
ABSTRACT 

MONACELL, JAMES TRENTADUE. Identification of Heterokaryon Incompatibility Genes 
in Aspergillus using Array Comparative Genome Hybridization and Whole Genome 
Sequencing. (Under the direction of Dr. Ignazio Carbone.) 

 Aspergillus flavus is a filamentous ascomycete most noted as a pathogen of 

economically important crops such as corn, peanuts, and cotton.  A. flavus poses a 

multifaceted threat causing crop loss, contaminating food with carcinogenic mycotoxins, 

aflatoxins (AF) and cyclopiazonic acid (CPA), as well as infecting humans and animals.  A. 

flavus contamination has cost millions of dollars in crop loss, several outbreaks of aflatoxins 

laden foods and dog foods have occurred in recent years resulting in human and animal 

deaths, in addition to direct infection in immuno-compromised individuals.  In addition to 

sexual reproduction, this fungus has the potential to undergo genetic exchange between 

compatible strains via heterokaryon formation, or parasexuality.   Heterokaryon 

incompatibility is the inability of two strains to undergo fusion of vegetative fungal cells.  

This vegetative compatibility system is dictated by a series of heterokaryon incompatibility 

(het) loci whose alleles must all be identical for stable hyphal fusions to occur.   Het loci 

have been identified in several filamentous fungi.  This work provides the first 

characterization of het loci in Aspergillus flavus and A. parasiticus.  Fungal individuals can 

be grouped into vegetative compatibility groups (VCGs) based on their ability to undergo 

hyphal fusions and potentially form heterokaryons.  A major goal of this work is to seek a 

better understanding of the mechanisms controlling heterokaryon incompatibility to improve 

control methods of this important agricultural pathogen.   We performed array-Comparative 

Genome Hybridization (aCGH) for eleven VCGs and a total of 51 strains in Aspergillus 

section Flavi, including A. flavus, A. parasiticus, A. oryzae, A. caelatus, A. tamarii and A. 



nomius.  We conducted an initial screening of these data for signatures of balancing selection 

around single-feature polymorphism markers on chromosomes 2, 3, 4, and 6, which previous 

work showed to associate closely with VCG.  Our screening for evidence of balancing 

selection revealed 12 putative het loci showing distinct patterns of trans-speciation.  

Additionally, we sequenced the genomes of fourteen Aspergillus flavus, two A. parasiticus, 

one A. nomius and two strains of A. tubingensis from Aspergillus section Nigri. To find 

homologs of het genes in our species of interest we performed blast searches using the 

putative het genes in Neurospora crassa, Podospora anserina, and Sordaria macrospora, 

also searching against the published genomes of A. flavus (NRRL 3357), A. oryzae (RIB 40), 

and A. nidulans (FGSC A4). We found numerous homologs of het genes from other species 

as well as evidence of gene duplication in our species of interest.  There was no apparent 

correlation between fertility, measured as the percentage of ascospore-bearing ascocarps, and 

het gene copy number.  However, the presence of alleles with matching WD repeats in 

parental strains seems to correlate with fertility, suggesting that the HNWD gene family may 

be important in sexual reproduction.   

A secondary objective of this work was to develop a web-based portal frontend using 

the Mobyle portal framework which executes a suite of over 189 programs, including 

population genetic, genome assembly and analysis tools, as well as metagenomic and large-

scale phylogenetic analyses.  The Mobyle SNAP Workbench web portal allows end users to 

1) execute and manage otherwise complex command-line programs, 2) launch multiple 

exploratory analyses of parameter-rich and computationally intensive methods, and 3) track 

the sequence of steps and parameters that were used to perform a specific analysis.  A public 

deployment of the portal is available at http://snap.hpc.ncsu.edu/.  

http://snap.hpc.ncsu.edu/
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Chapter 1 
 
Sexual reproduction and heterokaryon incompatibility in Aspergillus flavus 
James T. Monacell1,2 
1Center for Integrated Fungal Research, Department of Plant Pathology, North Carolina 
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1.1 Background 

 Aspergillus flavus is a filamentous ascomycete most noted as a pathogen of 

economically important crops such as corn, peanuts, and cotton (Bennett & Klich 2003; 

Eaton & Groopman 1994; Squire 1981; Wu 2004).  A. flavus poses a multifaceted threat 

causing crop loss, contaminating food with carcinogenic mycotoxins, aflatoxins (AF) and 

cyclopiazonic acid (CPA), as well as infecting humans and animals.  A. flavus contamination 

has cost millions of dollars in crop loss, several outbreaks of aflatoxins laden foods and dog 

foods have occurred in recent years resulting in human and animal deaths (Burdock & 

Flamm 2000; Cole 1986; Gieseker et al. 2004; Krishnamachari et al. 1975; Normile 2010; 

Probst et al. 2007), in addition to direct infection in immuno-compromised individuals 

(Denning 1998; Iwen et al. 1997; Talbot et al. 1991; Vonberg & Gastmeier 2006).  Currently 

the primary method of field control is A. flavus biocontrol, which involves deploying large 

quantities of non-toxin producing strains to out compete the wild toxic strains.  There are 

currently two non-toxic strains approved for use as biocontrols in the US (Dorner 2005; EPA 

2003).  However, all of them were approved when A. flavus was believed to be an asexual 

fungus.  Until recently, the only known mechanism for genetic exchange between strains of 

A. flavus was heterokaryon formation between compatible stains through parasexuality, and 

the approved biocontrols were shown to be in separate vegetative compatibility groups 

(VCGs); therefore there was little concern in the biocontrol agents recombining with 

indigenous strains.  As the biocontrol treatment operates by applying very high 

concentrations on non-toxin producing fungi to outcompete the native toxin-producing 
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strains, there is not concensus as to the level of risk posed by recombination between the 

biocontrol agent and native strains. 

 

1.2 Sexual Reproduction in Aspergillus flavus 

Recently the A. flavus sexual stage (Fig. 1.1) has been identified and named 

Petromyces flavus (Horn et al. 2009).  We showed that the sexual cycle results in genetic 

exchange among individuals; in all cases compatible mating partners were vegetatively 

incompatible and gave rise to progeny belonging to not previously described VCGs (Li et al. 

2002).  This study was the first report of toxin producing recombinants between a biocontrol 

strain and a toxin producing strain.  The current biocontrol strategy may therefore have 

negative long-term effects due to recombination between biocontrol and wild strains.  

Because sexually compatible partners belong to different VCGs, characterizing these loci is 

necessary to determine their role in successful matings and fertility.  

 
 
 
 
3 



 

 

 

 

  

Figure 1.1. 

A sectioned A. flavus stroma containing seven ascocarps 
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Previous work in our laboratory showed that sexually compatible A. flavus strains 

from different VCGs, when crossed with one another, varied greatly in their degree of 

fertility Moore et al. 2009(Table A).  In A. flavus we define fertility as the ability of stromata 

to produce one or more ascospore-bearing ascocarps (see Figure 1.1 of sectioned A. flavus 

stroma containing seven ascocarps).  The number of fertile ascocarps varies greatly 

depending on the cross and in weakly fertile crosses ascocarp development is infrequent and 

ascocarps are mostly sterile such that only the ascocarp wall is formed.  In fertile crosses up 

to 79% of the stromata contain ascocarps with numerous ascospores.  One prominent 

observation was that the degree of fertility depended upon the partner strain in the cross 

(Table 1.1).  Preliminary data tracking mitochondrial inheritance in crosses indicates that all 

progeny strains inherit their mitochondria from one parent in the cross (I. Carbone, personal 

communication).  The presumably female strain of a cross can potentially impact its fertility.  

One striking example is seen in crosses IC278 × IC1179 and IC301 × IC1179 shown in Table 

1.1.  In the latter very few fertile ascocarps were formed whereas the former is the most 

fertile cross in the set.  In this case changing the MAT1-1 parent greatly impacts the fertility 

of the cross.   

Preliminary data on mitochondrial inheritance shows that all progeny strains from the 

IC301 × IC1179 cross have the same mitochondrial type as the IC301 parent strain (R. 

Olarte, unpublished data).  This suggests that IC301 is a female of low fertility whereas 

IC278 is a female strain of high fertility.  If this is true then all crosses with IC278 should be 

fertile to some extent, which is observed in Table 1.1.  Clearly the varying degree of fertility 
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in crosses with IC278 indicates that other genetic barriers before or after the mating process 

may also impact fertility. In Neurospora crassa, which has a similar mating system, 

deleterious mutations may accumulate and be responsible for reduced fertility and fitness 

observed in some crosses (Leslie & Raju 1985).   Alternatively, compatible matings between 

parental strains that belong to different VCGs may have evolved to promote outcrossing and 

therefore drive genetic (VCG) and functional (aflatoxin) diversity in A. flavus populations. 

This is similar to observations in Podospora anserina and some other species, where the 

fertility of crosses between some vegetatively incompatible strains is greatly reduced, which 

suggest that vegetative incompatibility during mating may not be completely suppressed 

(Begueret et al. 1994; Saupe et al. 2000).   
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Table 1.1: Aspergillus flavus crosses between strain differing in fertility and aflatoxin 
production 

MAT1-11 MAT1-21 % with ascospore-
bearing 
ascocarps4,5,6 Strain2 VCG3 AF Strain2 VCG3 AF7 

IC278 33 + IC1179 YV36  - 79.2 ± 5.9 (56) 

IC278 33 + IC313 76  - 51.1 ± 14.9 (70) 

IC244 17 + IC316 24 - 26.0 ± 6.1 (71) 

IC310 ND - IC316 24 - 8.0 ± 1.0 (72) 

IC301 56 + IC1179 YV36  - 3.8 ± 1.5 (64) 

IC308 63 + IC307 62  + 50.3 ±14.0 (74) 

IC311 ND  - IC277 32  - 36.3 ± 5.5 (33) 

IC278 33  + IC277 32  - 28.7 ± 4.6 (72) 

IC244 17  + IC277 32  - 6.5 ± 4.9 (60) 
1 Mating-type designations from Ramirez-Prado et al. 2008. 
2 Strain numbers (IC) from I Carbone Culture Collection, Raleigh, NC, USA. 
3 Vegatative compatibility groups based on Horn & Greene 1995. The VCG for A. flavus 
biocontrol strain AF36 (=IC1179) is different from IC316 (=IC201=Afla-guard); ND, not 
determined 

4 Means ± s.d. (n = 3-5 culture slants) 

5 Percentage of total number of sclerotia/stromata examined containing one or more 
ascospore-bearing ascocarps. 
6 Number of progeny available isolated for cross is shown in parentheses. 
7 Producer (+) or non-producer (-) of aflatoxin (AF).  
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1.3 Heterokaryon Incompatibility 

Heterokaryon incompatibility is the inability of two strains to undergo fusion of 

vegetative fungal cells. The vegetative compatibility system is a self/non-self recognition 

system in filamentous fungi controlled by heterokaryon incompatibility (het) loci.  For stable 

hyphal fusions to occur it has been reported that alleles must be identical at all het loci but 

whether a difference at one or more het loci can be tolerated and result in a successful fusion 

is unknown (Saupe 2000).  Het loci have been identified in several filamentous fungi, but are 

currently unknown in Aspergillus flavus and A. parasiticus (Monacell & Carbone 2014). 

Commonly fungal individuals are grouped into VCGs based on their ability to undergo 

hyphal fusions and potentially form stable heterokaryons, where the merged nuclei in the 

same cytoplasmic environment are different (Fig. 1.2).   Laboratory crosses that we examined 

showed varying levels of fertility and it is not clear how mutations (base substitutions, 

deletions or duplications) at het loci impact fertility (see Table 1.1).  In this dissertation I will 

examine putative het loci for crosses with different degrees of fertility to determine if fertility 

is associated with deleterious, loss of function mutations in putative het genes or the number 

of different het alleles between the partnered strains.  

 

1.4 Research Objectives 

The overall goal of this work is to understand the mechanisms underlying genetic and 

aflatoxin diversity in Aspergillus flavus to improve the methods used to control this 
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pathogen. We will determine if fertility differences among crosses are correlated with 

mutational and copy variation at putative vegetative compatibility (VC) loci.  One hypothesis 

that we propose to explore is that copy number variation of putative het loci plays an 

important role in modulating the strength of VC in compatible matings.  Previously we 

showed parent/offspring trios as a valuable tool for finding sources of genetic variation in A. 

flavus populations Olarte et al. 2012  and we also developed a computational web-based 

portal for examining population genetic variation (Monacell & Carbone 2014 Chapter 2).  In 

Chapter 3, we assayed genetic diversity by using array comparative genome hybridization 

and associated a number of single feature polymorphisms (SFPs) with putative genes 

governing VC.  Additionally, we have had great success using next generation sequencing to 

generate high quality sequences and to identify   
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Figure 1.2.  Heterokaryon formed between A. flavus strains F35 (=IC229; VCG 6) and 
F42 (=IC231; VCG 6); the thick mycelial growth in the middle of the plate is the result 
of nutritional complementation between auxotrophic mutants F35 cnx and F42 niaD.  
The reduction of nitrate to ammonium requires a functional nitrate reductase and nitrite 
reductase. The cnx gene specifies a molybdenum co-factor, necessary for the activity of 
nitrate reductase and niaD encodes a core polypeptide, which forms the basic subunit of 
nitrate reductase (photo courtesy of B. W. Horn) 
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polymorphisms and copy number variants at putative het loci (Chapter 4).  By combining 

these methods we have been able to track the creation and dissemination of multiple forms of 

genetic variation in a representative sample of A. flavus, including allied species in 

Aspergillus section Flavi. In future work, additional deep sequencing of offspring from 

multiple trios, where the parents are from different VCGs, as well as knock-outs of putative 

het loci will provide the resolution necessary for further validation and fine mapping of 

causative mutations at putative het loci examined in this work. 
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Chapter 2 
 

Mobyle SNAP Workbench: A web-based analysis portal for population 
genetics and evolutionary genomics 

James T. Monacell1,2 and Ignazio Carbone1 

1Center for Integrated Fungal Research, Department of Plant Pathology, North Carolina State 
University, 2Bioinformatics Research Center, North Carolina State University. 
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The SNAP workbench web-portal was a project I conceived at the request of Dr. Ignazio 

Carbone.   He requested a system of bioinformatics tools that would be easier to maintain 

than the current standalone system his lab was using, that made computationally expensive 

analyses easier, and could be readily used in the classroom.  I researched the computational 

options and ultimately decided that best system would be a web-portal built with the Mobyle 

package.  I developed this system and expanded its features.  I added, for example, 

streamlined data analysis pipelines referred to as workflows and embedded tutorial videos. 
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ABSTRACT 

Summary: Previously we developed the standalone SNAP Workbench toolkit that integrated 

a wide array of bioinformatics tools for phylogenetic and population genetic analyses.  We 

have now developed a web-based portal frontend, using the Mobyle portal framework, which 

executes all of the programs available in the standalone SNAP Workbench toolkit on a high-

performance Linux cluster.  Additionally, we have expanded the selection of programs to 

over 189 tools, including population genetic, genome assembly and analysis tools, as well as 

metagenomic and large-scale phylogenetic analyses.  The Mobyle SNAP Workbench web 

portal allows end users to 1) execute and manage otherwise complex command-line 

programs, 2) launch multiple exploratory analyses of parameter-rich and computationally 

intensive methods, and 3) track the sequence of steps and parameters that were used to 

perform a specific analysis.  Analysis pipelines or workflows for population genetic, 

metagenomic and genome assembly provide automation of data conversion, analysis and 

graphical visualization for biological inference. 

Availability: The XMLs in Mobyle SNAP Workbench are freely available at 

http://carbonelab.org/system/files/snap_xmls.tgz 

Each XML provides links to help files, online documentation and sample data. 

Contact: ignazio_carbone@ncsu.edu 
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Supplementary information: A description of installation instructions can be found at 

http://carbonelab.org/mobyle_snap_workbench.  New programs and associated workflows 

are organized into fourteen subject areas outlined in Table 1S.  Source code for XMLs can be 

downloaded from Table 2S. 

2.1 Introduction  

 Previously we developed the SNAP Workbench toolkit that integrated phylogenetic 

and population genetic analyses and made complicated sets of program functions, settings, 

and parameters accessible and transparent to the user (Aylor et al. 2006; Price & Carbone 

2005). The SNAP Workbench provided a graphical user interface for command-line 

programs and a workflow to guide the user on the assumptions and limitations of the 

methods that test for population differentiation.  Although useful for methods based on 

summary statistics (Excoffier et al. 2005; Excoffier & Lischer 2010) and simple evolutionary 

models (Fu & Li 1993; Tajima 1989) further insights into the magnitude and direction of 

evolutionary forces required the use of coalescent (Griffiths & Tavaré 1994b; Kuhner 2009) 

and Bayesian methods (Beerli & Palczewski 2010) that are parameter-rich and frequently 

computationally intensive (Wakeley & Lessard 2006).  This translated into long 

computational times, often requiring several days or weeks, particularly for larger data sets 

and complex models that included migration and recombination (Kuhner 2006).  Also 

restrictive was the large parameter space that must be examined for complex 

phylogeographic models to ensure reliable and accurate parameter estimation.  In practice, 

this requires performing multiple separate independent simulations, which is prohibitive on a 
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single standalone machine.  To overcome these limitations we have migrated our standalone 

SNAP Workbench to a web-based platform that allows for execution on a high-performance 

Linux cluster.  This eliminates the need to provide multi platform installations of the 

workbench and has allowed us to expand our repertoire of tools to include large-scale 

phylogenetic analyses, metagenomics, genome assembly and comparative analyses and an 

enriched population genetic toolkit (see Table 1S).  

2.2 Systems and Methods 

 The Mobyle SNAP Workbench portal utilizes the Mobyle XML language and 

workflow engine (Neron et al. 2009) to interface command-line programs.  The XML 

specifies all runtime parameters, input and output files required for successful program 

execution and visualization of results.  Functionality is built into each XML to provide the 

end user with curated example files and default parameters for mock execution, as well as 

definitions of key program parameters and access to online documentation and relevant 

publications for more detailed information.  Adoption of the Mobyle program description 

language also allows for integration into existing Mobyle servers and programs, which would 

be beneficial for resource sharing; however, XMLs and can also be downloaded and installed 

locally.  Mobyle’s implementation of workflows allows chaining together a series of XMLs 

such that a single user submission will run each XML in sequence as a separate job.  

Alternatively, scripting can be used such that all programs are executed consecutively in a 

single XML.  A novelty in our implementation of workflows is the automation of 

intermediate data processing steps that would normally require user input.  For example, in a 
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typical genetree (Griffiths & Tavaré 1994a) analysis many files, representing possible rooted 

trees, are generated that are the starting trees for coalescent simulations to determine the most 

likely rooted gene genealogy.  We have automated the process of 1) selecting the rooted tree 

with the highest likelihood, 2) performing simulations on the best tree to estimate ages of 

mutations and time to the most recent common ancestor, and 3) drawing the tree showing 

mutation probabilities, haplotype distributions, and time scale in coalescent or real time units.  

Workflows are particularly important in processing next generation sequencing (NGS) reads 

or metagenomic data because these files are typically multiple gigabytes in size and require 

several consecutive pre-processing steps.  In this case, each workflow can be scripted into a 

single XML, eliminating the transfer of intermediate metadata over the network.  A formal 

description of the XML grammar is available on the Mobyle project website 

(https://projets.pasteur.fr/projects/mobyle/wiki).   Although there is currently no mechanism 

in mobyle for browsing files on the server, the path to files can be specified in the XML.  

This allows users to upload NGS data files via sftp using clients such as Cyberduck for Mac 

(http://cyberduck.ch/) and Wincp for Windows (http://winscp.net/eng/index.php).  The 

workflows offer strong data provenance by tracking all metadata from original source data to 

final results, thereby ensuring that data recording and analysis are explicitly traceable. 

2.3 Framework 

 Several integrative computational analysis frameworks have been developed that 

bring together tools, parameter settings, and metadata for streamlining computational 

analyses and making results transparent and reproducible (Nekrutenko & Taylor 2012).  
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Galaxy (Goecks et al. 2010) and Mobyle (Neron et al. 2009) are two open, widely used web-

based platforms being actively developed to bring together diverse computational tools and 

to provide a framework for adding new tools and workflows.  We developed new program 

XMLs and workflows that can be deployed on the Mobyle web-based framework 

(Supplemental Tables 1S, 2S).  These include XMLs and workflows for 1) large-scale 

phylogenetic and metagenomics analyses, 2) computationally intensive simulations in 

population genetics, and 3) routine summary statistics for data exploration and a priori 

inferences on biological processes.  The Mobyle SNAP Workbench web-portal allows 

researchers to seamlessly manage and execute complex command-line programs with 

multiple input files and parameters on a high-performance Linux cluster; these tools are 

parameter-rich or memory-intensive, often requiring several days or weeks to run.  Our 

optimization includes selecting appropriate number of compute nodes and machine 

architecture for MPI programs and when possible, parallelization of computational tasks to 

execute on multiple machines. A unique feature of the portal is the implementation of 

workflows that link together several programs sequentially. This greatly facilitates 

exploratory population genetic and genomic analyses for the novice user but also allows for 

efficient use of cluster resources.  

 The current version of Mobyle SNAP Workbench utilizes version 1.0.7 of Mobyle 

and is deployed on the NC State High Performance Computing (HPC) cluster.  Users can 

download the workbench program XMLs (http://carbonelab.org/system/files/snap_xmls.tgz) 

and the most recent version of Mobyle 
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(https://projets.pasteur.fr/projects/mobyle/wiki/download) to install a local instance of the 

portal.  Programs and associated workflows are organized into fourteen subject areas (Table 

1S).  The XMLs are distributed to work on batch submission systems that are supported by 

Mobyle (https://projets.pasteur.fr/projects/mobyle/wiki).  In addition to providing curated 

sample data sets and parameter values in XMLs, the Mobyle SNAP Workbench framework 

extends Mobyle’s interactive tutorial pages with embedded YouTube videos.  Tutorials are 

designed to guide the user through several sample analyses illustrating the portal data entry 

interface design and user-interactive web applets. 

2.4 Implementation 

 Mobyle SNAP Workbench is publicly available as program descriptions in XML 

format, which can be used in combination with Mobyle to host a web server.  The web server 

can be hosted on a single unix/linux-based machine capable of hosting a web server, but 

many programs are optimized to take advantage of Message Passing Interface (MPI) and 

multiple processing resources available in a computing cluster for increased computational 

power.  Mobyle SNAP Workbench has been useful for teaching by providing students with a 

convenient way to learn to use bioinformatics tools without requiring any familiarity with 

unix and program-specific command line parameters.  The implementation of the portal on a 

linux cluster has greatly facilitated phylogenetic/metagenomic analyses and genome 

assemblies as part of an ongoing interdisciplinary study of hyperdiverse fungal endophytes 

and their function in boreal forests (http://www.endobiodiversity.org/).  We anticipate that 

the portal will facilitate genome-scale coalescent-based inferences from large resequencing 
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projects (Wei et al. 2012) and enhance exploratory comparative analyses spanning the 

population/species interface and higher taxonomic scales. 
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3.1 Abstract 

Heterokaryon incompatibility is the inability of two strains to undergo fusion of 

vegetative fungal cells.  This vegetative compatibility system is dictated by a series of 

heterokaryon incompatibility (het) loci whose alleles must all be identical for stable hyphal 

fusions to occur.   Het loci have been identified in several filamentous fungi, but are currently 

uncharacterized in Aspergillus flavus and A. parasiticus.  These species are agriculturally 

important plant pathogens that produce the potent carcinogens, aflatoxins.  Fungal 

individuals can be grouped into vegetative compatibility groups (VCGs) based on their 

ability to undergo hyphal fusions and potentially form heterokaryons.  We performed array-

Comparative Genome Hybridization (aCGH) for eleven VCGs and a total of 51 strains in 

Aspergillus section Flavi, including A. flavus, A. parasiticus, A. oryzae, A. caelatus, A. 

tamarii and A. nomius.  We conducted an initial screening of these data for signatures of 

balancing selection around single-feature polymorphism markers on chromosomes 2, 3, 4, 

and 6, which previous work showed to associate closely with VCG.  Our screening for 

evidence of balancing selection has revealed 12 putative het loci showing distinct patterns of 

trans-speciation, which is typical of other loci under balancing selection in these fungi, such 

as mating-type genes and the aflatoxin gene cluster.  Among the candidate het loci we 

identified using aCGH was a previously annotated putative het locus on chromosome 2. 
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3.2 Introduction 

In fungi, the ability of two individuals to undergo hyphal fusion, potentially forming a 

heterokaryotic hypha is governed by the heterokaryon incompatibility system (Gregory 1984; 

Pontecorvo 1956).  Hyphal fusions (anastomoses) bring together different nuclei within the 

same hyphal cells, producing a heterokaryon. This vegetative compatibility system is dictated 

by a series of heterokaryon incompatibility (het) loci whose alleles must all be identical for 

stable hyphal fusions to occur (Glass et al. 2000; Glass & Kuldau 1992; Leslie 1993; Leslie 

& Zeller 1996). The number of het loci in A. flavus has not been determined, but in A. 

nidulans, at least eight het loci are distributed over five linkage groups (Anwar et al. 1993), 

eleven in Neurospora crassa (Perkins et al. 1982), nine in Podospora anserina (Bernet 1967) 

and six or seven in Cryphonectria parasitica (Anagnostakis 1977; Cortesi & Milgroom 

1998).  Because het loci are under balancing selection (Wu et al. 1998), this results in a 

phenomenon known as trans-speciation where het alleles are more similar between species 

than within species.  This is also observed for other loci under balancing selection in fungi, 

such as mating-type genes (May et al. 1999), the aflatoxin gene cluster (Carbone et al. 2007; 

Moore et al. 2009) and other secondary metabolic gene clusters (Ward et al. 2002).  These 

selective processes will leave a signature of greater sequence similarity between species than 

observed within species and different species can therefore increase our resolution of 

candidate het loci.   
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Vegetatively compatible individuals within populations are often grouped together 

into vegetative compatibility groups (VCGs), which can be used as a measure of genetic 

diversity (Horn & Greene 1995). Crosses between vegetatively incompatible individuals 

trigger a programmed cell death reaction characterized by severe growth inhibition, 

repression of asexual sporulation, hyphal compartmentation and apoptotic-type death in the 

heterokaryotic cell (Glass & Dementhon 2006).  Heterokaryon incompatibility is thought to 

act as a self/non-self recognition system that prevents hyphal fusion and genetic exchange 

between strains that carry different alleles at het loci.  Because most of the variation in 

aflatoxin production within populations is found among VCGs (Horn et al. 1996), 

understanding how new VCGs evolve help mitigate aflatoxin contamination of crops. 

The recent discoveries of the sexual stages of the A. flavus and A. parasiticus (Horn et 

al. 2009a; Horn et al. 2009b) has further elevated the importance of understanding 

heterokaryon compatibility in these fungi.  A successful mating only occurs between 

individuals of different VCG (Olarte et al. 2012 ), which suggests that heterokaryon 

compatibility may also play a key role in mediating sexual reproduction and genetic 

exchange.  Moreover, offspring of sexual reproduction seem to be in distinct VCGs from 

their parents (B. W. Horn, unpublished data), indicating that independent assortment during 

meiosis in parental strains, on its own, can be very effective in creating new combinations of 

het alleles.  A better understanding and characterization of the determinants of vegetative 

compatibility in these fungi will be key to understanding their sexual reproduction and 

population dynamics.   
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Vegetative and sexual compatibility systems are mostly independent of one another, 

though several fungal species are known in which mating-type genes also function in 

vegetative compatibility such that the pairing of MAT1-1 and MAT1-2 genes prevents 

vegetative hyphal fusions (Glass et al. 2000).  Since all A. flavus strains within a given VCG 

are of one mating type (Olarte et al. 2012 ), this indicates that mating-type genes do not 

function in the vegetative compatibility system to restrict hyphal fusions.  Moreover, most 

VCGs in A. flavus are represented by only one strain in a population sample, which suggests 

that sexuality rather than clonality is more important in the evolution of new VCGs.  Because 

sexually compatible strains in A. flavus (Horn et al. 2009a) and A. parasiticus (Horn et al. 

2009b) mostly belong to different VCGs, high VCG diversity in fields (Horn & Greene 

1995) may actually increase sexual reproduction and reduce the possibility of parasexuality, 

a mechanism whereby the nuclei of heterokaryons fuse and shuffle genetic material. 

Although parasexuality has yet to be demonstrated conclusively in nature for Aspergillus 

section Flavi, mitotic recombination through parasexuality has been demonstrated in A. 

flavus and A. parasiticus under controlled laboratory conditions (Papa 1973, 1978). The 

formation of sexual progeny from mating strains that are vegetatively incompatible indicates 

that the vegetative compatibility system is not a barrier to genetic exchange and 

recombination.  Alternatively, it’s possible that parental strains of compatible matings share a 

larger number of het alleles compared to parental strains of incompatible matings.  

Determining the VCG that an individual belongs to has traditionally been a laborious 

process because it requires the generation of complementary auxotrophic mutants for genes 
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in the nitrate assimilation pathway (see Fig 1.2; Horn & Greene 1995; Horn et al. 1996).  If 

the het loci underlying vegetative incompatibility were known, a simple assay could be 

developed to assign individuals to VCG.  Here we explore the possibility of using array 

comparative genome hybridization (aCGH) to identify putative het loci in these agriculturally 

important fungi.  

 

3.3 Materials and Methods 

3.3.1 Multilocus sequence typing (MLST) 

MLSTs were based on DNA sequence variation at eight loci: aflC, aflW/aflX, 

aflM/aflN, mfs, trpC, amdS, AF17, and MAT.  Four of these loci, aflC, aflW/aflX, aflM/aflN 

and a major facilitator superfamily gene (mfs), are linked on the right arm of chromosome 3; 

tryptophan synthase (trpC) is on chromosome 4; acetamidase (amdS) and MAT are located on 

chromosome 6; and the microsatellite AF17 (Grubisha & Cotty 2009) is on chromosome 2. 

To confirm that MLSTs have resolution for VCG typing we genotyped 40 A. flavus VCGs 

previously identified using vegetative compatibility tests (Horn & Greene 1995) and DNA 

fingerprinting (McAlpin et al. 2002).  Because all isolates within a VCG of A. flavus are also 

of the same mating type (Ramirez-Prado et al. 2008), we included MAT as an additional 

locus for VCG typing.  Missing genes in the aflatoxin cluster were scored as null alleles.  
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3.3.2 Array comparative genome hybridization (aCGH) 

We examined a total of fifty-one strains in Aspergillus section Flavi, spanning eleven 

VCGs and including 45 A. flavus, 10 A. parasiticus, 3 A. oryzae, 1 A. caelatus, 1 A. tamarii 

and 1 A. nomius strains (Table 3.1).  aCGH was performed by hybridizing total genomic 

DNA to whole genome A. flavus Affymetrix GeneChip microarrays.  Each array comprises 

12,834 predicted genes and 397 predicted antisense transcripts of A. flavus NRRL 3357 

Payne et al. 2008.  Each gene is represented by twelve 25-mer-oligonucleotide probes 

located at the 3’ end of the gene.  The array includes tiling with partially overlapping probes 

in the intergenic regions of the AF biosynthetic pathway from aflF to nadA.  Genomic DNA 

was labeled using the BioPrime DNA labeling System (Invitrogen Catalogue No. 18094-011) 

as follows:  (1) fungal DNA in the amount of 300-350 ng was mixed with 60 µl of 2.5X 

random primers (BioPrime kit) and 132 µl of dH2O; (2) the reaction mixture was denatured 

in an Eppendorf thermocycler at 99 °C for 10 min and then cooled at 4 °C for 15 min; (3) 15 

µl of 10X dNTPs containing biotin dCTP and 3 µl Klenow polymerase were added and 

incubated at 25 °C in a thermocycler for 18 h; (4) the reaction mixture was precipitated by 

adding 15 µl of 3M NaOAc and 400 µl of cold  
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Table 3.1.  Species and source of strains examined using array comparative genome hybridization  

Species IC strain NRRL strain Mating type Source 

Aspergillus parasiticus IC1 29538 1 Georgia 
 IC33 29570 2 Georgia 
 IC31 29568 2 Georgia 
 IC34 29571 1 Georgia 
 IC35 29572 1 Georgia 
 IC36 29573 1 Georgia 
 IC65 29602 2 Georgia 
 IC75 29612 1 Georgia 
 IC324 35779 2 Georgia 
 IC327 35782 2 Georgia 
 IC1410 62733 - Experimental 
Aspergillus flavus L IC158 1957 1 South Pacific 
 IC316 (IC201) 21882 2 Georgia 
 IC899 3357 1 USA 
 IC244 29473 1 Georgia 
 IC277 29506 2 Georgia 
 IC278 29507 1 Georgia 
 IC301 29530 1 Georgia 
 IC307 29536 2 Georgia 
 IC308 29537 1 Georgia 
 IC310 35736 1 North Carolina 
 IC311 35737 1 Alabama 
 IC313 35739 2 Texas 
 IC640 62727 2 Australia 
 IC1179 18543 (AF36) 2 Arizona 
 IC1650 62315 2 Experimental 
 IC1719 62347 1 Experimental 
 IC1722 62350 - Experimental 
 IC1751 62390 2 Experimental 
 IC1766 62358 1 Experimental 
 IC1775 62367 1 Experimental 
 IC2171 62374 2 Experimental 
 IC2205 62407 2 Experimental 
 IC2207 62409 1 Experimental 
 IC2209 62411 2 Experimental 
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Table 3.1. Continued     
 IC3655 30797 2 Mississippi 
 IC3656 58987 1 Mississippi 
 IC3657 30796 1 Mississippi 
 IC4047 35743 - Georgia 
Aspergillus flavus S IC796 62729 1 Australia 
 IC1169 62732 1 Georgia 
     
     
Aspergillus 
minisclerotigenes 

IC720 62728 1 Australia 

 IC1112 62730 1 Benin 
 IC1142 62731 2 Benin 
A. flavus x A. parasiticus IC1603 62741 1 Experimental 
 IC1612 62749 1 Experimental 
 IC1616 62753 1 Experimental 
 IC1622 62759 1 Experimental 
 IC1630 62767 1 Experimental 
 IC1637 62774 1 Experimental 
A. caelatus IC1566 26111 1 Georgia 
A. tamarii IC1533 26078 1 Georgia 
A. nomius IC1516 26886 1/2 Louisiana 
A. oryzae IC902 ATCC 22786 1 Japan 
 IC903 ATCC 22788 1 Japan 
 IC904 5590 1 Japan 
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95% ethanol, followed by incubation at 20 °C for 15 min; (5) samples were centrifuged at 

high speed in a refrigerated microcentrifuge for 20 min; and (6) the pellets were washed with 

500 µl ice-cold 70% ethanol, centrifuged and then vacuum dried with heating for 10 min.  

