposing group states 

that the inclusion of saturated codon positions can decrease the signal/noise ratio leading 

to the production of inaccurate phylogenetic relationships (Blouin et al. 1998; Swofford 

et al. 1996; Xia et al. 2003).  Björklund (1999) suggests that unless one finds evidence 

that the third codon position is positively misleading it should not be excluded from the 

analysis a priori.   

In Appendix C, this dissertation demonstrates how underlying evolutionary forces 

such as substitution saturation can result in inaccurate phylogenetic relationships.  This is 

the first report that the genes RPB2, Tsr1, and chitin synthase in Alternaria and closely 

allied genera have experienced substitution saturation at the third codon position.  Results 

from this work can be used to potentially identify genetic loci that may produce 

inaccurate phylogenetic hypotheses at lower-order phylogenetic scales.            
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Convergent evolution of morphological traits 

Convergent evolution or convergence refers to distantly related organisms that appear to 

be more closely related due to morphological similarities (Doolittle 1994).  Perhaps one 

of the most intriguing examples of convergent evolution is exemplified by the organisms 

traditionally studied by mycologists, the fungal-like oomycetes and the true fungi.  

Oomycetes and fungi are phylogenetically distant although they share morphological 

similarities (Alexopoulos et al. 1996).  Both groups have converged morphologically and 

physiologically by possessing apical filamentous growth and the nutritional assimilation 

process of osmotrophy (extracellular digestion of nutrient substrates followed by 

absorption).   

Within the filamentous Ascomycota, many lineages have converged on the type 

of fruiting bodies they produce.  The production of open fruiting bodies called apothecia 

is a polyphyletic trait that has evolved multiple times within the Pezizomycotina, several 

distinct fungal lineages including members in the Pezizomycetes, Arthoniomycetes, 

Lecanoromycetes, and Leotiomycetes produce apothecial fruiting bodies (Eriksson and 

Winka 1997; Spatafora et al. 2006; Schoch et al. 2009).  Likewise, production of 

pseudothecia and cleistothecia has experienced convergence by members of the 

Dothideomycetes and the Chaetothyriales within the Eurotiomycetes and by members of 

the Eurotiomycetes and the Erysiphales within the Leotiomycetes, respectively 

(Ericksson and Winka 1997; Spatafora et al. 2006; Schoch et al. 2009).    

 There also is evidence of convergent evolution of conidial morphologies within 

the Pleosporaceae.  The genus Embellisia was erected in 1971 to accommodate the 
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atypical Helminthosporium allii (Simmons 1971).   Embellisia produces oblong to 

elliptical oblong conidia with heavily melanized transverse septa.  These characters have 

been routinely used to place morphologically similar fungi in the genus Embellisia.  

Results by Lawrence et al. (2012) revealed that the conidial characters of Embellisia are 

homoplasious and not phylogenetically informative, suggesting these characters are the 

product of convergent evolution.  Similarly, the genus Nimbya was erected in 1989 to 

accommodate the atypical Sporidesmium scirpicola (Simmons 1989).  Nimbya is 

characterized by producing multicellular conidia with transverse septa, apically tapering 

cells, and an excessive rarity of longitudinal septa.  Systematic evaluation of 

morphological and molecular data revealed that Nimbya is polyphyletic and that 

circumscription of Nimbya based solely on morphological data is incongruent with 

molecular data (Lawrence et al. 2012).   

 The genus Alternaria consists of species that typically form chains of conidia that 

are multicelled and dark colored with transverse and longitudinal septa 

(phaeodictyospores).  Molecular phylogenetic analyses of Alternaria and related genera 

have resulted in topologies that produce two distinct and phylogenetically distant 

Alternaria lineages.  One clade consists of asexual species and the other contains sexual 

species (Pryor and Gilbertson 2000; Pryor and Michailides 2002; Pryor and Bigelow 

2003; Hong et al. 2005; Hong et al. 2006; Inderbitzen et al. 2006; Pryor et al. 2009; 

Lawrence et al. 2012; Appendices C and D).  Traditionally, circumscription of Alternaria 

has been solely based on conidial morphological characters.  Members of the alternata 

species-group form chains of small phaeodictyospores that are morphologically similar to 
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the conidia produced by the phylogenetically distant infectoria species-group.  Results in 

Appendix D suggest that the spore morphologies of each group is the result of convergent 

evolution and that spore morphologies should only be used to tentatively identify a 

species until molecular analyses can confirm taxonomic placement. 

 In Appendices B, C, and D, this dissertation reveals that specific conidial 

morphological characters within Alternaria and the related genera Nimbya and Embellisia 

are phylogenetically uninformative.  The results from these studies stress the importance 

of congruence between morphological and molecular data and suggest that many conidial 

morphological characters are the result of convergent evolution and are not useful for 

phylogenetic delimitation of many taxa among Alternaria and closely related genera. 

 

Future directions of evolutionary studies in Alternaria 

Molecular phylogenetic analyses have evolved from the analysis of single genes to 

multiple genes (concatenated datasets) in order to more rigorously evaluate organismal 

relationships.  The study by Rokas and Carroll (2005) revealed that an increase in gene 

number was significantly and positively correlated with an increase in phylogenetic 

accuracy.  In the wake of the genomic era the shift from multiple gene analyses to whole-

genome comparisons is occurring and is responsible for new directions in biological 

research (Schuster 2008; Hudson 2008; Ellegren 2008). 

The results presented in Appendix D reveal that the brassicicola, panax, 

gypsophilae, radicina, sonchi, and alternantherae species-groups are fully resolved.  

However, the evolutionary relationships among the alternata and porri species-groups 
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lack phylogenetic resolution.  Whole-genome sequencing followed by comparative 

genomic analyses may allow for the resolution of these two phylogenetically recalcitrant 

groups.  Most members of the alternata and porri species-groups can be differentiated 

based upon morphological characters; however these differences can be subtle (Simmons 

2007).  Whole-genome sequencing of species from the alternata and porri species-groups 

will allow for a more clear examination of Alternaria species at the whole-genome level.  

The research presented in this dissertation has suggested several areas for future research 

in evolutionary studies of Alternaria.  First, comparative genomic analyses of members 

of the alternata species-group may reveal underlying evolutionary processes such as 

horizontal gene transfer, incomplete lineage sorting, and recombination which may be 

occluding phylogenetic accuracy.  Second, the close evolutionary relationship within and 

among the alternata and porri species-groups can be used as a model system to study and 

better understand processes such as selection and genetic drift that contribute to 

speciation in asexual lineages.  Third, comparisons of ecologically different fungi such as 

the alternata (primarily saprotrophs) and porri (facultative plant pathogens) species-

groups will allow for the study of how the ecology of an organism drives the evolution of 

genomic architecture such as gain/loss of genes, clustering of closely regulated and/or 

interacting gene products, and genome expansion/contraction as a result of niche 

adaptation.  Research in these areas will provide a better understanding of the evolution 

of phylogenetically close but rather ecologically disparate fungi. 
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1.2 Dissertation format 

The goals of this dissertation are to examine the evolutionary relationships among fungi 

utilizing morphological and molecular data, and to understand underlying evolutionary 

forces that may contribute to systematic error in molecular phylogenetic analyses.  This 

dissertation contains five papers, which are included as Appendices A-E.  Each paper has 

either been published as an independent paper or is in the process of finalization for 

submission. 

 Appendix A evaluates the hypothesis of horizontal gene transfer of a hybrid 

NPS/PKS from an unknown bacterial donor to the filamentous Ascomycota.  

Specifically, this work tests topological hypotheses using constrained maximum 

parsimony and maximum likelihood analyses to test the null hypothesis that the 

phylogenetic histories of the A domain (NPS portion) and the KS domain (PKS portion) 

from the hybrid NPS/PKS gene was consistent with the assumption of fungal origin.  

This work subsequently tests the hypothesis of a single inheritance event of both 

components of the hybrid gene or alternatively two independent inheritance events 

followed by gene fusion of the hybrid gene by empirically comparing the phylogenetic 

histories of the A domain and KS domain. 

 In Appendix B, phylogenetic relationships are examined among Nimbya and 

Embellisia in relation to closely related fungal taxa.  Morphological characters of 

conidiophores and conidia are utilized and molecular data from three genetic loci (ITS, 

gpd, and Alt a1) are incorporated to assess the currently accepted taxonomy of these 
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genera.  The null hypothesis of monophyly of Nimbya and Embellisia is tested by 

conducting constrained maximum parsimony analyses for each genus, respectively. 

 In Appendix C, the evolutionary history among asexual Alternaria species is 

evaluated using ten nuclear loci which includes gpd, Alt a1, actin, plasma membrane 

ATPase, calmodulin, beta-tubulin, translation elongation factor 1-alpha (TEF), RPB2, 

Tsr1, and chitin synthase.  This work examines morphological diversity and current 

taxonomic placement of 99 asexual Alternaria species spanning seven currently 

described species-groups. 

 Appendix D addresses the current polyphyly of Alternaria by specifically 

examining the infectoria species-group of Alternaria.  Type specimens and novel isolates 

collected from two geographic locations (Washington and California) are examined in 

order to assess diversity and taxonomic placement of species within the infectoria 

species-group. 

 Appendix E compares the colony and conidiophore/conidia morphology of 14 

small-spored Alternaria isolates and incorporates whole-genome comparisons of three 

strains of small-spored Alternaria isolates. Total ortholog similarity comparisons of three 

Alternaria isolates as well as analysis of genome structure are utilized to examine the 

taxonomic validity of the commonly used A. alternata ATCC 11680 isolate in 

comparison to the type A. alternata (Fries) Keissler, Simmons EGS 34-016 and A. 

tenuissima (Nees & T. Nees : Fr.) Wiltshire, Simmons EGS 34-015. 
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CURRENT STUDY 

The methods, results, and conclusions from this research are presented in the appended 

manuscripts.  The following is a summary of the most important findings from each 

study. 

2.1 Interkingdom gene transfer of a hybrid NPS/PKS from bacteria to 

filamentous Ascomycota 

In Appendix A, this dissertation examines the hypothesis of HGT of a hybrid NPS/PKS 

gene found in Cochliobolus heterostrophus from an unknown bacterial donor to the 

filamentous Ascomycota.  Using BLAST, two additional fungal taxa (Chaetomium 

globosum and Aspergillus niger) were initially identified that possess this hybrid gene.  

The hybrid gene was positively identified in six Chaetomium and four Aspergillus 

species.  Subsequent BLAST analyses revealed that this hybrid gene is also in the 

genomes of Microsporum canis, two Metarhizium, four Trichophyton, and three 

Arthroderma species.  Phylogenetic analyses of the A domain and KS domain revealed 

that the hybrid gene in the fungal taxa listed above are more closely related to bacterial 

sequences rather than to known NPS and PKS fungal sequences.  This work identified the 

putative bacterial donor as belonging to the Burkholderiales (an ancestor of 

Achromobacter xylosoxidans, or closely related species within the Burkholderiales), and 

provided statistical support for a single inheritance early in the evolution of the 

filamentous Ascomycota of the hybrid gene followed by vertical inheritance and lineage 

specific diversification as opposed to two independent inheritance events followed by 

gene fusion. 
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2.2 Nimbya and Embellisia revisited with nov. comb for Alternaria celosiae and A. 

perpunctulata 

In Appendix B, this dissertation investigates the evolutionary history of Nimbya and 

Embellisia by utilizing morphological and molecular data.  Morphological examination 

of seven species of Nimbya revealed two distinct morphological groups.  Morphological 

examination of 13 species of Embellisia revealed four morphological groups.  Each 

morphological group of Nimbya and Embellisia are supported by molecular analyses.  

The genus Nimbya forms two phylogenetically distant monophyletic groups and the 

genus Embellisia forms four monophyletic groups that are moderately to closely related.  

Three species of Nimbya cluster with strong support as the sister group to the alternata 

species-group of Alternaria.  These three species were renamed as Alternaria to preserve 

the monophyly of Nimbya.  Analysis of additional loci will be required to resolve the 

current polyphyly of Embellisia.   

 

2.3 The Sections of Alternaria: Formalizing species-group concepts 

Appendix C examines the phylogenetic relationship among 99 species in the asexual 

lineage of Alternaria including one species currently circumscribed as Embellisia 

conoidea, 26 species in the sexual lineage of Alternaria, and closely related genera in 

Ulocladium, Chalastospora, Embellisia, Nimbya, Undifilum, Crivellia, Sinomyces, 

Stemphylium, and Exserohilum.  This work provides the first strongly supported report 

for the monophyly of asexual Alternaria species as sister to the paraphyletic asexual 

genus Ulocladium.  Results reveal that the asexual lineage of Alternaria is divided into 
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eight strongly supported monophyletic groups.  Results also revealed two previously 

undescribed species-groups, the gypsophilae species-group with five species and panax 

species-group with three species.  This work also provides strong support for the current 

polyphyly of Alternaria due to the phylogenetically distant topological position of the 

sexual infectoria clade and proposes to elevate the eight asexual lineages of Alternaria to 

the taxonomic status of Section.   

 

2.4 Diversity and identity of Alternaria isolates from the infectoria species-group 

Appendix D evaluates the current polyphyly of Alternaria by utilizing morphological and 

molecular data.  Previous molecular data has provided evidence of the polyphyly of 

Alternaria.  This work provides morphological data that demonstrates conidiophore 

production on aerial vegetative hyphae by members of the infectoria clade.  This mode of 

conidiation has not been observed in the morphologically similar but phylogenetically 

distant alternata species-groups. Additionally, molecular data suggest that members of the 

infectoria clade represent a distinct phylogenetic lineage that is erroneously 

circumscribed as Alternaria based solely on conidial morphological characteristics.  This 

work also proposes to remove the infectoria species-group for the genus Alternaria and 

erect the new genus Pseudoalternaria.  Additionally, morphological and molecular 

phylogenetic results reveal a novel species circumscribed as Pseudoalternaria 

arrhenatheria that composes the earliest diverging lineage within the greater infectoria 

clade.   
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2.5 Morphological and molecular analysis of Alternaria associated with 

allergenic asthma 

In Appendix E, this dissertation evaluates the taxon identity and validity of an Alternaria 

isolate (Alternaria alternata ATCC 11680) that is routinely used in allergy testing in 

humans.  The morphology of A. alternata ATCC 11680 is consistent with the 

morphology of A. tenuissima EGS 34-015 and not A. alternata EGS 34-016.  Total 

ortholog similarity comparisons between the type species of A. alternata EGS 34-016, A. 

tenuissima EGS 34-015, and the A. alternata ATCC 11680 isolate reveals that the DNA 

sequence similarity of A. alternata ATCC 11680 is more similar to A. tenuissima EGS 

34-015 rather than to A. alternata EGS 34-016.  Additionally, analysis of genomic 

structure revealed that the genomes of A. alternata ATCC 11680 and A. tenuissima EGS 

34-015 share a greater amount of collinear blocks.  This provides evidence of a greater 

level of synteny between A. alternata ATCC 11680 and A. tenuissima EGS 34-015 which 

is inferred as a result of common ancestry rather than due to random chance. These 

results suggest that the genomes of A. alternata ATCC 11680 and A. tenuissima EGS 34-

015 share a more recent common ancestor and A. alternata EGS 34-016 is more distantly 

related.  This work reveals the power of whole-genome comparisons in order to evaluate 

extremely close organismal relationships. 
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SUPPLEMENTARY MATERIALS 

 

Figure Legends 

 

Supplementary Figure S1. Relationship of bacterial and fungal NRPS A domains based 

on the monophyly constraint of bacterial and fungal sequences as reciprocally 

monophyletic polytomies that together are sister to the outgroup (Fig. 2A).  Tree depicts 

the strict consensus from a constrained maximum parsimony analysis based on an amino 

acid alignment of the NRPS A domain.  Taxon numbers in bold represent sequences 

obtained in this study.  

 

Supplementary Figure S2. Relationship of bacterial and fungal NRPS A domains based 

on monophyly constraint of bacterial sequences, fungal sequences previously identified 

as having undergone HGT, and hybrid NRPS/PKS fungal sequences as a monophyletic 

polytomy reciprocal to a monophyletic polytomy of all other fungal sequences that 

together are sister to the outgroup (Fig. 2B).  Tree depicts the strict consensus from a 

constrained maximum parsimony analysis based on an amino acid alignment of the 

NRPS A domain.  Taxon numbers in bold represent sequences obtained in this study.  

 

Supplementary Figure S3. Relationship of bacterial and fungal NRPS A domains based 

on a backbone constraint of a subset of bacterial and fungal sequences as monophyletic 

polytomies sister to the outgroup (Fig. 2C, A domain).  Tree depicts the strict consensus 

from a constrained maximum parsimony analysis based on an amino acid alignment of 

the NRPS A domain.  Taxon numbers in bold represent sequences obtained in this study.  

 

Supplementary Figure S4. Relationship of bacterial and fungal PKS KS domains based 

on the monophyly constraint of bacterial and fungal sequences as reciprocally 

monophyletic polytomies that together are sister to the outgroup (Fig. 2A).  Tree depicts 

the strict consensus from a constrained maximum parsimony analysis based on an amino 

acid alignment of the PKS KS domain.  Taxon numbers in bold represent sequences 

obtained in this study.  

 

Supplementary Figure S5. Relationship of bacterial and fungal PKS KS domains based 

on monophyly constraint of bacterial sequences, fungal sequences previously identified 

as having undergone HGT, and hybrid NRPS/PKS fungal sequences as a monophyletic 

polytomy reciprocal to a monophyletic polytomy of all other fungal sequences that 

together are sister to the outgroup (Fig. 2B).  Tree depicts the strict consensus from a 

constrained maximum parsimony analysis based on an amino acid alignment of the PKS 

KS domain.  Taxon numbers in bold represent sequences obtained in this study.  
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Supplementary Figure S6. Relationship of bacterial and fungal PKS KS domains based 

on a backbone constraint of a subset of bacterial and fungal sequences as monophyletic 

polytomies sister to the outgroup (Fig. 2C, KS domain). Tree depicts the strict consensus 

from a constrained maximum parsimony analysis based on an amino acid alignment of 

the PKS KS domain.  Taxon numbers in bold represent sequences obtained in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

Supplementary Fig. S1. 
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Supplementary Fig. S2. 
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Supplementary Fig. S3. 
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Supplementary Fig. S4. 
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Supplementary Fig. S5. 
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Supplementary Fig. S6. 
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ABSTRACT 

The systematics of Alternaria and allied genera has been traditionally assessed based 

upon conidial morphological characteristics.  This method of systematic evaluation of 

organismal relationships has caused much taxonomic flux for Alternaria and related 

genera within Stemphylium, Embellisia, Nimbya, Chalastospora, and Ulocladium.  The 

present study utilizes extensive taxon sampling from 176 species spanning ten genera and 

molecular phylogenetic analyses of ten protein-coding loci.  Results from this work 

reveal that three genes have experienced substantial substitution saturation at the third 

codon position and two other genes do not possess sufficient levels of phylogenetic 

informativeness to delineate the order of divergence of many previously described 

Alternaria species-groups.  The combined analysis of five phylogenetically informative 

protein-coding genes strongly supports nine distinct phylogenetic lineages of Alternaria.  

Eight asexual lineages cluster as a strongly supported monophyletic group sister to the 

paraphyletic genus Ulocladium, while the sexual members of the infectoria clade cluster 

with other sexual genera.  This work proposes to elevate the eight well-supported asexual 

lineages of Alternaria to the taxonomic status of Section.  Evolutionary relationships 

among Alternaria and closely related genera are discussed.    
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INTRODUCTION 

Alternaria is a ubiquitous and diverse fungus that can be isolated from soil, dead 

or dying plant tissue, and many other diverse substrates such as jet fuel and sewage 

(Rotem 1994).  Many species of Alternaria are facultative phytopathogens that cause 

plant diseases and post-harvest rot of important agronomic crops such as cereals, 

ornamentals, oil-producing plants, fruits, and vegetables and Alternaria ranks 10
th

 in 

terms of the total number of host plants (over 4000) it can infect (Thomma 2003; Farr et 

al. 1989).  The understanding of plant-microbe interactions has been greatly advanced by 

using the model system Arabidopsis thaliana and A. brassicicola.  This system has been 

used to better understand how fungal pathogens initiate pathogenesis and how the host 

plant responds to pathogen attack (Penninckx et al. 1996). 

The genus Alternaria was first described by Nees von Esenbeck in 1816 with A. 

tenuis as the type specimen and has suffered from taxonomic flux since its inception.  In 

1832 Fries wrote his monumental work entitled Systema Mycologicum where Nees’ 

description of A. tenuis was not recognized and cited it as a synonym of Torula alternata 

further complicating the taxonomy of Alternaria.  In 1912 Keissler reevaluated both 

Nees’ and Fries’ descriptions and synonomized both specimens with Alternaria 

alternata, now the type for the genus. The defining characteristics of Alternaria include 

dark-colored multicelled conidia with transverse and longitudinal septa 

(phaeodictyospores) that may occur in chains (catenulate) or be borne singly, and contain 

an apical beak, tapering apical cells, or a general ovoid shape (Elliot 1917; Joly 1964; 

Neergaard 1945; Simmons 1967; Wiltshire 1933). 
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Alternaria species are commonly identified based on culture characteristics which 

include colony and conidial morphological examination, and species that share colony 

and conidial morphological characteristics have been classified into several species-

groups. The alternata species-group (‘Alternaria alternata species-group’ in terms and in 

sense of Simmons) typified by A. alternata, produces small catenulate phaeodictyospores 

and the porri species-group typified by A. porri produces large, long-beaked, non-

catenulate phaeodictyospores (Simmons 1992).  Additional species-groups have been 

proposed and include the infectoria, brassicicola, cheiranthi, and tenuissima species-

groups (Simmons 1989, 1995).  Pryor and Gilbertson (2000) provided the first report of 

molecular phylogenetic support for Alternaria species-groups by demonstrating that 

Alternaria and Ulocladium cluster as a monophyletic group with internally nested distinct 

species-groups such as the porri and radicina species-groups.  Since then, two distinct 

phylogenetic Alternaria lineages have been discovered based upon morphological and 

molecular data, these include the sonchi species-group (Hong et al. 2005) and the 

alternantherae species-group (Lawrence et al. 2012). 

Traditionally the molecular systematic evaluation of relationships within the 

Pleosporales has utilized ribosomal DNA (rDNA) to resolve family-genus relationships 

(Berbee 1996).  In an attempt to resolve species relationships, the highly variable internal 

transcribed spacer (ITS) regions are commonly analyzed.  Previous studies of ITS and 

protein-coding genes (gpd, Alt a1, and endopolygalacturonase) have failed to produce 

strongly supported robust phylogenies either as individual datasets or in combined 

analyses (Pryor and Bigelow 2003; Hong et al. 2005; Lawrence et al. 2012).  Many 
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previous phylogenetic studies of Alternaria and closely related genera have demonstrated 

strong support for the species-groups described above, however all previous studies were 

unable to provide strong support for the monophyly of asexual Alternaria species and 

show strong nodal support for the order of divergence of the described species-groups 

(Pryor and Gilbertson 2000; Pryor and Bigelow 2003; Hong et al. 2005; Lawrence et al. 

2012).   

The objectives of this study are to reconstruct the phylogenetic history of the 

genus Alternaria and its evolutionary relationship to closely related genera, provide 

unequivocal molecular data that supports previously circumscribed species-groups, and to 

potentially identify new undescribed phylogenetic lineages within the asexual Alternaria 

based upon phylogenetic analyses of five phylogenetically informative nuclear loci.  The 

results of this work propose to elevate the eight well-supported asexual species-groups of 

Alternaria to the taxonomic level of Section. 

 

MATERIALS AND METHODS 

Fungal taxa 

This study utilized a total of 176 taxa spanning ten genera.  One hundred and 

thirty-two species of Alternaria, eighteen species of Embellisia, ten species of 

Ulocladium, four species of Nimbya, three species of Stemphylium, two species of 

Chalastospora, two species of Undifilum, and one species of Brachycladium papaveris, 

Crivellia papaveracea, Sinomyces alternariae, Pleospora herbarum, and Exserohilum 

pedicellatum were used in this study (Table 1).  
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DNA extraction and PCR amplification 

DNA extractions and purifications were conducted according to previously described 

protocols (Pryor and Gilbertson 2000).  Amplification of fragments of protein-coding 

genes Alt a1 and gpd utilized primer pairs Alt-for/Alt-rev and gpd1/gpd2, respectively 

(Hong et al. 2005; Berbee et al. 1999).  When PCR failed using Alt-for and Alt-rev 

amplification of Alt a1 was conducted using modified primers Alt-4for/Alt-4rev 

(Lawrence et al. 2012).  Amplification of beta-tubulin utilized primer pairs Bt2a/Bt2b as 

described in Glass and Donaldson (1995).  Novel primers were designed for the 

amplification of gene fragments from actin, plasma membrane ATPase, calmodulin, 

translation elongation factor 1-alpha (TEF), the second largest subunit of RNA 

polymerase II (RPB2), chitin synthase, and Tsr1 (Table 2) based upon available genome 

sequences of A. brassicicola, A. alternata, A. solani, and Pyrenophora tritici-repentis. 

Each PCR mixture contained 10 M of each primer, 200 M dNTP, 1X Taq reaction 

buffer, 2 units of AmpliTaq-DNA polymerase, 2.5 mM MgCl2 and 10 ng of template 

DNA in a final reaction volume of 25 l.  PCR programs are detailed in Table 2. 

Sequencing and alignment  

The nucleotide sequence of both forward and reverse DNA strands from PCR 

products was determined with FS DyeTerminator reactions (Applied Biosystems, Foster 

City, CA) and ABI automated DNA sequencer.  Some sequences of Alt a1 and gpd used 

in this study were determined from previous studies (Pryor and Bigelow 2003; Hong et 

al. 2005; Pryor et al. 2009; Lawrence et al. 2012).  The sequences were proofread, edited, 

and aligned in MacVector  ver. 12 (MacVector Inc., Cary, NC, USA).  Nucleotide 
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sequences were aligned manually where necessary using MacClade ver. 4.08 (Maddison 

and Maddison 2003).  All ten nucleotide alignments have been submitted to TreeBASE 

under accession S12384. 

Phylogenetic analyses 

Phylogenetic analyses were performed in PAUP* ver. 4.0b10 (Swofford 2002). 

Sequence gaps were treated as missing data.  Maximum parsimony (MP) analyses were 

conducted by heuristic searches consisting of 1000 stepwise random addition replicates 

and branch swapping by the tree-bisection-reconnection algorithm.  Branch stability was 

evaluated by 1000 bootstrap replications using a heuristic search with simple sequence 

addition.  Bayesian analyses were performed using the best-fit model of nucleotide 

evolution (HKY+I+G for gpd and Alt a1 and GTR+I+G for actin, plasma membrane 

ATPase, calmodulin, and the combined analysis was partitioned by each dataset), which 

was deduced for these data by the likelihood ratio test using MODELTEST version 3.7 

(Posada and Crandall 1998).  Each Bayesian analysis was performed in MrBayes ver. 

3.1.1 (Huelsenbeck and Ronquist 2001) and consisted of two independent runs (with four 

chains each) for ten million generations sampling every 1000th generation.  Convergence 

was estimated based on plots of the –lnL values and examination of the standard 

deviation of split frequencies <0.01 which stabilized after approximately 5 million 

generations.  The first 5 million generations were discarded as the burn-in.  Majority-rule 

consensus trees with Bayesian posterior probabilities (BPP) were produced in PAUP* 

ver. 4.0b10 (Swofford 2002).  Sequences of Stemphylium or Exserohilum were used as 

the outgroup based on results from previous studies (Hong et al. 2005; Pryor and Bigelow 
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2003; Pryor and Gilbertson 2000).  Concordance between datasets was evaluated by 

using the Partition-Homogeneity Test implemented in PAUP* ver. 4.0b10 (Swofford 

2002).   

Substitution saturation test 

 The sequences from all ten alignments were used to assess the hypothesis of 

nucleotide substitution saturation based upon topologies reconstructed from MP analyses.  

The observed transitions/transversions of first, second, and third codon positions were 

plotted against F84 corrected distance using the program DAMBE to produce substitution 

scatter plots (Xia and Xie 2001; Xia 2009).  Substitution saturation of each codon 

position can be considered saturated if the point on the substitution scatter plot appears to 

level off with an increase in sequence divergence.  To corroborate the substitution scatter 

plots, the Iss statistic, which is a measurement of substitution saturation in nucleotide 

datasets developed by Xia et al. (2003), was also implemented using DAMBE. 

Phylogenetic informativeness 

 Tests of phylogenetic informativeness (PI) as proposed by Townsend (2007) were 

implemented for each dataset using the program PhyDesign (López-Giráldez and 

Townsend 2011).  The PI of each locus was calculated using one of the most 

parsimonious trees obtained from the analysis of the final five-gene concatenated dataset.  

This phylogeny was utilized to construct an ultrametric tree using the program PATHd8 

(Britton et al. 2007) for implementation along with alignments as in Townsend (2007) to 

obtain net PI for each gene fragment.   
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RESULTS 

Phylogenetic analysis: RPB2 

 PCR amplification of the RPB2 locus resulted in 573 bp fragments.  The 

alignment consisted of a 573 character dataset in which 387 characters were constant, 27 

characters were parsimony-uninformative, and 159 characters were parsimony 

informative.  Maximum parsimony analysis of an initial screen of 77 RPB2 sequences 

produced trees (Fig. S1) that were inconsistent with previous studies and other loci 

examined in this study.  Previously described Alternaria species-groups and closely 

related genera did not cluster into monophyletic groups as in other studies.  Extensive 

intermixing of species-groups and related genera was evident in the tree although there 

was no support for any node except for moderate support for the sister relationship of 

Embellisia annulata and Stemphylium botryosum. 

Phylogenetic analysis: Tsr1  

 PCR amplification of the Tsr1 locus for most taxa resulted in 1100 bp fragments.  

The alignment consisted of an 1107 character dataset in which 602 characters were 

constant, 110 were parsimony-uninformative, and 395 were parsimony informative.  

Maximum parsimony analysis of an initial screen of 121 taxa resulted in most-

parsimonious trees (Fig. S2) that were incongruent with previous studies and additional 

loci sampled in this study.  Several previously described lineages including the 

alternantherae, infectoria, and brassicicola species-groups, the paraphyletic genus 

Ulocladium, and a clade of Embellisia species circumscribed as Embellisia group III 

cluster into distinct monophyletic lineages with moderate to strong support (≥85%), 
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although the phylogenetic position was inconsistent with previous work.  The porri 

species-group clustered on the backbone of the tree sister to Stemphylium vesicarium and 

remaining taxa.  The alternata species-group was strongly supported (100%) but was 

paraphyletic due to the inclusion of Sinomyces alternariae. Two previously undescribed 

Alternaria species-groups, gypsophilae and panax species-groups, were strongly to 

moderately supported (99% and 79%, respectively) in the analysis of Tsr1.  

Phylogenetic analysis: Chitin synthase 

 Amplification of the chitin synthase locus resulted in a 676 character dataset  in 

which 340 characters were constant, 53 were parsimony-uninformative, and 283 were 

parsimony informative.  Maximum parsimony analysis of 176 taxa resulted in most-

parsimonious trees (Fig. S3) that reveal strong structure for previously described species-

groups of Alternaria, however the phylogenetic relationship of most species-groups was 

unsupported.  Several topological inconsistencies existed, which included the early 

divergence of the brassicicola species-group and the paraphyletic genus Ulocladium.  

Additionally, Embellisia group II was nested within the asexual lineage of Alternaria 

albeit with low support.  Other described genera such as Crivellia, Undifilum, and 

Nimbya clustered as independent lineages as reported previously.    

Phylogenetic analysis: Beta-tubulin 

 Amplification of the beta-tubulin locus resulted in a 352 character dataset  in 

which 203 characters were constant, 56 were parsimony-uninformative, and 93 were 

parsimony informative.  Maximum parsimony analyses of 151 taxa resulted in most-

parsimonious trees (Fig. S4) that typically conformed to topologies as reported by other 
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authors and other loci reported in this study.  However, many previously described 

Alternaria species-groups were unresolved and existed as a polytomy on the backbone of 

the tree.  Additionally, well studied genera including Ulocladium and Nimbya did not 

cluster into strongly supported independent lineages as in analyses of other loci in this 

study.   

Phylogenetic analysis: TEF 

 Amplification of the TEF locus resulted in an 1120 character dataset.  A large 

intron (position 58-481) was unalignable and was therefore excluded from the analysis.  

The analyzed dataset consisted of a 696 character dataset in which 561 characters were 

constant, 38 were parsimony-uninformative, and 97 were parsimony informative.  

Maximum parsimony analyses of 114 taxa resulted in most-parsimonious trees (Fig. S5) 

that typically conformed to topologies as reported by other authors and other loci 

reported in this study.  However, divergences of most of the previously described 

species-groups of Alternaria including the genus Ulocladium were unresolved and 

existed as a polytomy on the backbone of the tree.  Additionally, clades of Embellisia, 

Nimbya, and Crivellia were nested within the asexual lineages of Alternaria with low 

support. 

Phylogenetic analyses: gpd  

PCR amplification of the gpd gene for most species generated 500-576 bp 

fragments.  PCR products from A. brassicicola, A. mimicula, and E. conoidea were 

smaller by approximately 26 bp, the infectoria species-group was 54 bp smaller, and E. 

abundans, Chalastospora cetera, and C. gossypii were 76 bp smaller (data not shown). 
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Alignment of the gpd gene sequences resulted in a 623 character dataset  in which 339 

characters were constant, 42 characters were parsimony-uninformative, and 242 

characters were parsimony informative. 