DNA was resuspended in 100 µl of dH2O, and 5 µl was used to check the quality of the 

labeled DNA on a gel. 

Each sample was analyzed by the microarray laboratories of Expression Analysis 

(Raleigh-Durham NC).  Briefly, 300-350 ng of fragmented genomic DNA was diluted in 

hybridization buffer (MES, NaCl, EDTA, Tween 20, Herring Sperm DNA, Acetylated BSA) 

containing biotin-labeled OligoB2 and Eukaryotic Hybridization Controls (Affymetrix).  The 

hybridization cocktail was denatured at 99 °C for 5 minutes, incubated at 45 °C for 5 minutes 

and then injected into a GeneChip cartridge.  The GeneChip array was incubated at 42 °C for 

at least 16 hours in a rotating oven at 60 rpm.  GeneChips were washed with a series of 

nonstringent (25 °C) and stringent (50 °C) solutions containing variable amounts of MES, 

Tween20 and SSPE.  The microarrays were then stained with streptavidin-phycoerythrin, and 

the fluorescent signal was amplified using a biotinylated antibody solution.  Fluorescent 

images were detected in a GeneChip® Scanner 3000 and array data were extracted using the 

GeneChip Operating System v 1.1 (Affymetrix).  Array images were further inspected for 

defects or debris.  Quality control was based on a comparison of the conformity of 

hybridization controls, scaling factor, and noise; percent detection metrics were analyzed to 

determine if any outliers were present. 
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3.3.3 Identifying putative het loci 

The aCGH probe data was first ordered by physical location on chromosome and 

heatmaps of probe binding intensity were then generated in Matlab using the imagesc 

function.  Eight heatmaps were generated spanning a range of 8,800 probes centered on each 

of the eight MLST markers. We identified putative het loci by scanning aCGH heatmaps for 

signatures of balancing selection around MLST markers on chromosomes 2 (AF17), 3 (aflC, 

aflW/aflX, aflM/aflN, mfs), 4 (trpC), and 6 (amdS and mating type locus), which we found to 

associate nearly one-to-one with VCGs in A. flavus (Table 3.2).  In the case of aCGH data, 

loci under balancing selection would show much stronger variation in the degree of 

hybridization within species and more homogeneity in probe hybridization intensities 

between species; for example, see the aCGH heat map of the MAT idiomorph in Figure 3.1.  

We used the oligonucleotide probe set and gene annotations of the A. flavus NRRL 3357 

reference genome (GenBank accession NZ_AAIH00000000) to identify the candidate het 

loci. 

 

3.4 Results 

3.4.1 MLSTs 

 MLSTs based on DNA sequence variation at seven loci (aflM/aflN, aflW/aflX, MAT, 

amdS, trpC, mfs, and AF17) were found to be polymorphic between VCGs and identical 
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within a VCG, making them suitable for VCG typing (Table 3.2). Results of MLST showed 

that we can separate all 40 A. flavus VCGs.  For VCGs sampled from peanut soil or seed (e.g. 

VCGs 14, 25, 26) the MLST shows a 1:1 correspondence with VCG (Table 3.2).  The MLST 

is decoupled from VCG for (1) isolates sampled from peanut seeds and corn kernels (e.g. 

VCG 17) and (2) isolates sampled from corn kernels (e.g. VCG 5).   
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Table 3.2. MLST for A. flavus L population from Georgia field 

VCG MLSTa MAT Source/Host Isolate(s) AF 

2 H1 1 corn kernel1 IC220 + 

4 H39 2 corn kernel1 IC222 + 

5 H41 1 corn kernel1 IC225 + 

5 H36 1 corn kernel1 IC226 + 

6 H2 2 corn kernel1 IC227, IC228 + 

6 H2 2 peanut soil IC232 + 

6 H2 2 peanut seed IC233 + 

14 H16 2 peanut soil IC234, IC237 + 

14 H16 2 peanut seed IC240, IC241 + 

17 H25 1 corn kernel1 IC243 + 

17 H17 1 peanut seed IC244 + 

23 H6 2 peanut soil IC245, IC248 + 

242 H7 2 peanut seed IC253 – 

25 H18 2 peanut seed IC259, IC260, IC261, IC262 + 

26 H8 2 peanut soil IC263, IC264, IC265 – 

27 H11 2 peanut soil IC268, IC269 + 

28 H30 2 peanut soil IC270, IC271 + 

29 H31 2 peanut soil IC272 + 

29 H31 2 peanut seed IC273 + 

30 H23 2 peanut soil IC275 + 

31 H3 2 peanut soil IC276 – 

32 H40 2 peanut soil IC277 – 

33 H21 1 peanut soil IC278 + 

34 H14 2 peanut soil IC279 + 
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Table 3.2. Continued 

35 H32 2 peanut soil IC280 + 

36 H33 2 peanut soil IC281 + 

39 H34 2 peanut soil IC284 + 

40 H10 2 peanut soil IC285 + 

41 H15 2 peanut soil IC286 + 

42 H19 2 peanut soil IC287 + 

43 H12 2 peanut soil IC288 + 

45 H35 2 peanut soil IC290 + 

46 H5 1 peanut soil IC291 + 

47 H20 2 peanut soil IC292 + 

48 H26 1 peanut soil IC293 + 

49 H29 2 peanut soil IC294 + 

50 H24 2 peanut soil IC295 + 

51 H4 1 peanut soil IC296 – 

52 H28 1 peanut soil IC297 + 

56 H27 1 peanut seed IC301 + 

58 H22 1 peanut seed IC303 + 

59 H20 2 peanut seed IC304 + 

60 H9 1 peanut seed IC305 + 

61 H13 2 peanut seed IC306 + 

62 H37 2 peanut seed IC307 + 

63 H38 1 peanut seed IC308 + 

a  MLST loci: aflM/aflN, aflW/aflX, MAT, amdS, trpC, mfs, AF17. 

1  Papa strains taken from corn kernels. 

2  VCG 24 includes the component strain in afla-guard (NRRL 21882). 
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3.4.2 Signatures of Balancing Selection 

A heatmap based on aCGH of the MAT locus that shows a signature of balancing 

selection is shown in Figure 3.1.  Since the A. flavus reference genome on the array is MAT1-

1, the DNA of A. flavus and A. parasiticus strains that are MAT1-1 (Table 3.1) show good 

hybridization to the array (orange-red colors), whereas the MAT1-2 strains do not hybridize 

(blue color).  The flanking DNA lyase and cytoskeleton assembly control genes, which are 

not subject to balancing selection, show a similar degree of hybridization on the array across 

both species.  Among the candidate het loci we identified using this approach was a 

previously annotated putative het locus (Fig. 3.2) on chromosome 4 (Fedorova et al. 2009).  

This locus shows the same pattern of balancing selection seen in the MAT locus.  By contrast 

to the MAT, where the observed difference in the degree of hybridization is the result of very 

dissimilar MAT1-1 and MAT1-2 genes, we cannot know for certain whether the weak 

hybridization in RosA for A. oryzae (IC904) and A. flavus (IC201) is the result of highly 

divergent RosA alleles or gene loss.  We found 12 regions of balancing selection near MLST 

markers, which may contain putative het loci (Table 3.3).   

 

3.5 Discussion 

We have identified a minimal set of seven MLST loci (aflM/aflN, aflW/aflX, MAT, 

amdS, trpC, mfs, AF17) that associate 1:1 with VCGs identified from samples isolated from 

peanut seed or soil.  The MLST was decoupled from VCG when including isolates sampled 
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from corn kernels (e.g. VCG 5).  This decoupling indicates that the MLST can overestimate 

VCG diversity 
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 Figure 3.1.  aCGH heatmap showing signature of balancing selection acting on the mating type (MAT) locus.  The signature of 
balancing selection is the maintenance of two highly divergent MAT1-1 and MAT1-2 genes in both A. parasiticus and A. flavus such 
that MAT1-1 strains of A. flavus and A. parasiticus show more similarity to each other than to MAT1-2 strains of the same species.  
Note that the flanking genes do not show this signature. 
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Figure 3.2.  aCGH heatmap of rosA, a putative het locus. Multiple strains within A. parasiticus VCG 3 have the same hybridization 
pattern, whereas A. parasiticus strains IC1 (VCG 1) and IC75 (VCG 6) show a different hybridization pattern that is more similar to A. 
flavus.   
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Table 3.3. Putative het loci identified 

Chromosome Arm Probe Set ID Description 

1 R 2504.m01359 conserved hypothetical protein 

2 L 2856.m00159 vegetative incompatibility WD repeat 
protein, putative 

2 L 2856.m00232 conserved hypothetical protein 

3 R 2911.m00620 hypothetical protein 

4 L 1866.m00585 Trypsin family protein 

4 L 1866.m00633 Major Facilitator Superfamily protein 

4 L 1866.m00552 hypothetical protein 

4 L 1866.m00553 Major Facilitator Superfamily protein 

4 L 1866.m00870 C6 sexual development transcription 
factor Pro1 (RosA) 

6 R 2368.m00712 hypothetical protein 

6 R 2368.m00666 conserved hypothetical protein 

6 R 2368.m00622 hypothetical protein 
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if soil and corn ear populations are not examined separately.  The underlying genetic 

mechanisms for this decoupling of markers is unknown but one possibility is that the host 

may be more susceptible to or selecting for specific VCGs. Preliminary data indicates that 

only two VCGs predominate in corn over many fields but occur in soil only at low 

frequencies (Sweany et al. 2011). Further sampling of populations of A. flavus associated 

with peanuts, corn and other crops is necessary to determine if there is VCG structuring with 

respect to soil and above ground populations.   

While it is unlikely that all twelve regions that show signatures of balancing selection 

will contain het loci, it is still it is conceivable that all of the A. flavus het loci are contained 

in this putative set.  In Neurospora crassa, 11 loci, including the mating-type locus, are 

implicated in the formation of heterokaryons (Saupe & Glass 1997), while in Aspergillus 

nidulans and Podospora anserina, only 8 and 9 het loci, respectively, have been described 

(Saupe et al. 1995).  Among the 12 loci identified by aCGH at least two regions on 

chromosomes 2 (putative vegetative incompatibility WD repeat protein) and 4 (C6 sexual 

development transcription factor Pro1 =RosA) are strong candidates that may regulate the 

formation of heterokaryons.  The transcript factor RosA predicted to function in heterokaryon 

incompatibility was reported to be polymorphic in A. oryzae and A. flavus (Fedorova et al. 

2009). 

A common domain encoded by fungal incompatibility genes, the HET domain, is 

characterized by 15 to 30 amino acids that are essential for het triggered vegetative 

incompatibility reactions and hypothesized to function as a mediator of programmed cell 
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death  (Paoletti & Clavé 2007; Smith et al. 2000).  The HET domain may be encoded directly 

in the het locus, as is the case for HET-D and HET-E in P. anserina or by linked and 

unlinked genes.  For example, in N. crassa, pin-C includes the HET domain that is closely 

linked and required for het-C incompatibility, whereas tol and het-6 are HET domain-

encoding genes in N. crassa that are mediators of mating type and un-24 triggered vegetative 

incompatibility, respectively (Glass & Dementhon 2006).  The only exception is het-s in P. 

anserina, which expresses the HET-s prion instead of a HET domain (Seuring et al. 2012).  

Cell death is triggered at the point of contact between two genetically distinct strains – one 

that expresses the HET-s prion (in the form of amyloid aggregates) and the other that 

expresses a HET-S protein.  Among the candidate het loci identified by aCGH, the trypsin 

protein on chromosome 4 may play a role in the incompatibility reaction, as amyloid 

aggregates are susceptible to trypsin digestion (Seuring et al. 2012).   

An analysis of transcriptional changes during heterokaryon incompatibility in P. 

anserina showed that more than 21% of the entire gene set is upregulated and includes 

several genes with transporter domains (Bidard et al. 2013).  Consistent with this are two 

candidate loci on the left arm of chromosome 4 encode for genes in the major facilitator 

superfamily.  These function in transporting simple sugars and a wide variety of organic and 

inorganic compounds (Pao et al. 1998).  Four additional loci encoding hypothetical proteins 

on chromosomes 1, 2, 4, and 6 showed a signature of balancing selection but these need to be 

further evaluated to determine if they function in heterokaryon formation.  Because several 

het loci with deletions result in a reduction in expression and attenuated incompatibility 
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(Saupe & Glass 1997), using targeted deletions of portions of hypothetical genes for a subset 

of strains within the same VCG may help in understanding the function of these genes in 

triggering programmed cell death.  Further examination of allelic variation in these putative 

het loci coupled with auxotrophic testing will be important to determine if they are important 

in heterokaryon formation. 
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4.1 Abstract 

Fungal individuals can be grouped into vegetative compatibility groups (VCGs) based 

on their ability to undergo hyphal fusions and potentially form heterokaryons.  We sequenced 

the genomes of fourteen Aspergillus flavus, two A. parasiticus, one A. nomius and two strains 

of A. tubingensis from Aspergillus section Nigri. To find homologs of heterokaryon (het) 

incompatibility genes in our species of interest we performed blast searches using the het 

genes in Neurospora crassa, Podospora anserina, and Sordaria macrospora, also searching 

against the published genomes of A. flavus (NRRL 3357), A. oryzae (RIB 40), and A. 

nidulans (FGSC A4). We found numerous homologs of het genes from other species as well 

as evidence of gene duplication in our species of interest.  There was no apparent correlation 

between fertility, measured as the percentage of ascospore-bearing ascocarps, and het gene 

copy number.  However, the presence of alleles with matching WD repeats in parental strains 

seems to correlate with fertility, suggesting that the HNWD gene family may be important in 

sexual reproduction.  The results of this work have important implications in biological 

control strategies that release nonaflatoxigenic strains of A. flavus.  The high conservation of 

het loci across species offers the possibility of spreading sterility factors to other species, thus 

improving long term control of aflatoxin contamination.  
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4.2 Introduction 

In filamentous fungi, vegetative hyphal fusion is genetically controlled by alleles at 

heterokaryon (het) incompatibility loci (Glass et al. 2000; Glass & Kuldau 1992; Leslie 

1993; Leslie & Zeller 1996).  Vegetative incompatibility is a multi-locus, self/nonself 

recognition system whereby two individuals are vegetatively incompatible if they have 

different alleles at one or more het loci.  Crosses between vegetatively incompatible 

individuals trigger a programmed cell death (PCD) reaction characterized by severe growth 

inhibition, repression of asexual sporulation, hyphal compartmentation and apoptotic-type 

death in the heterokaryotic cell (Glass & Dementhon 2006).  This is hypothesized to be 

important in limiting the horizontal transmission of mycoviruses and potentially detrimental 

cytoplasmic elements (Debets et al. 1994; Milgroom & Cortesi 2004). 

Heterokaryon incompatibility loci have been characterized in Aspergillus nidulans 

(Anwar et al. 1993), Neurospora crassa (Garnjobst & Wilson 1956), Podospora anserina 

(Paoletti & Clavé 2007; Saupe et al. 1995), and Sordaria macrospora (Nowrousian et al. 

2010).  In Neurospora crassa, 11 loci, including the mating-type locus, are implicated in the 

formation of heterokaryons (Saupe & Glass 1997), while in Aspergillus nidulans and 

Podospora anserina, only 8 and 9 het loci, respectively, have been described (Saupe et al. 

1995).  Several fungal incompatibility genes have been characterized at the molecular level.  

A common domain encoded by het genes, the HET domain, is characterized by 15 to 30 

amino acids that are essential for het triggered vegetative incompatibility reactions and 

hypothesized to function as a mediator of programmed cell death  (Paoletti & Clavé 2007; 
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Smith et al. 2000).  Other protein domains and regions linked to the HET domain are highly 

polymorphic and are responsible for allelic differences that ensure non-self recognition at a 

single het locus. 

In filamentous fungi, heterokaryon incompatibility can be allelic or nonallelic.  The 

HET domain may be encoded directly in the het locus, as is the case for het-d, het-e and het-r 

in P. anserina (Fig. 4.1).  The het-d, het-e, het-r are paralogues belonging to the HNWD gene 

family that encode proteins of the STAND class (Chevanne et al. 2009).  In this gene family, 

heterokaryon incompatibility is triggered by alternative allelic specificities determined by the 

number of WD40-repeat proteins.  WD40s are one of the largest protein families in 

eukaryotes important in assembling DNA or RNA into functional complexes (Wang et al. 

2013). Alleles at het-d and het-e loci can also be involved in nonallelic incompatibility with 

het-c, which encodes a 208 amino acid protein with similarity to a glycolipid transfer protein 

(Saupe et al. 1994).  In N. crassa, there are three het-c allelic specificities, referred to as het-

c1, het-c2, and het-c3 (Saupe & Glass 1997). In N. crassa, the pin-c locus encodes the HET 

domain that is closely linked and required for het-c incompatibility.  Other nonallelic 

interactions in N. crassa involve the tol HET domain-encoding gene triggering mating type 

vegetative incompatibility and the het-6 locus interacting with un-24, which lacks a HET 

domain (Glass & Dementhon 2006).  Other genes acting upstream of the het loci can regulate 

vegetative incompatibility.  For example, in N. crassa, the vib-1 locus suppresses vegetative 

incompatibility mediated by mating type, het-6, tol, pin-c, and all HET domain-containing 

genes by controlling their expression (Dementhon et al. 2006; Glass & Dementhon 2006; 
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Xiang & Glass 2004).  The only exception is het-s in P. anserina, which expresses the HET-s 

prion instead of a HET domain (Seuring et al. 2012).  In het-s mediated vegetative 

incompatibility, cell death is triggered at the point of contact between two genetically distinct 

strains – one that expresses the HET-s prion (in the form of amyloid aggregates) and the 

other that expresses a HET-S protein.  
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Figure 4.1.  Schematic representation of domains in het-d/het-e/het-r belonging to the 
HNWD gene family.  Allelic specificity is determined by the number of WD repeats 
(Chevanne et al. 2009). 
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Fungi are vegetatively compatible if they have the same alleles at all het loci, i.e., the 

same het genotype (Glass et al. 2000; Saupe 2000).  In A. parasiticus and A. flavus, there is 

considerable variation in the strength of the incompatibility reaction (Horn & Greene 1995) 

and it is not clear how this related to the het configuration of interacting strains.  All isolates 

that are vegetatively compatible belong to the same vegetative compatibility group (VCG).  

The nuclei of heterokaryons formed after the vegetative fungal cells (hyphae) fuse can 

occasionally fuse with one another (anastomosis) and shuffle genetic material by genetic 

exchange, through parasexuality, recombination and segregation.  Because hyphal 

anastomosis and heterokaryosis are prerequisites for parasexual recombination, parasexuality 

may actually be restricted in fields with high VCG diversity (Horn & Greene 1995).  

Although parasexuality has yet to be demonstrated conclusively in nature, mitotic 

recombination through parasexuality has been demonstrated in A. flavus and A. parasiticus, 

under controlled laboratory conditions (Papa 1973, 1978).  Under strict clonality, mutations 

are only transmitted vertically from parent to offspring and such populations might be 

expected to evolve more slowly and harbor only a few VCGs with many genetically similar 

isolates as a result of clonal amplification (asexual reproduction).  Because parasexaulity is 

rare, sexual reproduction is assumed to be the major mechanism by which new VCGs can 

arise.   

In addition to the vegetative compatibility system governed by het loci, a second 

sexual compatibility system controls the fusion of vegetative hyphae.  In heterothallic fungi 

with two distinct mating types, a successful mating usually occurs between strains of 
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complementary mating type (Coppin et al. 1997).  An idiomorph is a single locus containing 

one of two highly divergent mating-type genes, either MAT1-1 or MAT1-2, that are highly 

divergent in sequence and not related by common descent (Metzenberg & Glass 1990).  In 

culture, crosses between strains of the opposite mating type in A. parasiticus (Horn et al. 

2009), in A. flavus (Olarte et al. 2012 ) and interspecific crosses (see Appendix C) showed 

independent assortment of genetic markers for at least two chromosomes in progeny strains.  

In these crosses vegetative incompatibility is suppressed or presumably weak enough to 

allow hyphae to fuse with one another forming a transient diploid that undergoes meiosis.  

Depending on the number of het loci and their chromosomal distribution, independent 

assortment and crossing over can be very efficient in creating novel het combinations, such 

that most of the progeny strains have non-parental het genotypes.  Previous work in our 

laboratory showed that sexually compatible A. flavus strains from different VCGs, when 

crossed with one another, varied greatly in their degree of fertility (Moore et al. 2013; Olarte 

et al. 2012 ).  One prominent observation was that the degree of fertility depended upon the 

partner strain in the cross and possibly the specific combination of het alleles.  If vegetative 

compatibility is not fully suppressed in crosses but instead is weaker in crosses with the 

highest fertility then the heterokaryon incompatibility may play a role in modulating fertility.  

Here we test this hypothesis by characterizing the putative het loci in these agriculturally 

important fungi. 

 

 
 
 
 
 

60 



4.3 Materials and Methods 

4.3.1 Strains, DNA isolation and genome sequencing 

We sequenced the genomes of 14 A. flavus, two A. parasiticus, one A. nomius, and 

two strains of A. tubingensis from Aspergillus section Nigri, (Table 4.1).  In A. parasiticus, 

VCG 3 is known to contain strains of both mating type 1 and 2 (Table 4.2).  This shows that 

the MAT gene does not function as a het gene in A. parasiticus, so we selected  
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Table 4.1.  Species and source of strains for whole genome sequencing 

Species IC strain NRRL strain 
Mating 
type 

Source 

Aspergillus parasiticus IC1 29538 1 Georgia 
 IC33 29570 2 Georgia 
Aspergillus flavus L IC899 3357 1 USA 
 IC201 21882 2 Georgia 
 IC244 29473 1 Georgia 
 IC277 29506 2 Georgia 
 IC278 29507 1 Georgia 
 IC301 29530 1 Georgia 
 IC307 29536 2 Georgia 
 IC308 29537 1 Georgia 
 IC310 35736 1 North Carolina 
 IC311 35737 1 Alabama 
 IC313 35739 2 Texas 
 IC1179 18543 (AF36) 2 Arizona 
 IC2209 62411 2 Experimental 
Aspergillus 
minisclerotigenes IC1112 62730 1 Benin 

A. flavus x A. 
parasiticus 

IC1630 62767 1 Experimental 

A. nomius IC1516 26886 1/2 Louisiana 
A. oryzae IC904 5590 1 Japan 
Aspergillus tubingensis IC5109 62640 2 North Carolina 
 IC5111 62642 1 North Carolina 
A. nidulans - 194 1/2 Glasgow University 
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Table 4.2.  Mating type and vegetative compatibility group (VCG) for 

selected A. parasiticus strains 

IC NPL Species Locality Mating VCG 

IC32 P21 Aspergillus parasiticus GA 1 3 

IC34 P29 Aspergillus parasiticus GA 1 3 

IC35 P31 Aspergillus parasiticus GA 1 3 

IC36 P40 Aspergillus parasiticus GA 1 3 

IC37 P49 Aspergillus parasiticus GA 1 3 

IC39 P55 Aspergillus parasiticus GA 1 3 

IC40 P56 Aspergillus parasiticus GA 1 3 

IC41 P57 Aspergillus parasiticus GA 1 3 

IC42 P80 Aspergillus parasiticus GA 1 3 

IC33 P22 Aspergillus parasiticus GA 1/2 3 

IC31 P19 Aspergillus parasiticus GA 2 3 

IC38 P52 Aspergillus parasiticus GA 2 3 
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IC33 as a representative of VCG 3 for genome sequencing.  Additionally we examined the 

available reference genomes of A. flavus (NRRL 3357), A. oryzae RIB 40 (=NRRL 5590), 

and A. nidulans FGSC A4 (=NRRL 194).  Total genomic DNA was extracted by grinding 

~30 mg of dry lyophilized mycelia with liquid nitrogen in a mortar and pestle following 

extraction using the Qiagen Dneasy Plant Mini kit according to manufacturer’s instructions 

except for a modification at step 1 where after adding lysis buffer and RNase A stock 

solution, samples were homogenized by vortexing for 10 minutes.  Final elution of genomic 

DNA was done twice, first by adding 40 µl of buffer AE and a second time by adding 50 µl 

of buffer AE.  DNA was quantified using gel electrophoresis and a Nanodrop 

spectrophotometer (ND-1000, Thermo Fisher Scientific, Wilmington, DE, USA).  Purified 

genomic DNA (250 ng) of A. flavus, A. parasiticus IC1, A. minisclerotigenes and A. 

tubingensis was enzymatically fragmented to an average size of 350-400 bp with NEBNext® 

dsDNA Fragmentase (New England Biolabs).  For A. nomius IC1516 and A. parasiticus 

IC33, we constructed mate-pair libraries by shearing DNA using a Covaris (Covaris, 

Wobern, MA, USA) sonicator and gel extracting 3 kb fragments.  The average insert size was 

3,856 bp for IC1516 and 3,040 bp for IC33.  These fragments were circularized and then 

fragmented to ~350-400bp.   

DNA libraries were prepared from 250 ng of fragmented DNA using a procedure 

modified from the Illumina ® TruSeq™ DNA Sample Preparation Kit (Illumina).  Basically, 

the fragmented DNA was subjected to end-repair followed by adenylation of 3’-ends, 

ligation of indexed paired-end adapters (Bioo Scientific) and PCR-enrichment of the 
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barcoded DNA.  Purification and size-selection were achieved using Agencourt AMPure XP 

beads (Beckman Coulter).  All other enzymes were purchased from Enzymatics (Beverly, 

MA).  The libraries were quantified by qPCR using the KAPA SYBR FAST Master Mix 

Universal 2X qPCR Master  
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Figure 4.2.  Workflow diagram showing the programs used to assemble the sequenced genomes from error 
filtered and corrected reads. 
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Mix (Kapa Biosystems).  The sizes of the PCR-enriched libraries were verified by 

Bioanalyzer using the high sensitivity DNA chip (Agilent).  We multiplexed and sequenced 

10 A. flavus libraries per lane on the HiSeq2000 (Illumina) using 100 bp paired-end reads.  A 

second Illumina lane was used for sequencing mate-pair libraries.  Library preparation was 

performed by the Genome Sciences Lab at NCSU and all sequencing was outsourced to BGI 

(Beijing Genomics Institute). 

 

4.3.2 Preprocessing reads and genome assembly 

We developed a pipeline in Mobyle SNAP Workbench (Monacell & Carbone 2014) 

for read filtering and genome assembly (See Fig. 4.2).  Briefly, the fastq paired-end reads 

were interleaved into a single fastq file using the shuffleSequences.pl script in velvet 

(Zerbino & Birney 2008). Read errors were corrected using Quake (Kelley et al. 2010) and 

further filtered and trimmed using the FASTX-Toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit/).  We performed de novo genome assembly using 

Velvet Version 1.2.09 (Zerbino & Birney 2008).  Redundancies in assembled genomes were 

reduced by retaining the longest sequence in a cluster of sequences that shared at least 95% 

sequence similarity using CD-HIT-EST version 4.6 (Fu et al. 2012; Li et al. 2002).  

 

4.3.3 Search for het homologs 

To find homologs of heterokaryon (het) incompatibility genes in our species of 

interest we performed tblastx searches using the putative het genes in Neurospora crassa 
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(OR74A) and Sordaria macrospora strain k-hell, as well as tblastn searches using the 

putative het genes in Podospora anserine S mat+ strain.  Specifically, we blasted seven N. 

crassa genes (matA1, het-c, het-6, pin-c, tol, un-24, and vib-1), eleven S. macrospora 

putative het genes (mat A1, het-6, het-c, het-s, het-c2, un-24, het-e, vib-1, het-r, pin-c, and 

het-d), and four P. anserina genes (het-c2, het-d, het-e, and het-r) against 22 genomes.  We 

filtered the results by discarding hits that had an e-value greater than e-20 or sequence identity 

less than 50%.  We conducted further phylogenetic analysis on the significant blast hits for 

each of the putative het genes.  To examine the possibility of copy number and sequence 

variation of het loci in crosses of varying fertility and where the parents belong to different 

VCGs, we examined seven intraspecific A. flavus crosses (IC278 × IC1179, IC278 × IC313, 

IC308 × IC307, IC311 × IC277, IC244 × IC277, IC278 × IC277, and IC301 × IC1179) and 

one interspecific cross between A. flavus and A. parasiticus (IC278 × IC33).  

 

4.3.4 Phylogenetic analysis 

We compiled the homologous sequences for nine het loci (het-c, het-c2, het-d, het-e, 

het-r, pin-c, tol, un-24, and vib-1) identified by our blast searches, and aligned them with 

Muscle v3.8.31 (Edgar 2004a, b).  Since allelic specificity for all paralogous copies of 

HNWD gene family are determined by the WD repeat domain (Fig. 4.1) they were 

consolidated into a single alignment for phylogenetic reconstruction.  We examined the 

evolutionary history of these sequences using maximum likelihood (ML) analysis 

implemented in RAxML (Stamatakis et al. 2008).  Confidence limits on branches in 

 
 
 
 

68 



phylogenies were based on 1000 rapid bootstrap replicates; monophyletic groups were 

identified as branches having least 80% bootstrap support.  To determine parameters for ML 

analysis, a total of 112 different amino acid substitution models were compared using 

PartitionFinder v.1.1.1 (Lanfear et al. 2012).  The best-fit model was determined using the 

“greedy” heuristic search algorithm with branch lengths estimated as “linked”, and using the 

Bayesian Information Criterion (BIC) for model selection, as implemented in PartitionFinder.  

All methods used in this analysis are implemented in Mobyle SNAP Workbench (Monacell 

& Carbone 2014).  Phylogenetic trees were generated using iTOL: Interactive Tree Of Life 

(Letunic & Bork 2006, 2011), an online phylogenetic tree viewer and annotation tool.  

 

4.4 Results 

4.4.1 Genome assemblies 

 The genome assembly statistics are summarized in Table 4.3.  With the exception of 

A. nomius IC1516 (101 Mb) and A. parasiticus IC33 (38.9 Mb), the average assembly size of 

A. flavus (36.8 Mb) was consistent with other published assemblies of 36.8 Mb for A. flavus 

NRRL 3357 and 36.7 Mb for A. oryzae RIB40 and (Payne et al. 2006).  The assembly size 

also correlates well with estimates from pulsed-field gel electrophoresis of chromosome-

sized fragments (ref), which suggests a low repeat content in these genomes.  The other A. 

parasiticus IC1 strain had a genome size of 38.9 Mb similar to A. flavus and consistent with a 

previous report of high genome similarity between the two species, based on DNA 
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complementarity (Kurtzman et al. 1986).  The assembled genome size of 38.3 Mb for A. 

minisclerotigenes IC1112 sampled from Benin, Africa (Moore et al. 2013) is more similar to 

A. parasiticus than A. flavus.  Moreover, an assembly size of 38.7 Mb for the laboratory 

generated hybrid strain IC1630 originating from a cross between A. flavus IC278 (37.3 Mb) 

and A. parasiticus IC324 suggests that it may be more similar to the A. parasiticus parent 

(see Appendix C).  The assembly sizes of 34.3 Mb for the A. tubingensis MAT1-1 (IC5111 

=NRRL62642) and MAT1-2 (IC5109 =NRRL62640) strains (Horn et al. 2013) were 

consistent with Aspergillus tubingensis CBS  
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Table 4.3. Genome assembly statistics 

Genome N50 

Max 
contig/ 

scaffold 
length 

Total 
length of 
assembly 

Number 
of 

contigs/ 
scaffolds 

Estimated 
coverage 

Number 
of reads 

used 
IC1 77685 480064 38881791 9617 32.891743 17433694 
IC33 52790 304120 63774491 5584 18.595 52929485 
IC201 20761 120061 36307877 11213 27.096476 20692131 
IC244 84931 329630 37111751 10321 27.016133 13637127 
IC277 17847 153697 37237791 24538 39.052406 33238108 
IC278 64937 360047 37310020 13040 25.860039 13212134 
IC301 55674 243660 37178265 7949 34.082223 17220748 
IC307 46035 218175 37108219 12297 43.611149 21775153 
IC308 50110 246984 37693963 18843 32.994824 17004431 
IC310 47020 219090 37201975 8182 49.662738 24931917 
IC311 55102 248523 36915860 12099 38.98797 19365506 
IC313 46546 312721 37364639 11521 36.727292 18544212 
IC1112 374646 1551346 38335236 828 26.251115 51952407 
IC1179 56056 288775 37047399 7320 29.138873 14599602 
IC1516 224557 1479855 100604671 5523 13.149314 41443706 
IC1630 131906 742708 38743494 9403 105.02141 52292801 
IC2209 351616 1194579 37370944 2987 25.054951 48080653 
IC5109 128948 637779 34389375 815 27.596265 48984751 
IC5111 146944 605993 34262330 674 27.185877 47704493 
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134.48 genome assembly size of 35.15 Mb reported by JGI (http://genome.jgi-

psf.org/Asptu1/Asptu1.info.html).   

 

4.4.2 het homologs 

Putative het homologs in the sequenced genomes were based on e-value < e-20 and 

sequence identity > 50%; A. nidulans was included as a reference genome in blast searches.  

A summary of these results is shown in Table 4.4.  With the exception of two het genes 

(matA1 and het-6) in N. crassa and four homologs (matA1, het-6, het-c, and het-s) identified 

in S. macrospora, there were significant hits to all other het genes.  Two putative het genes in 

N. crassa and S. macrospora (un-24 and vib-1) were present in single copy number in 

haploid genomes, as was het-c2 from P. anserina and S. macrospora.  There were two 

putative copies of un-24 in A. parasiticus IC33 and A. nomius IC1516; in A. parasiitcus these 

appear to be two hits from different regions of the same gene, while in A. nomius, they are on 

different contigs consistent with this species being putatively diploid or heterokaryotic.  

Despite multiple copies in A. nomius un-24 and vib-1 shared 100% amino acid sequence 

identity with un-24 and vib-1 in A. parasiticus.  There were two copies of the het-c homolog 

from N. crassa across all genomes, with the exception of IC1516 where there were two 

copies of the two genes (4 total) and the A. tubingensis genomes which had only one copy.  

The copies in A. nomius IC1516 ranged in similarity from 50% to 99%.  Although some 
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copies are highly divergent, at least one copy is almost identical to het-c in other genomes, 

pointing to very strong conservation of these genes  
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Table 4.4. The number of het gene homologs found in Aspergillus genomes   
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A. parasiticus IC1 0 0 1 1 2 3 9 
 

1 9 
 

 0 0 0 0 1 1 1 7 9 
A. parasiticus IC33 0 0 2 1 2 1 9 

 
0 9 

 
 0 0 0 0 1 1 1 9 9 

A. flavus L IC899 0 0 1 1 2 1 5 
 

1 9 
 

 0 0 0 0 1 1 1 9 9 
A. flavus L IC201 0 0 1 1 2 3 9 

 
1 9 

 
 0 0 0 0 1 1 1 2 7 

A. flavus L IC244 0 0 1 1 2 2 9 
 

1 9 
 

 0 0 0 0 1 1 1 9 9 
A. flavus L IC277 0 1 1 1 2 4 9 

 
1 9 

 
 0 0 0 0 1 1 1 9 9 

A. flavus L IC278 0 0 1 1 2 3 9 
 

1 9 
 

 0 0 0 0 1 1 1 7 9 
A. flavus L IC301 0 0 1 1 2 4 9 

 
1 9 

 
 0 0 0 0 1 1 1 4 6 

A. flavus L IC307 0 0 1 1 2 3 9 
 

1 9 
 

 0 0 0 0 1 1 1 9 9 
A. flavus L IC308 0 0 1 1 2 2 9 

 
1 9 

 
 0 0 0 0 2 2 3 9 9 

A. flavus L IC310 0 0 1 1 2 3 8 
 

1 9 
 

 0 0 0 0 1 1 1 0 2 
A. flavus L IC311 0 0 1 1 2 1 9 

 
1 9 

 
 0 0 0 0 1 1 1 9 9 

A. flavus L IC313 0 0 1 1 2 3 9 
 

1 9 
 

 0 0 0 0 1 1 1 8 9 
A. flavus L IC1179 0 0 1 1 2 4 9 

 
1 9 

 
 0 0 0 0 1 1 1 9 9 

A. flavus L IC2209 0 0 1 1 2 2 8 
 

1 9 
 

 0 0 0 0 1 1 1 4 9 
A. minisclerotigenes IC1112 0 0 1 1 2 0 9 

 
1 9 

 
 0 0 0 0 1 1 1 5 9 

A. flavus x A. parasiticus IC1630 0 0 1 1 2 3 9 
 

1 9 
 

 0 0 0 0 1 1 1 3 7 
A. nomius IC1516 0 0 2 3 4 4 9 

 
2 9 

 
 0 0 0 0 1 1 1 8 9 

A. oryzae IC904 0 0 1 1 2 1 5 
 

1 8 
 

 0 0 0 0 1 1 1 2 6 
A. tubingensis IC5109 0 0 1 1 1 2 4 

 
1 9 

 
 0 0 0 0 1 1 1 7 9 

A. tubingensis IC5111 0 0 1 1 1 2 5 
 

1 9 
 

 0 0 0 0 1 2 1 7 9 
A. nidulans 194 0 0 1 1 2 0 0   1 9    0 0 0 0 1 1 1 9 9 
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across species boundaries.  Similarly, the tol gene was present in multiple copies (2-4) in 

most of the genomes, but absent in A. nidulans. Multiple copies were found for the het-

domain containing HNWD gene family (het-d, het-e, and het-r) from P. anserina and S. 

macrospora.  Multiple copies of pin-c were also found in N. crassa and S. macrospora.  

Searches of the HNWD gene family using the P. anserina homologs revealed 9 copies across 

all genomes examined; the only exception was A. oryzae with 8 copies (Fig. 4.3).  

Among A. flavus crosses, parental strains showed 100% amino acid sequence identity 

across un-24, vib-1, het-c, and het-c2 (Table 4.5).  There was no apparent correlation 

between fertility, measured as the percentage of ascospore-bearing ascocarps, and het gene 

copy number.  Among the seven intraspecific A. flavus crosses that we examined, parental 

strains IC278 and IC1179 with the highest fertility (79.2 ± 5.9) had 3 and 4 copies of tol, 

respectively, whereas, IC301 and IC1179 with the lowest fertility (3.8 ± 1.5) had 4 and 4 

copies of tol, respectively.  The parents in cross IC278 × IC277 also had 3 and 4 copies of 

tol, but has much lower fertility (28.7 ± 4.6) than IC278 × 1179.  For the genes with multiple 

copies, tol, pin- c, HNWD, the percent similarity varied widely across parents, and there was 

no apparent correlation to fertility; however, for all of these genes there was at least one copy 

that showed >95% amino acid sequence identity across crosses.  The interspecific cross 

between A. flavus IC278 and A. parasiticus IC33 was fertile, however the fertility was low, 

with only 6.0 ± 2.6% of sclerotia with ascospore-bearing ascocarps.  Parental strains IC278 

and IC33, like the A. flavus parents, have identical un-24 and vib-1 sequences.  However, the 

het-c and tol sequences differed, and IC33 did not have any het-c2 homologs.  The pin-c and 
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HNWD genes showed more variation in the A. parasiticus  × A. flavus interspecific cross that 

than in A. flavus intraspecific crosses.  
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Figure 4.3.  Schematic showing the eight copies of the het-d/het-e/het-r domains in the A. oryzae RIB40 reference genome. 
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Table 4.5.  Variation in het loci for crosses with varying degrees of fertility 

278x1179 %Similarity %Identity 278x313 %Similarity %Identity 308x307 %Similarity %Identity 311x277 %Similarity %Identity 

(79.2 ± 5.9)   
(51.1 ± 
14.9)   (50.3 ±14.0)   (36.3 ± 5.5)   

un-24_1 100.00% 100.00% un-24_1 100.00% 100.00% un-24_1 100.00% 100.00% un-24_1 100.00% 100.00% 

vib-1_1 100.00% 100.00% vib-1_1 100.00% 100.00% vib-1_1 100.00% 100.00% vib-1_1 100.00% 100.00% 

het-c_1 100.00% 100.00% het-c_1 100.00% 100.00% het-c_1 100.00% 100.00% het-c_1 100.00% 100.00% 

het-c_2 100.00% 100.00% het-c_2 100.00% 100.00% het-c_2 100.00% 100.00% het-c_2 100.00% 100.00% 

tol_1 74.50% 74.50% tol_1 74.50% 74.50% tol_1 74.50% 74.50% tol_1 100.00% 100.00% 

tol_2 100.00% 100.00% tol_2 100.00% 100.00% tol_2 100.00% 100.00% 
   tol_3 98.00% 98.00% tol_3 98.00% 98.00% tol_3 98.00% 98.00% 
   pin-c_1 100.00% 100.00% pin-c_1 98.70% 98.70% pin-c_1 100.00% 100.00% pin-c_1 100.00% 98.70% 

pin-c_2 70.00% 51.40% pin-c_2 70.00% 51.40% pin-c_2 100.00% 100.00% pin-c_2 100.00% 100.00% 

pin-c_3 98.50% 98.50% pin-c_3 99.00% 99.00% pin-c_3 64.20% 49.40% pin-c_3 64.10% 46.20% 

pin-c_4 65.40% 49.40% pin-c_4 65.40% 50.60% pin-c_4 93.40% 90.60% pin-c_4 100.00% 100.00% 

pin-c_5 100.00% 100.00% pin-c_5 100.00% 100.00% pin-c_5 100.00% 100.00% pin-c_5 100.00% 100.00% 

pin-c_6 93.20% 86.40% pin-c_6 93.20% 85.20% pin-c_6 93.20% 85.20% pin-c_6 59.40% 43.80% 

pin-c_7 100.00% 100.00% pin-c_7 98.90% 98.90% pin-c_7 100.00% 100.00% pin-c_7 100.00% 100.00% 

pin-c_8 100.00% 100.00% pin-c_8 94.00% 92.90% pin-c_8 91.70% 90.50% pin-c_8 65.90% 47.60% 

pin-c_9 99.00% 99.00% pin-c_9 95.00% 94.00% pin-c_9 94.00% 93.00% pin-c_9 96.00% 96.00% 

het-c2_1 100.00% 100.00% het-c2_1 100.00% 100.00% het-c2_1 100.00% 100.00% het-c2_1 100.00% 100.00% 

HNWD_1 95.10% 92.20% het-d_1 95.10% 92.20% het-d_1 66.70% 54.40% het-d_1 72.40% 56.50% 

HNWD_2 96.40% 96.40% het-d_2 96.40% 96.40% het-d_2 95.10% 92.20% het-d_2 100.00% 100.00% 

HNWD_3 86.70% 78.20% het-d_3 100.00% 100.00% het-d_3 96.80% 96.80% het-d_3 96.80% 96.40% 

HNWD_4 94.00% 90.60% het-d_4 94.00% 90.80% het-d_4 86.70% 78.20% het-d_4 100.00% 100.00% 

HNWD_5 51.20% 29.40% het-d_5 50.80% 29.90% het-d_5 76.90% 62.00% het-d_5 80.80% 62.80% 

HNWD_6 60.00% 42.60% het-d_6 58.30% 43.30% het-d_6 98.20% 98.20% het-d_6 96.10% 96.10% 

HNWD_7 92.90% 92.50% het-d_7 97.90% 97.40% het-d_7 93.60% 90.40% het-d_7 100.00% 99.60% 

HNWD_8 84.90% 76.40% het-d_8 62.10% 45.30% het-d_8 99.30% 99.30% het-d_8 93.60% 93.60% 

HNWD_9 91.60% 91.30% het-d_9 94.30% 94.30% het-d_9 92.20% 92.20% het-d_9 92.50% 92.50% 
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Table 4.5. Continued 

244x277 %Similarity %Identity 278x277 %Similarity %Identity 301x1179 %Similarity %Identity 278x33 %Similarity %Identity 

(28.7 ± 4.6) 
 

(28.7 ± 4.6) 
 

(3.8 ± 1.5) 
  

(6.0 ± 2.6) 
  un-24_1 100.00% 100.00% un-24_1 100.00% 100.00% un-24_1 100.00% 100.00% un-24_1 100.00% 100.00% 

vib-1_1 100.00% 100.00% vib-1_1 100.00% 100.00% vib-1_1 100.00% 100.00% vib-1_1 100.00% 100.00% 
het-c_1 100.00% 100.00% het-c_1 100.00% 100.00% het-c_1 100.00% 100.00% het-c_1 82.90% 81.20% 

het-c_2 100.00% 100.00% het-c_2 100.00% 100.00% het-c_2 100.00% 100.00% het-c_2 96.60% 94.90% 
tol_1 55.60% 40.70% tol_1 55.60% 40.70% tol_1 74.50% 74.50% tol_1 45.80% 35.40% 
tol_2 100.00% 100.00% tol_2 100.00% 100.00% tol_2 100.00% 100.00% tol_2 72.70% 40.90% 

   
tol_3 100.00% 100.00% tol_3 71.40% 50.00% tol_3 98.00% 98.00% 

      
tol_4 98.00% 98.00% 

   pin-c_1 100.00% 100.00% pin-c_1 100.00% 100.00% pin-c_1 100.00% 100.00% pin-c_1 100.00% 98.70% 
pin-c_2 99.00% 99.00% pin-c_2 66.70% 47.20% pin-c_2 60.70% 44.00% pin-c_2 72.60% 50.70% 

pin-c_3 100.00% 100.00% pin-c_3 99.00% 99.00% pin-c_3 100.00% 100.00% pin-c_3 93.90% 86.90% 
pin-c_4 60.70% 44.00% pin-c_4 100.00% 98.80% pin-c_4 68.30% 52.40% pin-c_4 93.90% 90.20% 
pin-c_5 100.00% 100.00% pin-c_5 100.00% 100.00% pin-c_5 93.20% 86.40% pin-c_5 98.80% 95.20% 

pin-c_6 79.40% 79.40% pin-c_6 61.80% 46.10% pin-c_6 79.40% 79.40% pin-c_6 94.30% 88.60% 
pin-c_7 88.50% 70.50% pin-c_7 100.00% 100.00% pin-c_7 100.00% 100.00% pin-c_7 60.90% 43.50% 

pin-c_8 100.00% 100.00% pin-c_8 65.90% 47.60% pin-c_8 100.00% 100.00% pin-c_8 87.80% 80.50% 
pin-c_9 97.00% 96.00% pin-c_9 98.00% 98.00% pin-c_9 99.00% 99.00% pin-c_9 97.00% 97.00% 
het-c2_1 100.00% 100.00% het-c2_1 100.00% 100.00% het-c2_1 100.00% 100.00% het-c2_1 No hits 

HNWD_1 72.70% 56.90% het-d_1 95.10% 91.80% het-d_1 98.30% 97.90% het-d_1 93.90% 93.10% 
HNWD_2 95.10% 91.40% het-d_2 96.00% 94.80% het-d_2 96.80% 96.80% het-d_2 61.10% 47.80% 

HNWD_3 96.80% 96.80% het-d_3 100.00% 100.00% het-d_3 86.70% 78.20% het-d_3 79.10% 66.30% 
HNWD_4 86.70% 78.20% het-d_4 94.00% 90.60% het-d_4 99.40% 98.90% het-d_4 96.20% 94.00% 

HNWD_5 80.40% 62.80% het-d_5 47.50% 25.50% het-d_5 94.90% 94.90% het-d_5 45.70% 24.60% 
HNWD_6 94.50% 94.10% het-d_6 67.90% 53.10% het-d_6 98.80% 98.00% het-d_6 67.00% 52.80% 
HNWD_7 99.30% 98.90% het-d_7 93.30% 93.00% het-d_7 92.90% 92.60% het-d_7 59.50% 42.10% 

HNWD_8 67.60% 41.70% het-d_8 61.80% 45.00% het-d_8 84.90% 76.00% het-d_8 67.70% 51.40% 
HNWD_9 91.60% 91.60% het-d_9 91.60% 91.60% het-d_9 91.60% 91.30% het-d_9 86.30% 82.40% 
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4.4.3 Phylogenetic analysis 

Phylogenetic reconstructions showed that het gene copies formed distinct 

phylogenetic lineages and within each lineage there was evidence of trans-speciation such 

that multiple species shared the same het gene copy.  For example, the two distinct het-c 

lineages correspond to the two copies found across all species including the single copy in A. 

tubingensis; the additional copies in A. nomius form a third lineage.  A similar pattern of 

evolution was observed for the single copy het-c2, un-24, and vib-1 genes.  The pin-c, tol and 

HNWD family show extensive allelic heterogeneity.  For example, in the HNWD family at 

least three distinct evolutionary lineages can be discerned with variation in the number of 

WD repeat units.  These broadly correspond to the het-d, het-e and het-r genes and reflect 

common ancestry in the sequence of the WD domain of these loci.  At least 3 distinct 

evolutionary lineages were observed in the tol phylogeny.  The pin-c region was the only 

locus that was highly polymorphic between the two Aspergillus sections, Flavi and Nigri. 

 

4.5 Discussion 

 We successfully sequenced genomes of 19 strains and created a database collection of 

22 whole genome sequences of A. flavus and allied species.  This database allowed us to gain 

insight into several het gene families, and will be a continued resource for future data mining.  

We have demonstrated there is strong conservation in Aspergillus, even across species, of 

many het genes, including un-24, vib-1, het-c, tol, and het-c2.  We have also shown that there 
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is an expanded family of HNWD genes whose variable number WD repeats may be driving 

the genesis of new VCGs and primary triggering vegetative incompatibility.  The presence of
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Figure 4.4.  The best maximum likelihood phylogenetic tree based on the het-c locus for 44 members and a region of 938 amino acids.  The scale bar 
is amino acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a maximum-likelihood distance of 
0.1.  
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Figure 4.5.  The best maximum likelihood phylogenetic tree based on the het-c2 locus for 22 members and a region of 208 amino acids.  The scale bar 
is amino acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a maximum-likelihood distance of 
0.1.  
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Figure 4.6.  The best maximum likelihood phylogenetic tree based on the pin-c locus for 170 members and a region of 884 amino acids.  The scale bar 
is amino acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a maximum-likelihood distance of 
0.1.  
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Figure 4.7.  The best maximum likelihood phylogenetic tree based on the tol locus for 51 members and a region of 1044 amino acids.  The scale bar is amino 
acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a maximum-likelihood distance of 1.  
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Figure 4.8.  The best maximum likelihood phylogenetic tree based on the un-24 locus for 24 members and a region of 929 amino acids.  The scale bar 
is amino acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a maximum-likelihood distance of 
0.1.  
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Figure 4.9.  The best maximum likelihood phylogenetic tree based on the vib-1 locus for 24 members and a region of 681 amino acids.  The scale bar 
is amino acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a maximum-likelihood distance of 
0.1.  
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Figure 4.10.  The best maximum likelihood phylogenetic tree based on the HNWD family, het-d, het-e, and het-r,  for 197 members and a region of 1117 
amino acids.  The scale bar is amino acid sequence variation rooted using A. nomius IC1516 as the outgroup. The scale bar at the bottom indicates a 
maximum-likelihood distance of 1.
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matching alleles in parental strains seems to correlate with fertility, suggesting that these 

proteins may also affect sexual reproduction.  While Un-24, vib-1, het-c, het-c2 were all 

100% identical across parental strains they may play a role in nonallelic interactions with the 

HNWD family.  Three of these loci (un-24, vib-1, and het-c2) are singly copy and known to 

interact with other HNWD genes to trigger vegetative incompatibility, which suggests that 

sequence conservation at these loci may be driven by selection to maintain functionality.  For 

example, the het-c alleles that interact with het-d and het-e alleles are under diversifying 

selection based on their allorecognition function (Bastiaans et al. 2014).  This suggests that 

variation in WD repeats in the HNWD gene family may be important drivers of individuality 

because they modulate nonallelic interactions with het-c.  Most of the het allelic variation 

was observed in the HNWD gene family, which shows signs of expansion in the Aspergillus 

species we sequenced.   

While heterokaryon incompatibility is usually mediated by a set of 7-12 genes in 

filamentous fungi, we found numerous homologs present in the Aspergillus genomes 

containing the HET domain.  This is consistent with other studies, where it was reported that 

up to 50 genes in N. crassa (Galagan et al. 2003) and 38 in A. oryzae (Fedorova et al. 2005) 

may be involved in vegetative incompatibility.  While many of these genes do not directly 

affect heterokaryon incompatibility or the VCG status of the fungus, they may serve as 

recombination targets to allow the formation of new VCGs.  For example, in the HNWD 

gene family, recombination between genes with different numbers of WD40 repeats can lead 

to creation of new het alleles and new VCGs. 
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In N. crassa, Aspergillus heterothallicus and Sordaria brevicollis, the mating type 

locus is reported to act as a het locus (Shiu & Glass 1999).  In these species, mating-type 

mediated vegetative incompatibility can be suppressed by mutation of tol, which is not 

expressed during mating.  By contrast, Podospora anserina, a pseudohomothalic species, 

does not have mating type vegetative incompatibility, and there are several known 

heterothallic species such as Neurospora sitophila where the mating type locus does not 

function as a het locus (Saupe 2000).  In A. flavus and A. parasiticus, isolates that belong to 

the same VCG are either MAT1-1 or MAT1-2; the only exception is VCG 3 in A. parasiticus 

which includes isolates that are either MAT1-1, MAT1-2, or both as in IC33 (Table 4.2).  

Since all strains in VCG 3 are vegetatively compatible it appears that the MAT locus does not 

contribute to vegetative incompatibility.  There were no homologs of the N. crassa matA1 

allele in IC33 or any of the other genomes in this study (Table 4.4) and the tol homologs 

found may be non-functional. Species specific differences in fertility have been observed in 

Aspergillus section Flavi.  Among intraspecific crosses, A. flavus shows the highest fertility 

followed by A. parasiticus and A. nomius.  All three species are heterothallic, show some 

degree of overlap in geographical distribution and share similar het gene profiles.  

Interspecific hybridization has been reported between A. flavus and A. parasiticus (Appendix 

C), which suggests that het loci may to some extent also govern genetic incompatibilities 

between species.  The implication is that genetic incompatibilities will be reinforced in 

hybrid progeny and as a result favor asexual over sexual reproduction.  This may be already 

happening in Africa.  For example, the high-toxin producing and putative hybrid species, A. 
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minisclerotigenes, has become very abundant and has characteristics of both A. flavus and A. 

parasiticus parental species, which makes it better able to thrive in both soil and maize 

environments.  Finally, the results of this work has important implications in biological 

control strategies.  The high conservation of het loci across species offers the possibility of 

spreading sterility factors to other species, thus improving long term control of aflatoxin 

contamination.  
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A.1 Summary 

I performed analysis of aCGH data on Parent offspring trios.  Representative progeny 

showing recombinant AF gene clusters, as determined by cluster-specific MLSTs, along with 

their respective parental strains were further subjected to aCGH to corroborate inferences 

from cluster-based MLSTs and to possibly identify additional crossovers within the cluster.  

Previous work has shown that aCGH provides sufficient resolution to examine intraspecific 

genetic variation and strain-specific variation in gene content in A. flavus.  aCGH of parent-

offspring trios (two parents plus one progeny) was based on hybridization of total genomic 

DNA to whole genome A. flavus Affymetrix GeneChip microarrays.   

Array data for all strains examined using aCGH were imported into JMP genomics (SAS, 

Cary, NC, USA) for further transformation and normalization.  Data were log2 transformed 

and normalized using Loess normalization.  Because we are interested in detecting 

differences in hybridization intensities, no background correction was applied.  The 

normalized and transformed data were exported in MS Excel format.  All probe sets for 

genes between the telomere on the right arm of chromosome 3 (abbreviated 3R) up to the 

CPA cluster, for the adjacent AF cluster genes and intergenic regions, and for the flanking 

sugar cluster genes were selected and ordered by their physical location on chromosome 3R 

(Table S1).  A heat map and corresponding color scale for this telomeric/subtelomeric region 

was automatically generated for each of nine parent-offspring trios using the imagesc 

function in Matlab (MathWorks Inc., Natick, MA).  For each trio, we evaluated 

parent/offspring transmission by comparing hybridization intensities from the arrays.  We 

used a simple squared difference between measurements and aggregated the values within a 

window by summing across probes.  In the analyses, ,  and  denote the normalized 

probe  intensities for parent 1, parent 2 and their offspring, respectively.  Crucially, at 

polymorphic sites we expect the smaller of  and  to associate with 

inheritance and also expect a switch of parental origin at recombination breakpoints.  To 
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assess the proximity of probe  to a breakpoint, we sum over neighboring probes 

 to aggregate signal within a 201-probe window centered 

around the probe of interest.  This value is divided by  to 

obtain a test statistic t bounded between 0 and 1, with values close to either extreme 

indicative of a recombination breakpoint. 

We examined genome-wide aCGH data for evidence of independent assortment and crossing 

over in the nine parent-offspring trios.  A. flavus probe data were normalized using Loess 

normalization but not log2 transformed.  We calculated the median of the  in a 

five-probe window minus the median of the  in the same five-probe window.  This 

statistic measures the similarity of the offspring to each parent in a five-probe window and 

was plotted for visual display of putative recombination events.  Each red dot in the plots 

represents one probe (see Fig. S1), but the plotted value is based on the five-probe window.  

The plots for each parent-offspring trio show the degree of similarity of the offspring to each 

parent on the y-axis and the approximate physical location of each probe on the chromosome.  

For example, a positive difference translates to an offspring showing more similarity to the 

top parent in the plot while a negative difference suggests that the offspring is more similar to 

the bottom parent.  Further confirmation of parent-offspring relationships was obtained by 

mapping MLST loci that distinguish parents and offspring directly on the parentage plot. 
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A.2 Abstract 

Aspergillus flavus is the major producer of carcinogenic aflatoxins (AFs) in crops worldwide.  

Natural populations of A. flavus show tremendous variation in AF production, some of which 

can be attributed to environmental conditions, differential regulation of the AF biosynthetic 

pathway, and deletions or loss-of-function mutations in the AF gene cluster.  Understanding 

the evolutionary processes that generate genetic diversity in A. flavus may also explain 

quantitative differences in aflatoxigenicity.  Several population studies using multilocus 

genealogical approaches provide indirect evidence of recombination in the genome and 

specifically in the AF gene cluster.  More recently A. flavus has been shown to be 

functionally heterothallic and capable of sexual reproduction in laboratory crosses.  In the 

present study, we characterize the progeny from nine A. flavus crosses using toxin phenotype 

assays, DNA sequence-based markers and array comparative genome hybridization.  We 

show high AF heritability linked to genetic variation in the AF gene cluster, as well as 

recombination through the independent assortment of chromosomes and through crossing 

over within the AF cluster that coincides with inferred recombination blocks and hotspots in 

natural populations.  Moreover, the vertical transmission of cryptic alleles indicates that 

while an A. flavus deletion strain is predominantly homokaryotic, it may harbor AF cluster 

genes at a low copy number.  Results from experimental matings indicate that sexual 

recombination is driving genetic and functional hyperdiversity in A. flavus.  The results of 

this study have significant implications for managing AF contamination of crops and for 

improving biocontrol strategies using non-aflatoxigenic strains of A. flavus. 

 

A.3 Introduction 

Aspergillus flavus commonly infects agricultural staples, such as corn, peanuts, cottonseed 

and tree nuts, and produces aflatoxins (AFs), which are carcinogenic polyketides that pose a 

serious health risk to humans worldwide (Bennett & Klich 2003; Eaton & Groopman 1994; 

Squire 1981; Wu 2004).  In 1974, an AF poisoning epidemic resulted in 106 human deaths in 
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western India (Krishnamachari et al. 1975), and more recently, in 2004, AFs were 

responsible for 125 fatalities in Kenya, East Africa (Gieseker et al. 2004; Probst et al. 2007).  

AFs have also been associated with increased liver cancer rates and stunted growth of 

children in Africa, Southeast Asia, and China (Normile 2010).  In addition to AFs, A. flavus 

produces another unrelated mycotoxin, cyclopiazonic acid (CPA), an indol-tetramic acid that 

targets the liver, kidneys and gastrointestinal tract in animals (Burdock & Flamm 2000).  AFs 

and CPA often co-contaminate agricultural products, and several of the symptoms associated 

with turkey “X” disease in poults, which led to the discovery of AFs in the early 1960s, can 

be attributed to CPA (Cole 1986).  A. flavus is second only to A. fumigatus in incidences of 

human invasive aspergillosis (Denning 1998; Hedayati et al. 2007; Iwen et al. 1997; Talbot 

et al. 1991); in a survey of 53 reported outbreaks and 458 affected patients, the most common 

species implicated were A. fumigatus in 154 patients and A. flavus in 101 patients (Vonberg 

& Gastmeier 2006).  

In the United States, mycotoxins are estimated to cause agricultural losses totaling 

upwards of $1.66 billion annually (Vardon et al. 2003).  AF contamination in peanut exports 

worldwide potentially accounts for as much as $450 million (Wu 2004; Wu et al. 2008).  

Robens and Cardwell 2003 calculated the costs for AF testing in the United States alone to be 

roughly $30-$50 million.  The costs grow exponentially when management regimes are 

implemented (Wu et al. 2008).  Recent efforts to reduce AF concentrations in crops have 

focused on the use of two non-aflatoxigenic (AF-) A. flavus strains, AF36 (=NRRL 18543) 

and NRRL 21882 (the active component of Afla-Guard®), as biological control agents.  

These biocontrol strains are applied at high densities to agricultural fields, where they 

competitively exclude native aflatoxigenic (AF+) strains from crops and thereby reduce AF 

contamination (Dorner 2005). AF36 was originally isolated from a cotton field in Arizona 

and was approved for commercial use on cotton in Arizona and Texas (EPA 2003).  Ehrlich 

and Cotty 2004 reported that loss of aflatoxigenicity in AF36 is the result of a nonsense 

mutation in pksA (=aflC), a critical early pathway gene in AF biosynthesis.  AF36 has 

otherwise a full AF gene cluster and a functional CPA cluster.  Although AF36 is effective in 
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excluding toxigenic strains and reducing AF levels, this strain is reported to significantly 

increase CPA contamination in food and feed commodities (Abbas et al. 2011).  NRRL 

21882 was isolated from a peanut seed in Georgia and is currently approved for use on 

peanuts and corn in the United States (EPA 2004).  Chang et al. 2005 first reported that 

NRRL 21882 is missing the entire AF and CPA gene clusters.  The commercial application 

of highly competitive AF- strains of A. flavus has been shown to significantly reduce AF 

contamination in peanuts (Dorner et al. 1992, 1998), corn (Dorner et al. 1999) and 

cottonseed (Cotty 1994; Cotty & Bhatnagar 1994).  NRRL 21882 may be more effective than 

AF36 in reducing both AF and CPA levels (Abbas et al. 2011).  However, neither biocontrol 

strain is easy to track after application (Das et al. 2008) and both decline in incidence relative 

to native strains after initial application.  Whether biocontrol strains are at a selective 

disadvantage or are assimilated by indigenous strains through genetic exchange and 

recombination is unknown. 

We recently described Petromyces flavus, the sexual state of A. flavus, from crosses 

between strains of the opposite mating type (Horn et al. 2009a).  We further demonstrated 

that sexual reproduction in A. flavus is heterothallic and occurs between individuals 

belonging to different vegetative compatibility groups (VCGs) (Horn et al. 2009a; Ramirez-

Prado et al. 2008).  Vegetative or heterokaryon incompatibility is a self/non-self recognition 

system whereby compatible hyphal cells with matching heterokaryon incompatibility alleles 

can fuse and undergo genetic exchange through parasexuality; in contrast, hyphal contact 

between incompatible genotypes triggers programmed cell death (Leslie 1993).  In A. flavus 

populations, most of the variation in morphology and mycotoxin production can be attributed 

to differences among VCGs (Horn et al. 1996).  Here we examine the role of sexual 

reproduction in generating mycotoxin diversity in A. flavus. 
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A.4 Materials and Methods 

A.4.1 Sexual crosses 

Nine crosses of sexually compatible A. flavus strains were set up following the methods 

previously described (Horn et al. 2009a; Horn et al. 2009b).  All parents were also self-

crossed to examine the possibility of self-fertility (see Table 1).  Strain selection was based 

on two distinct A. flavus lineages, groups IB and IC, described in a previous study (Moore et 

al. 2009).  Group IC includes a mix of AF+ (IC244, IC278, IC301, IC307, IC308) and AF- 

(AF36) isolates, whereas group IB appears to be strictly AF- and comprises isolates with full  
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Table A.1. Incidences of sexual state in Aspergillus flavus crosses 

MAT1-1 1 MAT1-2 1  

IC  strain NRRL 
strain2 

VCG3   IC  strain NRRL 
strain2 

VCG3 Number of 
sclerotia/stromata per 
slant4 

Number of 
sclerotia/stromata  
examined 

% with ascocarps4,5 % with   ascospore-
bearing ascocarps4,6 

Single strains 

IC244 29473 17    427 ± 34 300 3.3 ± 1.1 0 
IC278 29507 33    730 ± 53 300 0 0 
IC301 29530 56    1213 ± 80 300 0 0 
IC308 29537 63    1384 ± 91 300 0 0 
IC310 35736 ND7    308 ± 21 300 0 0 
IC311 35737 ND    1525 ± 60 300 14.0 ± 3.6 0 
   IC277 29506 32 1617 ± 107 300 5.0 ± 2.0 0 
   IC307 29536 62 674 ± 35 300 0 0 
   IC313 35739 76 132 ± 48 300 0 0 
   IC316 218828 24 1245 ± 160 300 0.3 ± 0.6 0 
   AF369 18543 YV36 74 ± 23 291 0 0 

Crosses 
AF+ isolates within group IC 
IC308 29537 63 IC307 29536 62 342 ± 2 300 72.7 ± 4.0 50.3 ± 14.0 
AF+ and AF- isolates within group IC 
IC278 29507 33 AF36 18543 YV36 62 ± 36 245 79.2 ± 5.9 79.2 ± 5.9 
IC301 29530 56 AF36 18543 YV36 103 ± 46 327 8.5 ± 3.5 3.8 ± 1.5 
AF+ from group IC, and AF- isolates from group IB 
Group IC Group IB  
IC244 29473 17 IC277 29506 32 604 ± 34 440 8.2 ± 7.0 6.5 ± 4.9 
IC244 29473 17 IC316 21882 24 257 ± 78 300 27.0 ± 7.2 26.0 ± 6.1 
IC278 29507 33 IC277 29506 32 489 ± 85 300 33.0 ± 4.0 28.7 + 4.6 
IC278 29507 33 IC313 35739 76 47 ± 18 190 62.2 ± 16.9 51.1 ± 14.9 
AF- isolates within group IB 
IC310 35736 ND IC316 21882 24 334 ± 4 300 11.3 ± 3.5 8.0 ± 1.0 
IC311 35737 ND IC277 29506 32 836 ± 41 300 62.0 ± 6.9 36.3 ± 5.5 
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1Mating-type designations for NRRL 29473, 29506, 29507, 29530, 29536, 29537 from Ramirez-Prado et al. (2008). 
2Strain numbers (NRRL) from Agricultural Research Service Culture Collection, Peoria, Illinois, USA. 
3Vegetative compatibility groups based on Horn and Greene (1995) and Ehrlich et al. (2007). 
4Means ± s.d. (n = 3–5 culture slants).   
5Percentage of total number of sclerotia/stromata examined containing one of more ascocarps irrespective of the presence of ascospores.  
6Percentage of total number of sclerotia/stromata examined containing one or more ascospore-bearing ascocarps. 
7ND = not determined. 
8NRRL 21882 = Afla-Guard® strain. 
9AF36 = IC1179. 
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(IC277, IC310), partial (IC311, IC313) or completely missing (NRRL 21882) AF cluster 

genes.  All group IC isolates examined in this study are CPA+, whereas group IB isolates can 

be classified as CPA+/AF- (IC310, IC311) or CPA-/AF- (IC313, NRRL 21882).  Parental 

strains were selected such that crosses were performed between: (1) AF+ isolates within 

group IC (IC308 × IC307); (2) AF+ and AF- isolates within group IC (IC278 × AF36, IC301 

× AF36); (3) AF+ isolates from group IC and AF- isolates from group IB (IC244 × IC277, 

IC244 × NRRL 21882, IC278 × IC277, IC278 × IC313); and (4) AF- isolates within group 

IB (IC310 × NRRL 21882, IC311 × IC277).  For each cross, up to 300 sclerotia, when 

available, were sliced open and examined for ascocarps and ascospores.  Single ascospore 

progeny isolates were obtained from individual ascocarps within stromata according to Horn 

et al. 2009b. 