The alternata, alternantherae, porri, and radicina species-groups clustered into 

independent clades with strong to moderate bootstrap/Bayesian posterior probability 

(BPP) support (≥88%/1.0) (Fig. S6).  The sonchi species-group (A. sonchi, A. cinerariae, 

and A. brassicae) was weakly supported (<70%/< 0.95).  The brassicicola species-group 

including A. brassicicola, A. mimicula, E. conoidea, and A. japonica formed a weakly 

supported monophyletic group (73%).  The infectoria species-group was well-defined 

with strong support (98%/1.0) and was sister to the clade that consisted of E. abundans, 

C. cetera, and C. gossypii that was phylogenetically distant to asexual Alternaria 

lineages.  In addition, two new species-groups were realized in the analysis of gpd and 

were circumscribed as the panax and gypsophilae species-groups, respectively.  The 

panax species-group, which included A. panax, A. eryngii, and A. calycipyricola, was 

strongly supported (98%/1.0) and the gypsophilae species-group, which includeed A. 

gypsophilae, A. vaccariae, A. noblis, A. vaccariicola, and A. dianthi was weakly 

supported in the bootstrap analysis but strongly supported by BPP (˂70%/1.0).  Many 

other closely related genera were strongly supported as in previous studies.    

Phylogenetic analyses: Alt a1 

PCR amplification of the Alt a1 gene generated 412-472 bp fragments. PCR 

products from Stemphylium vesicarium, S. callistephi, Pleospora herbarum, and E. 

eureka were smaller by approximately 60 bp (data not shown). No amplification of the 
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Alt a1 locus could be obtained with DNA from Exserohilium pedicellatum, Embellisia 

annulata, A. triglochinicola, A. triticimaculans, A. dianthicola, A. hordeiaustralica, A. 

peglionii, A. arbusti, A. humuli, A. daucicaulis, and A. merytae despite repeated attempts 

and repeated primer redesign.  Alignment of the Alt a1 gene sequences resulted in a 497 

character dataset in which 96 characters were constant, 56 characters were parsimony-

uninformative, and 345 characters were parsimony informative.   

The porri, alternata, alternantherae, radicina, and gypsophilae species-groups 

clustered into monophyletic groups with strong support (≥94%/1.0) (Fig. S7).  The 

alternantherae and sonchi species-groups clustered as sister groups to the porri species-

group albeit with weak support.  The radicina and gypsophilae species-groups formed 

sister clades with moderate to strong support (70%/.98).  The panax species-group, A. 

panax and A. calcipyricola clustered as sister species (86%/.88), while A. eryngii 

clustered with low support as an independent lineage sister to the radicina/gypsophilae 

clade.  The brassicicola species-group formed a monophyletic group that includes A. 

brassicicola, A. mimicula, and E. conoidea with strong support basal to all Alternaria 

species-groups except the infectoria species-group.  Alternaria japonica and Embellisia 

eureka clustered with the brassicicola species-group with weak support.  The infectoria 

species-group clustered with moderate to strong support (88%/1.0) at the tip of the clade 

that contained species of Embellisia, Undifilum, Crivellia, Sinomyces, and Nimbya and 

was phylogenetically distant to other species-groups of Alternaria.   

 

 



103 
 

Phylogenetic analyses: Actin  

PCR amplification of the actin gene generated 915-939 bp fragments.  Alignment 

of the actin gene sequences resulted in a 999 character dataset  in which 668 characters 

were constant, 85 characters were parsimony-uninformative, and 246 characters were 

parsimony informative.  The porri, alternantherae, gypsophilae, and radicina species-

groups were strongly supported (≥89%/1.0), however, the alternata and panax species-

groups were moderately supported (Fig. S8).  The brassicicola species-group including A. 

brassicicola, A. mimicula, and E. conoidea was strongly supported (100%/1.0), however, 

A. japonica did not cluster within this group as in the analysis of other loci.  The sonchi 

species-group consisted of A. sonchi and A. cinerariae and was strongly supported 

(sequence fragment from actin was not obtained for A. brassicae).  The infectoria 

species-group was strongly supported (88%/1.0) as a monophyletic lineage and was 

distantly related to other Alternaria clades. 

Phylogenetic analyses: Plasma membrane ATPase 

PCR amplification of the plasma membrane ATPase gene for most species 

generated 1188-1201 bp fragments.  Alignment of the plasma membrane ATPase gene 

sequences resulted in a 1441 character dataset in which 718 characters were constant, 147 

characters were parsimony-uninformative, and 576 characters were parsimony 

informative.   

The porri, alternantherae, radicina, sonchi, and panax species-groups were 

strongly supported (≥99%/1.0) by the analyses of the plasma membrane ATPase (Fig. 

S9).  The alternata and brassicicola species-groups were moderately to strongly supported 
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(≥79/1.0).  The gypsophilae species-group was split into two strongly supported 

(100%/.93) grades.  The infectoria species-group was strongly supported (100%/1.0) and 

is sister to the clade that contains C. cetera, C. gossypii, and E. abundans and 

phylogenetically distant to other Alternaria lineages.    

Phylogenetic analyses: Calmodulin 

PCR amplification of the calmodulin gene generated 566-763 bp fragments. PCR 

products from A. triglochinicola, E. leptinellae, C. cetera, A. tomato, and A. burnsii are 

smaller by approximately 180 bp and taxa in the infectoria species-group are smaller by 

approximately 110 bp (data not shown).  Alignment of the calmodulin gene sequences 

resulted in a 978 character dataset  in which 408 characters were constant, 120 characters 

were parsimony-uninformative, and 450 characters were parsimony informative.   

Most Alternaria species-groups described in other analyses were moderately to 

strongly supported by the calmodulin analyses (Fig. S10).  The alternata, alternantherae, 

porri, panax, radicina, and sonchi species-groups clustered into independent clades with 

strong support (≥92%/≥.95).  The gypsophilae species-group was moderately supported 

(72%), whereas the brassicicola species-group (A. brassicicola, A. mimicula, E. 

conoidea) was strongly supported (97%/1.0).  The infectoria species-group clustered into 

a clade (100%/1.0), and formed a well-resolved sister relationship with the 

Chalastospora clade, which together were more closely related to sexual genera than to 

asexual lineages of Alternaria. 
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Phylogenetic analyses: Five-Gene Combined Dataset (gpd, Alt a1, Actin, Plasma 

membrane ATPase, and Calmodulin)  

 Test for concordance of the combined dataset using the Partition-Homogeneity 

Test revealed that these data were not significantly inconcordant (P = 0.013514), and 

were combined and analyzed as above. Alignment of the combined dataset resulted in a 

4538 character dataset in which 2229 characters were constant, 450 characters were 

parsimony-uninformative, and 1859 characters were parsimony informative.   The 

analysis of the concatenated dataset produced phylogenetic trees that contained four 

strongly supported clades (Figure 1, Clades A-D).  Clade A consisted of a large strongly 

supported (100%/1.0) monophyletic group of asexual Alternaria (86%/1.0) that was sister 

to a well-supported (100%/1.0) paraphyletic assemblage of Ulocadium spp. which 

included E. indefessa and Alternaria cheiranthi.  The large Alternaria clade (clade A) 

consisted of eight distinct phylogenetic lineages in which the order of divergence was 

moderately to strongly supported for all groups.  The brassicicola species-group was the 

earliest diverging asexual Alternaria lineage and encompassed four species, A. 

brassicicola, A. mimicula, E. conoidea, and A. japonica.  The following diverging lineage 

of Alternaria consisted of three monophyletic groups with the earliest diverging lineage 

composing a previously undescribed species-group that consisted of three distinct 

phylogenetic species (A. panax, A. calycipyricola, and A. eryngii).   There was a close 

and strongly supported (86%/1.0) evolutionary relationship between the radicina species-

group and the sister group that consisted of five Alternaria species (A. gypsophilae, A. 

vaccariae, A. noblis, A. vaccariicola, and A. dianthi) that composed a previously 
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unnamed clade.  The subsequent diverging lineage was well-supported and consisted of 

members of the sonchi species-group (A. sonchi, A. cinerariae, and A. brassicae).  The 

tip of the tree consisted of three closely related and strongly supported (100%/1.0) 

species-groups, with the porri-species-group (46 species) sister to the alternata species-

group (31 species) and the recently described alternantherae species-group (3 species). 

 Clade B was a large strongly supported (85%/1.0) group that consisted of several 

nested monophyletic genera which included Crivellia, Undifilum, and Nimbya in addition 

to a strongly supported monophyletic lineage of Embellisia that contained three species 

(E. allii, E. telluster, and E. chlamydospora) and polyphyletic lineages of Embellisia that 

were closely related to Sinomyces and polyphyletic lineages of Alternaria.  The infectoria 

species-group consisted of a monophyletic lineage that was strongly supported and was 

sister to the paraphyletic genus Chalastospora.  Clade C was well resolved and composed 

a paraphyletic group that consisted of eight species of Embellisia and one Alternaria 

species.  Clade D was strongly supported and consisted of three species of Stemphylium 

and one species of Pleospora, with E. annulata as the sister taxon. 

Tests of substitution saturation 

 For RPB2, Tsr1, and chitin synthase there was no evidence of first or second 

codon position substitution saturation.  However, analysis of the third codon position 

showed significant substitution saturation as indicated by the plateau of the third base 

position in the substitution saturation scatter plots of these three genes (Figs. 2-4).  

Utilizing the test of Xia et al. (2003) suggested that the first and second codon positions 

for these gene fragments was not saturated, while the third codon position had 
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experienced substantial substitution saturation (Table 3).  This statistical test corroborated 

the substitution saturation scatter plots that revealed that the third codon position was not 

phylogenetically informative.  Because of the possibility of introducing systematic error 

RPB2, Tsr1, and chitin synthase were excluded from the analysis of the combined 

dataset.  The eight remaining loci showed no evidence of substitution saturation at any 

codon position (Table 3). 

Phylogenetic informativeness 

 The net PI profiles were derived for all ten loci using PhyDesign (López-Giráldez 

and Townsend 2011).  This approach provided an empirical metric for directing and 

prioritizing marker selection (Raja et al. 2011).   The plasma membrane ATPase and 

calmodulin loci produced the highest net pulse of PI followed by a moderate net pulse of 

PI for Alt a1, gpd, and actin and poor net pulse of PI for beta-tubulin and TEF (Fig. 5).  

Beta-tubulin and TEF were excluded from the analysis of the combined dataset because 

of their low net PI.  The PI of Tsr1 and chitin synthase performed well at deep 

divergences and very poor at later divergences (Fig. 6-7), and the PI of RPB2 steadily 

increased in later divergences but has an overall low net PI pulse as compared to other 

loci (Fig. 8).   

Taxonomy 

 Based upon results of molecular phylogenetic analyses, nomenclatural revision is 

proposed for Embellisia conoidea, herein referred to as Alternaria conoidea. 

Alternaria conoidea (Simmons) Lawrence, Gannibal, Peever, & Pryor, comb. nov. 

Basionym: Embellisia conoidea E.G. Simmons, Mycotaxon 17: 226 (1983) 
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Based upon results of extensive molecular phylogenetic analyses and previous 

morphological data we propose to elevate all currently and newly described asexual 

species-groups of Alternaria to the taxonomic status of Section. 

Section Alternaria 

Type species – Alternaria alternata (Fr.) Keissl. 

On PCA primary conidiophores are straight or curved, simple or branched, short 

to very long. Conidiophores bear one or several conidiogenous loci at the apex.  Conidial 

chains are moderately long or long, simple or branched.  Young conidia are short ovoid, 

ellipsoid or obclavate.  Mature conidia are obclavate, long-ellipsoid or ellipsoid, small or 

moderate in size, septate, with a few longitudinal septa.  Conidia are slightly constricted 

near some septa.  The body of most conidia narrows gradually into a long-tapered beak or 

secondary conidiophore.  Beak is no longer than conidial body.  Apical secondary 

conidiophores are short or moderately long, with one or a few conidiogenous loci. Some 

conidia have short solitary lateral secondary conidiophores with one or a few 

conidiogenous loci. 

Section Alternantherae 

Type species – Alternaria alternantherae Holcomb et Antonop. 

On PCA primary conidiophores are short or moderately long with one or a few 

conidiogenous loci; conidiogenous tip can be slightly enlarged.  Conidia are solitary or 

paired. Juvenile conidia are ellipsoid, subcylindrical, rarer narrow ellipsoidal, lancet or 

near obclavate. The conidial body is narrow ellipsoid or ovoid sometimes subcylindrical, 

disto- and euseptate. Transverse divisions have no or one longitudinal or oblique septum.  
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Conidia color is dilute to medium golden-tan.  Lumina in the transverse divisions are 

octagonal or almost rounded, rarer almost rectangular.  Fully developed conidia are 

slightly constricted near some septa.  Conidial beak is long filiform unbranched, the same 

length as body or longer, sometimes terminates in swelling.  Beak is septate or aseptate; 

swellings delimited by a septum can be present in the beak. The wall of young conidia is 

smooth, minutely ornamented or densely punctate. 

Section Brassicicola 

Type species – Alternaria brassicicola (Schwein.) Wiltshire 

On PCA primary conidiophores are simple or branched, short or moderately long 

bearing one or a few conidiogenous loci.  Conidial chains are moderately long or long, 

simple or branched.  Mature conidia are ellipsoid, ovoid or somewhat obclavate, septate, 

usually with solitary apical and seldom with solitary lateral secondary conidiophores that 

are not longer than the length of the body and have only one conidiogenous locus.  

Conidia are slightly or strongly constricted at most of their transverse septa.  Conidia 

have no or a few or many longitudinal septa.  The apical cell of the terminal conidium in 

a chain is wide and rounded.  Conidia are medium yellowish to dark brown; the spore 

wall is smooth, punctulate or ornamented. Chlamydospores may appear. 

Section Gypsophilae 

Type species – Alternaria gypsophilae Neerg. 

On V-8 primary conidiophores are short or long, simple or occasionally branched, 

with one or a few conidiogenous loci.  Conidia form simple chains of several units or 

moderately long branched chains.  Juvenile conidia are ovoid or short-ellipsoid with a 
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rounded conidium apex. Fully developed conidium bodies are broadly or narrowly ovoid, 

ellipsoid or globose, dilute yellow-brown to dark brown; primary (basal) conidia tend to 

be obclavate.  Conidia are small or relatively large, densely septate with large numbers of 

transverse and longitudinal septa, conspicuously constricted near some transverse septa.  

Conidial apex can be rounded, cylindrical, conical or produce a secondary conidiophore.  

Apical secondary conidiophores are short or longer than body with one or a few 

conidiogenous loci.  Conidia have no or single short lateral secondary conidiophores. 

Section Panax 

Type species – Alternaria panax Whetzel 

On V-8 primary conidiophores are short or moderately long, simple or branched, 

with one or a few conidiogenous loci.  Conidia are in short or moderately long simple or 

branched chains.  Juvenile conidia are narrow ovoid or ellipsoid with rounded or conical 

apical cell.  Fully developed conidia are obclavate, long-obclavate or ellipsoid to ovoid, 

medium sized, septate, and constricted near several septa.  Some mature conidia are 

deeply constricted and asymmetrical. Conidia have several or many longitudinal septa.  

Conidial apex consists of a rounded conical or cylindrical cell or short or long secondary 

conidiophore with one or several conidiogenous loci. Some conidia have one or several 

lateral secondary conidiophores.  Conidia are yellow-tan to medium brown; the wall is 

smooth or minutely punctulate. 
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Section Porri 

Type species – Alternaria porri (Ellis) Cif. 

On V-8 primary conidiophores are short to long, simple or branched, with one or 

a few conidiogenous loci.  Conidia are solitary or in short or moderately long chains, 

simple or with solitary lateral conidia.  Body of mature conidia is moderately large, broad 

ovoid, obclavate, ellipsoid, subcylindrical or obovoid, disto- and euseptate, slightly 

constricted near septa.  Some mature conidia have one or a several filiform beaks.  The 

beak apex is subtle or conversed into secondary conidiophores.  Conidia can have lateral 

or apical secondary conidiophores with no filiform portion.  Conidia have several 

transverse and longitudinal septa.  Some conidia have one or a few lateral secondary 

conidiophores appearing from the body or beak.  Conidia are pale yellow-tan to dark 

olivaceous brown; the wall is smooth or punctulate. 

Section Radicina 

Type species – Alternaria radicina Meier, Drechsler & E.D. Eddy 

On PCA primary conidiophores are straight, geniculate, knobby or hook-like, 

simple or branched, short or long, with one or a few conidiogenous loci at the apex of 

each conidiophore branch.  Conidiogenous loci usually are successive, aggregated at the 

upper part of conidiophore. Sporulation resembles clumps or clusters of conidia.  Conidia 

are solitary or in short chains. Juvenile conidia are ovoid or short ellipsoid, dilute yellow-

tan.  Mature conidia wide ovoid to narrowly ellipsoid, moderate in size, medium or dark 

brown, with several transverse and longitudinal septa.  Apical cell is rounded, 
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hemispherical, or conical.  Some conidia have a solitary short apical secondary 

conidiophore.  Wall is smooth or punctulate. 

Section Sonchi 

Type species – Alternaria sonchi J.J. Davis 

On PCA primary conidiophores are moderately long or long, simple or branched, 

with one or a few conidiogenous loci.  Conidia are solitary or in short chains.  Juvenile 

conidia are ovoid to narrowly ellipsoid, subcylindrical or obclavate with a rounded or 

broadly tapered apical cell.  Mature conidia are subcylindrical, broadly ovoid, broadly 

ellipsoid or obclavate, moderately large or large, dilute straw-colored or medium yellow-

tan, with several transverse and longitudinal septa, slightly or sufficiently constricted near 

the septa.  The conidium apex is blunt, consisting of a broadly tapered apical cell or short 

sturdy beak or secondary conidiophore.  Secondary conidiophore is short 1-celled or as 

long as or longer than the spore body.  Wall is smooth or punctulate. 

 

DISCUSSION 

This study describes the phylogenetic relationships among species of Alternaria, 

and closely related genera in Ulocladium, Embellisia, Nimbya, Crivellia, Undifilum, 

Sinomyces, Chalastospora, Stemphylium, and Exserohilum based on nucleotide 

sequences from five nuclear loci, gpd, Alt a1, actin, plasma membrane ATPase, and 

calmodulin. Results from each locus and the combined dataset support the grouping of 

previously described species-groups based upon molecular data and morphological 

characteristics.  This work also reveals two additional phylogenetic Alternaria species-
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groups, the gypsophilae and panax species-groups, nested within the asexual Alternaria 

clade.  Given strong phylogenetic and morphological support for all eight asexual 

species-group designations we propose to elevate each asexual species-group of 

Alternaria to the taxonomic status of Section. 

Third codon position substitution saturation 

Phylogenetic results from partial datasets of three loci (RPB2, Tsr1, and chitin 

synthase) produced topologies that were not consistent with previous studies or additional 

loci studied here.  We addressed the hypothesis of systematic error as a result of 

substitution saturation of codon positions.  Results from statistical analysis of substitution 

saturation revealed that the third codon position had experienced substantial saturation; 

this result is corroborated by plotting the proportion of substitutions against sequence 

divergence using F84 evolutionary distance.  A codon site under investigation is 

considered saturated if a plateau of substitution is reached with an increase in sequence 

divergence.  Substitution saturation at the third codon position appears to be a commonly 

encountered obstacle among protein-coding loci used to infer evolutionary relationships 

among closely related fungal taxa (Sung et al. 2007; Miller and Huhndorf 2005; Hansen 

et al. 2005). 

How best to handle genes that exhibit substitution saturation in phylogenetic 

analyses is hotly debated.  Presently, there are two different camps regarding the 

exclusion or inclusion of these highly variable sites.  The first camp states that these fast 

evolving saturated sites should be excluded from phylogenetic analyses based upon the 

signal/noise ratio that can produce positively misleading phylogenetic hypotheses 
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(Swofford et al. 1996; Blouin et al. 1998; Xia et al. 2003).  The competing camps state 

that the inclusion of highly variable sites increases the ability to decrease stochastic errors 

and increase statistical support for branching nodes (Edwards et al. 1991; Källersjö et al. 

1998; Simmons et al. 2006; Müeller et al. 2006).  However, Björklund (1999) suggests 

that third codon position should be included in phylogenetic analyses unless there is a 

priori knowledge that suggests that it is significantly misleading.  Based on our 

phylogenetic analyses and tests of substitution saturation these three loci were excluded 

from the combined dataset in order to avoid introducing unnecessary systematic error.  

Test of phylogenetic informativeness 

Genes that evolve at different rates possess different abilities to effectively 

discriminate different phylogenetic scales, for example slowly evolving genes such as 

RPB2 and TEF have been routinely used to resolve early divergences within high-level 

phylogenetic studies (Baldauf and Palmer 1993; Cheney et al. 2001; Hirt et al. 1999; 

Stiller and Hall 1997), while faster evolving sequences (i.e. Alt a1) have been used to 

infer evolutionary relationships at lower phylogenetic scales (Hong et al. 2005).  

Phylogenetic analyses and test of phylogenetic informativeness revealed that beta-tubulin 

and TEF do not possess phylogenetic utility to resolve recent divergences among 

Alternaria and closely related genera because of the slow tempo of molecular evolution 

for these gene sequences.  However, the five remaining loci (gpd, Alt a1, actin, plasma 

membrane ATPase, and calmodulin) possess high-levels of phylogenetic utility that 

produce a strongly supported hypothesis regarding the evolutionary relationship among 

Alternaria and closely related genera. 
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Phylogenetics of Alternaria and closely related genera 

 The systematics of Alternaria and closely related genera has been plagued with 

erroneous taxonomic placement of morphologically similar taxa within the genus 

Alternaria.  A previous study (Lawrence et al. 2012) demonstrated that morphological 

characters can be positively misleading and are not phylogenetically informative in 

certain cases.  Previously described species-groups of Alternaria were first based upon 

synapomorphic morphological characters of conidia and subsequent molecular 

phylogenetic analyses have provided support for these species-groups (Pryor and 

Gilbertson 2000; Hong et al. 2005; Lawrence et al. 2012). 

  The use of single-gene phylogenies routinely yield poorly supported trees due to 

limited number of informative sites and stochastic noise that leads to inaccurate 

phylogenetic hypotheses (Brinkmann et al. 2005).  This study is the most comprehensive 

phylogenetic analysis of Alternaria and closely related fungal genera to date based upon 

taxon sampling and number loci examined.  This research examined the phylogenetic 

utility of ten nuclear protein-coding loci from 176 species spanning ten genera.  Results 

from this study demonstrate that five of the ten loci examined possess substantial 

phylogenetic utility to produce a strongly supported robust phylogeny for the sexual and 

asexual lineages of Alternaria and allied genera.   

 This research is the first to provide strong statistical support for all previously 

described asexual lineages of Alternaria and elucidates two newly described phylogenetic 

lineages.  Phylogenetic results provide strong statistical support for nine phylogenetically 

distinct lineages of Alternaria.  Eight of the Alternaria phylogenetic lineages form a 
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strongly supported monophyletic group which is sister to the paraphyletic genus 

Ulocladium.  A previous study (Pryor and Gilbertson 2000) suggested expanding the 

morphological description of Alternaria to include Ulocladium based upon their 

phylogenetic analyses.  This study has revealed that Alternaria and Ulocladium are two 

distinct and strongly supported lineages.  The analyses performed in this study fully 

resolved the evolutionary relationships within six of the nine phylogenetic lineages of 

Alternaria.   

Results from this study also demonstrate that conidial morphological characters 

are useful for delimitation of most Sections of Alternaria, however substantial levels of 

morphological homoplasy is evident.  Phylogenetically distant Sections, Brassicicola and 

Alternaria, and the infectoria species-group, have experienced convergent evolution by 

producing chains of small multicellular darkly pigmented spores.  Section Brassicicola is 

readily distinguished from Section Alternaria and the infectoria species-group by 

producing extremely small mostly phragmosporic conidia with heavily melanized 

transverse septa. Additionally, Section Alternaria and the infectoria species-group 

produce chains of phaeodictyospores that are virtually identical even though these two 

groups are phylogenetically divergent. 

Conclusions of this study demonstrate that nine phylogenetic lineages of 

Alternaria are strongly supported by the analysis of the combined dataset.  All asexual 

Sections of Alternaria, which includes Brassicicola, Panax, Gypsophilae, Radicina, 

Sonchi, Alternantherae, Alternaria, and Porri cluster as a strongly supported 

monophyletic group sister to the asexual paraphyletic genus Ulocladium.  Alternaria as 
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currently circumscribed is polyphyletic because the sexual Alternaria (Lewia teleomorph) 

in the infectoria species-group do not cluster with the asexual Alternaria lineages rather it 

clusters near other sexual taxa such as Allewia (Embellisia anamorph), Macrospora 

(Nimbya anamorph), and Crivellia (Brachycladium anamorph).  The current polyphyly of 

Alternaria is due to the inclusion of non-phylogenetic Alternaria from the infectoria 

clade as a result of morphological delimitation which suffers heavily from large amounts 

of spore character homoplasy.  Thus, one must use extreme caution when including taxa 

into a described genus based upon potentially homoplastic morphological characters 

before molecular phylogenetic analyses are conducted and either corroborate the 

inclusion of the taxa in question in a described genus or provide evidence of a unique 

phylogenetic lineage.  
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FIGURE LEGENDS 

 

 

Fig. 1. One of 113 most-parsimonious trees generated from maximum parsimony 

analysis of the five-gene combined dataset.  Number in front of “/” represents parsimony 

bootstrap values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Fig. 2A, B. Nucleotide substitution saturation plots for each codon position for RPB2.  

The proportion of transitions (s) and transversions (v) were plotted against the percent 

sequence divergence using the F84 genetic distance algorithm in DAMBE. 

 

 

Fig. 3A, B. Nucleotide substitution saturation plots for each codon position for Tsr1.  The 

proportion of transitions (s) and transversions (v) were plotted against the percent 

sequence divergence using the F84 genetic distance algorithm in DAMBE. 

 

 

Fig. 4A, B. Nucleotide substitution saturation plots for each codon position for chitin 

synthase.  The proportion of transitions (s) and transversions (v) were plotted against the 

percent sequence divergence using the F84 genetic distance algorithm in DAMBE. 

 

 

Fig. 5. Phylogenetic informativeness profiles for seven genes: Plasma membrane ATPase 

(1441 bp), Calmodulin (978 bp), Alt a1 (497 bp), gpd (623 bp), Actin (999 bp), Beta-

tubulin (351 bp), and TEF (696 bp). 

 

 

Fig. 6. Phylogenetic informativeness profile for RPB2 (573 bp). 

 

 

Fig. 7. Phylogenetic informativeness profile for Tsr1 (1107 bp). 

 

Fig. 8. Phylogenetic informativeness profile for Chitin synthase (676 bp). 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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SUPPLEMENTARY MATERIALS 

 

 

Figure Legends 

 

Supplementary Fig. S1. One of 105 most-parsimonious trees generated from maximum 

parsimony analysis of RPB2.  Number in front of “/” represents parsimony bootstrap 

values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S2. One of 74 most-parsimonious trees generated from maximum 

parsimony analysis Tsr1.  Number in front of “/” represents parsimony bootstrap values 

from 1,000 replicates and number after “/” represents Bayesian posterior probabilities.  

Values represented by an “*” were less than 70% for bootstrap or less than .95 for 

Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S3. One of 136 most-parsimonious trees generated from maximum 

parsimony analysis of chitin synthase.  Number in front of “/” represents parsimony 

bootstrap values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S4. One of 42 most-parsimonious trees generated from maximum 

parsimony analysis of beta-tubulin.  Number in front of “/” represents parsimony 

bootstrap values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S5. One of 2 most-parsimonious trees generated from maximum 

parsimony analysis of TEF.  Number in front of “/” represents parsimony bootstrap 

values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 
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Supplementary Fig. S6. One of 549 most-parsimonious trees generated from maximum 

parsimony analysis of gpd.  Number in front of “/” represents parsimony bootstrap values 

from 1,000 replicates and number after “/” represents Bayesian posterior probabilities.  

Values represented by an “*” were less than 70% for bootstrap or less than .95 for 

Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S7. One of 174 most-parsimonious trees generated from maximum 

parsimony analysis of Alt a1.  Number in front of “/” represents parsimony bootstrap 

values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S8. One of 133 most-parsimonious trees generated from maximum 

parsimony analysis of actin.  Number in front of “/” represents parsimony bootstrap 

values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Fig. S9. One of 151 most-parsimonious trees generated from maximum 

parsimony analysis of the plasma membrane ATPase.  Number in front of “/” represents 

parsimony bootstrap values from 1,000 replicates and number after “/” represents 

Bayesian posterior probabilities.  Values represented by an “*” were less than 70% for 

bootstrap or less than .95 for Bayesian posterior probability respectively.  The scale bar 

indicates the number of nucleotide substitutions. 

 

 

Supplementary Fig. S10. One of 359 most-parsimonious trees generated from maximum 

parsimony analysis of calmodulin.  Number in front of “/” represents parsimony 

bootstrap values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 
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Supplementary Fig. S1. 
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Supplementary Fig. S2. 
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Supplementary Fig. S3. 
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Supplementary Fig. S4. 
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Supplementary Fig. S5. 
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Supplementary Fig. S6.  
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Supplementary Fig. S7. 
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Supplementary Fig. S8. 
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Supplementary Fig. S9. 
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Supplementary Fig. S10. 
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ABSTRACT 

The infectoria species-group of Alternaria was erected by Simmons in 1989 and was 

based upon common morphological characteristics that included the development of 

conidial chains with primary, secondary, and tertiary branching patterns resulting in 

substantial three-dimensional complexity.  These characters can overlap to varying 

degrees with numerous taxa in another Alternaria group, the alternata species-group, 

making species-group designation difficult.  However, members of the infectoria species-

group are also distinguished from other small-spored Alternaria species based upon 

colony characteristics that typically include white or nearly white floccose colonies on 

DRYES medium and clumps of sporulation islands on low sugar media such as V8 agar 

and weak PDA.  In addition, the infectoria species-group contains the only known 

representatives of Alternaria that are known to produce teleomorphs, whereas the 

members of the alternata species-group are strictly asexual.  In this study, additional 

morphological and molecular data are highlighted which support the removal of the 

infectoria species-group from the genus Alternaria.  Members of the infectoria species-

group typically produce arachnoid vegetative hyphae with multiple primary 

conidiophores, whereas other small-spored Alternaria species produce primary 

conidiophores predominately directly from the agar surface.  Additionally, molecular 

phylogenetic analyses resolve the infectoria species-group (teleomorph Lewia) as 

distinctly nested amongst other sexual taxa in Allewia (Embellisia anamorph) and 

Macrospora (Nimbya anamorph) and phylogenetically distant to asexual lineages of 



162 
 

Alternaria.  This work proposes to remove the infectoria species-group from the genus 

Alternaria and erect the new anamorphic genus Pseudoalternaria. 

 

INTRODUCTION 

The genus Alternaria represents a morphologically diverse assemblage of fungal 

taxa that can be found worldwide in nearly all ecosystems.  The number of species ranges 

from approximately 150 to several hundred due to the proliferation of taxa of dubious 

taxonomic validity (Simmons 1992).  Most species are effective saprobes and can be 

found in association with an array of substrates or plant debris from a variety of sources.  

Additionally, many of these species are also significant plant pathogens that cause 

considerable crop losses annually (Thomma 2003).  Moreover, many species are serious 

post-harvest pathogens that substantially contribute to cumulative post-harvest losses of 

the annual agricultural output (Wilson and Wisniewski 1994). 

Currently, species recognition in Alternaria is based primarily on morphological 

characteristics of conidia, branching patterns produced during conidial chain formation, 

and to a lesser extent on host range. Morphological diversity is high and includes taxa 

that produce small ovate spores singly or in extensively branched conidial chains, large 

ovate spores produced singly or rarely in chains of 2-3, large obclavate spores produced 

singly or rarely in chains of 2-3, and very large and robust obclavate spores with long 

filamentous beaks produced singly or rarely in chains of 2-3.  Host range is equally 

varied and the genus ranks 10
th

 among nearly 2000 fungal genera in the USDA Fungal 

Host Index based on total number of recorded hosts (Farr et al. 1989). Moreover, within 
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each morphological group, host range is used to further define taxa.  Because of this 

diversity, there have been efforts to organize the genus into subgeneric groups based 

primarily on common characteristics of conidia and the sporulation apparatus.  Currently, 

nine species-groups are recognized and typified by a representative species (Simmons 

1989; Appendix C), these include the alternata, alternantherae, porri, radicina, 

gypsophilae, panax, sonchi, brassicola, and infectoria species-groups.   

Molecular systematic analyses have provided robust and strongly supported 

criteria for the designation of species-groups within the genus Alternaria (Pryor and 

Gilbertson 2000; Hong et al. 2005; Lawrence et al. 2012; Appendix C).  Sequence 

identity among members of a single species-group is high, providing a distinct point of 

demarcation compared to considerable lower sequence identity among members of 

different species-groups (Pryor and Gilbertson 2000).   In most cases, species placed into 

specific species-groups based upon morphological characteristics resolve as distinct 

clades.  The notable exceptions to this rule provide some insight into the homoplasticity 

of particular morphological traits within the Alternaria tree of life as currently 

circumscribed (Lawrence et al. 2012; Appendix C). Although sequence analysis has 

provided clear criteria for species-group designations, insufficient data has been 

accumulated to resolve species identity solely on that basis. 