 

A.4.2 Mycotoxin quantification and heritability 

AF and CPA production by parents and F1 progeny were determined by inoculating 1 mL of 

yeast-extract sucrose broth in three replicate 4-mL vials with dry conidia (approximately 105) 

(Horn & Dorner 1999).   Cultures were incubated for 7 days at 30 °C in darkness.  Vial 

cultures were analyzed by high performance liquid chromatography for production of AFs 

and CPA as previously described (Horn & Dorner 1999; Horn et al. 1996).  Limits of 

quantification are 0.5 ng of AF B1 and 2 µg of CPA per mL of culture medium. In previous 

work we calculated the heritability of AFs G1, G2, B1, and B2 in A. parasiticus crosses (Horn 

et al. 2009b) and found that an examination of twelve offspring in each of four different 

crosses was sufficient for precise heritability estimates (Carbone, unpublished data).  We 

therefore followed a similar experimental design here with A. flavus and examined eleven or 

twelve offspring for each of the nine crosses. Mycotoxin heritability was estimated as the 

slope of the line obtained by regressing offspring AF and CPA trait values on the values of 

the mid-parent.   
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A.4.3 DNA isolation and multilocus sequencing 

Total genomic DNA was extracted from freeze-dried mycelia using either the Qiagen 

maxiprep kit (Qiagen, Valencia, CA) or the MasterPure Yeast DNA Purification Kit 

(Epicentre Technologies, Madison, WI) following the manufacturer’s protocol.  Sequences of 

oligonucleotide primers used in PCR amplifications and DNA sequencing for multilocus 

sequence typing (MLST) were as described previously (Carbone et al. 2007; Moore et al. 

2009).  DNA sequences for each locus were aligned and manually adjusted using Sequencher 

Version 4.7 (Gene Codes Corporation, Ann Arbor, MI); alignments were exported as 

NEXUS files and imported into SNAP Workbench (Price & Carbone 2005).  Multiple 

sequence alignments for each locus were collapsed separately into haplotypes using SNAP 

Map (Aylor et al. 2006) and combined using SNAP Combine (Aylor et al. 2006) for 

inference of MLSTs.  Collapsing into haplotypes was performed with the options of recoding 

insertions/deletions (indels) for maximal MLST resolution. 

 

A.4.4 MLSTs 

Genome-wide recombination events arising from independent assortment of chromosomes 

were detected by examining MLSTs based on variation at eight loci that span four 

chromosomes:  aflC, aflG/aflL, aflV/aflW, aflW/aflX and mfs located on chromosome 3; the 

microsatellite locus AF17 (Grubisha & Cotty 2009b) on chromosome 2; and the mating type 

(MAT) and tryptophan synthase (trpC) genes located on chromosomes 6 and 4, respectively.  

Missing AF genes were scored as null alleles.  For each locus, we tested the null hypothesis 

of no significant difference in the frequency of parental alleles in the progeny sampled from 

each cross using a binomial test implemented in MS Excel.  In crosses that produce progeny 

with no crossovers in the AF cluster, we would expect Mendelian segregation of loci on 

different chromosomes to result in only (0.5)4 or 6% of the progeny sharing a parental 

MLST.  
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We examined a cluster-specific MLST for reconstructing crossover events in the AF 

gene cluster.  This was based on a portion of the polyketide synthase gene (aflC) that 

contains a nonsense mutation rendering AF36 non-aflatoxigenic (Ehrlich & Cotty 2004), 

three intergenic regions in the AF cluster that span the recombination hotspot (aflG/aflL, 

aflV/aflW, and aflW/aflX) (Moore et al. 2009), and a gene belonging to the major facilitator 

superfamily (mfs), which is tightly linked to the AF cluster and is present in strains with full, 

partial or completely missing cluster genes (Moore et al. 2009).  A crossover between these 

loci in the parents would result in progeny genotypes with a different combination of parental 

alleles. 

 

A.4.5 Array comparative genome hybridization (aCGH) 

Representative progeny showing recombinant AF gene clusters, as determined by cluster-

specific MLSTs, along with their respective parental strains were further subjected to aCGH 

to corroborate inferences from cluster-based MLSTs and to possibly identify additional 

crossovers within the cluster.  Previous work has shown that aCGH provides sufficient 

resolution to examine intraspecific genetic variation and strain-specific variation in gene 

content in A. flavus (Fedorova et al. 2009).  aCGH of parent-offspring trios (two parents plus 

one progeny) was based on hybridization of total genomic DNA to whole genome A. flavus 

Affymetrix GeneChip microarrays.  Each array comprises 12,834 predicted genes and 397 

predicted antisense transcripts of A. flavus NRRL 3357 (Payne et al. 2008).  Each gene is 

represented by twelve 25-mer-oligonucleotide probes located at the 3’ end of the gene.  The 

array includes tiling with partially overlapping probes in the intergenic regions of the AF 

biosynthetic pathway from aflF to nadA.  Genomic DNA was labeled using the BioPrime 

DNA labeling System (Invitrogen Catalogue No. 18094-011) as follows:  (1) fungal DNA in 

the amount of 300-350 ng was mixed with 60 µl of 2.5X random primers (BioPrime kit) and 

132 µl of dH2O; (2) the reaction mixture was denatured in an Eppendorf thermocycler at 99 

°C for 10 min and then cooled at 4 °C for 15 min; (3) 15 µl of 10X dNTPs containing biotin 
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dCTP and 3 µl Klenow polymerase were added and incubated at 25 °C in a thermocycler for 

18 h; (4) the reaction mixture was precipitated by adding 15 µl of 3M NaOAc and 400 µl of 

cold 95% ethanol, followed by incubation at 20 °C for 15 min; (5) samples were centrifuged 

at high speed in a refrigerated microcentrifuge for 20 min; and (6) the pellets were washed 

with 500 µl ice-cold 70% ethanol, centrifuged and then vacuum dried with heating for 10 

min.  DNA was resuspended in 100 µl of dH2O, and 5 µl was used to check the quality of the 

labeled DNA on a gel. 

Each sample was analyzed by the microarray laboratories of Expression Analysis 

(Raleigh-Durham NC).  Briefly, 300-350 ng of fragmented genomic DNA was diluted in 

hybridization buffer (MES, NaCl, EDTA, Tween 20, Herring Sperm DNA, Acetylated BSA) 

containing biotin-labeled OligoB2 and Eukaryotic Hybridization Controls (Affymetrix).  The 

hybridization cocktail was denatured at 99 °C for 5 minutes, incubated at 45 °C for 5 minutes 

and then injected into a GeneChip cartridge.  The GeneChip array was incubated at 42 °C for 

at least 16 hours in a rotating oven at 60 rpm.  GeneChips were washed with a series of 

nonstringent (25 °C) and stringent (50 °C) solutions containing variable amounts of MES, 

Tween20 and SSPE.  The microarrays were then stained with streptavidin-phycoerythrin, and 

the fluorescent signal was amplified using a biotinylated antibody solution.  Fluorescent 

images were detected in a GeneChip® Scanner 3000 and array data were extracted using the 

GeneChip Operating System v 1.1 (Affymetrix).  Array images were further inspected for 

defects or debris.  Quality control was based on a comparison of the conformity of 

hybridization controls, scaling factor, and noise; percent detection metrics were analyzed to 

determine if any outliers were present. 

 

A.4.6 Parent-offspring trio heat maps 

Array data for all strains examined using aCGH were imported into JMP genomics (SAS, 

Cary, NC, USA) for further transformation and normalization.  Data were log2 transformed 
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and normalized using Loess normalization.  Because we are interested in detecting 

differences in hybridization intensities, no background correction was applied.  The 

normalized and transformed data were exported in MS Excel format.  All probe sets for 

genes between the telomere on the right arm of chromosome 3 (abbreviated 3R) up to the 

CPA cluster, for the adjacent AF cluster genes and intergenic regions, and for the flanking 

sugar cluster genes were selected and ordered by their physical location on chromosome 3R 

(Table S1).  A heat map and corresponding color scale for this telomeric/subtelomeric region 

was automatically generated for each of nine parent-offspring trios using the imagesc 

function in Matlab (MathWorks Inc., Natick, MA).  For each trio, we evaluated 

parent/offspring transmission by comparing hybridization intensities from the arrays.  We 

used a simple squared difference between measurements and aggregated the values within a 

window by summing across probes.  In the analyses, ,  and  denote the normalized 

probe  intensities for parent 1, parent 2 and their offspring, respectively.  Crucially, at 

polymorphic sites we expect the smaller of  and  to associate with 

inheritance and also expect a switch of parental origin at recombination breakpoints.  To 

assess the proximity of probe  to a breakpoint, we sum over neighboring probes 

 to aggregate signal within a 201-probe window centered 

around the probe of interest.  This value is divided by  to 

obtain a test statistic t bounded between 0 and 1, with values close to either extreme 

indicative of a recombination breakpoint. 

 

A.4.7 Genome-wide parentage plots 

We examined genome-wide aCGH data for evidence of independent assortment and crossing 

over in the nine parent-offspring trios.  A. flavus probe data were normalized using Loess 
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normalization but not log2 transformed.  We calculated the median of the  in a 

five-probe window minus the median of the  in the same five-probe window.  This 

statistic measures the similarity of the offspring to each parent in a five-probe window and 

was plotted for visual display of putative recombination events.  Each red dot in the plots 

represents one probe (see Fig. S1), but the plotted value is based on the five-probe window.  

The plots for each parent-offspring trio show the degree of similarity of the offspring to each 

parent on the y-axis and the approximate physical location of each probe on the chromosome.  

For example, a positive difference translates to an offspring showing more similarity to the 

top parent in the plot while a negative difference suggests that the offspring is more similar to 

the bottom parent.  Further confirmation of parent-offspring relationships was obtained by 

mapping MLST loci that distinguish parents and offspring directly on the parentage plot. 

 

A.4.8 Linkage disequilibrium (LD) and recombination analysis 

The tiling of intergenic regions on the array allowed for high resolution of recombination 

breakpoints in the AF gene cluster of F1 progeny.  Further resolution of patterns and rates of 

mutation and recombination in the AF cluster was based on DNA sequence variation in five 

linked loci (aflC, aflG/aflL, aflV/aflW, aflW/aflX and mfs).  Recombination analyses were 

based on the experimental population sample, which included parental and F1 progeny 

strains.  We compared estimates of experimental recombination parameters to estimates from 

a population of A. flavus in a peanut field in Herod, Georgia (Horn & Greene 1995; Moore et 

al. 2009), which is the source population of six parental strains (IC244, IC278, IC301, IC308, 

IC277, IC307) used in our experimental crosses; the other five parental strains not used in the 

population estimates were sampled from Texas (IC313), North Carolina (IC310) and 

Alabama (IC311) along a US transect (Horn & Dorner 1998), from Terrell County in 

Georgia (NRRL 21882) EPA 2004 and from Arizona (AF36) EPA 2003.  Our hypothesis is 

that a combined analysis of parents and recombinants arising from crossovers in the AF 
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cluster will accurately reconstruct the recombination block structure observed in nature.  This 

would be supportive evidence that a single round of sexual reproduction could create the 

patterns of LD and cluster deletions observed in nature.  Previously we showed that LD 

blocks in the AF cluster of A. flavus (Moore et al. 2009) coincide with specific cluster 

deletion patterns of (Chang et al. 2005). 

Recombination analysis in the AF gene cluster was based on variation in the aflC, 

aflG/aflL, aflV/aflW, aflW/aflX, and mfs regions, and was performed using five approaches:  

(1) LD analyses to identify recombination blocks in the cluster using SNAP Clade and 

Matrix (Bowden et al. 2008), as well as genome-wide analyses including trpC, MAT, and 

AF17 to determine the extent of LD between unlinked loci; (2) estimation of the minimum 

number of recombination events (Rh) using the program RecMin (Myers & Griffiths 2003); 

(3) estimation of the population recombination rate per base pair using Hey and Wakeley’s γ 

estimator (Hey & Wakeley 1997) as implemented in the SITES program; (4) computation of 

a lower bound on the minimum number of crossovers using HapBound-GC (Song et al. 

2007); and (5) reconstruction of a minimal ancestral recombination graph (ARG) using the 

branch and bound algorithm implemented in the Beagle program (Lyngsø et al. 2005) 

(http://www.stats.ox.ac.uk/~lyngsoe/section26/).  All recombination analyses were based on 

DNA sequence variation that was compatible with an infinite sites mutation model; recoded 

indels violating this model were excluded using SNAP Map. 

 

A.4.9 MLST, VCG and mycotoxin associations 

In a previous study, 79 isolates of A. flavus were sampled from a single peanut field (Herod, 

Georgia, USA) and grouped into 44 VCGs based on vegetative compatibility testing (Horn & 

Greene 1995).  To determine whether MLSTs inferred for our experimental population are 

similar to VCGs from nature, we examined variation in seven out of the eight MLST loci 

(aflG/aflL, aflV/aflW, aflW/aflX, mfs, trpC, MAT, and AF17), which were previously 

sequenced for all isolates in the Georgia field population (Moore 2010; Moore et al. 2009).  
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Haplotype diversity was calculated as the weighted average of the estimated diversities in the 

F1 and natural subpopulations using the HS statistic described by (Hudson et al. 2010).  

Estimates of recombination rates in F1 and natural populations were based on variation in 

aflG/aflL, aflV/aflW, aflW/aflX and mfs regions using the SITES program.  Previous work has 

shown a tight correlation between VCG and AF/CPA concentrations in A. flavus (Horn et al. 

1996), which suggests that molecular markers that distinguish VCGs can also be useful 

indicators of mycotoxin diversity.  Within each cross we first tested for a significant 

difference in mean AF and CPA concentrations between progeny and parental isolates using 

ANOVA followed by a comparison of means using Tukey’s multiple comparisons test 

implemented in the R statistical software (R Development Core Team 2010).  All tests were 

based on three biological replicates for each isolate except for IC1742, which had two 

replicates.  Significant differences were interpreted within the context of MLSTs based on 

the five cluster loci (aflC, aflG/aflL, aflV/aflW, aflW/aflX and mfs) and the eight genome-

wide loci (aflC, aflG/aflL, aflV/aflW, aflW/aflX, mfs, MAT, trpC, and AF17).  Because 

genome MLST associates with VCG, we examined whether progeny strains that shared a 

multilocus haplotype had a significant difference in AF and CPA production. 

 

A.5 Results 

A.5.1 Sexual crosses 

Crosses showed quantitative variation in (1) the number of sclerotia/stromata per slant; (2) 

the proportion of sclerotia/stromata with ascocarps; and (3) the proportion of 

sclerotia/stromata containing ascospore-bearing ascocarps (Table 1).  Four strains (IC244, 

IC277, IC311, and NRRL 21882) that were self-crossed produced abundant sclerotia and 

harbored sterile ascocarps as reported in A. nomius (Horn et al. 2011); the percentage of 

sclerotia with sterile ascocarps was between 0.3 (NRRL 21882) and 14.0 (IC311).  In crosses 

between strains of compatible mating type, the percentage of sclerotia/stromata with 

ascospore-bearing ascocarps ranged from 3.8 to 79.2. The number of sclerotia produced did 
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not correlate with fertility (formation of ascospore-bearing ascocarps), as seen in cross IC278 

× AF36, which had the highest fertility but was one of the lowest sclerotial producers (Table 

1).  As reported previously in A. parasiticus (Horn et al. 2009b) and A. flavus (Horn et al. 

2009a), the same parental strain in different crosses yielded different fertilities; for example, 

AF36 had the highest fertility when crossed with IC278 and the lowest fertility when crossed 

to IC301 (Table 1).  
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 Table A.2. Multilocus genotypes and toxin phenotypes from nine Aspergillus flavus crosses  

  Loci examined1 Aflatoxin2   

IC Strain 

NRRL 

Strain3  
 

M
AT

  
 

af
lC

  

C
hr

. 3
 a

flG
/a

flL
 

 
 

af
lV

/ a
flW

 

C
hr

. 3
 a

flW
/a

flX
 

 
 

m
fs

  
 

tr
pC

  
 

A
F1

7 

B1  

(µg/mL) 

B2 

(µg/mL) 

Total  

B1 + B2 

(µg/mL)4 

CPA  

(µg/mL)4,5 

 

M
LS

T6 

G
en

om
e 

M
LS

T7 

AF+ isolates within group IC 
Parents 
IC308 29537 1 H1 H1 H1 H1 H1 H1 H1 18.9 (11.5) 0.4 (0.2) 19.3 (11.7) 279.5 (18.5) H1 H1 
IC307 29536 2 H2 H2 H2 H2 H2 H2 H2 203.2 (24.5) 5.9 (0.5) 209.1 (24.8) 207.3 (15.0) H2 H2 
Progeny  
Ascocarp 28 

IC1740 62379 2 H1 H1 H1 H1 H1 H2 H1 85.3 (22.6) 3.2 (0.8) 88.4 (23.4)** 308.6 (31.8)** H1 H7 
IC1741 62380 2 H1 H1 H1 H1 H1 H2 H1 71.5 (7.9) 2.2 (0.2) 73.8 (8.1)** 238.9 (17.2) H1 H7 
IC1742 62381 2 H2 H2 H2 H2 H2 H1 H1 218.4 (33.0) 8.6 (0.9) 227.0 (33.9)*  220.9 (11.8) H2 H6 
IC1743 62382 1 H2 H2 H2 H2 H2 H2 H2 83.7 (12.1) 1.9 (0.2) 85.6 (12.3)** 153.9 (10.4)* H2 H4 
IC1744 62383 1 H2 H2 H2 H2 H2 H2 H1 160.3 (25.8) 3.8 (0.6) 164.1 (26.4)* 172.8 (25.5)* H2 H5 
IC1745 62384 2 H1 H1 H1 H1 H1 H2 H2 154.6 (2.2) 4.5 (0.4) 159.1 (2.5)* 203.2 (49.3)* H1 H9 
IC1746 62385 2 H2 H2 H2 H2 H2 H1 H1 147.0 (34.9) 4.6 (1.1) 151.6 (36.0)* 205.6 (25.3)* H2 H6 
IC1747 62386 2 H1 H1 H1 H1 H1 H2 H1 64.9 (21.0) 2.1 (0.7) 67.0 (21.7)** 164.5 (3.4)* H1 H7 
IC1748 62387 1 H2 H2 H2 H2 H2 H2 H2 103.1 (48.0) 2.5 (1.9) 105.6 (49.9)*** 163.4 (11.9)* H2 H4 
IC1749 62388 1 H1 H1 H1 H1 H1 H2 H2 62.0 (10.8) 1.6 (0.3) 63.6 (11.0)** 161.7 (17.2)* H1 H10 
IC1750 62389 2 H1 H1 H1 H1 H1 H1 H2 108.4 (31.9) 2.9 (0.9) 111.2 (32.7)*** 228.0 (20.3) H1 H8 
IC1751 62390 2 H2 H2 H1 H1 H1 H2 H2 173.9 (9.2) 6.1 (0.6) 180.0 (9.7)* 179.2 (6.5)* H3 H3 
AF+ and AF- isolates within group IC 
Parents 
IC278 29507 1 H1 H1 H1 H1 H1 H1 H1 127.0 (20.2) 3.2 (0.7) 130.2 (20.8) 157.6 (6.1) H1 H1 
AF369 18543 2 H2 H2 H2 H1 H1 H2 H2 0 (0) 0 (0) 0 (0) 111.8 (6.8) H2 H2 
Progeny 
Ascocarp 1 
IC1644 62309 1 H1 H1 H1 H1 H1 H1 H1 27.4 (6.3) 0.5 (0.2) 27.8 (6.5)* 166.4 (38.9)** H1 H1 
IC1645 62310 2 H1 H1 H1 H1 H1 H1 H1 78.6 (28.0) 1.7 (0.7) 80.4 (28.7)*** 154.0 (8.6) H1 H7 
IC1646 62311 1 H2 H2 H2 H1 H1 H1 H2 0 (0) 0 (0) 0 (0)* 52.2 (21.5)*** H2 H3 
IC1647 62312 1 H2 H2 H2 H1 H1 H1 H1 0 (0) 0 (0) 0 (0)* 67.8 (17.9)* H2 H5 
IC1648 62313 1 H1 H1 H1 H1 H1 H1 H2 107.1 (23.4) 3.1 (0.7) 110.2 (24.1)** 146.6 (16.1) H1 H9 
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IC1649 62314 2 H1 H1 H1 H1 H1 H2 H1 52.3 (9.3) 1.0 (0.2) 53.3 (9.5)*** 116.0 (11.3) H1 H8 
Ascocarp 2 

IC1650 62315 2 H1 H1 H2 H1 H1 H1 H1 85.1 (11.2) 1.7 (0.3) 86.8 (11.6)*** 129.8 (4.7) H3 H6 
IC1651 62316 1 H2 H2 H2 H1 H1 H1 H1 0 (0) 0 (0) 0 (0)* 126.1 (9.2) H2 H5 
IC1652 62317 1 H2 H2 H2 H1 H1 H2 H2 0 (0) 0 (0) 0 (0)* 113.0 (14.5) H2 H4 
IC1653 62318 2 H1 H1 H1 H1 H1 H2 H1 48.8 (11.0) 1.0 (0.2) 49.7 (11.2)*** 85.0 (7.9)* H1 H8 
IC1654 62319 1 H2 H2 H2 H1 H1 H1 H1 0 (0) 0 (0) 0 (0)* 43.8 (4.8)*** H2 H5 
IC1655 62320 2 H1 H1 H1 H1 H1 H1 H1 70.0 (10.5) 1.5 (0.2 ) 71.5 (10.7)*** 112.9 (4.1) H1 H7 
Parents  
IC301 29530 1 H1 H1 H1 H1 H1 H1 H1 59.3 (28.5) 0.8 (0.4) 60.1 (28.9) 222.7 (19.7) H1 H1 
AF36 18543 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0) 117.3 (8.1) H2 H2 
Progeny  
Ascocarp 1 
IC2165 62368 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 83.9 (11.7)* H2 H2 
IC2166 62369 1 H1 H1 H1 H1 H1 H2 H1 13.6 (1.9) 0.1 (0.02) 13.7 (1.9)* 209.2 (17.1) H1 H8 
IC2167 62370 2 H1 H1 H1 H1 H1 H1 H1 8.0 (8.6) 0.1 (0.1) 8.1 (8.7)* 179.9 (63.5) H1 H6 
IC2168 62371 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 167.6 (15.1) H2 H2 
IC2169 62372 2 H1 H1 H1 H1 H1 H2 H1 11.4 (2.8) 0.1 (0.05) 11.6 (2.8)* 240.1 (22.01) H1 H7 
IC2170 62373 2 H1 H1 H1 H1 H1 H1 H1 12.6 (2.5) 0.1 (0.03) 12.7 (2.5)* 157.3 (93.3) H1 H6 
IC2171 62374 2 H2 H1 H1 H1 H1 H2 H1 0 (0) 0 (0) 0 (0)* 99.9 (19.4) H3 H3 
IC2172 62375 2 H2 H2 H2 H2 H2 H1 H2 0 (0) 0 (0) 0 (0)* 86.5 (5.0)* H2 H4 
IC2173 62376 2 H1 H1 H1 H1 H1 H1 H1 9.4 (12.9) 0.1 (0.1) 9.5 (13.0)* 157.0 (89.6) H1 H6 
IC2174 62377 2 H2 H2 H2 H2 H2 H2 H1 0 (0) 0 (0) 0 (0)* 100.6 (8.1) H2 H5 
IC2176 62378 1 H1 H1 H1 H1 H1 H2 H1 18.0 (2.9) 0.1 (0.03) 18.1 (2.9)* 154.6 (63.2) H1 H8 
AF+ from group IC, and AF- isolates from group IB 
Parents  
IC244 29473 1 H1 H1 H1 H1 H1 H1 H1 118.5 (31.1) 4.1 (1.4) 122.6 (32.5) 119.0 (4.9) H1 H1 
IC277 29506 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0) 113.5 (11.1) H2 H2 
Progeny  
Ascocarp 1 
IC2201 62403 2 H1 H1 H1 H1 H1 H2 H1 11.9 (4.1) 0.2 (0.1) 12.1 (4.2)* 62.8 (1.6) H1 H9 
IC2202 62404 1 H1 H1 H1 H1 H1 H1 H1 73.3 (38.7) 2.7 (1.5) 76.0 (40.2)** 152.6 (53.3) H1 H1 
IC2203 62405 1 H1 H1 H1 H1 H1 H2 H2 91.8 (23.0) 2.5 (0.8) 94.4 (23.8)** 146.1 (27.5) H1 H10 
IC2204 62406 1 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 525.0 (292.0)*** H2 H4 
IC2205 62407 2 H1 H1 H2 H2 H2 H1 H2 58.0 (17.6) 0.8 (0.3) 58.8 (17.9)*** 104.5 (23.4) H4 H8 
IC2206 62408 2 H1 H1 H1 H1 H1 H2 H1 31.2 (16.3) 0.6 (0.4) 31.8 (16.7)* 91.2 (12.4) H1 H9 
IC2207 62409 1 H2 H2 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0)* 224.5 (7.4) H3 H3 
IC2208 62410 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 205.8 (10.4) H2 H2 
IC2209 62411 2 H210 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 0 (0) H5 H11 
IC2210 62412 2 H2 H2 H2 H2 H2 H2 H1 0 (0) 0 (0) 0 (0)* 118.1 (9.6) H2 H7 
IC2211 62413 2 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 240.9 (40.4) H2 H6 
IC2212 62414 1 H2 H2 H2 H2 H2 H2 H1 0 (0) 0 (0) 0 (0)* 268.2 (19.0) H2 H5 
Parents 
IC244 29473  1 H1 H1 H1 H1 H1 H1 H1 195.3 (39.4) 7.5 (1.8) 202.8 (41.1) 175.7 (8.0) H1 H1 
IC316 2188211 2 –12 – – – H2 H2 H2 0 (0) 0 (0) 0 (0) 0 (0) H2 H2 
Progeny 
Ascocarp 1 
IC1692 62333 2 H1 H1 H1 H1 H1 H1 H1 68.0 (14.6) 1.8 (0.6 ) 69.9 (15.2)*** 136.5 (5.0)*** H1 H6 
IC1693 62334 1 H1 H1 – – H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H3 
IC1694 62335 2 H1 H1 H1 H1 H1 H1 H1 58.3 (23.7) 0.8 (0.4) 59.0 (24.1)*** 67.2 (8.3)*** H1 H6 
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IC1695 62336 2 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H5 
IC1696 62337 1 H1 H1 H1 H1 H1 H2 H1 57.1 (27.4) 1.2 (0.7) 58.3 (28.1)*** 108.5 (31.2)*** H1 H8 
IC1697 62338 2 H1 H1 – – H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H5 
IC1698 62339 2 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H5 
IC1699 62340 1 H2 – – – H2 H2 H1 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H4 
IC1700 62341 2 H1 H1 H1 H1 H1 H2 H1 28.6 (5.7) 0.6 (0.1) 29.2 (5.8)* 146.2 (25.5)** H1 H7 
IC1701 62342 2 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H5 
IC1703 62343 1 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H3 
Parents  
IC278 29507 1 H1 H1 H1 H1 H1 H1 H1 91.1 (21.0) 2.1 (0.6) 93.2 (21.6) 131.3 (5.1) H1 H1 
IC277 29506 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0) 110.1 (8.9) H2 H2 
Progeny  
Ascocarp 1 
IC2189 62391 1 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 82.0 (26.4) H2 H3 
IC2190 62392 2 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 122.8 (14.3) H2 H2 
IC2191 62393 1 H1 H1 H1 H1 H1 H2 H2 64.8 (23.4) 1.4 (0.6) 66.2 (24.1)** 109.6 (7.1) H1 H6 
IC2192 62394 1 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 160.4 (14.2) H2 H3 
IC2193 62395 1 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 579.2 (48.8)*** H2 H3 
IC2194 62396 1 H1 H1 H1 H1 H1 H1 H1 42.4 (6.6) 0.6 (0.2) 42.9 (6.8)*** 99.3 (9.2) H1 H1 
IC2195 62397 1 H1 H1 H1 H1 H1 H2 H1 30.4 (9.3) 0.4 (0.1) 30.8 (9.4)*** 84.2 (8.2) H1 H7 
IC2196 62398 2 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 164.1 (16.9) H2 H5 
IC2197 62399 1 H2 H2 H2 H2 H2 H1 H1 0 (0) 0 (0) 0 (0)* 118.4 (20.1) H2 H3 
IC2198 62400 1 H1 H1 H1 H1 H1 H1 H2 17.0 (3.4) 0.3 (0.1) 17.3 (3.4)* 95.9 (11.0) H1 H8 
IC2199 62401 1 H1 H1 H1 H1 H1 H1 H1 40.2 (3.6) 0.6 (0.1) 40.8 (3.6)*** 177.0 (7.5)** H1 H1 
IC2200 62402 1 H2 H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 166.3 (41.7) H2 H4 
Parents 
IC278 29507 1 H1 H1 H1 H1 H1 H1 H1 125.7 (48.9) 3.3 (1.6) 129.1 (50.4) 156.9 (55.4) H1 H1 
IC313 35739 2 – H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0) 0 (0) H2 H2 
Progeny  
Ascocarp 1 
IC1668 62321 2 – H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H2 
IC1669 62322 2 H1 H1 H1 H1 H1 H2 H2 46.9 (17.4) 0.8 (0.5) 47.7 (17.8)* 68.8 (21.7)*** H1 H7 
IC1670 62323 2 H1 H1 H1 H1 H1 H2 H1 67.9 (16.2) 1.4 (0.3) 69.2 (16.5)*** 117.9 (35.6)** H1 H10 
IC1671 62324 2 H1 H1 H1 H1 H1 H1 H1 53.5 (11.0) 1.0 (0.2) 54.5 (11.2)*** 88.5 (10.3)*** H1 H8 
IC1672 62325 2 H1 H1 H1 H1 H1 H2 H2 58.2 (12.8) 1.5 (0.4) 59.6 (13.3)*** 101.5 (10.2)** H1 H7 
IC1673 62326 2 H1 H1 H1 H1 H1 H2 H1 47.9 (5.1) 0.8 (0.1) 48.7 (5.2)* 109.4 (11.9)** H1 H10 
IC1674 62327 2 – H2 H2 H2 H2 H2 H1 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H6 
IC1675 62328 2 – H2 H2 H2 H2 H1 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H5 
IC1676 62329 1 – H2 H2 H2 H2 H2 H2 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H3 
IC1677 62330 1 H1 H1 H1 H1 H1 H2 H2 37.9 (10.6) 0.7 (0.3) 38.5 (10.9)* 126.1 (21.3)** H1 H11 
IC1678 62331 1 – H2 H2 H2 H2 H2 H1 0 (0) 0 (0) 0 (0)* 0 (0)* H2 H4 
Ascocarp 2 
IC1679 62332 2 H1 H1 H1 H1 H1 H1 H2 70.9 (20.3) 1.5 (0.5) 72.4 (20.8)*** 155.8 (9.2)** H1 H9 
AF- isolates within group IB 
Parents 
IC310 35736 1 H1 H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 12.7 (2.8) H1 H1 
IC316 21882 2 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0) 0 (0) H2 H2 
Progeny 
Ascocarp 1 
IC1716 62344 1 H2 H2 – – H2 H1 H2 0 (0) 0 (0) 0 (0) 0 (0)* H2 H3 
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IC1717 62345 2 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0) 0 (0)* H2 H2 
IC1718 62346 1 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0) 0 (0)* H2 H3 
IC1719 62347 1 H1 H1 H1 H1 H1 H1 H2 0 (0) 0 (0) 0 (0) 0 (0)* H1 H8 
IC1720 62348 2 H1 H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 20.9 (1.7)*** H1 H6 
IC1721   62349 1 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0) 0 (0)* H2 H3 
IC1722 62350 1 & 2 H1 H1 H1 H1 H1 H1 H2 0 (0) 0 (0) 0 (0) 10.2 (2.8)** H1 H7 
IC1723 62351 2 – – – – H2 H1 H2 0 (0) 0 (0) 0 (0) 0 (0)* H2 H2 
IC1724 62352 1 H2 H3 – – H2 H1 H1 0 (0) 0 (0) 0 (0) 0 (0)* H2 H4 
IC1725 62353 2 – – – – H2 H1 H1 0 (0) 0 (0) 0 (0) 0 (0)* H2 H5 
IC1726 62354 2 – – – – H2 H1 H1 0 (0) 0 (0) 0 (0) 0 (0)* H2 H5 
IC1727 62355 2 – – – – H2 H1 H1 0 (0) 0 (0) 0 (0) 0 (0)* H2 H5 
Parents 
IC311 35737 1 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 36.8 (20.8) H1 H1 
IC277 29506 2 H1 H2 H1 H2 H2 H1 H1 0 (0) 0 (0) 0 (0) 120.0 (34.0) H2 H2 
Progeny 
Ascocarp 1 
IC1764 62356 1 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 138.7 (15.2)* H1 H1 
IC1765 62357 1 H1 H2 H1 H2 H2 H1 H1 0 (0) 0 (0) 0 (0) 100.2 (14.7)* H2 H3 
IC1766 62358 1 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 48.5 (1.9)** H1 H1 
Ascocarp 3 
IC1767 62359 1 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 29.2 (5.1)** H1 H1 
Ascocarp 8 
IC1768 62360 1 H1 H2 H1 H2 H2 H1 H1 0 (0) 0 (0) 0 (0) 45.5 (16.0)** H2 H3 
IC1769 62361 1 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 45.9 (6.8)** H1 H1 
Ascocarp 9 
IC1770 62362 1 H2 H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 128.9 (9.1)* H1 H1 
IC1771 62363 2 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 47.5 (4.1)** H1 H5 
IC1772 62364 1 H1 H2 H1 H2 H2 H1 H1 0 (0) 0 (0) 0 (0) 144.4 (26.4)* H2 H3 
IC1773 62365 1 H1 H2 H1 H2 H2 H1 H1 0 (0) 0 (0) 0 (0) 3.8 (3.8)** H2 H3 
IC1774 62366 1 H1 H2 H1 H2 H2 H1 H1 0 (0) 0 (0) 0 (0) 84.7 (36.6) H2 H3 
IC1775 62367 1 – H1 H1 H1 H1 H1 H1 0 (0) 0 (0) 0 (0) 46.3 (15.2)**  H1 H1 

 

1Parental mating-type (MAT) designations for NRRL 29473, 29506, 29507, 29530, 29536, 29537 are from Ramirez-Prado et al. (2008); aflV/aflW is approximately 16 kb downstream of aflG/aflL on Chr. 3; aflW/aflX is approximately 2 kb 

downstream of aflV/aflW on Chr. 3; mfs is approximately 14 kb downstream of aflW/aflX on Chr. 3 Yu et al. 2004.  The aflG/aflL, aflV/aflW, and aflW/aflX loci are intergenic, and the aflC locus is within the exon at the location of the nonsense 

mutation in AF36.  Each cross is separated by gray blocks in which the parents are indicated.   