One of the most distinct Alternaria species-groups is the infectoria species-group, 

first recognized by Simmons (1989) based on morphology only and named as ‘Alternaria 

infectoria species-group’.  Common characteristics include the development of conidial 

chains with primary, secondary, and tertiary branching patterns resulting in substantial 
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three-dimensional complexity.  This character alone can overlap to varying degrees with 

numerous taxa in the alternata species-group. An additional character is the development 

of an elongated apical region ("false beaks") in a high percentage of conidia (Pryor and 

Michailides 2002); however, this character is not always a robust diagnostic feature as 

apical development is not always pronounced in culture.  Colony characteristics have also 

been used for identification of members in the infectoria species-group.  Isolates from the 

infectoria species-group will typically produce large sporulation clusters on a low sugar 

medium such as V8 agar and weak PDA (WPDA), giving a distinctive granular 

appearance (Simmons 1989; Dugan and Peever 2002).  Another distinct and useful 

colony morphological character is the appearance of cultures on DRYES medium, where 

isolates in the infectoria species-group are typically white or nearly white and floccose as 

compared to the alternata species-group where cultures may appear green, yellow olive-

khaki, or straw yellow-colored and velutinous (Andersen and Thrane 1996; Andersen et 

al. 2001).   

Despite some very notable morphological similarities to the alternata species-

group (both species-groups contain small-spored catenulate taxa) the infectoria species-

group has consistently resolved as a distinct clade with considerable phylogenetic 

distance to other Alternaria species-groups (Pryor and Bigelow 2003; Lawrence et al. 

2012; Appendix C).  The infectoria species-group encompasses approximately 25 

recognized species and a most interesting character of this group is that it encompasses 

all species known to produce a sexual state circumscribed as Lewia, which has been well 

documented through studies of ascospore-to-conidium and conidium-to-ascoma 
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(Simmons 2007). Equally interesting is the fact that the topological position of the 

infectoria species-group relative to all other Alternaria species-groups in resolved trees is 

basal to other Alternaria species-groups and nested within other sexual taxa such as 

Macrospora (anamorph Nimbya) and Allewia (anamorph Embellisia), suggesting that 

sexuality in Alternaria is an ancestral state that has been lost in all other Alternaria 

species (Pryor and Bigelow 2003). 

 The ecology of the infectoria species-group appears diverse in some regards but 

more restricted in others.  Many species have been recovered from grains or floral 

structures.  In some cases, a role in pathogenicity has been established, however, in most 

cases the species appear to live as persistent saprobes.  Several authors have noted the 

difference between the infectoria species-group and the alternata species-group with 

regard to mycotoxin production, the former species-group being apparently less toxigenic 

than the latter (Andersen et al. 2002; Andersen and Thrane 1996; Webley et al. 1997).  

Additionally, the infectoria species-group is known to produce unique secondary 

metabolites such as novae-zelandin A, novae-zelandin B, 4Z-infectopyrone, and 

infectopyrone, which have never been recovered from species belonging to the alternata 

species-group (Christensen et al. 2005).  Although a number of species have been 

examined and described within the infectoria species-group, few studies have addressed 

diversity among isolates collected from single host or geographic region to establish 

variation within a species.  The objective of this study is to examine morphological and 

molecular diversity from an assemblage of isolates recovered from varied hosts within a 

single geographic region: the west coast of the United States.  Morphological and 
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molecular data were used to delineate the infectoria species-group as a distinct group that 

is phylogenetically distant to asexual Alternaria species-groups and we propose to 

establish the monophyletic infectoria group as a new genus, Pseudoalternaria, in order to 

resolve the polyphyly of Alternaria. 

 

MATERIALS AND METHODS 

Fungal isolates used in this study. Novel isolates used in this study included 14 strains 

recovered from varied hosts in Washington and California (Table 1).  This study also 

includes type or representative species in the infectoria species-group for morphological 

comparisons.  Additional species of Alternaria from currently recognized species-groups 

and closely related genera were included in phylogenetic analyses (Table 2). 

Morphological characterization. All infectoria species-group isolates and three 

alternata species-group isolates (A. alternata, A. tenuissima, and A. arborescens) were 

grown on several media including potato dextrose agar (PDA), dichloran rose bengal 

yeast extract sucrose agar (DRYES), and weak potato dextrose agar (WPDA).  On PDA 

and DRYES, incubations were carried out at 25°C in the dark for seven to ten days.  

WPDA incubations were carried out at 25°C for seven days under light/dark 

photoperiods (10h/14h).  Colony morphological characters were assessed from seven to 

ten day old cultures. 

DNA extraction and PCR amplification.  DNA extractions and purifications were 

performed as described in previous protocols (Pryor and Gilbertson 2000).  PCR 

amplification of the rDNA ITS region was performed using ITS5 and ITS4 primers as 
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previously described (White et al. 1990).  PCR amplification of the gpd (glyceraldehyde-

3-phosphate dehydrogenase) gene was performed using procedures described by Berbee 

et al. (1999).  PCR amplification of the plasma membrane ATPase gene utilized primer 

pairs ATPDF1 and ATPDR1 as described in Lawrence et al. (Appendix C).  Each PCR 

mixture contained 10 M of each primer, 200 M dNTP, 1X Taq reaction buffer, 2 units 

of AmpliTaq-DNA polymerase, 2.5 mM MgCl2 and 10 ng of template DNA producing a 

final reaction volume of 25 l. 

Sequencing, alignment, and phylogenetic analyses.  The nucleotide sequence of both 

plus and minus DNA strands from PCR products was determined with FS DyeTerminator 

reactions (Applied Biosystems, Foster City, CA) and an ABI automated DNA sequencer.  

The consensus nucleotide sequences were proof-read, edited, and aligned in MacVector 

ver. 12 (MacVector Inc., Cary, NC, USA).  Nucleotide sequences were aligned manually 

where necessary using the alignment editor program MacClade ver. 4.08 (Maddison and 

Maddison 2003).  Multiple sequence alignments have been submitted to TreeBASE under 

accession number S12423. 

Phylogenetic analyses using the parsimony optimality criterion were performed 

in PAUP* ver. 4.0b10 (Swofford 2002).  Maximum parsimony (MP) analyses were 

conducted by heuristic searches consisting of 1000 stepwise random addition replicates 

and branch swapping by the tree-bisection-reconnection algorithm.  For each MP 

analysis, 1000 bootstrap replicates using a heuristic search with simple sequence addition 

was performed to assess statistical support for branch stability.  Bayesian analyses were 

performed using the best-fit model of nucleotide evolution (HKY+I+G for gpd and 
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GTR+I+G for ITS, plasma membrane ATPase, and the combined analysis was 

partitioned by each respective model of nucleotide evolution), which was determined for 

these data by the likelihood ratio test using MODELTEST version 3.7 (Posada and 

Crandall 1998).  Each Bayesian analysis was performed in MrBayes ver. 3.1.1 

(Huelsenbeck and Ronquist 2001) and consisted of two independent runs with four chains 

each for 5 million generations for individual datasets and 10 million generations for the 

combined dataset sampling every 1000th generation.  Convergence of each Bayesian 

analysis was estimated by examination of the standard deviation of split frequencies 

<0.01 and based on plots of the –lnL values which stabilized after approximately 3 

million generations for individual datasets and 5 million generations for the combined 

dataset.  The first 3 million and 5 million generations were removed as the burn-in for the 

individual and combined datasets, respectively.  Majority-rule consensus trees with 

Bayesian posterior probabilities (BPP) were produced in PAUP* ver. 4.0b10 (Swofford 

2002).  Exserohilum pedicellatum served as the outgroup based on results from previous 

studies (Pryor and Gilbertson 2000; Pryor and Bigelow 2003; Hong et al. 2005; Lawrence 

et al. 2012; Appendix C).  Concordance between datasets was evaluated with the 

Partition-Homogeneity Test (PHT) implemented in PAUP* ver. 4.0b10 (Swofford 2002).  

For concordant data, datasets were combined and MP and Bayesian analyses were 

performed as previously described.   
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RESULTS 

Morphological characterization.  All infectoria species-group isolates examined 

revealed morphological characters consistent with those of the group (Fig 1).  These 

included floccose white or nearly white colonies on DRYES medium (Table 3) and 

discontinuous islands of sporulation clumps on WPDA (Table 4), whereas the alternata 

species-group isolates (A. alternata, A. tenuissima, and A. arborescens) produced green-

colored velutinous colonies on DRYES medium (Table 3) and a consistent continuous 

lawn of sporulation on WPDA (Table 4).  Morphological characterization of the unique 

isolate 564692-12FD (BMP 1942) on WPDA under standard culture conditions produced 

a fast growing colony that measured 63mm diameter in 7 d.  Conidiophores typically 

arose from hyphae from the agar surface and were morphologically and functionally 

distinct from vegetative hyphae.  Additionally, aerial arachnoid vegetative hyphae 

regularly gave rise to multiple macronematous conidiophores that were larger in diameter 

and more heavily pigmented than the hypha from which it originated.  The aerial 

conidiophores typically would give rise to a single conidium that would proliferate by 

acropetal conidiation or the formation of a secondary conidiophore with multiple 

conidiogenous loci to produce considerable 3-dimensional structure typical of members 

of the infectoria species-group.  Conidia were predominately dictyosporous, some 

phragmosporous, brown to tan in color and obclavate to ovoid with a short tapering apex 

(Figs. 1r, 6, and 7).  A comparison of two isolates of A. arbusti, a typical species within 

the infectoria species-group, reveal considerable variation between them.  On PDA the 

type specimen A. arbusti EGS 91-136 produced a colony that was white with grayish 
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brown mycelium, whereas A. arbusti EGS 91-129 produced an olive-gray colony.  

Additionally, the conidia morphology of the type specimen A. arbusti EGS 91-136 

produces conidia of wider breadth (Fig. 1e) than A. arbusti EGS 91-129 which typically 

produces conidia that are more elongated (Fig. 1l) as compared to the former. 

Phylogenetic analyses: ITS  

Alignment of the ITS sequences from Alternaria, Ulocladium, Nimbya, 

Embellisia, Stemphylium, and Exserohilum spp. resulted in a 626-character dataset of 

which 176 characters (28.1%) were variable and 126 characters (20.1%) were parsimony 

informative.  In the aligned dataset, four regions of numerous indels were apparent and 

the alignment of characters within these regions was variable.  Variable Region 1 (ITS-

VR1) spanned characters 31–136.  Within this region, a notable indel (characters 79–109) 

was present in sequences from Nimbya, most Embellisia species except members of 

Embellisia group II, all members of the infectoria species-group, and all members of the 

brassicicola species-group, but not in sequences from other taxa.  Variable regions 2, 3, 

and 4 (ITS-VR2, ITS-VR3, and ITS-VR4, respectively) were present in all taxa and 

spanned characters 193–264, 455–475, and 533–598, respectively.   

Maximum parsimony analysis of the ITS dataset produced 130 equally most 

parsimonious trees (Fig. 2).  The alternata, alternantherae, porri, and brassicicola species-

groups were strongly supported (≥93%/1.0).  The sonchi, radicina, and infectoria species-

groups were weakly supported (<70%/<.95) as monophyletic groups in the analysis of the 

ITS dataset.  Most trees were similar and differed primarily in minor changes in the 

relationship among members of the porri species-group, minor changes in the 



171 
 

relationships among members of the Ulocladium group, and the placement of the 

Ulocladium group relative to other Alternaria species-groups (Fig. 2).  Removal of ITS 

variable regions prior to analysis had little effect on overall tree topology but resulted in 

lower bootstrap values (<50%) for most clades with the exception of the Stemphylium 

group and the infectoria and alternata species-groups (data not shown).  

Phylogenetic analyses: gpd  

PCR amplification of the gpd gene fragment for most species generated 543-628 

bp fragments.  PCR products from A. brassicicola, A. mimicula, A. japonica, and E. 

conoidea were smaller by approximately 30 bp.  All species circumscribed to the 

infectoria species-group were approximately 50 bp smaller, and E. abundans, 

Chalastospora gossypii, and C. cetera were 80 bp smaller (data not shown).  Alignment 

of the gpd sequences resulted in a 603-character dataset of which 254 characters (42.1%) 

were variable and 208 characters (34.4%) were parsimony informative.  Two introns 

were present and alignment of sequences within these regions was variable.  Intron 1 

(gpd-IN1) spanned characters 23-85 and was missing from all members of the infectoria 

species-groups including the sister group that consists of E. abundans, C. gossypii, and C. 

cetera but was present in all other taxa.  Intron 2 (gpd-IN2) spanned characters 150-281 

and was present in all taxa. 

  Maximum parsimony analysis of the gpd dataset yielded 330 equally -most 

parsimonious trees, which differed primarily in the relationships among members of the 

porri species-group and the position of the radicina and alternata species-groups relative 

to the porri species-group (Fig. 3).  Similar clades were revealed in the analysis of the 
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gpd dataset as revealed in the analysis of the ITS dataset.  Most Alternaria species-groups 

described in previous studies are also supported by the gpd analysis (Pryor and Bigelow 

2003; Hong et al. 2005; Runa et al. 2009, Lawrence et al. 2012; Appendix C).  The 

infectoria species-group formed a strongly supported (100%/1.0) monophyletic group 

that was sister to the lineage leading to E. abundans, C. gossypii, and C. cetera.  The 

infectoria species-group (several species with known teleomorphs in Lewia) did not 

group near other Alternaria species-groups but clustered with strong support (91%/1.0) 

with other sexual fungi in the genus Macrospora (anamorph Nimbya). 

The asexual lineages of Alternaria (alternata, alternantherae, porri, radicina, 

sonchi, and brassicicola species-groups) clustered phylogenetically distant to the sexual 

lineages of Alternaria (teleomorph Lewia) supporting the previously reported polyphyly 

of Alternaria.  The alternata, alternantherae, porri, and brassicicola species-groups 

formed strongly supported clades (≥99%/1.0), whereas the radicina and sonchi species-

groups were supported by moderate to strong support (77%/1.0 and 74%/1.0, 

respectively).  The newly described panax species-group consisted of a strongly 

supported (99%/1.0) clade that contained A. panax and A. eryngii.  The paraphyletic 

genus Ulocladium was weakly supported (˂70%/˂.95), but was strongly supported 

(90%/1.0) as belonging to the asexual Alternaria group. 

Phylogenetic analyses: Plasma membrane ATPase  

 PCR amplification of the plasma membrane ATPase gene fragment generated 

1135-1251 bp fragments.  Alignment of the plasma membrane ATPase sequences 

resulted in a 1367-character dataset of which 628 characters (45.9%) were variable and 
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506 characters (37%) were parsimony informative.  Two introns were present in the 

plasma membrane ATPase alignment and spanned sites 143-574 and 719-792. 

 Maximum parsimony analysis of the plasma membrane ATPase dataset yielded 

150 equally -most parsimonious trees (Fig. 4).  All previously described Alternaria 

species-groups were strongly supported (≥91%/.95) in the plasma membrane ATPase 

analysis as independent monophyletic lineages.  The paraphyletic Ulocladium group was 

moderately to strongly supported (75%/1.0). 

Phylogenetic analyses: combined ITS/gpd/Plasma membrane ATPase  

Test for concordance of the combined dataset using the PHT revealed that these 

data were not significantly inconcordant (P = 0.010000), and were combined and 

analyzed as above.  Maximum parsimony analysis of the combined dataset yielded 110 

equally -most parsimonious trees (Fig. 5).  All previously described species-groups of 

Alternaria were well-supported (≥99%/1.0).  The asexual species-groups of Alternaria 

clustered into a monophyletic group that was strongly supported (95%/1.0) as sister to the 

paraphyletic genus Ulocladium, whereas the infectoria species-group was nested in a 

strongly supported (82%/1.0) clade that contained species of Nimbya, Embellisia groups I 

and II, and Chalastospora.  Substantial topological structure within the infectoria species-

group was revealed in the analysis of the combined dataset.  Isolates 564692-12FD and A. 

rosae clustered as a strongly supported (100%/1.0) group and compose the earliest 

diverging lineage of the infectoria species-group.  A previously described A. triticina 

isolate (ITEM 630) clustered close to the type A. triticina with moderate to strong support 

(80%/1.0) while another A. triticina isolate (ITEM 765) clustered more distantly with 
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other members of the infectoria species-group.  Additionally, the two A. arbusti isolates 

clustered separately into two distinct and well-supported clades (95%/1.0 and 99%/1.0, 

respectively) and produced different conidial morphologies (Fig 1e and l). 

Taxonomy 

 Molecular phylogenetic analyses (MP and Bayesian) of three nuclear loci 

suggested that all members of the infectoria species-group compose a distinct lineage that 

is phylogenetically distant to the asexual Alternaria lineages and more closely related to 

sexual fungi such as Macrospora (anamorph Nimbya) (Fig. 5).  This result was also 

consistent with morphological observations although the small-spored catenulate 

sporulation apparatus was morphologically similar to members of the alternata species-

group and was suggestive of convergent evolution of analogous sporulation phenotypes. 

 The majority of the members of the infectoria species-group produced wandering 

vegetative arachnoid aerial hyphae that gave rise to multiple primary conidiophores, 

whereas almost all members of the alternata species-group only produced primary 

conidiophores from vegetative hyphae from the agar surface.  Additionally, members of 

the infectoria species-group produced scattered clumps of sporulation tufts that appeared 

granular to the naked eye.  This differed from members of the alternata species-group 

which produced a continuous lawn of sporulation on the agar surface.  Moreover, many 

members of the infectoria species-group commonly produced apical secondary 

conidiophores that exceeded 30µm bearing two or more conidiogenous loci, whereas 

most alternata species-group members produced relatively short secondary conidiophores 

that rarely exceeded the length of the conidium body (exception includes A. postmessia 
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which regularly produced secondary conidiophores that were between 50-150 µm in 

length).    