2Aflatoxin values are means of three replications; standard deviations are in parentheses. 

3Strain numbers (NRRL) from Agricultural Research Service Culture Collection, Peoria, Illinois, USA. 

4Significant (P ≤ 0.05) differences in total aflatoxin and CPA concentrations are indicated between a progeny isolate and the MAT1-1 parent (*), the MAT1-2 parent (**) or both (***).  
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5Cyclopiazonic acid values are means of 3 replications; standard deviations are in parentheses. 

6Cluster MLST refers to the collapsing of genetic data comprising the loci within the aflatoxin cluster (chr. 3R), including the linked gene locus mfs.  The presence of haplotypes that differ from the parents (H1, H2) indicates a crossover 

recombination event. 

7Genome MLST incorporates all loci examined into the collapsing of genetic data.  The presence of haplotypes that differ from the parents (H1, H2) indicates recombination due to independent assortment and/or crossing over. 

8For each cross, ascospores from different ascocarps were examined separately.  

9AF36 = IC1179. 

10Haplotype designations in italics represent putative hidden alleles and were excluded from cluster and genome MLST determinations. 

11NRRL 21882 = Afla-Guard® strain. 

12Signifies a missing locus within the genotype of the particular strain.  
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A.5.2 Mycotoxin heritability 

Mean parental and progeny AF B1, B2 and CPA concentrations (µg/mL; n = 3) are shown in 

Table 2.  The calculated heritability (h2) was 0.72 ± 0.24 (95% CI: [0.16, 1.28]) for AFs 

B1+B2, and 0.87 ± 0.20 (95% CI: [0.39, 1.35]) for CPA production (Fig. 1); the remaining 

proportion of the variance for each can be explained by genotype by environment effects. 

 

A.5.3 MLSTs 

As confirmed by genotyping, 82.1% (87/106) of the progeny were recombinants via 

independent assortment, whereas 5.7% (6/106) of the progeny (IC1650, IC1751, IC2171, 

IC2205, IC2207, and IC2209) were recombinants in the AF gene cluster (Table 2).  Cluster 

loci that flank the recombination hotspot on chromosome 3R (Moore et al. 2009) segregated 

in a Mendelian fashion such that all of the AF cluster crossovers also showed independent 

assortment.  For example, in cross IC278 × AF36, genotyping (Table 2) and aCGH (see Fig. 

S1A) show that progeny isolate IC1650 has the genetic background of the AF- parent (AF36) 

for chromosomes 6, 7 and 8 and inherited chromosomes 2, 4 and 5 of the AF+ parent 

(IC278).  Putative crossovers in these chromosomes are localized to subtelomeric/telomeric 

regions, giving rise to crossover hybrids as observed in the right arm of chromosome 3 (Fig. 

S1A).  Genotyping of cluster loci in IC1650 shows the existence of an AF+ recombinant 

cluster haplotype H3, with a single crossover in the aflL gene region between AF36 and 

IC278.  

There was no significant difference in the frequency of MAT1-1 (48.6%) and MAT1-2  
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Figure A.1.  A graphical representation of the heritability of aflatoxin (AF) and 
cyclopiazonic acid (CPA) based on nine A. flavus crosses.  Each datum point, shown in color, 
represents one of the nine crosses and was obtained by calculating the midpoint toxin 
concentrations of both parents (midparent), shown on the x-axis, and the average 
concentrations of a representative set of 11-12 offspring for each respective cross, shown on 
the y-axis.  The slope of the regression line corresponds to the heritability of the toxin 
phenotype.  For AF, the 95% confidence interval = [0.164681, 1.277303], standard error  = 
0.235264 and r2 = 0.57296.  For CPA, the 95% confidence interval = [0.393246, 1.352344], 
standard error = 0.202801 and r2 = 0.72572. 
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(51.4%) in the progeny pooled from all crosses (n = 107, P = 0.8468), as is expected for any 

two segregating loci that are able to assort independently during meiosis.  In testing for 

significance, one offspring (IC1722) had both MAT1-1 and MAT1-2 and was counted twice.  

Similarly, we examined segregation of linked AF cluster genes (aflG/aflL, aflV/aflW, 

aflW/aflX, mfs), trpC, MAT and AF17 in each cross, and with the exception of MAT in 

crosses IC311 × IC277 and IC278 × IC277 where MAT1-1 predominates, there were no 

significant differences in the frequency of the two parental alleles in the progeny (data not 

shown).  All sequence data were submitted to GenBank under Accession numbers JF418181 

– JF418920. 

 

A.5.4 MLST and cryptic heterokaryons 

While the majority of F1 ascospores were homokaryotic, the existence of both parental 

alleles for AF cluster genes in some progeny suggests the existence of genetically unbalanced 

nuclei, where one nucleus is dominant and determines the AF and CPA phenotype.  For 

example, in cross IC244 × NRRL 21882, progeny strains IC1693 and IC1697 were 

nontoxigenic and were found to be identical to NRRL 21882 at the mfs locus; however, we 

were also able to amplify and sequence the aflC and aflG/aflL loci that matched IC244, the 

toxigenic parental strain.  Moreover, in cross IC310 × NRRL 21882 at least one progeny 

strain, IC1722, was heterokaryotic for mating type (Table 2).  Differences in intensities of 

ethidium-bromide-stained aflC and aflG/aflL amplicons compared to mfs after gel 

electrophoresis (data not shown) suggest that there may be variation in nuclear copy number, 

which was also observed using aCGH; quantitative PCR will be done to validate these 

findings.  A specific case in point is strain IC2209 from cross IC244 × IC277.  According to 

the aCGH, strain IC2209 has an approximately 374-kb deletion of the telomeric/subtelomeric 

end of chromosome 3R (Fig. 2; Table S1).  This evidence of segmental aneuploidy in IC2209 

is inconsistent with the amplification and sequencing of aflC, aflG/aflL, aflV/aflW, aflW/aflX, 

and mfs regions in this strain, which indicates that IC2209 should be identical to parental 
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strain IC277 (Table 2); however, unlike IC277, progeny strain IC2209 does not make CPA, 

which supports the aCGH deletion pattern in chromosome 3R.  Since aCGH is based on 

hybridization of genomic DNA without an amplification step, aCGH is more sensitive to 

copy number variation and such hybridization will favor the majority nucleus in any given 

strain. 

Non-Mendelian inheritance of non-parental extra-genomic alleles was also observed 

in some crosses.  In this case, the allele was not detected in the parents but was amplified and 

sequenced in the offspring.  For example, progeny strain IC1699 from cross IC244 × NRRL 

21882 shared the same mfs allele as NRRL 21882, but the aflC allele sequenced in IC1699 

was not identical to the corresponding parent IC244, but instead matched the aflC allele in 

strain IC310.  Even more cryptic alleles were detected in strain IC1724 from cross IC310 × 

NRRL 21882 with at least two different non-parental alleles:  aflC was identical to strains 

IC244, IC278, IC301 and IC307, and aflG/aflL was identical to strains IC277 and IC308.  

Furthermore, strain IC1716 from the same cross had a unique aflG/aflL sequence that was 

not found in the natural population (Tables S2 and S3).  Only the mfs allele in the non-cluster  

  

 
 
 
 

125 



 

 

 

 

 

 

 

 

Figure A.2.  Heat maps of chromosome 3 based on array comparative genome hybridization 
(aCGH) of progeny strain IC2209 and parental strains IC244 and IC277.  In each heat map 
trio, IC2209 is shown in the center column and IC244 and IC277 are shown in the adjacent 
columns.  In the center is a graphical representation of the aCGH data for chromosome 3 
showing the approximate location of the centromere and the AF and CPA clusters.  The trio 
map at the left is based on probes spanning predicted genes 2911.m00826 - 2911.m00745 on 
chromosome 3R in A. flavus NRRL 3357.  Supplemental Table S1 lists the putative functions 
of these genes.  The genes involved in CPA (pks-nrps-maoA) and AF (aflF-nadA) 
biosynthesis are labeled.  Within each heat map, red bars indicate high sequence similarity to 
the reference genome (NRRL 3357), which is the result of strong hybridization of the target 
DNA to the probes on the array; inversely, blue bars indicate weak hybridization and high 
sequence dissimilarity, or alternatively, the absence of a gene or DNA segment.  For 
example, the region spanning the AF and CPA clusters and extending into the subtelomeric 
region of IC2209 matches neither parental heat map.  This region of weak hybridization may 
be the result of a deletion or sequence dissimilarity due to a duplication and translocation of 
another genomic region, as in mutant strain 649 Smith et al. 2007.  A deletion of this large 
segment is supported by the CPA-/AF- toxin phenotype of IC2209, which is distinct from the 
parents that are both CPA+ (Table 2).  This approximately 374-kb deletion extends to probes 
spanning predicted genes 2911.m00704 (pyridoxal-dependent decarboxylase, pyridoxal 
binding domain containing protein) as shown in the rightmost trio heat map.  On the right of 
the two leftmost trio maps is a plot of test statistic, t.  See Figure 3 legend for a detailed 
description of t.   
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region segregated in the progeny in a Mendelian fashion, which suggests that strains may be 

heterokaryotic only in the telomeric/subtelomeric region of chromosome 3R.  

 

A.5.5 Parent-offspring trio heat maps 

Heat maps of eight parent-offspring trios identified putative crossovers in the AF cluster of 

six progeny and showed that inferred breakpoints in parents based on single feature 

polymorphisms (SFPs) coincide with recombination blocks and hotspots observed in natural 

populations according to single nucleotide polymorphisms (SNPs) (Fig. 3).  Because our 

cluster-specific genetic markers are missing in strains with partial or completely missing 

genes, we examined the possibility of crossovers using aCGH for progeny isolates IC1775 

and IC1719 derived from parents with partial (IC311) or completely missing clusters (NRRL 

21882), respectively.  No crossover events were detected in chromosome 3R for the NRRL 

21882, IC1719 and IC310 trio (Figs 3, S1B), as well as for the IC277, IC1775 and IC311 trio 

(Figs. 3, S1E), which agreed with genotyping results.  The hotspot region from aflO to aflW 

showed higher recombinant activity in experimental crosses than the coldspot region 

spanning aflT to aflE, which corresponds to recombination block 1.  Recombinants IC1751, 

IC2205 and IC2207 are the result of crossovers within the hotspot, localized at the aflK/aflV 

intergenic region and aflP, whereas IC1650 is the result of a crossover in aflL, which is the 

gene separating linkage disequilibrium blocks 4 and 5 (Fig. 3).  A single crossover was 

detected in the cold spot region starting with aflC (including the nonsense mutation) in cross 

IC301 × AF36 such that offspring IC2171 inherited both AF- and CPA+ traits from the AF36  
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Figure A.3.  Heat maps of eight A. flavus parent/offspring trios.  Each trio map is based on 
probes spanning predicted genes 2911.m00826 - 2911.m00745 on chromosome 3R in A. 
flavus NRRL 3357 (see Table S1).  On the right of each trio map is a plot of the test statistic, 
t.  In general the test statistic is bounded between 0 and 1, with intermediate values indicative 
of similarity across the trio and values close to either extreme indicative of a putative 
recombination breakpoint; a horizontal black line indicates the location of a potential 
crossover breakpoint.  For example, offspring strain IC1650 is more similar to parent strain 
AF36 immediately below aflL and more similar to parent strain IC278 immediately above 
aflL.  LD blocks reported in Moore et al. 2009 are numbered from 1 to 6 and are shown as 
light blue-shaded regions; similarly, the recombination hotspot (HS) region is shown as a 
red-shaded gradient region. 
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parent; IC2171 was otherwise identical to the AF+ parent (IC301) in the AF/sugar clusters 

and adjacent subtelomeric regions (Fig. 3).  All aCGH data were submitted to the Gene 

Expression Omnibus (GEO) under Accession numbers GSM679190 – GSM679207. 

 

A.5.6 Genome-wide parentage plots 

Both independent assortment and crossovers were observed in genome-wide aCGH 

parentage plots for the nine parent-offspring trios (Fig. S1).  Sequence data from linked loci 

in the AF cluster (aflW/aflX and mfs) and unlinked loci comprising the MLST (AF17, MAT, 

trpC) confirmed that patterns of inheritance observed in parentage plots are the result of SFPs 

between the labeled target DNA hybridized to unlabeled A. flavus NRRL 3357 probes fixed 

on the array.  Known patterns of descent from sequenced MLST loci (position indicated with 

vertical blue lines in parentage plots) confirm inferred independent assortment and crossover 

events based on array SFP data.  For example, the trpC sequence on chromosome 4 in 

progeny IC1650 is identical to parent IC278, whereas MAT1-2 on chromosome 6 is from the 

AF36 parent (Table 2, Fig. S1A). 

In the absence of crossovers, chromosomal inheritance in progeny isolates can be 

deduced by comparing SFPs in parentage plots (Fig. S1).  Frequent crossover events resulted 

in most progeny having chromosomes of mixed parental origin.  Crossovers were 

predominantly located in telomeric/subtelomeric regions.  For example, in the AF gene 

cluster for IC1650, the aflC and aflG/aflL regions (rightmost two vertical blue lines on 

chromosome 3 graph in Fig. S1A) are from parent IC278, while the aflV/aflW, aflW/aflX and 

mfs regions (leftmost three vertical lines) are from parent AF36, suggesting one crossover in 

chromosome 3R; the telomeric end of the left arm of chromosome 3 also shows evidence of a 

crossover but in this case IC1650 is more similar to AF36 (Fig. S1A).  In some progeny, 

crossovers were localized to centromeric regions of chromosomes.  For example, IC2205 
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inherited the right arm of chromosome 8 from the IC277 parent and the left arm from the 

IC244 parent.  In IC1650 and IC2205, crossovers coincide with the putative location of 

centromeres on chromosomes 1 and 5, respectively.  

The position of recombination breakpoints was conserved in progeny from different 

crosses.  For example, the crossover in the right arm of chromosome 1 was observed in both 

progeny IC1650 (parental cross AF36 × IC278; Fig. S1A) and IC2207 (parental cross IC244 

× IC277; Fig. S1H).  The A. flavus oligonucleotide-based microarrays allow recombination 

breakpoint resolution of approximately 15 kb based on the spacing of probes between 

adjacent genes.  The higher probe density in the tiled intergenic regions of the AF cluster 

provides higher breakpoint resolution.  The minimal probe coverage and lack of DNA 

sequence variation in coding regions elsewhere in the genomes made it difficult to estimate 

an upper bound on the number of recombination events along chromosomes, but overall at 

least one crossover per chromosome arm was observed when there was sufficient DNA 

sequence variation to distinguish parents.  Breakpoint resolution was particularly poor in 

crosses where the parents were very similar; for example, IC311 and IC277 are members of 

lineage IB and share a recent common ancestor in the AF cluster (Moore et al. 2009).  In this 

cross, the parentage of IC1775 is only clearly resolved in the AF cluster on chromosome 3 

(Fig. S1E) where IC1775 is most similar to IC311, which has a deletion of the cluster from 

aflT to aflM (Moore et al. 2009); elsewhere in the genome there is a paucity of SFPs for 

tracking recombination.  

 

A.5.7 Linkage disequilibrium (LD) and recombination analysis in experimental population 

Analysis of DNA sequence variation in cluster loci of experimental populations revealed 

significant LD (r2 > 0.8; P < 0.01) among contiguous pairs of polymorphic sites, resolving 

five distinct recombination blocks (Fig. 4; Tables S4 and S5), two of which were described 

previously from the natural population from which six of the eleven parental isolates in this 

study originated (Moore et al. 2009).  The recovery of the natural block structure in 
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experimental crosses further suggests that crossovers in the progeny coincide with 

recombination hotspots in parental strains, which was also observed in parent-offspring trio 

heat maps (Fig. 3).  Estimates of the minimum number of recombination events and overall 

recombination rate per base pair in the cluster for parents and F1 progeny were 10 and 

0.002458, respectively.  The ARG shows one most parsimonious reconstruction of mutation 

and recombination events in the ancestral history of the experimental population (Fig. 5; 

Tables S6 and S7).  The ARG portrays known patterns of descent for all parents and progeny.  

For example, haplotypes H1 with parental strain IC277 and H5 with parental strain IC244 

(Table S7) give rise to recombinant haplotype H12 (IC2207), which is shown with bold lines 

in Fig. 5.  In some cases the ARG provides evidence of recombination in the parents.  For 

example, AF- haplotype H2 (includes AF36) shows a previous history of recombination, with 

AF+ haplotype H9 (IC1650) and AF- haplotype H3 (IC2171) as the immediate parents. 
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Figure A.4.  A graphical representation of linkage disequilibrium (LD) and site compatibility 
based on variation in eight MLST loci in the A. flavus experimental population.  The LD and 
compatibility matrices are based on 118 polymorphisms shown in Table S4.  At the top of 
both plots is a schematic of the MLST loci.  In the LD plot, the lower triangular matrix 
represents r2, the coefficient of determination between the allelic states at pairs of sites, and 
the upper triangular matrix shows the significance level between pairs of polymorphic sites 
(including sites with low allele frequencies) calculated using Fisher’s Exact test; colored 
shading denotes statistical significance and strength of associations.  LD analysis reveals five 
distinct blocks that mirror the block-like pattern of LD previously observed in the natural A. 
flavus population Moore et al. 2009.  LD breaks down rapidly between the non-cluster loci, 
MAT, trpC and AF17, as expected for loci that are segregating in a Mendelian fashion.  There 
is significant incompatibility between blocks 4 and aflW/aflX, as shown in the compatibility 
matrix where white and black squares denote pairs of compatible and incompatible sites, 
respectively.  All variation within blocks is fully compatible, indicating shared common 
ancestry among parents and progeny, as well as descent with recombination as shown in 
Figure 5. 
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Figure A.5.  One possible most parsimonious reconstruction of the ancestral recombination 
graph (ARG) inferred for all polymorphisms in aflC, aflG/aflL, aflV/aflW, aflW/aflX and mfs 
in the A. flavus experimental population.  The ARG shows all mutation and recombination 
paths separating multilocus haplotypes (red ellipses; Table S7).  Coalescent nodes are shown 
in green; a yellow dot (the highest point in the ARG) denotes the inferred ancestral (root) 
sequence.  The ARG was rooted with haplotype H1 (IC277).  The direction of paths is from 
the top of the ARGs (past) to the bottom (present); moving backwards in time, one of three 
events (mutation, coalescence or recombination) is possible.  The paths leading to the 
recombination nodes (blue ellipses) are labeled with a P (prefix) or S (suffix), indicating the 
5’ and 3’ segments of the recombinant sequence, respectively; the number labels on the paths 
indicate the number of polymorphisms.  The numbers in the blue ellipses indicate the 
variable position immediately to the left of the recombination breakpoint (Table S6).  The 
thickened lines in the ARG show the most parsimonious path from the parental isolates 
IC277 (H1) and IC244 (H5) to the recombinant progeny isolate IC2207 (H12). 
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A.5.8 MLST, VCG and mycotoxin associations 

We examined a seven-locus MLST (aflG/aflL, aflV/aflW, aflW/aflX, mfs, trpC, MAT, and 

AF17) for 64 A. flavus isolates that grouped into 47 VCGs.  This included 59 isolates from a 

single field population in Herod, Georgia, 3 isolates from peanut field soils of southern 

United States (IC310, IC311 and IC313), NRRL 21882 from Terrell County in Georgia and 

AF36 from Arizona.  We found that the MLST uniquely fingerprinted 36 out of 44 VCGs 

from Georgia, 1 from Texas (VCG 76; Chang et al. 2005) and another from Arizona (YV36; 

Ehrlich et al. 2007) (Fig. 6; Table S8).  We observed decoupling of VCG and MLST for 

VCG 24, which was split into H2 (NRRL 21882) and H32 (IC253), and for VCG 25 found in 

H9 (IC258) and H12 (IC259, IC260).  For VCG 24, the decoupling was based on 

amplification and sequencing of aflW/aflX, aflA, aflB, aflR and aflS in IC253 which were not 

consistently amplified in NRRL 21882 as reported previously (Moore et al. 2009); all other 

loci (MAT, trpC, mfs and AF17) were identical.  For VCG 25, only variation in the AF17 

microsatellite locus was responsible for separating vegetatively compatible strains into 

different MLSTs.  The same seven-locus MLST inferred 59 unique progeny haplotypes from 

nine laboratory crosses, with 33 haplotypes represented by a single progeny, and 26 

haplotypes containing two or more strains.  The high degree of correspondence of this seven-

locus MLST with VCGs in the natural population suggests that at least 86% of the progeny 

belong to new VCGs in the F1 experimental population.  As expected, there was high 

haplotype diversity (HS = 0.983583) in the experimental F1 and natural populations.  

Recombination rate estimates based on variation in aflG/aflL, aflV/aflW, aflW/aflX, and mfs  
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Figure A.6.  Genetic connectivity between experimental F1 and natural A. flavus populations 
based on variation at seven MLST loci: aflG/aflL, aflV/aflW, aflW/aflX, mfs, MAT, trpC and 
AF17.  The histogram bars indicate the number of isolates contained within a particular 
haplotype (see Table S8), and the numbers to the right of the blue bars in the natural 
population denote the vegetative compatibility groups (VCGs) represented within the 
haplotype.  VCG testing was not done on the experimental population.  Lines are used to 
connect haplotypes that are identical at the seven MLST loci between the experimental and 
natural populations.  Asterisks indicate a natural haplotype that includes a parental isolate 
used in our mating studies; the parental haplotypes without connecting lines yielded only 
recombinant progeny.  Seven F1 haplotypes are identical in sequence to one of their 
respective parental genotypes, and two F1 haplotypes match non-parental genotypes in nature 
(thickened lines).  Natural haplotype H8 (IC244) matches F1 haplotype H59 that contains 
both a progeny (IC2202) and a non-progeny (IC1648) isolate.  Natural haplotype H30 
(IC294) is identical to F1 haplotype H46 that includes non-progeny isolates IC2167, IC2170 
and IC2173. 
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regions were similar in experimental crosses (γ = 0.002487) and in the natural population (γ = 

0.002669).   

 Progeny strains from a single cross often differed significantly from their parents in 

AF and CPA production (Table 2, see footnote 4).  For example, progeny IC2205 from the 

cross IC244 × IC277 showed evidence of crossing over on chromosome 3 (Fig. S1; Table 2) 

and exhibited significantly (P ≤ 0.05) different total AF concentrations compared to those of 

either parent.  This difference in AF production between progeny and parents was also 

observed when the cluster MLST was identical between a progeny strain and one of its 

parents; for example, total AF production in progeny IC2201 and the parent IC244.  

Furthermore, a significant difference in AF production was also observed when the genome 

MLST was shared between a progeny isolate and its corresponding parent; for example, total 

AF production in progeny IC2194 and the parent IC278. 

There were no cases in which AF production in any of the progeny was found to be 

significantly higher than both parents; however, two progeny isolates (IC2193 and IC2204) 

were found to produce significantly higher amounts of CPA compared to both of their 

respective parents (Table 2).  Progeny strains in cross IC311 × IC277 have significantly 

different CPA concentrations compared to either parent but were not well differentiated by 

either cluster or genome MLST.  In the case of progeny strain IC1766, the hybridization 

signal intensity in the parentage plot for the subtelomeric segment of chromosome 3R (Fig. 

S1D) compared to the signal intensity elsewhere in the genome was very similar to the 

pattern observed in chromosome 3R for IC2209.  This suggests that IC1766 may be 

heterokaryotic, which may explain the significant deviation of progeny CPA concentrations 

from either parent. 
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A.6 Discussion 

We present in this study the first direct genetic evidence that sexual recombination is 

occurring in A. flavus through the meiotic processes of independent assortment and crossing 

over.  We also have direct genetic evidence of crossovers influencing the toxin phenotype of 

A. flavus strains.  For example, progeny strain IC2171 is the result of a crossover in IC301 

(Table 2; Figs. 3, S1F) such that it gained aflC from AF36, making it AF- due to the 

nonsense mutation.  In other cases crossovers do not result in a complete loss of toxicity but 

can significantly reduce AF production.  For example, progeny strain IC1650 is the result of 

a crossover in IC278 such that it obtained the aflL to aflP region from AF36 (Fig. 3), which 

resulted in a significant reduction in toxicity (Table 2).  We also have evidence of a progeny 

isolate gaining the AF+ phenotype.  For example, progeny strain IC2205 has the genetic 

background of chromosome 3 from its AF- parent (IC277); however a crossover in the aflK 

region results in the gain of cluster regions between aflF to aflQ from its AF+ parent (IC244) 

(Figs. 3, S1G), resulting in progeny strain IC2205 being AF+ (Table 2); these data also 

indicate that mutations resulting in loss of AF production in IC277, which have yet to be 

determined, reside between aflF and aflQ.  Although we did not observe a progeny isolate 

that had the genetic background of one parent and chromosome 3 of the other parent via 

independent assortment, we would expect to detect this with a larger sampling of offspring.   

Our experimental results are consistent with indirect inferences of recombination 

from genealogical studies of natural populations of AF+ fungi (Carbone et al. 2007; Geiser et 

al. 1998; Moore et al. 2009; Peterson et al. 2001).  Furthermore, crossover breakpoints 

within the AF cluster of recombinant progeny corroborate with breakpoints deduced from the 

genetic analysis of natural populations (Moore et al. 2009), which suggests that certain 

regions in the cluster are more prone to recombination (Fig. 3).  The recovery of conserved 

breakpoints and shared MLSTs (Fig. 6) in experimental progeny strongly suggests that 

recombination in nature is occurring between different VCGs and on a contemporary time 

scale.  This process should not be confused with balancing selection acting on the AF- 
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phenotype in A. flavus (Moore et al. 2009), which results in maintenance of ancestral 

polymorphisms in cluster genes; in the presence of recombination this may be confounded 

with cryptic speciation (Geiser et al. 1998) and incomplete lineage sorting (Grubisha & Cotty 

2009a).  Overall, the results of this study show that a single round of sexual reproduction in 

A. flavus can generate contemporary patterns of recombination and account for VCG and 

mycotoxin diversity. 

The results of experimental matings indicate that the genetic and functional diversity 

observed in A. flavus progeny is the result of independent assortment of chromosomes in 

parents coupled with intra- and interlocus crossover events, all of which are hallmarks of 

meiosis.  The high MLST diversity among progeny in A. flavus is consistent with our 

observations in nature that most of the individuals are vegetatively incompatible and have 

different MLSTs (see Fig. 6).  Several shared MLSTs exist between our experimental F1 and 

natural populations.  While the majority of these shared genotypes are between a progeny 

isolate and its respective parent, there are also matching MLSTs between F1 progeny and 

non-parental natural isolates (denoted as bold lines in Fig. 6).  The recovery of shared 

MLSTs suggests that processes of independent assortment and crossing over detected in 

experimental progeny are also occurring in nature.  The accurate reconstruction of 

recombinant progeny and their respective parents in the ARG (Fig. 5) further reinforces the 

long history of recombination inferred in natural populations (see Fig. 2 in Moore et al. 

2009).  The ARG also shows that AF36 in haplotype H2 has undergone both mutation and 

recombination in its recent past (Fig. 5). 

Because AF biosynthesis is polygenic, the interaction of genes from other 

chromosomes may influence AF production beyond mutation and recombination events in 

the AF cluster per se.  Estimates of heritability show that both AF and CPA are highly 

heritable (Fig. 1).  This indicates that the majority of the genetic variation in mycotoxin 

production arises from mutations in AF cluster genes such that highly toxigenic parents 

produce progeny that are also highly toxigenic.  For example, both the parental and F1 
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progeny strains in cross IC308 × IC307 had the highest midpoint and mean AF and CPA 

concentrations among the crosses (Fig. 1).  A more extensive sample of progeny in this cross 

might detect causal mutations in the AF cluster that result in increased toxicities.  At the 

other extreme, cross IC310 × NRRL 21882 was AF- for both parents and offspring (Fig. 1).  

In previous work, our examination of molecular sequence variation across 21 intergenic 

regions in the AF gene cluster of A. flavus (Moore et al. 2009) indicates that balancing 

selection is acting on AF- phenotypes with partial or completely missing AF cluster genes; 

this selection presumably also maintains the heritability observed in laboratory crosses 

(Barton 1990; Barton & Keightley 2002).  The implication is that in the absence of sex, 

selection will maintain non-aflatoxigenicity in A. flavus populations, whereas in the presence 

of sex, high AF heritability will shift populations in favor of increasing aflatoxigenicity.   

The genetic continuity observed between the F1 experimental and natural populations 

suggests that sexual reproduction accounts for a significant proportion of the genetic and 

VCG diversity in field populations, as well as quantitative variation in mycotoxin production.  

The near 1:1 distribution ratio of MAT1-1:MAT1-2 isolates in the experimental (Table 2) and 

the corresponding natural population (Moore et al. 2009; Ramirez-Prado et al. 2008) is 

consistent with sexual reproduction; asexual populations generally show strong deviation 

from this ratio (Paoletti et al. 2005).  Preliminary evidence from sampling geographically 

isolated A. flavus populations indicates that when the frequencies of MAT1-1 and MAT1-2 are 

not significantly different, the mean toxin concentrations are significantly higher than the 

levels in populations with skewed mating type ratios (Moore 2010).   

The vertical transmission of cryptic alleles suggests that while A. flavus is 

predominantly homokaryotic, the species may harbor common or rare alleles at a low copy 

number.  A specific case in point is the DNA sequence of the aflG/aflL locus in IC1716 that 

matches the consensus DNA sequence of 63 isolates (59 from Georgia, 1 from NC [IC310], 1 

from Texas [IC313], 1 from Alabama [IC311] and 1 from Arizona [AF36]) of A. flavus 

sampled from natural populations (Tables S2 and S3).  Because the consensus sequence is 
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based on the most frequent segregating base at each polymorphic site, it represents the 

putative ancestral lineage in the sample.  This effectively rules out contamination at the DNA 

sequence level as a possible explanation for the inheritance of parental alleles from other 

crosses, and suggests that A. flavus strains retain a genetic cache of cluster genes, which is 

possibly of adaptive significance.  Cryptic alleles were only detectable in AF cluster genes 

between parents with partial or completely missing AF gene clusters (Table 2).  For example, 

the AF cluster regions that were amplified and sequenced in IC2209 matched the parent 

strain IC277 that is a CPA producer even though IC2209 is non-toxigenic and is missing the 

entire subtelomeric region of chromosome 3R according to the aCGH (Fig. 2).  It is possible 

that cryptic alleles are found elsewhere in the genome but without additional cloning, low 

copy number alleles would be masked by the dominant copies.  A similar phenomenon of 

inheritance of non-parental ancestral alleles has been reported in Saccharomyces cerevisiae 

(Nevzglyadova et al. 2001, Arabidopsis Lolle et al. 2005) and most recently in Phytophthora 

ramorum (Vercauteren et al. 2011). 

We hypothesize that some A. flavus strains are heterokaryotic for the presence and 

absence of the AF gene cluster.  A specific case in point is offspring strain IC1766, which 

appears to be heterokaryotic in chromosome 3R (Fig. 3).  In this example, heterokaryosis 

may be responsible for the decoupling of CPA production and the AF cluster haplotype in the 

cross IC311 × IC277.  Heterokaryosis is also supported by aCGH data and 

amplification/sequencing of cluster genes in IC2209 and partial cluster parents (Table 2; 

Moore et al. 2009).  The exact mechanism underlying AF cluster gene deletions is unknown; 

however, sharp transitions in G + C content and high recombination activity may be 

accelerating gene loss in A. flavus (Moore et al. 2009).  Partial and entire deletions of AF 

cluster genes have been reported in A. flavus (Chang et al. 2005; Jiang et al. 2009; Moore et 

al. 2009) and A. oryzae (Kusumoto et al. 2000; Lee et al. 2006).  Comparative synteny 

analysis between A. flavus NRRL 3357 (GenBank accession scaffold EQ963481.1) and A. 

oryzae NRRL 5590 (GenBank accession scaffolds AP007169 and AP007170) genome strains 

has revealed an approximate 1-Mb subtelomeric translocation from chromosome 2 to 6 in A. 
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oryzae (R. A. Olarte, unpublished data).  Deletions may be associated with simultaneous 

duplications or translocations of other genomic regions (Smith et al. 2007) but the precise 

chromosomal location of translocated regions cannot be ascertained using aCGH alone.  For 

example, a heat map comparing IC2209 and the NRRL 3357 A. flavus reference strain on the 

array revealed an approximately 1.1-Mb subtelomeric duplication starting with predicted 

gene 2504.m00371 (tropomyosin TPM1) on chromosome 1 (J. T. Monacell, unpublished 

data); whether this duplication has been translocated to chromosome 3R is unknown.  All of 

the A. flavus deletion strains examined using aCGH in this study confirm deletion patterns 

reported previously, and also indicate that deleted cluster genes have not been translocated to 

other chromosomes.  Because A. flavus is multinucleate, we would expect aCGH to detect 

inter-nuclear translocation events, suggesting that cryptic alleles are from nuclei that are at a 

low copy number.  This would give rise to genetically unbalanced nuclei where the majority 

of nuclei have full AF gene clusters and a small minority have partial or full deletions of the 

cluster, or vice-versa.  This would explain why cryptic cluster alleles, present in less than 

single copy amounts in partial cluster parents and progeny in this study (Table 2), are only 

detectable via PCR amplification and sequencing.  Whether these low frequency cluster 

alleles play a role in regulation of AF production is unknown.  Future research will focus on 

elucidating the mechanism and origins of these cryptic alleles.   

Silencing of AF cluster genes in A. flavus may occur through transvection or trans-

sensing mechanisms (Smith et al. 2007; Woloshuk et al. 1995).  These terms have been used 

to describe the phenomenon whereby wild-type genes are inactivated due to unpaired alleles 

as a result of rearrangements, deletions or translocations at a locus.  In A. flavus, the 

repression of expression is thought to occur during synapsis in meiosis or possibly mitotic 

pairing associated with the parasexual cycle.  For example, a diploid formed between a wild-

type A. flavus strain and mutant strain 649 (317-kb deletion of chromosome 3R and replaced 

with a 939-kb duplication of the end of chromosome 2R) is non-toxigenic (Smith et al. 

2007); adding an ectopic copy of aflR restores toxicity, which suggests that a single copy of 

aflR can activate silenced genes (Smith et al. 2007).  Since all partial and full cluster 
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deletions are missing aflR, the insertion of a single ectopic copy of aflR in these strains may 

influence the overall toxin phenotype by relieving silencing.  For example, this may restore 

AF toxicity in IC2209, which is missing 374 kb from the end of chromosome 3R but harbors 

the parental (IC277) CPA and AF cluster genes at low copy number; this is currently under 

investigation. 

Biological control is an effective means of reducing AF contamination in crops; 

however, the long-term effect of AF- biocontrol strains on native populations needs to be 

reassessed with the recent discovery of the sexual cycle in aflatoxigenic fungi (Horn et al. 

2009a, 2011; Horn et al. 2009b, c).  The biocontrol strains AF36 and NRRL 21882 were 

isolated from nature and are similar to many other AF- strains in competitiveness (Atehnkeng 

et al. 2008; Horn & Dorner 2011), with the main factor in their competitiveness being their 

high population numbers relative to those of native AF+ strains.  Application of a single 

biocontrol strain to fields greatly increases the population density of a single genotype that 

consists of one mating type, which in the case of AF36 and NRRL 21882, is MAT1-2 (Table 

2).  The high population density of the biocontrol strain would likely increase the frequency 

of sexual reproduction, which would largely comprise matings between the biocontrol strain 

and native MAT1-1 strains.  Given the high heritability of AF and CPA and the relative ease 

of gaining or losing toxicity via crossovers and independent assortment in a single generation 

of sex, sexual reproduction could play a role in the persistence of mycotoxins in fields in 

which these biocontrol strains are applied (Cotty 1994; Dorner et al. 1999).  Application of 

AF36 or NRRL 21882 to fields for AF control, especially when applied repeatedly over 

many years, could result in a shift in the genetic composition of native strains due to the 

transfer of genes from the biocontrol strain.  The capacity of these new genotypes to produce 

mycotoxins and their competitiveness in invading crops merit close evaluation.  
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Appendix A.A 

Table A.S1. Predicted genes on the right arm of chromosome 3 of Aspergillus flavus 

 

Protein ID 

Genbank 

Accession TIGR gene prediction 

2911.m00826 EED51201.1 Nonribosomal peptide synthase, putative  

2911.m00825   EED51200.1 Hypothetical protein 

2911.m00824   EED51199.1 Hypothetical protein 

2911.m00823   EED51198.1 Hypothetical protein 

2911.m00822   EED51197.1 ABC multidrug transporter, putative  

2911.m00821   EED51196.1 Amino acid permease family protein 

2911.m00820   EED51195.1 Conserved hypothetical protein 

2911.m00819   EED51194.1 Hypothetical protein 

2911.m00818   EED51193.1 Hypothetical protein 

2911.m00817   EED51192.1 Gluconolactone oxidase, putative  

2911.m00816   EED51191.1 Hypothetical protein 
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2911.m00815   EED51190.1 

Fungal specific transcription factor domain containing 

protein 

2911.m00814   EED51189.1 Lignostilbene dioxygenase family protein 

2911.m00813   EED51188.1 Hypothetical protein 

2911.m00812   EED51187.1 Amidohydrolase family protein 

2911.m00811   EED51186.1 Serine protease prots-related 

2911.m00810   EED51185.1 Hypothetical protein 

2911.m00809   EED51184.1 

Fungal specific transcription factor domain containing 

protein 

2911.m00808   EED51183.1 

NAD dependent epimerase/dehydratase family protein 

(pks/nrps) 

2911.m00807  EED51182.1 Dimethylallyl tryptophan synthase, putative (dmaT) 

2911.m00806   EED51181.1 Hypothetical protein (maoA) 

2911.m00805   EED51180.1 Major facilitator superfamily protein (mfs1) 

2911.m00804  EED51178.1 aflF / norB / dehydrogenase aflatoxin 

2911.m008031   EED51177.11 aflU/cypA/P450 monooxygenase (43-340)1 
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2911.m008021   EED51177.11 aflU/cypA/P450 monooxygenase (341-603, 697-1038)1 

2911.m00801   EED51176.1 aflT / aflT / transmembrane protein aflatoxin 

2911.m00800   EED51175.1 aflC / pksA / pksL1 / polyketide synthase aflatoxin 

2911.m00799    NA2, 3 Hypothetical protein 

2911.m00798   EED51174.1 aflCa / hypC / hypothetical protein aflatoxin 

2911.m00797   EED51173.1 aflD / nor-1 / reductase aflatoxin 

2911.m00796   EED51172.1 

aflA / fas-2 / hexA / fatty acid synthase alpha subunit 

aflatoxin 

2911.m00795   EED51171.1 aflB / fas-1 / fatty acid synthase beta subunit aflatoxin 

2911.m00794   EED51170.1 aflR / apa-2 / afl-2 / transcription activator aflatoxin 

2911.m00793   EED51169.1 aflS/ pathway regulator aflatoxin 

2911.m00792    EED51168.1 

Aflatoxin biosyntheses short-chain alcohol 

dehydrogenases AdhA 

2911.m00791   EED51167.1 aflJ/ estA/ esterase aflatoxin 

2911.m00790  EED51166.1 

aflE/ norA/ aad/ adh-2/ NOR reductase/ dehydrogenase 

aflatoxin 

 
 
 
 

161 



2911.m00789   EED51165.1 aflM/ ver-1/ dehydrogenase/ ketoreductase aflatoxin 

2911.m00788   EED51163.1 aflN/ verA/ monooxygenase aflatoxin 

2911.m00787   EED51162.1 aflNa/ hypD/ hypothetical protein aflatoxin 

2911.m00786   EED51161.1 

aflG/ avnA/ ord-1/ cytochrome P450 monooxygenase 

aflatoxin 

2911.m00785   EED51160.1 aflL/ verB/ desaturase/ P450 monooxygenase aflatoxin 

2911.m00784   EED51159.1 aflLa/ hypB/ hypothetical protein aflatoxin 

2911.m00783   EED51158.1 Aflatoxin biosynthesis averufin dehydrogenase AvfA 

2911.m00782   EED51157.1 aflO/ omtB/ dmtA/ O-methyltransferase B aflatoxin 

2911.m00781   EED51156.1 aflP/ omtA/ omt-1/ O-methyltransferase A aflatoxin 

2911.m00780   EED51155.1 

aflQ/ ordA/ ord-1/ oxidoreductase/ cytochrome P450 

monooxigenase aflatoxin 

2911.m00779   EED51154.1 aflK/ vbs/ VERB synthase aflatoxin 

2911.m00778   EED51153.1 aflV/ cypX/ cytochrome P450 monooxygenase aflatoxin 

2911.m00777   EED51152.1 aflW/ moxY/ monooxygenase aflatoxin 

2911.m00776   EED51151.1 aflX/ ordB/ monooxygenase/ oxidase aflatoxin 
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2911.m00775   EED51150.1 aflY/ hypA/ hypP/ hypothetical protein aflatoxin 

2911.m00774  EED51149.1 aflYa/ nadA/ NADH oxidase aflatoxin 

2911.m00773   NA3, 4 NADH oxidase, putative  (hxtA) 

2911.m00772   EED51148.1 Hexose transporter, putative  (glcA) 

2911.m00771   EED51147.1 Alpha-glucosidase/alpha-amylase, putative  (sugR) 

2911.m00770   EED51146.1 Transcriptional regulator, putative  

2911.m00769   EED51145.1 Ser/Thr protein phosphatase family protein 

2911.m00768   EED51144.1 Major facilitator superfamily protein 

2911.m00767   EED51143.1 ATPase, AAA family protein  

2911.m00766   EED51142.1 Hypothetical protein 

2911.m00765   EED51141.1 ATPase, AAA family protein  

2911.m00764 
EED51140.1 

Hypothetical protein 

2911.m00763 
EED51139.1 

Hypothetical protein 

2911.m00762 
EED51138.1 

Major facilitator superfamily protein 

2911.m00761 
EED51137.1 

Hypothetical protein 

 
 
 
 

163 



2911.m00760 
EED51136.1 

Sterol 4-a-methyl-oxidase-related 

2911.m00759 
EED51135.1 

Hypothetical protein 

2911.m00758 
EED51134.1 

Hypothetical protein 

2911.m00757 
EED51133.1 

Oxidoreductase, FAD/FMN-binding family protein  

2911.m00756 
EED51132.1 

Hypothetical protein 

2911.m00755 
EED51131.1 

Oxidoreductase, short chain dehydrogenase/reductase 

family protein  

2911.m00754 
EED51130.1 

Oxidoreductase, zinc-binding dehydrogenase family 

protein  

2911.m00753 
EED51129.1 

Flavin-binding monooxygenase-like family protein 

2911.m00752 
EED51128.1 

Fungal-specific transcription factor domain containing 

protein 

2911.m00751 
EED51127.1 

Flavin-binding monooxygenase-like family protein 

2911.m00750 
EED51126.1 

Metallo-beta-lactamase superfamily protein 

2911.m00749 
EED51125.1 

Major facilitator superfamily protein 

2911.m00748 
EED51124.1 

Hypothetical protein 
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2911.m00747 
EED51123.1 

Protein kinase domain containing protein 

2911.m00746 
EED51122.1 

Conserved hypothetical protein 

2911.m00745 
EED51121.1 

Glycosyl hydrolases family 16 protein 

 

1The gene models for 2911.m00802 and 2911.m00803 were merged together under the same 

EED51177.1 Genbank accession.  The corresponding spans within the TIGR gene prediction 

(aflU/cypA/P450 monooxygenase) are indicated within parentheses. 

2The gene model for 2911.m00779 was deleted because it was merged with the neighboring 

2911.m00800 (aflC / pksA / pksL1 / polyketide synthase aflatoxin). 

3NA = not available. 

4The gene model for 2911.m00773 was deleted because it was merged with the neighboring 

2911.m00774 (aflYa/ nadA/ NADH oxidase aflatoxin). 
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Appendix A.B 

 

 

Table A.S2. Distribution of haplotypes and base substitutions in the 

aflG/aflL intergenic region of 63 natural Aspergillus flavus isolates, 

including AF36, plus progeny isolate IC1716 

 

Locus aflG/aflL 

Position in combined 

consensus 1122222222222233333333333334444 

 23566701122355566901112334567990345 

 58180874859427838221287340292069101 

Site Number 11111111112222222222333333 

 12345678901234567890123456789012345 

Site Type         tvtvtttttvttvttttttttttvvvvtttvtvtt 

Character Type     -------i-i--i-iiii-i--i--i-iii-ii-i 

Consensus              GGGTCCGCAGTGGTGTCAACGGTACTCTGGCCATC 

Haplotype(Frequency)  
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H1  ( 2) ..........C.......G................ 

H2  ( 1)  A................G..A......CA...... 

H3  ( 1) .C.G...T....C.ACT..T..CC.A.C.A.TT.T 

H4  ( 1) ..A.T.A......C.C........G.GC....... 

H5  ( 1) .....T...........................C. 

H6  (34) .......T....C.ACT..T..C..A.C.A.TT.T 

H7  ( 5) ........G..A....................... 

H8  ( 6) .........C....................G.... 

H9  ( 9) .........C......................... 

H101 ( 1) ................................... 

H11 ( 2) .................G.........CA...... 

H12 ( 1) .....................A............. 

 

t, transitions; v, transversions; i, phylogenetically informative sites; 

-, uninformative sites 

 

1Haplotype H10 contains progeny isolate IC1716. 
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Appendix A.C 

Table A.S3. Haplotypes and strain designations for the aflG/aflL intergenic region haplotype 

distribution map shown in Table A.S2 

 

Haplotype Strain 

H1      AF36, IC289 

H2      IC310 

H3      IC303 

H4      IC313 

H5      IC311 

H6      IC234, IC235, IC236, IC244, IC258, IC259, IC260, IC267, IC268, IC269, 

IC270, IC271, IC272, IC273, IC274, IC275, IC278, IC280, IC281, IC282, 

IC284, IC287, IC290, IC292, IC293, IC294, IC295, IC297, IC298, IC299, 

IC300, IC301, IC302, IC304 

H7      IC245, IC246, IC247, IC253, IC307 

H8      IC229, IC230, IC231, IC279, IC286, IC306 
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H9      IC263, IC264, IC265, IC276, IC283, IC285, IC288, IC291, IC305 

H10     IC1716 

H11     IC277, IC308 

H12     IC296 
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Appendix A.D 

Table A.S4. Distribution of haplotypes, base substitutions, and insertion/deletion events in LD plot and site compatibility matrix 

shown in Figure A.4     

      

Locus aflC aflG/aflL aflV/aflW aflW/aflX mfs MAT trpC AF17 

Position 

in 

combined 

consensus   111 1111111111111 1111111111111111111111111111111111111111111111111111111 222222 2 22222 2222 

 23334455

 

6888888888888999999

 

1112222233333 4455555666666666666677777777777777777777788888888888888 000111 2 33345 5666 

 13453622

 

3222334456779011347

 

4590346825579 5734679144445555777800222333445556677779911112344455566 179299 5 33930 9118 

 90222536

 

2125161595059989476

 

4583775732472 9119831202491569247169457459792581312563545898548907925 934204 9 18123 9342 

Site 

Number    111 111111 1 11111 1111 

 1 1111111112222222222

 

3333344444444 4455555555556666666666777777777788888888889999999999000 000000 0 11111 1111 

 12345678

 

1234567890123456789

 

5678901234567 8901234567890123456789012345678901234567890123456789012 345678 9 01234 5678 

Site Type         ttttvttt

 

ttvtvttvvttttttttvt

 

tttvtvvtvttvv ttttvtttvttttttvttvttttvvttttvvttvvtvtttttvvttttvtvvvtv t-t-vv - v-tvt vvv- 

Character 

Type     

iiiiiiii

ii 

iiiiiiiiiiiiiiiiiii

iiiii iiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii iiiiii i iiiii iiii 

Consensus              GTTGCTTC

 

GCGAGTGAGGTCAACGTTC

 

TCCGCGTACATGG CTTACGGCATAGTAAGTAGGGGGCCCGACGACAACTTGCATTGCTCCGTAGCGCA G1G1TA 0 T2CCA GAG2 

Haplotype 

 

       

H1  ( 3) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 G1... ...1 

H2  ( 3) A..A....

 

....CC.......G....T

 

...........T. ..C.................................................... ...... . ..... ...1 
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H3  ( 1) A..A....

 

.T......CACT..T.CA.

 

............. .............................................T......... .....T . ..... .C.. 

H4  ( 1) A..A....

 

....CC.......G....T

 

...........T. ..C.................................................... ...... 1 G1... ...1 

H5  ( 1) A..A....

 

....CC.......G....T

 

...........T. ..C.................................................... ...... 1 ..... ...1 

H6  ( 3) A..A....

 

....CC.......G....T

 

...........T. ..C.................................................... ...... 1 G1... .C.. 

H7  ( 1) A..A....

 

....CC.......G....T

 

...........T. ..C.................................................... ...... . ..T.G ...1 

H8  ( 1) A..A....

 

....CC.......G....T

 

...........T. ..C.................................................... ...... . ..... .C.. 

H9  ( 1) .C.A.C.T

 

A...........G..A...

 

C.TCTCGGGGC.T TC.G.AA.CCGACGGTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAAGCGTTC ..A... 1 ..... ...1 

H10 ( 1) .C.A.C.T

 

A...........G..A...

 

C.TCTCGGGGC.T TC.G.AA.CCGACGGTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAAGCGTTC ..A... . ..... ...1 

H11 ( 1) .C.A.C.T

 

A...........G..A...

 

C.TCTCGGGGC.T TC.G.AA.CCGACGGTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAAGCGTTC ..A... 1 ..... T.C1 

H12 ( 4) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. . ..... T.C. 

H13 ( 1) ........

 

............G......

 

C.T...G...... TC..G..T............................................... ...... 1 ..... ...1 

H14 ( 3) ........

 

............G......

 

C.T...G...... TC..G..T............................................... ...... . G1... ...1 

H15 ( 1) ........

 

............G......

 

C.T...G...... TC..G..T............................................... ...... . ..... .C.1 

H16 ( 1) ........

 

............G......

 

C.T...G...... TC..G..T............................................... ...... . G1... .C.1 

H17 ( 1) ........

 

............G......

 

C.T...G...... TC..G..T............................................... ...... 1 G1... .C.1 

H18 ( 1) ...A..C.

 

............G......

 

............. ..C.................................................... ...... 1 G1... ...1 

H19 ( 6) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. 1 ..... T.C. 

H20 ( 4) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. 1 G1... .C.. 

H21 ( 1) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. 1 G1... ...1 

H22 ( 1) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. 1 ..... ...1 

H23 ( 1) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. . G1... .C.. 

H24 ( 1) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. . G1... ...1 

H25 ( 1) ...A..C.

 

............G......

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. . ..... ...1 

H26 ( 1) ..C.A...

 

..CG..AT..........T

 

............. ...................A................................... A2.... . G1... .C.1 

H27 ( 1) ..C.A...

 

..CG..AT..........T

 

C.T...G...... TC..G..T............................................... ...... . G1... .C.1 

H28 ( 2) ..C.A...

 

..CG..AT..........T

 

............. ...................A................................... A2.... 1 G1... .C.1 

H29 ( 1) ..C.A...

 

..CG..AT..........T

 

............. ...................A................................... A2.... 1 G1... ...1 

H30 ( 2) ..C.A...

 

..CG..AT..........T

 

............. ...................A................................... A2.... . ..... ...1 

H31 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

.T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...2A. . G1... T.C. 

H32 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

...........T. ..C.................................................... ...... . G1... .C.. 

H33 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

............. .............................................T......... .....T 1 ..T.G .C.. 

H34 ( 3) ..C.A...

 

.T......CACT..T.CA.

 

............. .............................................T......... .....T . ..T.G .C.. 

H35 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

............. .............................................T......... .....T . ..... .C.. 

H36 ( 2) ..C.A...

 

.T......CACT..T.CA.

 

............. .............................................T......... .....T 1 ..... .C.. 

H37 ( 3) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... . G1... .C.. 

H38 ( 2) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... . ..... .C.. 

H39 ( 2) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... . ...G. ...1 

H40 ( 2) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... . ...G. .C.. 

H41 ( 3) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... . ..... ...1 
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H42 ( 3) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... . G1... ...1 

H43 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 ...G. ...1 

H44 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 ..... ...1 

H45 ( 2) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 ..... T.C. 

H46 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 ..... .C.. 

H47 ( 1) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 G1... T.C. 

H48 ( 4) ..C.A...

 

.T......CACT..T.CA.

 

............. ..C.................................................... ...... 1 G1... .C.. 

   

t, transitions; v, transversions; i, phylogenetically informative sites; -, uninformative sites 
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Appendix A.E 

 

Table A.S5. Haplotypes and strain designations in Table A.S4 

 

Haplotype Strain 

H1      IC244, IC1648, IC2202 

H2      AF36, IC2165, IC2168 

H3      IC2171 

H4      IC1646 

H5      IC1652 

H6      IC1647, IC1651, IC1654 

H7      IC2172 

H8      IC2174 

H9      IC310 

H10     IC1720 
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H11     IC1719 

H12     IC277, IC2190, IC2208, IC2209 

H13     IC308 

H14     IC1740, IC1741, IC1747 

H15     IC1750 

H16     IC1745 

H17     IC1749 

H18     IC2207 

H19     IC1765, IC1768, IC1772, IC1773, IC1774, IC2200 

H20     IC2189, IC2192, IC2193, IC2197 

H21     IC2204 

H22     IC2212 

H23     IC2196 

H24     IC2211 

H25     IC2210 
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H26     IC307 

H27     IC1751 

H28     IC1743, IC1748 

H29     IC1744 

H30     IC1742, IC1746 

H31     IC2205 

H32     IC1650 

H33     IC301 

H34     IC2167, IC2170, IC2173 

H35     IC2169 

H36     IC2166, IC2176 

H37     IC1645, IC1655, IC1671 

H38     IC1649, IC1653 

H39     IC1669, IC1672 

H40     IC1670, IC1673 
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H41     IC1700, IC2201, IC2206 

H42     IC1679, IC1692, IC1694 

H43     IC1677 

H44     IC1696 

H45     IC2191, IC2203 

H46     IC2195 

H47     IC2198 

H48     IC278, IC1644, IC2194, IC2199 
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Appendix A.F 

Table A.S6. Distribution of haplotypes, base substitutions, and insertion/deletion events in the ARG shown in Figure A.5 

        

Locus aflC aflG/aflL aflV/aflW aflW/aflX mfs 

Position in combined 

consensus  111 1111111111111 1111111111111111111111111111111111111111111111111111111 222222 

 2333445555 688888888888899999999000 1112222233333 4455555666666666666677777777777777777777788888888888888 000111 

 1345362244 322233445677901134779135 4590346825579 5734679144445555777800222333445556677779911112344455566 179299 

 9022253607 212516159505998947697688 4583775732472 9119831202491569247169457459792581312563545898548907925 934204 

Site Number    111 111111 

 1 111111111222222222233333 3333344444444 4455555555556666666666777777777788888888889999999999000 000000 

 1234567890 123456789012345678901234 5678901234567 8901234567890123456789012345678901234567890123456789012 345678 

Site Type         ttttvttttt ttvtvttvvttttttttvttttvt tttvtvvtvttvv ttttvtttvttttttvttvttttvvttttvvttvvtvtttttvvttttvtvvvtv t-t-vv 

Character Type     i-iii-i--- -iii--iiiiiii-i-iiiiiiii iii---i----i- iiiiiiiiiiiii-iiiii-iiiiiiiiiiiiiiiiiiiiiiiiiiiii-iiiii ---iii 

Consensus              GTTGCTTCCC GCGAGTGAGGTCAACGTTCGGCAC TCCGCGTACATGG CTTACGGCATAGTAAGTAGGGGGCCCGACGACAACTTGCATTGCTCCGTAGCGCA G1G2TA 

Haplotype(Frequency)      

H1  (19) ...A..C... ............G......A.... .T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...1A. 

H2  (10)  A..A...... ....CC.......G....T..... ...........T. ..C.................................................... ...... 

H3  ( 1) A..A...... .T......CACT..T.CA..ATTT ............. .............................................T......... .....T 

H4  ( 4) .C.A.C.T.T A...........G..A...A.... C.TCTCGGGGC.T TC.G.AA.CCGACGGTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAAGCGTTC ..A... 

H5  (28) ..C.A..... .T......CACT..T.CA..ATTT ............. ..C.................................................... ...... 

H6  ( 6) ..C.A..... ..CG..AT..........T..... ............. ...................A................................... A2.... 

H7  ( 1) ..C.A..... ..CG..AT..........T..... C.T...G...... TC..G..T............................................... ...... 

H8  ( 1) ..C.A..... .T......CACT..T.CA..ATTT .T....G...... TC.G.AA.CCGAC.GTCGT.AAAGATAGTCCTGCACGATGCCCGC.TAA.CGTTC ...1A. 

H9  ( 1) ..C.A..... .T......CACT..T.CA..ATTT ...........T. ..C.................................................... ...... 

H10 ( 7) ..C.A..... .T......CACT..T.CA..ATTT ............. .............................................T......... .....T 

H11 ( 7) ........T. ............G......A.... C.T...G...... TC..G..T............................................... ...... 

H12 ( 1) ...A..C... ............G......A.... ............. ..C.................................................... ...... 

 

 
 
 
 

177 



t, transitions; v, transversions; i, phylogenetically informative sites; -, uninformative sites 
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Appendix A.G 

Table A.S7. Haplotypes and strain designations for the A. flavus ARG in Figure A.5 

 

Haplotype Strain 

H1       IC277, IC1765, IC1768, IC1772, IC1773, IC1774, IC2189, IC2190, IC2192, 

IC2193, IC2196, IC2197, IC2200, IC2204, IC2208, IC2209, IC2210, 

IC2211, IC2212 

H2       AF36, IC1646, IC1647, IC1651, IC1652, IC1654, IC2165, IC2168, IC2172, 

IC2174 H3       IC2171 

H4     IC310, IC1719, IC1720, IC1722 

H5       IC244, IC278, IC1644, IC1645, IC1648, IC1649, IC1653, IC1655, IC1669, 

IC1670, IC1671, IC1672, IC1673, IC1677, IC1679, IC1692, IC1694, 

IC1696, IC1700, IC2191, IC2194, IC2195, IC2198, IC2199, IC2201, 

IC2202, IC2203, IC2206 

H6       IC307, IC1742, IC1743, IC1744, IC1746, IC1748 

H7       IC1751 

H8       IC2205 
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H9       IC1650 

H10     IC301, IC2166, IC2167, IC2169, IC2170, IC2173, IC2176 

H11     IC308, IC1740, IC1741, IC1745, IC1747, IC1749, IC1750 

H12     IC2207 
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Appendix A.H 

Table A.S8. Haplotypes and strain designations in Figure A.6 

 

F1 population 
Haplotype Strain 
H1      IC1644, IC2194, IC2199 
H2      IC1693, IC1703 
H3      IC2209 
H4      IC1695, IC1697, IC1698, IC1701 
H5      IC1717, IC1723 
H6      IC1725, IC1726, IC1727 
H7      IC1699 
H8      IC1716, IC1718, IC1721 
H9      IC1724 
H10     IC1719 
H11     IC1720 
H12     IC1722 
H13     IC1668 
H14     IC1676 
H15     IC1678 
H16     IC1675 
H17     IC1674 
H18     IC1764, IC1766, IC1767, IC1769, IC1770, IC1775 
H19     IC1771 
H20     IC1646 
H21     IC1742, IC1746 
H22     IC1751 
H23     IC1743, IC1748 
H24     IC1744 
H25     IC1740, IC1741, IC1747 
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H26     IC1765, IC1768, IC1772, IC1773, IC1774, IC2200 
H27     IC2207 
H28     IC2190, IC2208 
H29     IC2196 
H30     IC2211 
H31     IC2210 
H32     IC2189, IC2192, IC2193, IC2197 
H33     IC2204 
H34     IC2212 
H35     IC1749 
H36     IC1750 
H37     IC1745 
H38     IC2165, IC2168 
H39     IC2172 
H40     IC2174 
H41     IC1652 
H42     IC1647, IC1651, IC1654 
H43     IC2205 
H44     IC1650 
H45     IC2166, IC2176 
H46     IC2167, IC2170, IC2173 
H47     IC2169, IC2171 
H48     IC1645, IC1655, IC1671 
H49     IC1649, IC1653 
H50     IC1669, IC1672 
H51     IC1670, IC1673 
H52     IC1700, IC2201, IC2206 
H53     IC1679, IC1692, IC1694 
H54     IC1677 
H55     IC1696 
H56     IC2191, IC2203 
H57     IC2195 
H58     IC2198 
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H59     IC1648, IC2202 
Natural population 
Haplotype Strain 
H1      IC229, IC230, IC231 
H2      NRRL 21882 
H3      IC310 
H4      IC303 
H5      IC313 
H6      IC311 
H7      IC234, IC235, IC236 
H8      IC244 
H9      IC258 
H10     IC292, IC304 
H11     IC287 
H12     IC259, IC260 
H13     IC278 
H14     IC274, IC275 
H15     IC282 
H16     IC295 
H17     IC270, IC271, IC302 
H18     IC293 
H19     IC297 
H20     IC298 
H21     IC300 
H22     IC301 
H23     IC280 
H24     IC281 
H25     IC272, IC273 
H26     IC284 
H27     IC299 
H28     IC290 
H29     IC267, IC268, IC269 
H30     IC294 
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H31     IC245, IC246, IC247, IC307 
H32     IC253 
H33     IC289 
H34     AF36 
H35     IC277 
H36     IC296 
H37     IC308 
H38     IC263, IC264, IC265 
H39     IC288 
H40     IC285 
H41     IC291 
H42     IC305 
H43     IC283 
H44     IC276 
H45     IC306 
H46     IC286 
H47     IC279 
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Appendix A.I 

 

 

 

 

 

 

 

 

 

 

Figure A.S1.  Genome-wide parentage plots for the parent-offspring trio heat maps shown in 

Figures A.2 and A.3.  Each of the plots labeled from A-I corresponds to one offspring.  In the 

plots, a black vertical line indicates the centromere, and blue vertical lines indicate the 

locations of the loci used in our multilocus sequence typing (MLST).  Microsatellite locus 

AF17 is represented on chromosome 2; AF cluster loci aflC, aflG/aflL, aflV/aflW, aflW/aflX 

and linked locus mfs are on chromosome 3; the trpC locus is on chromosome 4; and the 

mating-type locus (MAT) is on chromosome 6.  Each red dot in the chromosome plot 

identifies one probe.  On the x-axis is the approximate position of the probe on the 

chromosome in Mb; on the y-axis is the degree of similarity of the offspring to each parent, 

which is a score that predicts parental origin.  Chromosomes showing different parental 
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origins along their entire length in the progeny would be indicative of independent 

assortment.  For example, in Figure S1A, a negative difference for most of the probes on 

chromosome 8 suggests that progeny strain IC1650 is more similar to AF36, which is the 

bottom parent in the plot, whereas a positive difference for the probes in chromosome 5 

translates to IC1650 showing more similarity to IC278, the top parent in the plot.  Alternating 

probe patterns indicate that a crossover has occurred.  For example, at least one crossover can 

be discerned in the rightmost portion of chromosome 3R, which is corroborated with our 

genetic markers in the AF cluster. 
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B.1 Summary 

I created a custom XML workflow for Mobyle SNAP Workbench. The workflow uses 

mothur for initial data processing.  Using shhh.flows, sequences were first sorted by barcode 

tags and then de-noised using the mothur implementation of the PyroNoise algorithm.  In 

mothur, trim.seqs was used to remove sequences that contained (1) any ambiguous base 

calls; (2) any mismatches to the primer or the barcode; or (3) any homopolymer repeat > 8 

bp. Sequences were subsequently screened with the Fungal ITS extractor to trim SSU and 

5.8S, and to remove sequences lacking the ITS1 region. Lastly, ITS1-only sequences were 

culled if they were shorter than 140bp or were determined to be chimeric using either Perseus 

or UChime in mothur.  The database of fully identified ITS rDNA sequences from Emerencia 

was used as the reference database for UChime.  

Pairwise alignments of all unique sequences were performed using ESPRIT and the resulting 

distance matrix was processed using the single-linkage preclustering algorithm designed by 

Huse et al. (2010) with a precluster width of 0.03.  Sequences were clustered into OTU at 

95% sequence similarity using the average neighbor clustering method in mothur.  
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Figure B.5 

Diagram of the Next generation sequencing OTU workflow.  The required input files are in 

blue boxes.  The steps (programs run) are in green ovals.  Yellow boxes describe the 

processing done in each step. 
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Figure B.6 

Diagram of the Sanger sequencing OTU workflow.  The required input files are in blue 

boxes.  The steps (programs run) are in green ovals.  Yellow boxes describe the processing 

done in each step. 
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B.2 Abstract 

Next-generation sequencing technologies have provided unprecedented insights into fungal 

diversity and ecology. However, intrinsic biases and insufficient quality control measures in 

next-generation methods can lead to difficult-to-detect errors in estimating fungal community 

richness, distributions, and composition. The aim of this study was to examine how tissue 

storage prior to DNA extraction, primer design, and various quality-control approaches 

commonly used in 454 amplicon pyrosequencing might influence ecological inferences in 

studies of endophytic and endolichenic fungi. First, we contrast 454 data sets generated 

contemporaneously from subsets of the same plant and lichen tissues that were stored in 

CTAB buffer, dried in silica gel, or freshly frozen prior to DNA extraction. We show that 

storage in silica gel markedly limits the recovery of sequence data and yields a small fraction 

of the diversity observed by the other two methods. Using lichen mycobiont sequences as 

internal positive controls, we next show that despite careful filtering of raw reads and 

utilization of current best-practice OTU clustering methods, homopolymer errors in a subset 

of rare sequences artificially increased estimates of richness ca. 15-fold in a model data set. 