 Members of the infectoria species-group were morphologically similar to small-

spored Alternaria species in that both produced simple conidiophores that typically bore 

catenulate phaeodictyospores.  However, the production of aerial arachnoid hyphae that 

gave rise to conidiogenous loci was rarely observed in the alternata species-group.  

Conidia produced by the infectoria species-group were predominately dictyosporous and 

catenulate, which distinguished them from the genera Nimbya, Embellisia, 

Brachycladium, Undifilum, Sinomyces, and Ulocladium (Simmons 1971, 1989; 

Inderbitzin et al. 2005; Pryor et al. 2009; Wang et al. 2011; Simmons 1967) (Table 5).  

Finally, members of the infectoria group differed from the percurrently produced conidia 

of Stemphylium (key, Table 5). 

 The combination of molecular and morphological data supports the removal of 

members of the infectoria species-group from the genus Alternaria.  Additionally, 

molecular and morphological data reveal that isolate 564692-12FD (BMP 1942) is a 

unique and undescribed member of the infectoria species-group and is closely related to 

A. rosae.  Thus, we propose the new anamorphic genus: 

Pseudoalternaria D. P. Lawrence, Ph. B. Gannibal, F. M. Dugan, and B. M. Pryor, gen. 

nov. 

Etym.: Pseudo referring to false 

Typus: Pseudoalternaria conjuncta D. P. Lawrence, Ph. B. Gannibal, F. M. Dugan, and 

B. M. Pryor 
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Anamorphic Pleosporaceae. On WPDA hyphae are straight or sinuate, hyaline to pale 

brown, septate, smooth, cylindrical, and growing moderately or quickly. Primary 

conidiophores arise from the agar surface and from arachnoid vegetative aerial hyphae. 

Primary conidiophores are solitary or aggregated into tufts, cylindrical straight or 

geniculate, simple or branched, short to long, septate, brown, with one or several 

conidiogenous loci (pore) at the upper part. Conidial chains are moderate in length or 

long, simple or usually branched. Young conidia are ovoid, broadly ovoid, ellipsoid or 

subellipsoid, erostrate or with short to long secondary conidiophore at the apex. Mature 

conidia are obclavate, ovoid, ellipsoid or subellipsoid; small or moderate in size; with 

several transverse and no, one or a few longitudinal septa; slightly constricted near some 

transverse septa. Some mature conidia can remain erostrate but another part of the 

conidium may produce secondary conidiophores. Apical secondary conidiophores are 

short or long, simple or branched, with one or often with a few conidiogenous loci 

throughout its length. Some conidia have short solitary lateral secondary conidiophore 

with one or a few conidiogenous loci. Conidia are pale brown, yellowish to dark brown; 

the spore wall is smooth or conspicuously ornamented.  

Pseudoalternaria arrhenatheria D. P. Lawrence, Ph. B. Gannibal, F. M. Dugan, and B. 

M. Pryor, sp. nov. (Figs. 1r, 6, and 7) 

Etym.: arrhenatheria (Latin) referring to host of isolation (Arrhenatherum elatius) 

 Colony diameter 63 mm in 7 d at 25°C on WPDA, tan to light brown, rapidly 

growing.  Sporulation aggregated appearing granular to the naked eye.  Mycelium 

subhyaline to light brown, hyphae smooth, branched, septate, 3.75–5 µm wide.  Primary 
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conidiophores aggregated on agar surface or arising from arachnoid vegetative aerial 

hyphae, simple or branched, medium brown, septate, smooth, 8.75–37.5 x 3.75–5 µm (M 

= 18.05 x 4.8 µm, n = 30), simple with single apical pore.  Secondary conidiophore short 

to long, simple to multiple geniculations with one to several conidiogenous loci.  Conidia 

17.5–32.5 x 7.5–10 µm  (M = 20.8 x 8.55 µm, n = 50), mainly catenulate, ellipsoid to 

obclavate, medium brown to golden brown, 3-4 transverse septa, 1-2 longitudinal septa, 

smooth, may produce a false beak (secondary conidiophore). 

Based upon results of both morphological and molecular data, nomenclatural 

revision is proposed for Alternaria arbusti EGS 91-129. 

 Pseudoalternaria simuloarbusti (Simmons) Lawrence, Gannibal, Dugan, & Pryor, 

comb. nov. 

 Basionym: Alternaria arbusti E. G. Simmons  

 

DISCUSSION 

This study examined a collection of isolates characterized as belonging to the 

Alternaria infectoria species-group that were recovered from a single geographic region.  

It was expected that many of the isolates may in fact be members of the same species, but 

the species identity was not previously known, nor was it known the total diversity this 

collection may represent.  As a point of reference, type or representative cultures of 

previously described species in the infectoria species-group were included and all 

unknown isolates were compared against these taxa.  The most compelling result is the 
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well supported phylogenetic position of the infectoria species-group relative to other 

Alternaria clades, even with the inclusion of new undescribed taxa. 

 Results revealed considerable diversity among the unknown isolates of the 

infectoria species-group, with some results conforming to prior expectations while others 

were unanticipated.  The clear separation of isolates in the infectoria species-group from 

other Alternaria species-groups is congruent with previous studies (Pryor and Bigelow 

2003; Hong et al. 2005; Lawrence et al. 2012; Appendix C).  However, A. triticina ITEM 

630 and A. triticina ITEM 765 do not cluster with the type of A. triticina EGS 17-061 and 

conidial characters of ITEM 630 and ITEM 765 are disparate as compared to the type 

species of A. triticina (Fig. 1 n–p). There has been considerable debate about the 

taxonomic assignment of Alternaria isolates causing disease on wheat in India and 

elsewhere. In spite of the habit of assigning the specific epithet triticina to such isolates 

(Anahosur 1978; Wiese 1987; Zillinsky 1983), A. triticina may not be the appropriate 

name for the majority of such isolates (Simmons 1981; Dugan and Peever 2002).  Based 

on our data, A. triticina is certainly not an ecotype of A. alternata, contrary to Kumar and 

Rao (1976). 

 Isolate WF99-247FD, previously identified as A. infectoria (Dugan and Lupien 

2002b) clusters close to A. californica and the clade that contains A. oregonensis, A. 

dianthicola, A. incomplexa, and two A. arbusti isolates.  Isolates 578671-48FD and 

483443-55FD, previously identified as A. infectoria (Dugan and Lupien 2002a, b; Dugan 

and Peever 2002) cluster in a clade that contains A. oregonenis, A. dianthicola, and A. 

arbusti EGS 91-129 as does isolates from pistachio, PistA058, PistA065, and PistA091, 
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previously identified as belonging to the infectoria species-group (Pryor and Michailides 

2002). Of the isolates grouping with A. oregonensis, only isolate SM99-3FD had been 

previously assigned to that species, albeit tentatively (Dugan and Peever 2002).  One 

pistachio isolate, PistA058, clustered with A. incomplexa. Several isolates from grasses or 

chickpea, some of which were tentatively identified as A. infectoria or A. oregonensis 

(Dugan and Lupien 2002a; Dugan and Peever 2002), formed a separate clade allied 

within the infectoria species-group. Isolate 564692-12FD (reclassified as 

Pseudoalternaria arrhenatheria in this work), also previously assigned to A. infectoria 

(Dugan and Peever 2002) forms a distinct lineage sister to A. rosae, which together 

composes the earliest diverging lineage within the infectoria species-group (Fig. 5).  

All these prior assignments, several explicitly provisional, have been made on the 

basis of morphology and cultural characteristics.  While it appears that these 

characteristics suffice for assignment to the infectoria species-group (i.e., A. incomplexa, 

A. infectoria, A. metachromatica, A. oregonensis and additional species), they are 

insufficient for assignment to species. Dugan and Peever (2002) wrote of their key, 

"Although ex-type and representative strains in the A. infectoria complex could be 

appropriately keyed on the basis of maximum conidial length, there are insufficient 

numbers of available strains for most species in this complex for our conclusions to be 

definitive."  The results obtained here reinforce that previous skepticism about using 

morpho-cultural characters to assign species names within the infectoria species-group.  

However, the use of diagnostic cultural characteristics such as those exhibited by most 

members of the infectoria species-group on DRYES (white to nearly white floccose 
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colonies) and WPDA (clumps of sporulation that produce a granular appearance to the 

naked eye) and the copious production or arachnoid vegetative hyphae that gives rise to 

multiple primary conidiophores can be used to diagnose an unidentified species as 

belonging to the infectoria species-group. 

 One isolate in particular illustrates the fallibility of spore measurements as a guide 

for species assignment.  The isolate from chickpea, cp48cFD, is highly distinctive with 

regard to the extreme breadth of a high proportion of conidia, mean conidial breadth 

(14.5 μm, data not shown) comparable to that of A. triticina, also 14.5 μm (Dugan and 

Peever 2002), although the mean length for cp48cFD is shorter than that for A. triticina, 

29 μm versus 36.5 μm (Dugan and Peever 2002).  This isolate clustered, based upon 

molecular characters, with other isolates of much more modest spore widths, including 

578731-57FD, whose means for conidial length and width under the same conditions 

were 18 μm and 7.5 μm, respectively (Dugan and Peever 2002).  Isolate cp48cFD 

displayed morphological and colony characteristics diagnostic for the infectoria species-

group (production of primary conidiophores on arachnoid vegetative hyphae, white to 

nearly white floccose colonies on DRYES, and granular sporulation clusters on WPDA).  

Such substantial morphological variation within a clearly defined clade affirms the 

extreme plasticity of at least some morphological traits and the necessity of using 

alternative diagnostic characters for species assignment. 

 This last point is especially problematic because of implications for species 

concepts in Alternaria and closely related genera.  Mycologists typically seek congruence 

between molecular-genetic characters and morphological characters when defining 
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species in anamorphic fungi, and accept a given species when such congruence is 

consistent, i.e., when the morphological species concept coincides with the phylogenetic 

species concept.  Because teleomorphs occur in a limited number of species within the 

infectoria species-group, it is possible that the biological species concept may be 

pertinent in some instances, but at present it seems unlikely that mating studies can be 

performed with most species from this group.  Moreover, as is demonstrated by the clade 

containing cp48cFD, some morphological characters are too plastic to be utilitarian in a 

morphological species concept in the infectoria species-group. 

 In spite of the above limitations, this study has demonstrated i) that isolates in the 

infectoria species-group cluster with strong support into a coherently well-defined clade 

phylogenetically distant to asexual Alternaria clades and the new anamorphic genus 

Pseudoalternaria is proposed, ii) that a species name, Pseudoalternaria arrhenatheria, 

can be applied to isolate 564692-12FD based on morphology and molecular-genetic 

criteria, iii) that the infectoria species-group contains at least two clades (Fig. 5 clade 

containing KP99-71FD, 578731-57FD, cp48cFD, SB99-32FD, and SB99-19FD, and 

clade containing 483443-55FD, SM99-3FD, 578671-48FD, PistA091, and PistA065) not 

discernibly affiliated with a species name, iv) that selected morphological/cultural 

characters are highly operative for assigning membership to the infectoria species-group.  
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Table 2.  Type species used for phylogenetic analyses in this study, their sources,    

and GenBank accession numbers.         

  GenBank accession   

Species Source
a
 gpd ITS ATPase   

Alternaria alternantherae EGS 52-039  JN383477 JN383496 JQ671892   

A. alternarina EGS 10-193 JQ646289 JQ693648 JQ671817   

A. alternata EGS 34-016 AY278808 AF347031 JQ671874   

A. arborescens EGS 39-128 AY278810 AF347033 JQ671880   

A. arbusti EGS 91-136 JQ646365 JQ693644 JQ671940   

A. arbusti EGS 91-129 JQ693621 JQ693643 JQ693604   

A. brassicae EGS 38-032 AY562414 JQ693663 JQ671847   

A. brassicicola EEB 2232 AY278813 AF229462 JQ671843   

A. californica EGS 52-082 JQ646285 JQ693645 JQ671813   

A. carotiincultae EGS 26-010 AY278798 AF229465 JQ671850   

A. celosiae EGS 42-013 JN383478 JN383497 JQ671891   

A. cheiranthi EGS 41-188 AY278802 AF229457 JQ671891   

A. cinerariae EGS 33-169 AY562413 AY154700 JQ671848   

A. conjuncta EGS 37-139 AY562401 FJ266475 JQ671824   

A. crassa DDG Acr1 AY278804 AF229464 JQ671910   

A. dauci ATCC 36613 AY278803 AF229466 JQ671907   

A. daucicaulis EGS 36-1947 JQ646294 JQ693653 JQ671822   

A. destruens EGS 46-069 AY278812 AY278836 JQ671873   

A. dianthicola CBS 915.96 JQ646282 JQ693640 JQ671810   

A. eryngii EGS 41-005 AY562416 JQ693661 JQ671844   

A. ethzedia EGS 37-143 AY278795 AY278833 JQ671805   

A. frumenti EGS 44-001 JQ646295 JQ693654 JQ671823   

A. graminicola EGS 41-139 JQ646291 JQ693650 JQ671819   

A. hordeiaustralica EGS 44-200 JQ646283 JQ693641 JQ671811   

A. hordeicola EGS 50-184 JQ646284 JQ693642 JQ671812   

A. humuli EGS 47-140 JQ646293 JQ693652 JQ671821   

A. incomplexa EGS 17-103 JQ646287 JQ693658 JQ671815   

A. infectoria EGS 27-193 AY278793 AF347034 JQ671804   

A. intercepta EGS 49-137 JQ646297 JQ693656 JQ671826   

A. longipes EGS 30-033 AY278811 AY278835 JQ671864   

A. macrospora DGG Ams1 AY278805 AF229469 JQ671909   

A. merytae EGS 46-153 JQ646292 JQ693651 JQ671820   

A. metachromatica EGS 38-132 AY562404 JQ693660 JQ671809   
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A. mimicula EGS 01-056 AY562415 FJ266477 JQ671842   

A. novae-zelandiae EGS 48-092 JQ646296 JQ693655 JQ671825   

A. oregonensis EGS 29-194 FJ266491 FJ266478 JQ671827   

A. panax EGS 29-180 JQ646299 JQ693662 JQ671846   

A. peglionii CBS 103.26 JQ646286 JQ693646 JQ671814   

A. perpunctulata EGS 51-130  JN383479 JN383498 JQ671893   

A  petroselini EGS 09-159 AY278799 AF229454 JQ671854   

A. photistica EGS 35-172 AY562402 JQ693659 JQ671807   

A. porri ATCC 58175 AY278806 AF229470 JQ671901   

A. pseudorostrata EGS 42-060 AY562406 JN383483 JQ671912   

A. radicina ATCC 96831 AY278797 AF229472 JQ671851   

A. rosae EGS 41-130 JQ646279 JQ693639 JQ671803   

A. selini EGS 25-198 AY278800 AF229455 JQ671853   

A. smyrnii EGS 37-093 AY278801 AF229456 JQ671852   

A. solani ATCC 58177 AY278807 AF229475 JQ671898   

A. sonchi EGS 46-051 AY562412 JN383484 JQ671849   

A. tagetica EGS 44-044 AY562407 FJ266479 JQ671908   

A. tenuissima EGS 34-015 AY278809 AF347032 JQ671875   

A. triticimaculans EGS 41-050 JQ646280 JQ693657 JQ671806   

A. triticina EGS 17-061 JQ646281 AY278834 JQ671808   

A. ventricosa EGS 52-075 JQ646290 JQ693649 JQ671818   

A. viburni EGS 49-147 JQ646288 JQ693647 JQ671816   

Chalastospora cetera EGS 41-072 AY562398  JN383482 JQ671801   

C. gossypii CBS 135.31 JQ646278 JQ693638 JQ671800   

E. allii EGS 38-073 AY278827 AY278840 JQ671793   

E. annulata CBS 302.84 JN383467 JN383486 JQ671766   

E. chlamydospora EGS 33-022 JN383468 JN383487 JQ671795   

E. conoidea CBS 132.89 FJ348227 FJ348226 JQ671841   

E. didymospora CBS 766.79 JN383470 JN383489 JQ671796   

E. eureka EGS 36-103 JN383471 JN383490 JQ671771   

E. indefessa EGS 30-195 AY278828 AY278841 JQ671831   

E. hyacinthi EGS 49-062 AY278830 AY278843 JQ671778   

E. leptinellae EGS 40-187 JN383472 JN383491 JQ671773   

E. lolii EGS 43-054 JN383473 JN383492 JQ671774   

E. novae-zelandiae EGS 39-099 AY278831 AY278844 JQ671779   

E. phragmospora EGS 27-098 JN383474 JN383493 JQ671797   

E. planifunda CBS 537.83 FJ266492 FJ266480 JQ671776   

E. proteae EGS 39-031 AY278829 AY278842 JQ671777   
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E. tellustris EGS 33-026 JN383475 JN383494 JQ671794   

E. tumida CBS 589.83 FJ266493 FJ266481 JQ671775   

Exserohilum pedicellatum BMP 0384 AY278824 AF229478 JQ671765   

Lewia infectoria EGS 27-193 AY278793 AF347034 JQ693606   

Nimbya caricis EGS 13-094 AY278826 AY278839 JQ671780   

N. scirpicola EGS 19-016 AY278825 AY278838 JQ671781   

N. scirpinfestans EGS 49-185 JN383480 JN383499 JQ671783   

N. scirpivora EGS 50-021 JN383481 JN383500 JQ671782   

Pleospora herbarum ATCC 11681 AY278823 AF229479 JQ671770   

Stemphylium botryosum ATCC 42170 AY278820 AF229481 JQ671767   

S. callistephi EEB 1055 AY278822 AF229482 JQ671769   

S. vesicarium ATCC 18521 AY278821 AF229484 JQ671768   

Ulocladium atrum ATCC 18040 AY278818 AF229486 JQ671833   

U. botrytis ATCC 18043 AY278817 AF229487 JQ671834   

U. chartarum ATCC 18044 AY278819 AF229488 JQ671828   

U. consortiale CBS 201-67 AY278816 AY278837 JQ671839   

U. cucurbitae EGS 31-021 AY562418 FJ266483 JQ671836   

U. obovoideum CBS 101229 FJ266498 FJ266487 JQ671838   

U. septosporum CBS 109.38 FJ266500 FJ266489 JQ671829   

Sequences that were determined in the course of this study appear in bold.   
a
Abbreviations for sources are as follows: ATCC, American Type Culture Collection,  

Manassas, VA 20108; B.M.P., B. M. Pryor, Division of Plant Pathology, Department  

of Plant Sciences, The University of Arizona, Tucson, AZ 85721; D.G.G., D. G.  
 