Third, we show that inferences regarding endolichenic diversity can be improved by using a 

novel primer that reduces amplification of the mycobiont. Together, our results underscore 

the necessity of stringent methods for sequence quality filtering and the use of positive 

controls to validate conclusions regarding fungal biodiversity when using 454 

pyrosequencing, provide a rationale for selecting tissue treatment regimes prior to DNA 

extraction, demonstrate the efficacy of reducing mycobiont amplification in studies of the 

fungal microbiomes of lichen thalli, and highlight the difficulties in differentiating true 

information about fungal biodiversity from methodological artifacts. 
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B.3 Introduction 

Next-generation sequencing technologies provide the unprecedented opportunity to 

simultaneously sequence millions of DNA fragments for a fraction of the cost per base pair 

of traditional Sanger sequencing (Margulies et al. 2005), significantly enhancing the rate and 

scope at which microbial taxa can be detected and characterized in environmental samples 

(e.g., Sogin et al. 2006; Huber et al. 2007). As a result, microbial ecology is an era of rapid 

discovery regarding the biodiversity and distribution of microorganisms among hosts, among 

substrates, and over time (Huse et al. 2008). Methods such as pyrosequencing recently have 

provided new insights into the diversity and distributions of fungi in the environment, 

fundamentally altering perspectives in mycology and fungal ecology through deeper and 

broader taxon sampling than culturing alone can provide (e.g., Jumpponen & Jones 2009; 

Tedersoo et al. 2010; Davey et al. 2013).  

 

As with any sampling technique, however, biases exist in next-generation methods that can 

alter not only absolute estimates of diversity – a question of especially active interest in 

mycology since Hawksworth (1991) – but inferences about the distributions and taxonomic 

composition of fungal communities. Whereas more traditional culturing- and culture-free 

methods such as cloning have been evaluated carefully with respect to potential taxonomic, 

combinatorial, and numerical biases (Taylor et al. 2007), and studies have provided an ever-

clearer understanding of primer and PCR bias (e.g., Reysenbach et al. 1992; Toju et al. 2010; 

Ihrmark et al. 2012), methods such as pyrosequencing have received somewhat less scrutiny 

in mycological applications (but see Lindahl et al. 2013). Recently, studies using next-

generation amplicon sequencing have unveiled a truly remarkable scale of biodiversity 

among plant-associated fungi (e.g., Zimmerman & Vitousek 2012; Bálint et al. 2013; Davey 

et al. 2013); however, such large datasets preclude hand curation of sequences and largely 

rely on analysis pipelines designed for 16s rRNA of prokaryotes. In the context of constantly 

evolving sequencing chemistry, sequencing platforms, computational approaches, and 
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analytical tools, the challenge arises: how to differentiate true information about fungal 

biodiversity from methodological artifacts. 

 

Methodological artifacts such as PCR errors, sequencing errors, and issues with OTU 

clustering historically resulted in substantive overestimates of the diversity and magnitude of 

the ‘rare biosphere’ in initial pyrosequencing studies based on 16s rRNA (see Sogin et al. 

2006; Kunin et al. 2009; Huse et al. 2010; also see Schloss et al. 2011). Strikingly, Kunin et 

al. (2009) found the common quality control practice of removing reads with ambiguous base 

calls and/or atypical lengths still resulted in estimates of diversity two orders of magnitude 

greater than expected. For Fungi, Tedersoo et al. (2010) found that ITS amplicon 

pyrosequencing errors led to an artificial increase in the apparent number of singleton OTU 

compared to Sanger sequencing of the same communities. Bálint et al. (2013) found that the 

putative species richness of endophytes of balsam poplar (Populus balsamifera) increased 3-

fold if stringent quality control measures were not applied. More generally, estimates of 

fungal richness and taxonomic identity can be influenced by technical factors such as DNA 

extraction method, primer choice (e.g., ITS1F vs. ITS5), locus choice (e.g., ITS1 vs. ITS2), 

and PCR methods (Bellemain et al. 2010; Tedersoo et al. 2010; Delmont et al. 2011; Ihrmark 

et al. 2012; Toju et al. 2010). All of these issues highlight the difficulty in comparing data 

across multiple studies and the necessity of positive controls to validate conclusions.    

 

Fungal endophytes inhabit the symptomless photosynthetic tissues of all major plant lineages 

to form one of earth’s most prevalent but least-studied symbioses (e.g., Carroll 1986; Clay 

1990; Rodrigues 1994; Fisher 1996; Davis & Shaw 2008; Arnold & Lutzoni 2007; U’Ren et 

al. 2012; Zimmerman & Vitousek 2012). These symbiotrophic fungi have been isolated from 

a wide range of biological provinces and agroecosystems, and are a ubiquitous feature of 

plant biology (e.g., Fisher et al. 1994; Fisher et al. 1995; Rodrigues 1994; Dobranic et al. 

1995; Arnold & Lutzoni 2007; Higgins et al. 2007; Davis & Shaw 2008; Pan & May 2009; 
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Saunders et al. 2010). Endophyte-like fungi also have been found in a phylogenetically 

diverse array of asymptomatic lichen thalli, where they preferentially associate with 

photobionts as endolichenic fungi (Arnold et al. 2009; U’Ren et al. 2010; U’Ren et al. 2012; 

see also Suryanarayanan et al. 2005, Li et al. 2007). Culture-dependent studies using 

morphospecies and molecular techniques have revealed a very high diversity of endophytic 

and endolichenic fungi (e.g., Lodge et al. 1996, Arnold et al. 2000, Herre et al. 2007, U’Ren 

et al. 2012). Yet, culture-free studies using direct PCR suggest that the diversity represented 

by culturable isolates may only represent the tip of the iceberg (Arnold et al. 2007; Higgins 

et al. 2011; Bálint et al. 2013).  

    

The aim of this study was to examine how tissue preparation, primer design, and other 

methodological aspects of next-generation amplicon pyrosequencing might influence 

inferences regarding the diversity and composition of endophytic and endolichenic 

communities. Our study had four main foci. First, we examined the effects of tissue storage 

and resulting DNA extraction by contrasting inferences for random subsets of tissue from the 

same hosts that were stored in CTAB buffer (e.g., Arnold et al. 2007; Higgins et al. 2011), 

dried in silica gel (e.g., Bazzicalupo et al. 2013), or freshly frozen. We focused on host taxa 

representing bryophytes, conifers, and lichen thalli, which have been of interest in recent 

NGS sequencing studies (references). Second, we tested the accuracy of different sequence-

quality filtering measures and OTU clustering methods by using mycobiont sequences from 

lichen thalli as an internal positive control. Third, we quantified the impact of a modified 

ITS2 primer—designed to minimize the PCR amplification of mycobiont DNA from lichen 

thalli for studies of the fungal component of the lichen microbiome (see Bates et al. 2012)—

on the recovery of endolichenic fungal sequences. Lastly, we compared the richness, 

diversity, and community composition of the fungal communities from subsets of the same 

tissues using both Sanger sequences of cultured isolates and stringently quality-controlled 

pyrosequencing.  
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B.4 Methods 

Fresh, apparently healthy tissues of felt lichen (Peltigera praetextata, (Flörke ex Sommerf.) 

Zopf; Peltigeraceae), Fendler’s moss (Brachythecium fendleri, (Sull.) A. Jaeger; 

Brachytheciaceae), and Chihuahua pine (Pinus leiophylla var. chihuahuana, Engelm.; 

Pinaceae) were collected in June 2011 from a mixed-coniferous, montane forest in the Santa 

Catalina Mountains of southeastern Arizona, USA (Pima Co., Coronado National Forest, 

N32.42100°, W110.73110°; 2444 m.a.s.l.). Mean total precipitation in the area is 762.3 mm 

and the mean annual temperature is 9.7 °C (Western Regional Climate Center Station 

025733, located at N32.44889°, W110.75389°; 2345 m.a.s.l.). 

 

Fresh material of each species was collected in each of three microsites located at 30 m 

intervals along a 100 m transect in relatively closed-canopy forest. The transect was located 

on a steep hillside with north/northwest aspect beneath a mixed overstory of Pi.  leiophylla 

and mature Pseudotsuga menziesii.  In each microsite we collected three small branches 

containing healthy needles from a single Pi. leiophylla individual (~30-100 fascicles/branch), 

one small B. fendleri mat (ca. 4-9 cm2), and one thallus of Pe. praetextata (ca. 4-9 cm2). All 

host individuals were in very close physical proximity to one another (1-3 m) within each 

microsite.   

  

B.4.1 Pyrosequencing and comparisons of tissue treatment 

Fresh material was transported to the laboratory and processed within 24 h of collection 

following U’Ren et al. (2010). Mature and symptomless pine needles and photosynthetic 

portions of moss thalli were washed thoroughly in running tap water, patted dry, and then (1) 

cut into 2mm2 segments, surface-sterilized, and processed immediately for DNA extraction; 

(2) treated as in (1) but placed into CTAB after surface-sterilization; (3) placed intact into 
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silica gel (Chase & Hills 1991; Boda Slotta et al. 2008; Bazzicalupo et al. 2013), with 

surface-sterilization and cutting at the time of DNA extraction; or (4) treated as in (1), but 

placed into culture instead of proceeding directly to DNA extraction. Lichen thalli were 

cleaned with aid of a dissecting microscope to remove plant material and detritus and then 

were treated as described above, except that tissues were cut under sterile conditions after 

surface-sterilization (U’Ren et al. 2010, 2012). For each species in each microsite, a total of 

96 haphazardly selected tissue pieces was used for each treatment. For CTAB storage, each 

set of 96 pieces was partitioned into four sets of 24 pieces, with each set stored in 750 ul 

CTAB (1 M Tris HCl pH 8, 5 M NaCl, 0.5 M EDTA and 20 g CTAB; see Arnold et al. 2007; 

Higgins et al. 2011). For each treatment, tissues were surface-sterilized by sequential 

immersion and agitation in 95% EtOH (10s), 0.525% NaOCl (2 min), and 70% EtOH (2 

min), following U’Ren et al. (2010, 2012). 

 

B.4.2 DNA extraction, PCR, and sequencing 

For each of 108 samples (3 host species X 3 microsites X 3 culture-free tissue treatments, 

each partitioned into 4 sets of 24 tissue pieces), tissue was ground to a fine powder under 

liquid nitrogen in a sterile mortar and pestle, which was pre-treated to remove contaminant 

DNA by scrubbing with 0.525% NaOCl, rinsing with DNA AWAY (Molecular Bio-Products 

Inc., San Diego, CA, USA), and autoclaving for 30 min. DNA was extracted with the 

DNeasy Plant Mini kit (Qiagen Inc., USA) according to the manufacturer’s protocol.  

Extracted DNA was eluted with 100 ul of Qiagen elution buffer and quantified using a 

Nanodrop fluorospectrometer (Thermo Scientific, Wilmington, DE, USA). Barrier tips were 

used for all liquid transfers and tissues were ground under sterile conditions in a laminar flow 

hood. 

 

Extraction products were combined according to host species, microsite, and treatment to 

yield 27 final extractions for PCR (3 host species X 3 microsites X 3 treatments). The nuclear 
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internal transcribed spacers and 5.8s region (ITS rDNA) was PCR-amplified for each final 

extraction using primers ITS1F and ITS4 (Gardes & Bruns 1993; White et al. 1990). Each 50 

ul reaction contained final concentrations or absolute amounts of reagents as follows: 10 ng 

of template DNA, 200 nM of each of the forward and reverse primers, 200 uM of each 

dNTP, 2.5 mM MgCl2, 1 unit of Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, 

U.S.A.), and 1x PCR buffer (Invitrogen). Cycling reactions (94 °C for 3 min followed by 25 

cycles of 94 °C for 30 s, 54 °C for 30 s, 72 °C for 1 min with a final extension of 72 °C for 

10 min) were conducted on an MJ Research PTC200 thermocycler (Waltham, MA).   

 

PCR products were evaluated by staining with SYBR Green I (Molecular Probes, Invitrogen, 

Carlsbad, CA, USA) after electrophoresis on a 1% agarose gel in TAE. Each reaction was 

done in triplicate for a total of 81 PCR reactions (27 samples X 3 PCRs). No positive PCR 

products were obtained from Pi. leiophylla tissues stored in silica gel or from fresh tissue of 

that species in microsites one and three, resulting in a total of 66 positive PCR reactions 

overall. 

 

Each positive PCR product was diluted 1:20 and used as template for a second, nested PCR 

using ITS1F (Gardes & Bruns 1993) with Roche 454 Adaptor A 

(CCATCTCATCCCTGCGTGTCTCCGACTCAG) and a unique 12 bp Roche MID barcode 

(Supplementary Table 1), and ITS2 (White et al. 1990) with Roche 454 Adaptor B 

(CCTATCCCCTGTGTGCCTTGGCAGTCTCAG). PCR conditions and reagents were as 

described above.  

 

Triplicate bar-coded PCR products were combined for each host/microsite/treatment and 

purified using the Agencourt Ampure XP magnetic PCR clean-up system (Beckman Coulter, 

Inc., Brea, CA, USA).  Purified samples were quantified using Pico Green, normalized, 
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pooled in equimolar amounts, and sequenced unidirectionally with the Roche GS FLX 

Titanium emPCR Kit (Lib-L) on the Roche GS FLX Titanium platform (Roche-454 Life 

Sciences, Branford, CT, USA) at the University of Arizona Genetics Core.  

 

Because lichen thalli consist primarily of mycobiont tissue, amplicons from surface-sterilized 

thalli of Peltigera are dominated by mycobiont DNA (see Bates et al. 2012). Sequences 

representing the mycobiont of Peltigera praetextata were used as an internal positive control 

during sequence quality-checking to achieve our second main goal (i.e., to evaluate the 

accuracy of different sequence-quality filtering measures and OTU clustering methods). Our 

third goal was to evaluate the efficacy of a modified primer for reducing amplification of 

mycobiont DNA in evaluation of endolichenic fungal diversity. 

 

B.4.3 Reduction of mycobiont amplification in lichen thalli 

A modified ITS2 primer was designed (“ITS-XPELT2”) with an annealing point 8 bp 

upstream of the standard ITS2 primer (see White et al. 1990) (Supplementary Fig. 1). 

Specificity of ITS-XPELT2 was assessed by aligning 5.8S rDNA sequences from 39 

Peltigera spp., 280 representative species from GenBank spanning the Ascomycota Tree of 

Life (Miadlikowska et al. unpublished data), and >2000 endophytic and endolichenic fungal 

sequences (see Arnold et al. 2007, 2009; U’Ren et al. 2010, 2012). The alignment was 

generated in MUSCLE v. 3.8 (Edgar 2004) using default parameters. ITS-XPELT2 had 2-3 

mismatches compared to all Peltigera spp. examined but was appropriate for amplification of 

all examined non-mycobiont taxa (Supplemental Fig. 1).  

 

We first used a cloning approach to examine the efficacy of ITS-XPELT2 in reducing 

amplification of the mycobiont. Diluted ITS1F/ITS4 PCR products from Pe. praetextata in 

one microsite were used as described above in a secondary PCR with primers ITS1F and 
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ITS-XPELT2. Products were cloned using the StrataClone PCR Cloning kit (Agilent, Santa 

Clara, CA, USA) according to the manufacturer's instructions, except that one-half the 

recommended reagent volumes were used for each reaction. After blue/white screening, 

successfully transformed colonies were transferred to new plates and incubated an additional 

24 h to increase colony size. Twenty-three positive clones were amplified in secondary PCR 

with primers M13F and M13R and sequenced as described below for cultured fungi.  

 

Thereafter, diluted ITS1F/ITS4 PCR products from the primary PCR for Pe. praetextata 

were used as template for a nested PCR as described above, except that we used primers 

ITS1F with Roche 454 Adaptor A (CCATCTCATCCCTGCGTGTCTCCGACTCAG) and a 

unique 12 bp Roche MID barcode, and ITS-XPELT2 with Roche 454 adaptor B 

(CTGCAATTCACATTACTTATCG-B) (Supplementary Table 1). PCR conditions, reagents, 

processing, and pyrosequencing were as described above. 

 

B.4.4 Isolation and processing of fungi in culture 

Ninety-six tissue pieces per species per microsite, surface-sterilized as described above, were 

placed individually on the surface of 2% malt extract agar (MEA) in individual 

microcentrifuge tubes (i.e., slant tubes; 0.75 mL MEA/tube; U’Ren et al. 2012).  In total, 864 

slant tubes were prepared (96 pieces X 3 species X 3 microsites). Slant tubes were incubated 

under ambient light/dark conditions at room temperature (ca. 21.5°C) for one year.  Emergent 

fungi were vouchered in sterile water and deposited at the Robert L. Gilbertson Mycological 

Herbarium at the University of Arizona (ARIZ, accessions ML0001-ML0146).   

 

ITSrDNA and the first ca. 600 base pairs of the nuclear ribosomal large subunit (LSUrDNA) 

were amplified as a single fragment for each isolate following U’Ren et al. (2012). Positive 

products were sequenced bidirectionally at the University of Arizona Genetics Core (UAGC) 
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using the Applied Biosystems BigDye Terminator v3.1 cycle sequencing kit and the original 

PCR primers on an Applied Biosystems 3730xl DNA Analyzer (Foster City, California, 

USA).  

 

B.4.5 Sequence processing  

We used phred and phrap (Ewing & Green 1998; Ewing et al. 1998) to call bases and 

assemble contigs for clones and cultures, with automation provided by the ChromaSeq 

package in Mesquite v. 1.06 (Maddison & Maddison 2011). Base calls were verified by 

inspection of chromatograms in Sequencher v. 5.0 (Gene Codes, Ann Arbor, Michigan, 

USA). Sanger sequences from cultures and clones were submitted to GenBank under 

accessions XXXXXX-XXXXX.   

 

For pyrosequencing, we used a custom XML workflow designed in Mobyle SNAP 

Workbench, a web-based analysis portal deployed at North Carolina State University 

(Monacell & Carbone manuscript in review; Price & Carbone 2005) (Supplemental Fig. 4). 

Briefly, the workflow uses mothur (Schloss et al. 2009) for initial data processing.  Using 

shhh.flows, sequences were first sorted by barcode tags and then de-noised using the mothur 

implementation of the PyroNoise algorithm (Quince et al. 2009).  In mothur, trim.seqs was 

used to remove sequences that contained (1) any ambiguous base calls; (2) any mismatches 

to the primer or the barcode; or (3) any homopolymer repeat > 8 bp. Sequences were 

subsequently screened with the Fungal ITS extractor (Nilsson et al. 2010) to trim SSU and 

5.8S, and to remove sequences lacking the ITS1 region. Lastly, ITS1-only sequences were 

culled if they were shorter than 140bp or were determined to be chimeric using either Perseus 

or UChime in mothur (Schloss et al. 2009; Edgar et al. 2011).  The database of fully 

identified ITS rDNA sequences from Emerencia (Nilsson et al. 2005; Ryberg et al. 2009) 

was used as the reference database for UChime (Edgar et al. 2011).  
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Pairwise alignments of all unique sequences were performed using ESPRIT (Sun et al. 2009) 

and the resulting distance matrix was processed using the single-linkage preclustering 

algorithm designed by Huse et al. (2010) with a precluster width of 0.03.  Sequences were 

clustered into OTU at 95% sequence similarity (see U’Ren et al. 2009; Liggenstoffer et al. 

2010) using the average neighbor clustering method in mothur (Schloss et al. 2011).  

 

To screen for mycobiont sequences, one representative of each 95% OTU was queried 

against the Emerencia database containing all fully identified ITS rDNA sequences (Nilsson 

et al. 2005; Ryberg et al. 2009) from GenBank using BLASTn.  Sequences matching the 

lichen mycobiont were removed from analyses of community composition and diversity. The 

numbers of sequences removed in each trimming step are listed in Table 1. All non-

mycobiont sequences generated with both secondary primer sets (ITS1F/ITS2 and 

ITS1F/ITS-XPELT2) were pooled for each host/microsite/treatment for subsequent analyses.  

 

B.4.6 Taxonomic placement and estimation of the pyrosequencing error rate 

Sequences were queried using BLASTn (Altschul et al. 1990) against the NCBI non-

redundant (nr) database to ensure the top hits of all sequences were Fungi.  Next, to restrict 

hits to only those sequences containing species-level taxonomic information, sequences were 

queried against all fully identified fungal ITS rDNA sequences in GenBank (downloaded 

from Emerencia; Nilsson et al. 2005; Ryberg et al. 2009) and determined to the last common 

ancestor (LCA) using the program MEGAN (Huson et al. 2007; LCA parameters: min 

support = 1, min score = 200, top % = 10, min comp = 0.3, % ID filter).  Taxonomic 

information at the phylum and class levels were compared among treatments and hosts due to 

difficulty in assigning lower taxonomic levels with only ITS1 (see Bazzicalupo et al. 2013).  
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All lichen thalli were identified as P. praetextata based on morphology (Brodo et al. 2001) 

and therefore only one mycobiont sequence was expected in each thallus. However, multiple 

OTU were obtained from pyrosequencing of lichen thalli with apparent taxonomic affinity 

for different Peltigera species (based on the BLAST search). We therefore used an iterative 

approach to determine whether such variation was real or due to erroneous sequences. One 

representative of each 95% OTU from pyrosequencing with a BLASTn hit to any Peltigera 

species, one clone sequence from Pe. praetextata, and four representative ITS rDNA 

sequences from GenBank that represent the top BLASTn hits to our sequences (Pe. 

praetextata HM448797.1, Pe. neckeri AF075725.1, Pe. evansiana AY257950.1, and Pe. 

polydactyloides AY257967.1) were aligned in Mesquite version 2.75 (Maddison & Maddison 

2011) using MUSCLE v. 3.8 (Edgar 2004) and manually edited for accuracy. Percent 

divergence of each 95% OTU relative to the sequence of Pe. praetextata voucher UK116 ITS 

rDNA (HM448797.1) was calculated using Needleman-Wunsch pairwise alignments in 

ESPRIT (Sun et al. 2009) (Supplemental Table 3). This approach, which we refer to below as 

the mycobiont-sequence control (MSC) approach, provided us with strong evidence to trim 

our pyrosequencing dataset more stringently than current quality-control tools suggested (see 

below). 

 

B.4.7 Community- and statistical analyses for pyrosequencing data 

Based on results from the MSC approach, we removed OTU found only once or twice in the 

dataset (i.e., singleton and doubleton OTU) due to the likelihood of these rare OTU being the 

result of sequencing errors (Supplemental Table 3; see also Tedersoo et al. 2010). All 

analyses presented below focus only on sequences that passed our stringent quality control 

and MSC approach. All pyrosequencing reads were deposited in the NCBI Short Read 

Archive under accession XXXXXX.  
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To assess the overlap between cultures and pyrosequencing OTU, operational taxonomic 

units were inferred for sequences obtained from cultures following methods above, in 

combination with one representative sequence of each unique OTU from the pyrosequencing 

dataset.  A single representative of each unique pyrosequencing OTU was used instead of the 

entire dataset to significantly reduce the number of pairwise alignments performed by 

ESPRIT (Sun et al. 2009).   

 

For statistical comparisons of communities based on pyrosequencing data, sequences were 

randomly selected from each sample (N = 2000) to reduce bias due to unequal sequencing 

depth (see Schloss et al. 2011).  For each host-treatment combination, OTU accumulation 

curves, 95% confidence intervals, and bootstrap estimates of richness were inferred in 

EstimateS 9 (viceroy.eeb.uconn.edu/estimates) using a subsampled dataset (N = 100) to 

increase computational speed. For the entire pyrosequencing dataset, species accumulation 

curves, 95% confidence intervals, and bootstrap estimates of species richness were calculated 

in mothur, sampling every 1000 sequence (Schloss et al. 2011). Fisher’s alpha, a parameter 

of the log series model that is robust to variation in sample size (Fisher et al. 1943; Taylor 

1978; Magurran 2004), was used to estimate diversity.  Community similarity was assessed 

with Jaccard’s index, which ranges from 0 (no similarity) to 1 (identical communities) and is 

based on presence/absence data only due to the fact that pyrosequencing read abundance is 

not always correlated with biological abundance (Amend et al. 2010). Analysis of similarity 

(ANOSIM; Clarke 1993) and non-metric multidimensional scaling (NMDS) were conducted 

in PAST v. 1.88 (Hammer et al. 2001). All other statistical analyses were done in JMP v. 

9.0.0 (SAS Institute, Cary, North Carolina, USA).   
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B.5 Results 

From the original 1,049,682 pyrosequencing reads, 187,808 (17.9%) were kept after a multi-

part approach for quality control, which included stringent trimming for quality, content, and 

length (Table 1) and careful attention to potential sequencing error as revealed by the MSC 

approach.  

 

The majority of culled sequences (i.e., 620,585 reads) were removed due to ambiguous base 

calls, homopolymer tracts >8 bp, or differences in the primer or barcode relative to known 

sequences. A smaller fraction (5,044 reads) was removed because they lacked ITS1, as 

determined using the ITS Extractor (Nilsson et al. 2010), or were shorter than 140 bp (48,575 

reads) following Tedersoo et al. (2010).  

 

A total of 6,627 potentially chimeric sequences (representing 620 OTU) was identified and 

removed using a combination of three different chimera-detection methods (Supplementary 

Fig. 3). The majority of these OTU were singletons or doubletons (68.3% and 15.8%, 

respectively). Representatives of two additional chimeric OTU (representing 32 sequences 

total) were identified among the Pe. praetextata mycobiont reads. A visual inspection of a 

multiple sequence alignment confirmed these sequences were chimeras of Pe. praetextata 

and Pe. neckeri; however, only UChime (Edgar et al. 2011) with the Emerencia reference 

database was able to detect them.  

 

As a result of these approaches, a total of 368,851 sequences remained. These were then 

assessed for potential errors using the MSC approach.  
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B.5.1 Estimation of the pyrosequencing error rate  

A large proportion of high quality, filtered pyrosequences from lichen thalli matched the Pe. 

praetextata mycobiont (N = 180,551  reads; Table 1; Supplementary Table 2), providing a 

means to assess the pyrosequencing error rate.  Based on morphological identification of the 

lichen thallus, we expected to obtain a single OTU representing the Pe. praetextata 

mycobiont, but we found >100 OTU with top BLASTn matches to Peltigera spp. before 

single-linkage preclustering (SLP; Huse et al. 2010), and 18 OTU after SLP (Supplemental 

Table 3). We evaluated those 18 post-SLP OTU carefully to determine whether they 

represented real variation or were the result of sequencing error. 

 

Alignment of ITSrDNA data for one representative of each post-SLP mycobiont OTU, the 

sequence generated from the single OTU obtained by cloning from the same thalli, and Pe. 

praetextata voucher UK116 (retrieved from GenBank; HM448797.1) revealed that the clone 

sequence was identical to Pe. praetextata voucher UK116, whereas the mycobiont OTU with 

the most reads from pyrosequencing (179,261 reads) differed by a single nucleotide. This 

difference was not enough to place the pyrosequencing reads into a different 95% OTU, and 

thus the reads were treated as the ‘true mycobiont’ sequence.  

 

Two additional, putative-mycobiont OTU had top BLASTn hits to Pe. evansiana and Pe. 

neckeri (instead of Pe. praetextata) (Supplementary Table 2). These sequences differed from 

their top BLAST hit by 11 bp and 2 bp, respectively. However, both OTU contained 

numerous reads (N = 311 and 931, respectively) suggesting that they may represent real 

biological entities.  
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The remaining 15 OTU were found only once or twice in our pyrosequencing data set (i.e., 

were singleton or doubleton OTU).  They differed from the clone sequence and Pe. 

praetextata voucher UK116 by 9-17 bp (mean percent divergence ± SD = 5.9% ± 1.0%) 

(Supplementary Table 2). Eighty-nine to 94% of these mismatches were in homopolymer 

tracts (with all but two of the mismatches representing insertions rather than deletions 

compared to the reference). In contrast to the preponderance of insertions, these sequences 

had an average substitution rate of 0.5% ± 0.3% compared to the reference.  Mean quality 

scores for these sequences were significantly less (25.6 ± 2.4) than a random subset of 

sequences from the dominant Peltigera OTU (37.8 ± 0.7) (t38 = 22.57, P<0.0001), suggesting 

that these OTU are likely an artifact of sequencing error (see also Tedersoo et al. 2010; 

Quince et al. 2009; Lindahl et al. 2013). Based on the observation that sequencing errors 

artificially inflated richness estimates 15-fold for Peltigera, we conservatively removed 374 

singleton and doubleton non-mycobiont OTU (N = 492 sequences) from the final dataset, 

resulting in a total of 187,808 reads for analysis. 

 

B.5.2 Modified ITS2 primer for reducing mycobiont amplification 

Preliminary cloning with ITS-XPELT2 failed to preferentially amplify non-mycobiont 

sequences relative to cloning with ITS2: 22 of 23 clones generated with ITS-XPELT2 were 

identical to the ITS rDNA sequence of Pe. praetextata voucher UK116.  However, for 

pyrosequencing, ITS-XPELT2 yielded a 12-fold increase in the number of non-mycobiont 

reads from Pe. praetextata compared to ITS2 (Table 2).  The pyrosequencing reads obtained 

by ITS-XPELT2 also captured a significantly greater number of species (N = 383 OTU) 

compared to the original ITS2 (N = 209 OTU).  Extrapolation analyses indicate that even 

with 3x additional sequencing (i.e., ~10k non-mycobiont reads), the ITS2 primer would yield 

significantly fewer OTU compared to ITS-XPELT2 (N = 224 OTU, 95% CI: 209, 239).  

There was little evidence of PCR bias using ITS-XPELT2: the modified primer recovered all 

but four of the 209 non-mycobiont species that were found using the original ITS2 primer 
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(Supplemental Fig. 2) and the communities recovered using each primer did not differ 

significantly from one another at the species level (ANOSIM, R = 0.02, P = 0.3698). 

Therefore we combined non-mycobiont reads obtained using both ITS2 and ITS-XPELT2 for 

further analyses.     

 

B.5.3 Comparison of tissue storage methods prior to DNA extraction 

We used pyrosequencing to compare endophytic and endolichenic fungal richness, diversity, 

and community composition using DNA extracted from three subsets of tissue from the same 

host individuals: fresh tissues, tissues stored in CTAB buffer, and tissues dried in silica gel 

(Table 3).  For both Pe. praetextata and B. fendleri, fungal communities obtained from 

tissues dried in silica gel yielded fewer high-quality reads and were significantly less diverse 

than those from fresh tissues or from tissues stored in CTAB buffer, which did not differ 

significantly from each other (Table 3; Fig. 1A,B). Overall, fresh and CTAB-stored tissues of 

these species harbored 1.9-4.2 times greater species richness compared to tissues stored in 

silica gel (Table 3). For Pi. leiophylla, fresh needles from two microsites and all silica gel 

dried needles failed to yield positive PCR bands with fungal-specific primers, precluding 

statistical comparisons among the three treatments. For this species, storage in CTAB was 

the most effective method of tissue treatment for recovering PCR amplicons (Table 3).  

 

Inferences regarding community composition differed as a function of tissue preservation 

method.  At the OTU level, communities obtained from tissues dried in silica gel differed 

significantly from those communities obtained from fresh and CTAB-stored tissues (Fig. 

4A).  For Pe. praetextata, differences at the OTU level were not reflected at the phylum or 

the class level: all treatments yielded similar proportions of non-mycobiont fungal phyla and 

classes (Fig. 3A, B). A similar pattern was observed for B. fendleri; however, within the 

Pezizomycotina, tissue stored in silica gel yielded fewer Eurotiomycetes and a greater 

proportion of Pezizomycetes compared to communities from other tissue storage methods 
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(Fig. 3B).  For Pi. leiophylla, sample sizes were low due to the lack of amplification from 

fresh samples in two sites and silica gel in all three sites, precluding robust comparisons (but 

see Fig. 3C). 

 

B.5.4 Culture-based vs. culture-free methods 

We obtained 146 fungal isolates in culture from 864 tissue pieces. Fungi were recovered in 

culture from all host individuals, including Pi. leiophylla in the two microsites for which no 

amplicons were obtained from direct PCR.  

 

Mean isolation frequency per host individual ± SD was 0.17 ± 0.12 (95% CI: 0.07, 0.26).  

Although B. fendleri had the greatest abundance of culturable fungi (N = 56, isolation 

frequency = 0.26 ± 0.13), isolation frequency did not differ significantly among host species 

(Pe. praetextata = 0.12 ± 0.06; Pi. leiophylla = 0.13 ± 0.15; One-way ANOVA: F2,6 = 1.37, P 

= 0.3244).  Cultures yielded 34 OTU (based on 123 isolates for which ITS rDNA sequence 

data were obtained), of which 35% were singletons.  

 

Pyrosequencing of fresh, surface-sterilized tissue from the same host individuals yielded a 

13-fold higher value for OTU richness vs. culturing alone after stringent quality control (443 

OTU from pyrosequencing following rigorous quality control and MSC approach, above).  

An additional 4-fold increase in species richness was observed when CTAB and silica gel 

tissue treatments were included (N = 572 OTU from 187,808 rigorously quality-controlled 

pyrosequencing reads).  

 

Species accumulation curves comparing culturing and pyrosequencing indicate significant 

differences in species richness, even at the same sampling effort (Fig. 1C).  Randomization 
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analyses for partitions of 123 pyrosequencing reads (equal to the number of culture 

sequences) indicate that estimates of fungal richness and diversity from pyrosequencing were 

significantly greater than expected based on culturing alone (Fig. 2; P<0.001). Species 

accumulation curves and bootstrap estimates of species richness for the entire quality-

controlled pyrosequencing dataset indicate that our sampling reached an asymptote (Fig. 1D).  

 

Overlap between culture-based and culture-free methods was very low: 14 OTU were found 

in both the culture-based sampling and pyrosequencing dataset, whereas 20 and 559 OTU 

were uniquely recovered by culturing and pyrosequencing, respectively (Jaccard index = 

0.02). Overall, fresh and CTAB-stored tissues shared 1.75-2 times more OTU with cultures 

than did tissues dried in silica gel.  