Gilchrist, Department of Plant Pathology, University of California, Davis, CA 95616;  

E.E.B., E. E. Butler, Department of Plant Pathology, University of California, Davis,  

CA 95616; E.G.S., E. G. Simmons, Mycological Services, Crawfordsville, IN 47933; 

CBS, Centraalbureau voor Schimmelcultures, Royal Netherlands Academy of Arts  

and Sciences, Uppsalalaan 8, 3584 CT Utrecht, The Netherlands.  
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Table 5.  Dichotomous key to identify close relatives of Pseudoalternaria. 

        1. Conidiophore terminus slightly or distinctly swollen……………….…….….Stemphylium 

    Conidiophore terminus not swollen……………………………….…..…………………..2 

2. Conidia mainly phragmosporous…………………..……………….……………………..3 

    Conidia mainly dictyosporous………………………..…………….……………………..4 

3. Conidia cylindrical………………………...……………………….………Brachycladium 

    Conidia with tapering apical cells…………………….……………………………Nimbya 

    Conidia with thick heavily melanized transverse septa……………….….…….Embellisia 

4. Conidia borne singly………………………..…………………………..…………………5 

    Conidia catenulate………………………..….……………………….….………………..6 

5. Conidiophores often multiperforate, closely to widely spaced……….…….….Ulocladium 

    Conidiophores uniperforate with closely spaced geniculations…….….………..Sinomyces 

6. Conidiophores arise from agar surface and aerial vegetative hyphae…...Pseudoalternaria 

    Conidiophores mainly arising from agar surface……..……..……….…..……..Alternaria 
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Figure Legends 

Fig. 1. Conidia of (a) SB99-19FD, (b) SB99-32FD, (c) 578731-57FD, (d) KP99-71FD. 

(e) Alternaria arbusti EGS 91-136, (f) cp48cFD, (g) A. incomplexa, (h) PistA058, (i) 

483443-55FD, (j) SM99-3, (k) 578671-48, (l) A. arbusti EGS 91-129, (m) WF99-247FD, 

(n) A. triticina EGS 17-061, (o) A. triticina ITEM 630, (p) A. triticina ITEM 765, (q) A. 

rosae, (r) 564692-12FD, on WPDA after seven days. 

 

 

Fig. 2. One of 130 most-parsimonious trees generated from maximum parsimony 

analysis of ITS sequences.  Number in front of “/” represents parsimony bootstrap values 

from 1,000 replicates and number after “/” represents Bayesian posterior probabilities.  

Values represented by an “*” were less than 70% for bootstrap or less than .95 for 

Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Fig. 3. One of 330 most-parsimonious trees generated from maximum parsimony 

analysis of gpd sequences.  Number in front of “/” represents parsimony bootstrap values 

from 1,000 replicates and number after “/” represents Bayesian posterior probabilities.  

Values represented by an “*” were less than 70% for bootstrap or less than .95 for 

Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Fig. 4. One of 150 most-parsimonious trees generated from maximum parsimony 

analysis of plasma membrane ATPase sequences.  Number in front of “/” represents 

parsimony bootstrap values from 1,000 replicates and number after “/” represents 

Bayesian posterior probabilities.  Values represented by an “*” were less than 70% for 

bootstrap or less than .95 for Bayesian posterior probability respectively.  The scale bar 

indicates the number of nucleotide substitutions. 

 

 

Fig. 5. One of 110 most-parsimonious trees generated from maximum parsimony 

analysis of combined sequences.  Number in front of “/” represents parsimony bootstrap 

values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 70% for bootstrap or less than 

.95 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 
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Fig. 6. Pseudoalternaria arrhenatheria from the holotype. Conidiophores and conidia. 

 

 

Fig. 7. Pseudoalternaria arrhenatheria from the holotype. Sporulation apparatus. 
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Fig 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7  
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ABSTRACT 

Alternaria is a cosmopolitan fungus often associated with common airborne allergies and 

the onset of asthma, especially in children.  The identification of allergenic Alternaria 

species is predominately based upon morphological examination of sporulation 

apparatus, which includes conidiophores and conidia.   Morphological examination of the 

commercially available allergen reference strain, A. alternata ATCC 11680, revealed that 

it more closely resembles the morphology of A. tenuissima rather than A. alternata, and a 

misidentification was suspected.  To more definitively resolve the correct taxonomy of 

this important immunological reference, molecular characterization of the species 

complex that encompasses these small-spored taxa was performed.  Molecular 

phylogenetic analyses of four commonly utilized loci failed to delimit most species 

within the alternata species-group, and revealed an extremely close evolutionary 

relationship.  Whole-genome comparison of two representative Alternaria isolates, 

representative isolate A. alternata EGS 34-016 and representative isolate A. tenuissima 

EGS 34-015, and the reference allergen isolate A. alternata ATCC 11680, reveals a 

closer overall genomic similarity between the allergen isolate ATCC 11680 and A. 

tenuissima EGS 34-015 than between the allergen isolate  and A. alternata EGS 34-016.  

Total genome alignment and analysis of single-copy orthologs from the three isolates 

reveals that the allergen reference ATCC 11680 and A. tenuissima EGS 34-015 share a 

higher sequence identity.  Comparisons of genomic architecture also reveals fewer 

genomic rearrangements between the allergen reference ATCC 11680 and A. tenuissima 

EGS 34-015.  Results from this study suggest that the commercially available allergenic 
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isolate ATCC 11680, currently distributed as A. alternata,  is misidentified and shares a 

more recent common ancestor with the representative isolate of A. tenuissima EGS 34-

015.  These findings also have important applications in species recognition for other 

small-spored catenulate Alternaria taxa in the alternata species-group. 

 

INTRODUCTION 

Fungi are prolific produces of metabolic products that are utilized as food 

products such as citric acid from Aspergillus niger, and pharmaceuticals such as 

cyclosporine and penicillin from Tolypocladium inflatum and Penicillium chrysogenum, 

respectively.  Other metabolites that fungi produce are not so beneficial to humans such 

as copious amounts of allergenic compounds.  Many studies have been performed on 

allergen producing fungi in order to elucidate which fungi are the major producers of 

allergenic compounds and what metabolic products elicit the strongest hypersensitive 

response in sensitized persons.  In most cases, allergenic exposure to fungi is associated 

with exposure to their airborne spores (Halonen et al. 1997). 

Fungal production of airborne spores typically follows seasonal patterns.  

Previous studies in the United Kingdom showed that the majority of fungal spores are 

produced from July through September (Khot and Burn 1984; Jarvis and Burney 1998; 

and Jenkins et al. 1981), which corresponds to warm, wet weather conditions.  Often the 

atmospheric spore load exceeds that of pollen by up to 1,000 times (Salvaggio et al. 

1974).  The most commonly encountered allergen producing fungal spores are Alternaria 
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alternata, Aspergillus fumigatus, and Cladosporium herbarum (Beaumont et al. 1985; 

Solomon and Matthews 1988). 

Alternaria is one of the most ubiquitous fungal genera worldwide (Horner et al. 

1995; D’Amato and Spieksma 1995; and Kauffman et al. 1995) found associated with 

many agricultural crops and on dead plant material, and its occurrence is especially 

prevalent in warm arid climates (Mitakakis et al. 1997).  Eggleston et al. (1998) 

performed a large-scale epidemiological study on inner city asthmatic children and found 

that Alternaria was the most common sensitizer with 38.6% of asthmatic children 

producing a positive skin test to Alternaria allergens.  Alternaria alternata has been 

linked as a serious cause of asthma in children and adults, and persons that are sensitized 

to Alternaria allergens are three times more likely to have or develop asthma as 

compared to non-sensitized individuals (Gergen and Turkeltaub 1992; Peat et al. 1995).  

In the outdoors, fungal allergens are usually encountered by the means of inhaling fungal 

spores.  But, fungal spores are often encountered indoors as well.  The study by Salo et 

al. (2006) showed a positive correlation with the exposure of indoor fungal allergens 

from A. alternata and the incidence of asthma.  The study reported that allergens from A. 

alternata are predominately from exposure to spores, but fungal hyphae, including 

fragmented hyphae, are common sources of A. alternata allergens as well.   In a home 

that tested positive for Alternaria, allergens were reported in 95-99% of dust samples 

collected from five different locations within the home.   

Sensitization to Alternaria alternata is known to increase the risk of asthma 

especially in children as evidenced by the overwhelming number of children with asthma 
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that test positive for Alternaria sensitization compared to children that do not have 

asthma (Downs et al. 2001).  Alternaria is also known to produce proteases that can 

incite the inflammatory response by causing the production of proinflammatory cytokines 

and inducing morphological changes such as nasopharynx epithelium desquamation 

(Kauffman et al. 2000). 

The study of fungal allergens is impeded by great variability in commercially 

available fungal allergen extracts.  Fungal allergen extracts are generally produced from 

cultures of a growing fungal mass called the mycelium.  However, there are inconsistent 

standards of growth conditions of fungi used in allergy studies.  Fungal cultures produce 

different metabolites under different culturing conditions such as temperature, culture 

medium, moisture content, and presence or absence of light (Bu’Lock 1975).  This is 

problematic because different commercially available allergenic fungal extracts may 

contain different properties depending on the culturing conditions.  But perhaps a more 

significant problem with commercially available allergenic fungal extracts is the source 

of the culture.  Correct identification of species is critical for standardization of product.  

In addition, strain variation within a single species can add variation and complication in 

producing standardized allergenic extracts.   

This study investigates the molecular and morphological characterization of 

small-spored catenulate Alternaria taxa within the alternata species-group, particularly as 

it relates to taxa used in the production of commercial allergens for allergy testing, 

allergenic Alternaria alternata, A. tenuissima, and A. arborescens.  Morphological 

characters such as culture and conidiophore/conidia characteristics were examined to 
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determine if they can delineate three primary morphological groupings within the 

alternata species-group, the A. alternata morpho-group, the A. tenuissima morpho-group, 

and the A. arborescens morpho-group.  In addition, molecular phylogenetic analyses 

were conducted to provide complementary support for these three groups.  Additionally, 

whole-genome comparisons were used to validate the taxonomy of the closely related 

species circumscribed as A. alternata and A. tenuissima. 

 

MATERIALS AND METHODS 

Fungal strains and culture conditions 

This study examined morphological and molecular data from 14 isolates of small-

spored catenulate Alternaria (Table 1).  All isolates were cultured on potato dextrose agar 

(PDA) at 20°C in the dark for seven days to score colony color using Ridgway color 

standards (Ridgway 1912), shape of colony margin (smooth, wavy, or torn), colony 

texture (felty, cottony, or wooly), production of diffusible pigments and insoluble crystals 

in the medium, and colony diameter at day seven.  All isolates were also cultured on 

weak PDA (WPDA, 0.05% PDA) for approximately seven days under controlled 

light/dark conditions (10h/14h) in order to promote sporulation for conidiophore and 

conidia morphological characterization according to eleven criteria (Table 2).  

DNA extraction, PCR amplification, and sequencing 

 DNA extractions were conducted according to previously described protocols 

(Pryor and Gilbertson 2000).  Amplification of RPB2 was conducted according to the 

protocol described in Liu et al. (1999) using primers fRPB2-5F and fRPB2-7cR. 
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Amplification of the endopolygalacturonase gene (endoPG) was performed using primers 

PG3 and PG2 according to the protocol described in Isshiki et al. (2001).  Amplification 

of beta-tubulin was conducted according to previously described protocols using primer 

pairs T1 and T2 (O'Donnell and Cigelnik 1997).  Amplification of the plasma membrane 

ATPase was conducted using primers ATPDF1 and ATPDR1 as described in Lawrence 

et al. (Appendix C).  Each PCR mixture contained 5 pmol of each primer, 200 M dNTP, 

1X Taq reaction buffer, 2 units of AmpliTaq-DNA polymerase, 2.5 mM MgCl2 and 10 ng 

of template DNA in a final reaction volume of 25 l.  

The nucleotide sequences of PCR products were determined with FS 

DyeTerminator reactions (Applied Biosystems, Foster City, CA) and ABI automated 

DNA sequencer at the University of Arizona Genomic Core Facility.  Sequences were 

determined for both forward and reverse DNA strands of PCR products for sequence 

confirmation.  Chromatograms were edited in MacVector ver. 12 (MacVector Inc., Cary, 

NC, USA) using the assembler package. Base-call ambiguities and discordance events 

were manually edited.   

Alignment and phylogenetic analyses  

Multiple sequence alignments were conducted in MacVector ver. 12 and 

manually adjusted where necessary using MacClade ver. 4.08 (Maddison and Maddison 

2003).  All alignments have been submitted to TreeBASE under accession S12544.  

Maximum parsimony (MP) phylogenetic analyses were conducted in PAUP* ver. 4.0b10 

(Swofford 2002).  MP analyses were estimated by heuristic searches consisting of 1000 

stepwise random addition replicates and branch swapping by the tree-bisection-
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reconnection algorithm.  Branch stability was assessed by 1000 bootstrap replications 

using a heuristic search with simple sequence addition.  Bayesian analyses were 

performed using the best-fit models (GTR for RPB2, HKY for beta-tubulin, HKY+I for 

ATPase, and partitioned for each dataset for the combined analysis), which were deduced 

for each dataset by the likelihood ratio test using MODELTEST ver. 3.7 (Posada and 

Crandall 1998).  Each Bayesian analysis was performed in MrBayes ver. 3.1.1 

(Huelsenbeck and Ronquist 2001) and consisted of two independent runs with four chains 

each for five million generations sampling every 1000th generation.  Convergence was 

estimated based on the standard deviation of split frequencies <0.01 and plots of the –lnL 

values which occurred after 3 million generations.  The first 3 million generations were 

removed as the burn-in.  Majority-rule consensus trees with Bayesian posterior 

probabilities (BPP) were produced in PAUP* ver. 4.0b10 (Swofford 2002).  Concordance 

between datasets was evaluated with the Partition-Homogeneity Test (PHT) implemented 

in PAUP* ver. 4.0b10 (Swofford 2002).  For concordant data, datasets were combined 

and MP and Bayesian analyses were performed as previously described. 

Whole-genome sequencing, assembly, and annotation of the type species of Alternaria 

tenuissima EGS 34-015 

 Whole-genome sequencing was conducted at the University of Arizona Genetics 

Core Facility using the Illumina platform.  The genome was assembled using the de novo 

assembly algorithm Velvet (Zerbino and Birney 2008).  The total number of genes was 

predicted using the program GeneWise (Birney et al. 2004).  Genome annotation was 
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performed using the Alternaria annotation pipeline developed at the Virginia 

Bioinformatics Institute.   

Whole-genome comparison of A. alternata EGS 34-016, A. alternata ATCC 11680, 

and A. tenuissima EGS 34-015 

 Genomic data for A. alternata EGS 34-016 and A. alternata ATCC 11680 was 

obtained from the Alternaria Genomes Database maintained at the Virginia 

Bioinformatics Institute.  Whole-genome alignments were performed using the genome 

alignment program Mauve (Darling et al. 2010). Assessment of orthologs between A. 

alternata EGS 34-016, A. alternata ATCC 11680, and A. tenuissima EGS 34-015 utilized 

the program OrthoMCL with a BLAST-p E-value cutoff of 1e-5 and sequence identity > 

50% (Li et al. 2003).  Visualization of whole-genome comparisons were produced using 

Circos software (Krzywinski et al. 2009).   

 

RESULTS 

Colony, conidiophore, and conidia morphology 

  On PDA after seven days at 20°C in the dark, colony color ranged from dull 

blackish green to leaf green for most isolates of A. alternata and A. arborescens while 

most A. tenuissima isolates ranged from pale olive-gray to olive-gray (Table 3).  Colony 

margins were smooth for all isolates except for BMP 2256 and BMP 0602 (wavy margin) 

and BMP 0308 (torn margin).  Colony texture was wooly for all isolates except for BMP 

0269, BMP 0270, and BMP 0308, which had a felty texture, and BMP 0304 had a 

cottony texture.  One isolate, BMP 0602, produced a diffusible pigment in the agar 
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medium.  Five isolates produced insoluble crystals that were visible with the naked eye 

from the underside of the culture plate (Table 3).  Colony diameter ranged from 43 mm to 

85 mm after seven days (Table 3).   

Results of morphological examination of conidiophores and conidia on WPDA 

after approximately seven days with 10 h/14 h photoperiod are reported in Table 4.  

Briefly, isolates characterized as A. alternata (BMP 0269, BMP 0270, and BMP 0463) 

produced sporulation characters that were consistent with the morphological description 

of the species, namely small conidia (25–30 x 5–9 µm) in chains with substantial 

branching via sub-conidium and lateral intra-conidium conidiophore development.  

Isolates characterized as A. tenuissima (BMP 0517, BMP 0304, BMP 0508, BMP 1098, 

BMP 1153, and BMP 1254) produced sporulation patterns consistent with the 

morphological description of A. tenuissima with the production of conidia (ranging from 

40–60 x 16–18 µm) with elongated apical beaks, straight conidial chain elongation with 

sparse secondary branching via sub-conidium and lateral intra-conidium conidiophore 

development.  Isolates characterized as A. arborescens (BMP 0308, BMP 0462, and BMP 

0602) produced sporulation characters consistent with the morphological circumscription 

of A. arborescens which included small conidia in chains with extensive branching via 

extension of relatively long sub-conidium secondary conidiophores and a dearth of lateral 

intra-conidium conidiophore development.  However, isolates A. alternata ATCC 11680 

(BMP 0238) and A. alternata ATCC 6663 (BMP 2256) produced sporulation patterns 

that were more similar to A. tenuissima than to A. alternata. 
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Phylogenetic analyses: RPB2 

 PCR amplification of the RPB2 locus generated 733 base-pair fragments.  The 

alignment produced a 733 character dataset in which 709 characters were constant, 9 

characters were parsimony-uninformative, and 15 characters were parsimony 

informative.  MP analysis produced two most-parsimonious trees (Fig. S1).  All three A. 

arborescens isolates formed a polytomy on the backbone of the tree, while all A. 

alternata and A. tenuissima isolates formed a monophyletic group with strong bootstrap 

support (98%).  However, A. alternata and A. tenuissima did not cluster into two distinct 

groups rather the two taxa were intermixed. 

Phylogenetic analyses: endopolygalacturonase 

   PCR amplification of the endopolygalacturonase locus resulted in 444 base-pair 

fragments.  The alignment consists of 444 characters in which 430 characters were 

constant, 5 characters were parsimony-uninformative, and 9 characters were parsimony 

informative.  MP analysis resulted in 1 most-parsimonious tree (Fig. S2).  The three A. 

arborescens isolates formed a grade on the backbone of the tree.  A single large well-

supported clade (86% bootstrap support) contained two nested groups of intermixed A. 

alternata and A. tenuissima isolates.  One group contained three A. tenuissima isolates 

(BMP 2256, BMP 1153, BMP 1098, and BMP 1254) and one A. alternata isolate 

(BMP2256), albeit with low support.  The other clade contained an intermixed cluster of 

A. alternata (BMP 0469 and BMP 0238) and A. tenuissima (BMP 0517, BMP 0508, and 

BMP 0304). 
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Phylogenetic analyses: Beta-tubulin 

PCR amplification of the beta-tubulin locus resulted in 536-545 base-pair 

fragments.  Alignment of the beta-tubulin fragments resulted in a 545 character dataset in 

which 536 characters were constant, 4 characters were parsimony-uninformative, and 5 

characters were parsimony informative.  MP analysis produced 1 most-parsimonious tree 

(Fig. S3).  Alternaria arborescens isolates BMP 0462 and BMP 0308 formed a weakly to 

strongly supported clade (65%/.97) on the backbone of the tree.  All A. alternata and A. 

tenuissima isolates clustered as a weakly supported highly intermixed group. 

Phylogenetic analyses: Plasma membrane ATPase 

 PCR amplification of the plasma membrane ATPase locus resulted in 1197 base-

pair fragments.  The alignment consists of 1197 characters in which1145 characters were 

constant, 26 characters were parsimony-uninformative, and 26 characters were parsimony 

informative.  MP analysis resulted in 2 most-parsimonious trees (Fig. S4).  Two A. 

tenuissima isolates (BMP 0517 and BMP 1153) clustered with weak to strong support 

(63%/.97) on the backbone of the tree.  The remaining A. alternata and A. tenuissima 

isolates clustered with extensive intermixing of taxa with weak to strong support 

(64%/.97). 

Phylogenetic analyses: Combined dataset 

Test for concordance of the combined dataset using the PHT revealed that these 

data are not significantly inconcordant (P = 0.010000), and were combined and analyzed 

as above.  The concatenated dataset consists of 2919 characters in which 2820 characters 

were constant, 44 characters were parsimony-uninformative, and 55 characters were 
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parsimony informative.  Parsimony analysis resulted in 10 most-parsimonious trees (Fig. 

1).  The backbone of the tree consisted of a grade of A. arborescens isolates.  Again, A. 

alternata and A. tenuissima isolates formed a strongly supported group (100%/1.0) that 

was reticulate as in other analyses.  An internally nested assemblage of A. alternata 

(BMP 0270, BMP 0463, and BMP 0238) and A. tenuissima (BMP 0517) was weakly to 

strongly supported (68%/1.0).  All other relationships had no support.   

Whole-genome sequencing and assembly of the type species of Alternaria tenuissima 

EGS 34-015 

Whole-genome sequencing resulted in an average coverage of 23.3X with an 

estimated genome size of 33.5MB. Genome assembly resulted in 676 contigs totaling 

33,516,964 nucleotides with a N50 of 662 KB.  The total number of predicted genes was 

12,111.  Approximately 1.6% (536,271 bases) of the genome consisted of repetitive DNA 

sequences. 

Whole-genome comparison of three Alternaria isolates 

 Whole-genome comparisons which included genome size, total number of 

identical bases, and longest aligned block of the three Alternaria isolates revealed that the 

genomes of ATCC 11680 and A. tenuissima EGS 34-015 were more similar to one 

another than to A. alternata EGS 34-016 (Table 5).  Additionally, the number of 

predicted genes (ATCC 11680 with 12,323, A. tenuissima EGS 34-015 with 12,111, and 

A. alternata EGS 34-016 with 11,635) and number of unique single-copy genes (ATCC 

11680 with 622, A. tenuissima EGS 34-015 with 435, and A. alternata EGS 34-016 with 

324) were more similar between ATCC 11680 and A. tenuissima EGS 34-015.  The total 



215 
 

number of predicted orthologs between the three isolates was 10,734 and the total number 

of single-copy orthologs was 10,498.  Analyses of similarity of single-copy orthologs 

from each isolate revealed that 7,636 orthologs (72.74%) from ATCC 11680 were more 

similar to A. tenuissima EGS 34-015 than to A. alternata EGS 34-016.  Visualization of 

genome comparisons are depicted in Circos plots where the green ribbons in Figs. 2 and 3 

represent collinear regions between the genomes whereas the red ribbons represent areas 

where genomic rearrangements have occurred.  Analysis of genomic collinearity reveals 

that the genomes of ATCC 11680 and A. alternata EGS 34-016 are more dissimilar due 

to a greater amount of genomic rearrangements (Fig. 2, red ribbons) as compared to the 

analysis of ATCC 11680 and A. tenuissima EGS 34-015 which have fewer genomic 

rearrangements (Fig. 3, red ribbons). 

DISCUSSION 

Colony morphological characters have often been used to infer taxonomic 

relationships among fungi for a variety of taxonomic groups (Andersen and Thrane 1996; 

Andersen et al. 2005).  In this study, colony morphological characters revealed that most 

A. alternata and A. arborescens isolates produced a variant of green for colony color and 

most A. tenuissima isolates produced colonies that were light to pale-olive gray, 

providing evidence that A. alternata and A. tenuissima can potentially be delineated 

based upon colony color.  No other colony morphological characters could readily 

discriminate between the three species.  For more discriminating studies, species of 

Alternaria have traditionally been circumscribed based upon conidial morphological 

characters.  Using these characters, small-spored species in the alternata species-group 
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can be distinguished, although variation in characters may be subtle (Simmons 2007).  In 

this study, morphological examination of conidiophores and conidia provided robust 

support for the three morphological Alternaria species.  However, two isolates of small-

spored Alternaria, ATCC 11680 and ATCC 6663, previously identified as A. alternata, 

consistently produced characters that were more similar to A. tenuissima than to A. 

alternata.  The results of conidiophore and conidia morphological examination suggest 

that both ATCC 11680 and ATCC 6663, currently circumscribed as A. alternata, are 

misidentified and are more morphologically similar to A. tenuissima.   

Molecular phylogenetic methods used to investigate evolutionary relationships 

among fungi have evolved from the analysis of single gene datasets to multiple gene 

datasets to more rigorously evaluate phylogenetic relationships.  Molecular phylogenetic 

analyses of four loci provided support for the clustering of A. alternata and A. tenuissima 

isolates as distinctly separate from A. arborescens (Appendix C).  However, the 

phylogenetic analyses failed to provide robust support for a monophyletic assemblage of 

A. alternata and A. tenuissima isolates, respectively.  These results suggest an extremely 

close evolutionary relationship between A. alternata and A. tenuissima.  The inability to 

separate these two species may be the result of evolutionary processes such as incomplete 

lineage sorting, recombination, or the possibility that these two morphological species 

represent a continuum of the same species.  As such, additional loci and/or methods of 

analyses may be required to separate these taxa and taxa closely related to each species. 

The analysis of multigene datasets is positively and significantly correlated with 

an increase in phylogenetic accuracy (Rokas and Carroll 2005). However, multigene 
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datasets may not be sufficient to elucidate relationships among extremely closely related 

taxa.  In the genomic era whole-genome comparisons are becoming the norm in order to 

evaluate the relationships among taxa that are recalcitrant to multigene phylogenetic 

analyses.   

The results presented in this work suggest that the genome of ATCC 11680 is 

more similar to A. tenuissima EGS 34-015.  This is evident because these two isolates 

have a higher number of total aligned bases, a higher number of identical bases, fewer 

gaps, and overall higher percent of genomic identity as compared to the comparison of 

ATCC 11680 and A. alternata EGS 34-016.  Comparative analyses of genome 

architecture reveal more disparities in the form of genomic rearrangements that exist 

between A. alternata EGS 34-016 and ATCC 11680.  The comparative analysis of ATCC 

11680 and A. tenuissima EGS 34-015 revealed less genomic rearrangements and an 

overall increased level of DNA similarity as compared to the former analysis.  This 

provides evidence of a greater level of synteny between ATCC 11680 and A. tenuissima 

EGS 34-015 which is inferred as a result of common ancestry rather than due to random 

chance.  Additionally, an overwhelming number of single-copy orthologs (72.74%) 

possess a higher sequence identity between ATCC 11680 and A. tenuissima EGS-34-015, 

consistent with the hypothesis that ATCC 11680 is more closely related to A. tenuissima 

EGS 34-015.  The results of this research suggest that the genomes of ATCC 11680 and 

A. tenuissima EGS 34-015 share a more recent common ancestor and A. alternata EGS 

34-016 is more distantly related.  Thus, laboratories that utilize ATCC 11680 to produce 
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fungal extracts for allergenic studies are not making use of the most commonly 

encountered fungal producer of allergenic compounds, Alternaria alternata. 
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Table 2. Coding rules for morphological characteristics of conidia and conidiophores. 

A. % of sporulating structure (SS) containing at least one “tenuissima type” spore 

    1: 0-2, 2: 3-20, 3: 21-79, 4: 80-97, 5: 98-100 

B. % of SS with sub-conidium conidiophore elongation 

    1: 0-2, 2: 3-20, 3: 21-79, 4: 80-97, 5: 98-100 

C. Mode number of sub-conidium conidiophore elongations per positive SS 

    1: no positive conidiophore, 2: 1, 3: 2-4, 4: >4 

D. Mode length of sub-conidium conidiophore elongations 

    1: < 1 conidium length, 2: 1-2 conidium length, 3: >2 conidium length 

E. % of SS with lateral intra-conidium conidiophore development 

    1: 0-2, 2: 3-20, 3: 21-79, 4: 80-97, 5: 98-100 

F. Mode number of lateral intra-conidium conidiophore development per positive SS 

    1: no positive conidiophore, 2: 1, 3: 2-4, 4: >4 

G. Mode length of lateral intra-conidium conidiophore development 

    1: < 1 conidium length, 2: 1-2 conidium length, 3: >2 conidium length 

H. Mode length of longest chain per SS 

    1: 1-4, 2: 5-8, 3: 9-14, 4: >14 

I.% of SS with apical conidium terminus conidiophore development 

    1: 0-2, 2: 3-20, 3: 21-79, 4: 80-97, 5: 98-100 

J. Mode number of apical conidium terminus conidiophore development per positive SS 

    1: no positive conidiophore, 2: 1, 3: 2-4, 4: >4 

K. Mode length of apical conidium terminus conidiophore development 

    1: < 1 conidium length, 2: 1-2 conidium length, 3:  >2 conidium length 
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Figure Legends 

 

 

Fig. 1. One of 10 most-parsimonious trees generated from maximum parsimony analysis 

of combined sequences.  Number in front of “/” represents parsimony bootstrap values 

from 1,000 replicates and number after “/” represents Bayesian posterior probabilities.  

Values represented by an “*” were less than 60% for bootstrap or less than .75 for 

Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Fig. 2. Circos plot comparing the collinearity between the genomes of A. alternata ATCC 

11680 (blue blocks) and A. alternata EGS 34-016 (red blocks).  Green ribbons represent 

genomic areas that are collinear and red ribbons represent areas where genomic 

rearrangements have occurred. 

 

 

Fig. 2. Circos plot comparing the collinearity between the genomes of A. alternata ATCC 

11680 (blue blocks) and A. tenuissima EGS 34-015 (purple blocks).  Green ribbons 

represent genomic areas that are collinear and red ribbons represent areas where genomic 

rearrangements have occurred. 
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Fig. 1. 
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Fig2. 
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Fig3. 
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SUPPLEMENTARY MATERIALS 

 

Figure Legends 

 

Supplementary Figure S1. One of 2 most-parsimonious trees generated from maximum 

parsimony analysis of RPB2 sequences.  Number in front of “/” represents parsimony 

bootstrap values from 1,000 replicates and number after “/” represents Bayesian posterior 

probabilities.  Values represented by an “*” were less than 60% for bootstrap or less than 

.75 for Bayesian posterior probability respectively.  The scale bar indicates the number of 

nucleotide substitutions. 

 

 

Supplementary Figure S2. The most-parsimonious tree generated from maximum 

parsimony analysis of endopolygalacturonase sequences.  Number in front of “/” 

represents parsimony bootstrap values from 1,000 replicates and number after “/” 

represents Bayesian posterior probabilities.  Values represented by an “*” were less than 

60% for bootstrap or less than .75 for Bayesian posterior probability respectively.  The 

scale bar indicates the number of nucleotide substitutions. 

 

 

Supplementary Figure S3. The most-parsimonious tree generated from maximum 

parsimony analysis of beta-tubulin sequences.  Number in front of “/” represents 

parsimony bootstrap values from 1,000 replicates and number after “/” represents 

Bayesian posterior probabilities.  Values represented by an “*” were less than 60% for 

bootstrap or less than .75 for Bayesian posterior probability respectively.  The scale bar 

indicates the number of nucleotide substitutions. 

 

 

Supplementary Figure S4. One of 2 most-parsimonious trees generated from maximum 

parsimony analysis of plasma membrane ATPase sequences.  Number in front of “/” 

represents parsimony bootstrap values from 1,000 replicates and number after “/” 

represents Bayesian posterior probabilities.  Values represented by an “*” were less than 

60% for bootstrap or less than .75 for Bayesian posterior probability respectively.  The 

scale bar indicates the number of nucleotide substitutions. 
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Supplementary Fig. S1. 
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Supplementary Fig. S2. 
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Supplementary Fig. S3. 
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Supplementary Fig. S4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