 

Higher-level taxonomic composition of communities also differed between the culture-based 

survey and the pyrosequencing data set (Fig. 3). Only a single member of the 

Agaricomycetes (Basidiomycota) was recovered by culturing (one isolate from B. fendleri); 

however, 10% of the OTU obtained by pyrosequencing belong to the Basidiomycota (N = 59 

OTU).  Within the Pezizomycotina, Sordariomycetes were more prevalent among cultured 

isolates than in the pyrosequencing data set for B. fendleri and Pe. praetextata (Fig. 3A, B). 

For Pi. leiophylla, sample sizes from cultures and pyrosequencing were low, precluding 

robust comparisons. However, qualitative review of the data indicates that culturing 

recovered a relatively large proportion of Leotiomycetes, a class that was absent from 

pyrosequences from fresh or CTAB-stored needles (Fig. 3C).  

 

Ecological inferences regarding fungal diversity and community composition as a function of 

host species are highlighted in Table 3.  
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B.6 Discussion 

The development of next-generation sequencing technologies has led to a near revolution in 

our understanding of the scope and magnitude of microbial diversity. Increasingly, however, 

it is becoming clear that careful assessment of large data sets, the computational pipelines 

that handle them, and input material need to be evaluated critically to ensure that estimates of 

biodiversity and ecological inferences are both accurate and precise. The aim of this study 

was to examine how tissue preparation, primer design, and other methodological aspects of 

next-generation sequencing can influence inferences regarding the diversity and composition 

of endophytic and endolichenic communities.  

 

Here, we first show that tissue storage prior to DNA extraction can strongly influence 

inferences regarding fungal diversity in plant tissues and lichen thalli. Storage in CTAB did 

not significantly alter communities relative to those obtained from freshly frozen tissues; 

however, storage of host material in silica gel significantly limited our ability to capture 

fungal diversity using pyrosequencing. Then, by using lichen mycobiont sequences as 

internal positive controls, we show that despite careful filtering of raw reads and utilization 

of best-practice OTU clustering methods, errors in homopolymer tracts erroneously increased 

the estimate of Peltigera species richness by 15-fold.  Third, we show that inferences 

regarding endolichenic diversity can be improved by using a novel primer that reduces 

amplification of the mycobiont. Finally, we show that culturing and pyrosequencing methods 

are largely complementary, but that the latter yields at least 13-fold higher estimates of 

richness and a different perspective on taxonomic composition of endophytic and 

endolichenic communities relative to a culture-based approach alone.  
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B.6.1 Tissue storage methods 

To preserve plant material in remote field locations for molecular studies, many plant 

biologists air-dry or quickly desiccate tissues with silica gel (Chase & Hills 1991; Nagy 

2010) as an alterative to the “gold standard” of freezing in liquid nitrogen. Other preservation 

methods involve storing plants in NaCl/CTAB buffer (Štorchová et al. 2000). Although these 

methods appear to work well for plant DNA, a previous study of AM fungi showed that 

tissue storage method had a strong effect on the recovery of plant and fungal DNA from root 

tips (Bainard et al. 2010).  In particular, storage methods involving drying or desiccation 

significantly decreased the amount of AM fungal DNA compared to methods where tissues 

were kept hydrated (e.g., freezing at -20 or -80 or storage in CTAB or EtOH solutions). To 

our knowledge, however, no previous studies have evaluated the effect of host tissue storage 

method on the recovery of fungal DNA from photosynthetic tissues and lichen thalli. 

 

In contrast to Bainard et al. (2010) we found that total DNA concentration did not differ 

among tissues treated as described here (ANOVA on log-transformed data; F2,45 = 1.59 P = 

0.2155; Supplementary Table 3). However, we found that tissues dried in silica gel yielded 

significantly lower endophytic fungal richness and diversity compared to communities from 

fresh tissues or tissues stored in CTAB buffer, regardless of host species.  This suggests that 

fungal (non-mycobiont) DNA quality or quantity in both leaves and lichen thalli was 

impacted by the storage method, in a manner similar to AM fungal DNA in plant roots 

(although we did not specifically measure the fungal DNA fraction using quantitative PCR, 

per Bainard et al. 2010).  

 

For Pinus leiophylla, although DNA concentration was not significantly lower than samples 

from other host species, extractions from two fresh and all silica-dried tissues failed to yield 

positive amplicons with fungal-specific rDNA primers. This may be due to limited 

endophyte colonization in the needles; however, the isolation frequency for cultured isolates 
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from Pinus leiophylla was similar to the other host species examined.  Alternatively, resins, 

polysaccharides, and phenolics—all of which are common in conifer needles (Tibbits et al. 

2006)—may have interfered with DNA extraction and inhibited PCR amplification. 

Unfortunately, we were unable to repeat the DNA extractions to test this hypothesis because 

we lacked sufficient tissue, such that we aim to explore this in future work.  

 

B.6.2 The need for positive controls 

In addition to bias due to technical aspects of DNA extraction and PCR, pyrosequencing is 

subject to base calling errors in homopolymer-rich DNA regions (Margulies et al. 2005), 

including extensions (insertions), incomplete extensions (deletions), and carry forward errors 

(insertions and substitutions) (i.e., CaFIE; see Huse et al. 2007), the presence of which can 

artificially inflate the number of apparently (and at times, artifactually) “rare” taxa (see 

Kunin et al. 2009; Huse et al. 2010; Tedersoo et al. 2010). As such, the ability to accurately 

measure microbial richness and diversity has been hampered by errors in sequencing as well 

as clustering algorithms (Kunin et al. 2009; Huse et al. 2010). To combat this, as well as 

errors introduced by other external factors (e.g., sequencing center and plate), Schloss et al. 

(2011) emphasized the importance of including a positive control on each sequencing plate to 

assess sequencing error and chimera formation rates. Either a mock community or a control 

sample of known richness and genetic diversity can be used as a positive control (see Schloss 

et al. 2011). In the present study we took advantage of the fungal mycobiont in the lichen 

thallus to act as an internal positive control.  Although this method provides valuable 

information regarding the efficacy of sequence quality filtering and clustering accuracy, in 

contrast to the use of a mock community as a positive control, it does not allow the 

evaluation of different DNA concentrations on read abundance, nor address potential biases 

for or against particular fungal taxa (e.g., Amend et al. 2010).   
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Despite performing stringent quality control on the sequencing data (i.e., PyroNoise 

trimming and removing reads with ambiguity in the primer or barcode sequences), using the 

more accurate sequence similarity values generated from pairwise alignments instead of a 

multiple sequence alignment (Sun et al. 2009), and reducing the effect of error by using the 

single-linkage preclustering (SLP) and final clustering with the average neighbor algorithm 

at 95% sequence similarity (see Huse et al. 2010; Schloss et al. 2011), we still recovered 18 

OTU instead of a single OTU to represent the Pe. praetextata mycobiont.  One of these OTU 

clearly represented the dominant mycobiont sequence and two OTU had top BLAST hits to 

other Peltigera spp. (Pe. neckeri and Pe. evansiana). Due to their similarity to published 

sequences, the number of reads, and restriction to a single microsite, we believe these latter 

sequences likely represent unintentional sampling of small pieces of thalli or spores of other 

Peltigera spp.  All three species (Pe. praetextata, Pe. neckeri, and a putatively new species 

from the Pe. canina group (with top BLASTn hit to Pe. evansiana)) were encountered in the 

sampling area (J. Miadlikowska pers. obs). The remaining 15 OTU were represented by 1-2 

sequences that had a preponderance of insertion errors in homopolymer regions, as well as 

significantly lower quality scores compared to sequences matching the dominant Peltigera 

OTU. Moreover, the average percent divergence (i.e., the error rate) of these sequences was 

5.9%, which was substantially greater than the rate of 0.3% for sequences representing the 

dominant Peltigera OTU. This is in accordance with Huse et al. (2007) who demonstrated 

that although average error rates for 16S data were low (i.e., 0.49%), pyrosequencing errors 

are not evenly distributed across reads. Given this evidence, we concluded that these were 

erroneous sequences that artificially inflated the number of recovered mycobiont OTU by 15-

fold.  

 

Previous studies have also found the reliability of OTU represented by a low number of reads 

to be problematic.  For example, in an investigation of ectomycorrhizal fungi, Tedersoo et al. 

(2010) found that >75% of singleton OTU were likely artifactual. In the present study, 60% 
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of singleton/doubleton OTU (N = 226) were not reliably identified as Fungi using BLASTn, 

suggesting these represent erroneous sequences.  For 140 singleton/doubleton OTU, we were 

unable to distinguish truly novel OTU from OTU that were incorrectly clustered due to 

sequencing errors.  However, we were able to validate the remaining set of six singleton- and 

two doubleton OTU using Sanger sequencing of cultured isolates.  This is in contrast to a 

previous study that observed no overlap between pyrosequencing singletons and sequences 

obtained using more traditional methods (Tedersoo et al. 2010). Thus, even though we are 

likely excluding a fraction of truly rare taxa and thus slightly underestimating diversity, 

based on the results of the internal positive control and the recommendation of Lindahl et al. 

(2013), we chose to conservatively estimate species richness and diversity by removing 

singleton as well as doubleton OTU.  Importantly, our major conclusions were consistent 

regardless of the inclusion or exclusion of these rare taxa (data not shown).   

 

B.6.3 The importance of primer selection 

Examining communities of endolichenic fungi using ITS rDNA amplicon pyrosequencing is 

problematic because the primarily ascomyetous endolichenic taxa are amplified using the 

same primers as lichen-forming mycobionts.  In a DNA mixture, universal fungal primers 

will preferentially amplify the dominant mycobiont DNA and low-abundance endolichenic 

sequences will rarely be amplified, thus yielding pyrosequencing data with >99% mycobiont 

reads (S. Bates, personal communication; Table 2).  Greater sequencing depth has the 

potential to recover the entire community of endolichenic fungi in a thallus, but a more cost 

effective strategy is to exclude or reduce mycobiont amplification during PCR. Methods for 

doing so include using restriction enzymes specific to non-target DNA to degrade it either 

before or after PCR; using non-target specific primers or probes to suppress PCR 

amplification (e.g., "PCR-clamping" or “blocking PCR”; see Karkare et al. 2006; Vestheim 

& Jarman 2008); or using primers that have suboptimal annealing to non-target DNA (e.g., 

an approach similar to mismatch amplification mutation assay; Easterday et al. 2005).  Due 
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to the presence of a 2-3 bp Peltigera-specific polymorphism in the 5.8S gene, we selected the 

last method to reduce mycobiont amplification.  

 

The redesigned ITS2 primer (ITS-XPELT2) was not successful at reducing incidence of 

mycobiont sequences in our preliminary cloning trial, but successfully reduced the number of 

mycobiont sequences obtained by pyrosequencing by an average of 16-fold.  This allowed us 

to capture a greater diversity of endolichenic fungi from Peltigera praetextata, which would 

not have been economically feasible using ITS2 (i.e., would have required >3-fold more 

sequencing depth).   

 

Although ITS-XPELT2 obtained higher richness and diversity of endolichenic fungi than 

ITS2, the results varied by PCR. For unknown reasons, isolates from microsite 2 had 

significantly fewer reads compared to individuals from the other two microsites, as well as 

greatly reduced mycobiont amplification using either primer (Table 2).  Excluding those 

individuals, pyrosequencing reads corresponding to the mycobiont comprised 57.1-83.0% of 

sequences per individual thallus using ITS-XPELT2.  Presumably, if mycobiont 

amplification were completely excluded, an even greater diversity of endolichenic fungi 

could be enumerated.  Thus, future studies will incorporate the use of a mycobiont blocking 

primer or PCR-clamping probe that have the potential to completely exclude mycobiont 

amplification (see Vestheim & Jarman 2008).  This would also be beneficial for studies using 

other direct PCR methods, such as cloning.  Although we observed no significant taxonomic 

bias between the communities recovered using ITS-XPELT2 and ITS2, the advantage of 

blocking primers or PCR-clamping probes is that the same universal primers can be used to 

study both endophytic and endolichenic fungi without concern for bias due to different 

primer combinations.   
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B.6.4 Complementarity of culture-based and culture-free methods 

Previous studies have mostly used culture-based methods to investigate the diversity and host 

affiliations of endophytic fungi (see Rodriguez et al. 2009 and references therein).  However, 

culture-based studies can exclude species with obligate host associations, very slow growth 

rates, specialized requirements for substrates or conditions, or low competitive ability 

(Arnold et al. 2007).  Prior to next-generation sequencing technologies, cloning from 

environmental PCR offered the best glimpse into the abundance and diversity of unculturable 

fungi (Guo et al. 2001; O’Brien et al. 2005; Arnold et al. 2007, Higgins et al. 2011); 

however, only a handful of studies directly compared both culture and culture-free methods.  

These studies illustrate that although culturing alone often underestimates fungal diversity 

and can fail to isolate genotypes or lineages recovered using cloning (Allen et al. 2003; 

Arnold et al. 2007; Yuan et al. 2010; Higgins et al. 2011; Walker et al. 2011; Raizen 2013), 

culturing also can recover fungi not found by environmental sequencing (Arnold et al. 2007; 

Higgins et al. 2011; Raizen 2013). Thus, utilizing both culture and culture-free methods can 

offer a more comprehensive view of the microbial community composition and overall 

diversity.  For example, Higgins et al. (2011) found that combining culturing and cloning 

markedly increased the estimated diversity of the endophytic community from tropical 

grasses.  

 

Here, we show that pyrosequencing from the same host individuals as those sampled for 

culturing yielded a 13- to 17-fold increase in endophyte richness compared to culturing alone 

(even after the exclusion of all singletons and doubletons), and recovered numerous fungal 

lineages absent from the culture collection. Yet, despite this increase in richness, culturing 

still isolated 20 OTU that were not found in the pyrosequencing dataset. In contrast to 

previous studies where cloning failed to recover commonly cultured lineages (i.e., 

Sordariomycetes; Arnold et al. 2007), pyrosequencing recovered all major classes of fungi 

that were present in our corresponding culture collection.  However, differences in the 
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proportions of different lineages were observed between pyrosequencing and culturing.  In 

particular, we recovered 58 more basidiomycetous OTU (10% of the OTU obtained from 

pyrosequencing) with pyrosequencing than were obtained via culturing (one OTU, 

accounting for 3% of 34 OTU obtained by culturing). Moreover, Leotiomycetes were not 

found in the pyrosequencing data set from Pi. leiophylla needles, despite being common in 

the cultures from the same host individuals and being dominant among endophytes of 

Pinaceae in general (see Arnold et al. 2007, Arnold 2007).  This disparity may reflect poor 

PCR amplification from Pinus samples due to inhibitors present in the needles during DNA 

extraction (see above).    

 

B.7 Conclusion 

Next-generation sequencing technologies have provided unprecedented insights regarding the 

biology of fungi. In particular, pyrosequencing studies have recovered fungal taxa never 

previously observed from particular habitats, host tissues, or host species (e.g., Raizen 2013), 

and have unveiled a truly remarkable scale of biodiversity among plant-associated fungi 

(Zimmerman & Vitousek 2012; Bálint et al. 2013; Davey et al. 2013). This study emphasizes 

that several commonly used tissue storage methods may be suitable for recovering high-

quality plant or mycobiont DNA, certain methods such as silica gel desiccation may not 

accurately preserve the minute fraction of symbiotrophic fungal DNA for downstream PCR 

amplification and pyrosequencing. In agreement with Schloss et al. (2011), our work shows 

that a positive control should be used on each pyrosequencing run to control for errors in 

sample handling, processing, sequencing errors, and clustering artifacts. We show that primer 

design informed by previous culturing work can provide an important tool for improving 

successful amplification of endolichenic fungi and reducing the incidence of lichen 

mycobiont amplicons. Finally, although culturing isolated fewer species than 

pyrosequencing, culturing in combination with pyrosequencing offers additional advantages 

to understand the biological context of symbiotrophic fungi. Despite >180,000 high quality 
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reads, we still recovered 20 OTU via culturing that were absent from our pyrosequencing 

dataset. Isolates in pure culture can be used to verify low abundance pyrosequencing reads 

that might otherwise be discarded as artifacts, as well as provide full-length ITS rDNA 

sequences and multi-locus sequences for taxonomic inferences and downstream phylogenetic 

studies.   

 

 

B.8 Acknowledgements  

This work was supported by NSF DEB-1045766 and NSF DEB-0640996 to AEA, by an NSF 

IGERT Fellowship in Comparative Genomics to JMU, and NSF DEB-1046065 and NSF-

1025930 to JM. We thank the University of Arizona Genetics Core, especially Ryan Sprissler 

and Heather Issar for their advice on 454 amplicon pyrosequencing primer design and 

sequencing, as well their assistance with preparing and sequencing the samples. We are 

grateful to Kayla Arendt, Nick Massimo, Dustin Sandberg, Brett Baxter, Chan Jung and 

other members of the Arnold laboratory for their assistance in processing samples in the 

laboratory, Phil Jenkins for identifying Pinus leiophylla var. chihuahuana, and Georgiana 

May, François Lutzoni, Joe Vaughan, and Julien Ponchart for useful discussions on 

pyrosequencing data processing and quality control.    

 

 

  

 
 
 
 

229 



B.9 References 

Allen TR, Millar T, Berch SM, Berbee, ML (2003) Culturing and direct DNA extraction find 
different fungi from the same ericoid mycorrhizal roots. New Phytologist, 160, 255–272. 

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)  Basic local alignment search 
tool. Journal of Molecular Biology, 215, 403–410. 

Amend AS, Seifert KA, Bruns TD (2010) Quantifying microbial communities with 454 
pyrosequencing: does read abundance count? Molecular Ecology, 19, 5555–5565. 

Arnold AE (2007) Understanding the diversity of foliar fungal endophytes: progress, 
challenges, and frontiers. Fungal Biology Reviews, 21, 51–66. 

Arnold AE, Lutzoni F (2007) Diversity and host range of foliar fungal endophytes: Are 
tropical leaves biodiversity hotspots? Ecology, 88, 541–549. 

Arnold AE, Henk DA, Eells RL, Lutzoni F, Vilgalys R (2007) Diversity and phylogenetic 
affinities of foliar fungal endophytes in loblolly pine inferred by culturing and environmental 
PCR. Mycologia, 99, 185–206. 

Arnold AE, Miadlikowska J, Higgins KL et al. (2009) A phylogenetic estimation of trophic 
transition networks for ascomycetous fungi: are lichens cradles of symbiotrophic fungal 
diversification? Systematic Biology, 58, 283–297. 

Arnold AE, Maynard Z, Gilbert G, Coley PD, Kursar TA (2000) Are tropical fungal 
endophytes hyperdiverse? Ecology Letters, 3, 267–274. 

Bainard LD, Klironomos JN, Hart MM (2010) Differential effect of sample preservation 
methods on plant and arbuscular mycorrhizal fungal DNA. Journal of Microbial Methods, 
82, 124–130. 

Bálint M, Tiffin P, Hallström B et al. (2013) Host genotypes shapes the foliar fungal 
microbiome of Balsam Poplar (Populus balsamifera). PLoS One, 8, e53987. 

Bates ST, Berg-Lyons D, Lauber CL, Walters WA, Knight R, Fierer N (2012) A preliminary 
surgery of lichen associated eukaryotes using pyrosequencing. The Lichenologist, 44, 137–
146.  

Bazzicalupo AL, Bálint M, Schmitt, I (2013) Comparison of ITS1 and ITS2 rDNA in 454 
sequencing of hyperdiverse fungal communities. Fungal Ecology, 6, 102–109.  

Bellemain E, Carlsen T, Brochmann C, Coissac E, Taberlet P, Kauserud H (2010) ITS as an 
environmental DNA barcode for fungi: an in silico approach reveals potential PCR biases. 
BMC Microbiology, 10, 189.  

Boda Slotta TA, Brady L, Chao S (2008) High throughput tissue preparation for large-scale 
genotyping experiments. Molecular Ecology Resources, 8, 83–87. 

 
 
 
 

230 



Brodo IM, Sharnoff SD, Sharnoff S (2001) Lichens of North America.  pp. 503-522. Yale 
University Press, New Haven, Connecticut, USA. 

Carroll GC (1986) The biology of endophytism in plants with special reference to woody 
perennials. In: Microbiology of the phylloplane (eds Fokkema NJ, van den Heuvel J), pp. 
205–222. Cambridge University Press, Cambridge, United Kingdom. 

Chase MW, Hills HH (1991) Silica gel: an ideal material for field preservation of leaf 
samples for DNA studies. Taxon, 40, 215–220. 

Clarke KR (1993) Non-parametric multivariate analysis of changes in community structure. 
Australian Journal of Ecology, 18, 117–143.  

Clay K (1990) Fungal endophytes of grasses. Annual Review of Ecology and Systematics, 21, 
275–297. 

Davey ML, Heegaard E, Halvorsen R, Kauserud H, Ohlson M (2013) Amplicon-
pyrosequencing-based detection of compositional shifts in bryophyte-associated fungal 
communities along an elevation gradient. Molecular Ecology, 22, 368–383.  

Davis EC, Shaw AJ (2008) Biogeographic and phylogenetic patterns in diversity of 
liverwort-associated endophytes. American Journal of Botany, 95, 914–924. 

Delmont TO, Robe P, Cecillon S et al. (2011) Accessing the soil metagenome for studies of 
microbial diversity. Applied and Environmental Microbiology, 77, 1315–1324.  

Dobranic JK, Johnson JA, Alikhan QR (1995) Isolation of endophytic fungi from eastern 
larch (Larix laricina) leaves from New Brunswick, Canada. Canadian Journal of 
Microbiology, 41, 194–198. 

Easterday WR, Van Ert MN, Zanecki S, Keim P (2005) Specific detection of Bacillus 
anthracis using a TaqMan mismatch amplification mutation assay. Biotechniques, 38, 731–
735.  
Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Research, 32, 1792–1797.  

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011) UCHIME improves sensitivity 
and speed of chimera detection, Bioinformatics, 27, 2194–2200. 

Ewing B, Green P (1998) Basecalling of automated sequencer traces using phred. II. Error 
probabilities. Genome Research, 8, 186–194. 

Ewing B, Hillier L, Wendl MC, Green P (1998) Basecalling of automated sequencer traces 
using phred. I. Accuracy assessment. Genome Research, 8, 175–185. 

Fisher RA, Corbet AS, Williams CB (1943) The relation between the number of species and 
the number of individuals in a random sample of an animal population. Journal of Animal 
Ecology, 12, 42–58. 

 
 
 
 

231 



Fisher PJ (1996) Survival and spread of the endophyte Stagonospora pteridiicola in 
Pteridium aquilinum, other ferns and some flowering plants. New Phytologist, 132, 119–122. 

Fisher PJ, Petrini O, Petrini LE, Sutton BC (1994) Fungal endophytes from the leaves and 
twigs of Quercus ilex L. from England, Majorca and Switzerland. New Phytologist, 127, 
133–137. 

Fisher PJ, Graf F, Petrini LE, Sutton BC, Wookey PA (1995) Fungal endophytes of Dryas 
octopetala from high arctic semidesert and from the Swiss alps. Mycologia, 87, 319–323. 

Gardes M, Bruns TD (1993) ITS primers with enhanced specificity of basidiomycetes: 
application to the identification of mycorrhizae and rusts. Molecular Ecology, 2, 113–118. 

Guo LD, Hyde KD, Liew C (2001) Detection and taxonomic placement of endophytic fungi 
within frond tissues of Livistona chinesis based on rDNA sequences. Molecular 
Phylogenetics and Evolution, 20, 1–13.   

Hammer Ø, Harper DAT, Ryan PD (2001) PAST: Paleontological statistics software package 
for education and data analysis. Palaeontologia Electronica, 4, 9pp.  

Hawksworth DL (1991) The fungal dimension of biodiversity: Magnitude, significance, and 
conservation. Mycological Research, 95, 641–655. 

Herre EA, Mejía LC, Kyllo DA et al. (2007) Ecological implications of anti-pathogen effects 
of tropical endophytes and mycorrhizae. Ecology, 88, 550–558. 

Higgins KL, Arnold AE, Miadlikowska J, Sarvate SD, Lutzoni F (2007) Phylogenetic 
relationships, host affinity and geographic structure of boreal and arctic endophytes from 
three major plant lineages. Molecular Phylogenetics and Evolution, 42, 543–555. 

Higgins KL, Coley PD, Kursar TA, Arnold AE (2011) Culturing and direct PCR suggest 
prevalent host generalist among diverse fungal endophytes of tropical forest grasses. 
Mycologia, 103, 247–260. 

Huber JA, Welch DBM, Morrison HG et al. (2007) Microbial population structures in the 
deep marine biosphere. Science, 318, 97–100. 

Huse S, Huber J, Morrison H, Sogin M, Welch DM (2007) Accuracy and quality of 
massively parallel DNA pyrosequencing. Genome Biology, 8, R143. 

Huse S, Dethlefsen L, Huber JA, Welch DM, Relman DA, Sogin ML (2008) Exploring 
microbial diversity and taxonomy using SSU rRNA hypervariable tag sequencing. PLoS 
Genetics, 4, e10000255. 

Huse SM, Welch DM, Morrison HG, Sogin ML (2010) Ironing out the wrinkles in the rare 
biosphere through improved OTU clustering. Environmental Microbiology, 12, 1889–1898.  

Huson DH, Auch AF, Qi J, Schuster SC (2007) MEGAN Analysis of Metagenomic Data. 
Genome Research, 17, 377–386.  

 
 
 
 

232 



Ihrmark K, Bödeker ITM, Cruz-Martinez K et al. (2012) New primers to amplify the fungal 
ITS2 region – evaluation by 454-sequencing of artificial and natural communities. FEMS 
Microbial Ecology, 82, 666–677. 

Karkare S, Bhatnagar D (2006) Promising nucleic acid analogs and mimics: characteristic 
features and applications of PNA, LNA, and morpholino. Applied Microbiology and 
Biotechnology, 71, 575–586.  

Kunin V, Engelbrektson A, Ochman H, Hugenholtz P (2009) Wrinkles in the rare biosphere: 
pyrosequencing errors can lead to artificial inflation of diversity estimates. Environmental 
Microbiology, 12, 118–123. 

Li W-C, Zhou J, Guo S-Y, Guo L-D (2007) Endophytic fungi associated with lichens in 
Baihua mountain of Beijing, China. Fungal Diversity, 25, 69–80. 

Lindahl BD, Nilsson RH, Tedersoo L et al. (2013) Fungal community analysis by high-
throughput sequencing of amplified markers—a user’s guide. New Phytologist, 199, 288–
299. 

Liggenstoffer AS, Youssef NH, Couger MB, Elshahed MS (2010) Phylogenetic diversity and 
community structure of anaerobic gut fungi (phylum Neocallimastigomycota) in ruminant 
and non-ruminant herbivores. The ISME Journal, 4,1225–1235. 

Lodge DJ, Fisher PJ, Sutton BC (1996) Endophytic fungi of Manilkara bidentata leaves in 
Puerto Rico. Mycologia, 88, 733–738.  

Jumpponen A, Jones KL (2009) Massively parallel 454 sequencing indicates hyperdiverse 
fungal communities in temperate Quercus macrocarpa phyllosphere. New Phytologist, 184, 
438–448. 

Maddison WP, Maddison DR (2011) Mesquite: a modular system for evolutionary analysis.  
Version 2.75  http://mesquiteproject.org 

Magurran AE (2004) Measuring biological diversity. Blackwell Publishing Ltd., Oxford, 
United Kingdom.   

Margulies M, Egholm M, Altman WE et al. (2005) Genome sequencing in microfabricated 
high-density picolitre reactors. Nature, 15, 376–80. 
Nagy ZT (2010) A hands-on overview of tissue preservation methods for molecular genetic 
analyses.  Organisms Diversity and Evolution, 10, 91–105.  

Niering WA, Lowe CH (1984) Vegetation of the Santa Catalina Mountains: community 
types and dynamics. Vegetation, 58, 3–28. 

Nilsson RH, Kristiansson E, Ryberg M, Larsson K-H (2005) Approaching the taxonomic 
affiliation of unidentified sequences in public databases – an example from the mycorrhizal 
fungi. BMC Bioinformatics, 6, 178.  

 
 
 
 

233 



Nilsson RH, Kristiansson E, Ryberg M, Hallenberg N, Larsson K-H (2008) Intraspecific ITS 
variability in the Kingdom Fungi as expressed in the international sequence databases and its 
implications for molecular species identification. Evolutionary Bioinformatics, 4, 193–201. 

Nilsson RH, Veldre V, Hartmann M et al. (2010) An open source software package for 
automated extraction of ITS1 and ITS2 from fungal ITS sequences for use in high-
throughput community assays and molecular ecology. Fungal Ecology, 3, 284–287.  

O’Brien HE, Parrent JL, Jackson JA, Moncalvo J, Vilgalys R (2005) Fungal community 
analysis by large-scale sequencing of environmental samples. Applied and Environmental 
Microbiology, 71, 5544–5550.  

Pan JJ, May G (2009) Fungal-fungal associations affect the assembly of endophyte 
communities in maize (Zea mays). Microbial Ecology, 58, 668–678. 

Price E, Carbone I (2005) SNAP: workbench management tool for evolutionary population 
genetic analysis. Bioinformatics, 21, 402–404.  

Quince C, Lanzén A, Curtis TP et al. (2009) Accurate determination of microbial diversity 
from 454 pyrosequencing data. Nature Methods, 6, 639–644. 

Raizen NL (2013) Fungal endophyte diversity in foliage of native and cultivated 
Rhododendron species determined by culturing, ITS sequencing, and pyrosequencing. Ph.D. 
Thesis. University of Oregon.  

Reysenbach AL, Giver LJ, Wickham GS, Pace NR (1992) Differential amplification of 
ribosomal-RNA genes by polymerase chain-reaction. Applied and Environmental 
Microbiology, 58, 3417–3418. 

Rodrigues KF (1994) The foliar fungal endophytes of the Amazonian palm Euterpe oleracea. 
Mycologia, 86, 376–385. 

Rodriguez RJ, White JF, Arnold AE, Redman RS (2009) Fungal endophytes: diversity and 
functional roles. New Phytologist, 182, 314–330. 

Ryberg M, Kristiansson E, Sjökvist E, Nilsson RH (2009) An outlook on the fungal internal 
transcribed spacer sequences in GenBank and the introduction of a web-based tool for the 
exploration of fungal diversity. New Phytologist, 181, 471–477. 

Saikkonen K, Faeth SH, Helander M, Sullivan TJ (1998) Fungal endophytes: a continuum of 
interactions with host plants. Annual Review of Ecology and Systematics, 29, 319–343. 

Saunders M, Glenn AE, Kohn LM (2010) Exploring the evolutionary ecology of fungal 
endophytes in agricultural systems: using functional traits to reveal mechanisms in 
community processes. Evolutionary Applications, 3, 525–537. 

Schloss PD, Wescott SL, Ryabin T et al. (2009) Introducing mothur: Open-source, platform-
independent, community-supported software for describing and comparing microbial 
communities. Applied and Environmental Microbiology, 75, 7537–7541.  

 
 
 
 

234 



Schloss PD, Gevers D, Westcott SL (2011) Reducing the effects of PCR amplification and 
sequencing artifacts on 16S rRNA-based studies. PLoS One, 6, e27310. 

Sellers WD (1960) Arizona climate. University of Arizona Press, Tucson, Arizona, USA.  

Smith HV (1956) The climate of Arizona. University of Arizona, Agricultural Experiment 
Station Bulletin 279.   

Sogin ML, Morrison HG, Huber JA, Welch MD, Huse SM (2006) Microbial diversity in the 
deep sea and the underexplored “rare biosphere”. Proceedings of the National Academy of 
Sciences, U.S.A. 103, 12115–12120.  

Štorchová H, Hrdlicková R, Chrtek J, Tetera M, Fitz D, Fehrer J (2000) An improved method 
of DNA isolation from plants collected in the field and conserved in saturated NaCl/ CTAB 
solution. Taxon, 49, 79–84. 

Sun Y, Cai Y, Yu F, Farrrel ML, McKendree W, Farmerie W (2009) ESPRIT: estimating 
species richness using large collections of 16S rRNA pyrosequences. Nucleic Acids 
Research, 37, e76. 

Suryanarayanan TS, Thirunavukkarasu GN, Hariharan GN, Balaji P (2005) Occurrence of 
non-obligate microfungi inside lichen thalli. Sydowia 57, 120–130. 

Taylor LR (1978) Bates, Williams, Hutchinson—a variety of diversities. In: Diversity of 
insect faunas (eds Mound LA, Warloff N), Blackwell Publishing Ltd., Oxford, United 
Kingdom.  

Taylor DL, Herriott IC, Long J, O’Neill K (2007) TOPO TA is A-OK: a test of phylogenetic 
bias in fungal environmental clone library construction. Environmental Microbiology, 9, 
1329–1334.  

Tedersoo L, Nilsson RH, Abarenkov K et al. (2010) 454 Pyrosequencing and Sanger 
sequencing of tropical mycorrhizal fungi provide similar results but reveal substantial 
methodological biases. New Phytologist, 188, 291–301. 

Tibbits JFG, McManus LJ, Spokevicius AV, Bossinger G (2006) A rapid method for tissue 
collection and high-throughput isolation of genomic DNA from mature trees. Plant 
Molecular Biology Reporter, 24, 81–91.   

Toju H, Tanabe AS, Yamamoto S, Sato H (2010) High-coverage ITS primers for the DNA-
based identification of ascomycetes and basidiomycetes in environmental samples. PLoS 
One, 7, e40863.  

U'Ren JM, Dalling JW, Gallery RE et al. (2009) Diversity and evolutionary origins of fungi 
associated with seeds of a neotropical pioneer tree: a case study for analyzing fungal 
environmental samples. Mycological Research, 113, 432–449. 

 
 
 
 

235 



U’Ren JM, Lutzoni F, Miadlikowska J, Arnold AE (2010) Community analysis reveals close 
affinities between endophytic and endolichenic fungi in mosses and lichens. Microbial 
Ecology, 60, 340–353. 

U’Ren JM, Lutzoni F, Miadlikowska J, Arnold AE (2012) Host and geographic structure of 
endophytic and endolichenic fungi at a continental scale. American Journal of Botany, 99, 
898–914. 

Vestheim H, Jarman SN (2008) Blocking primers to enhance PCR amplification of rare 
sequences in mixed samples – a case study on prey DNA in Antarctic krill stomachs. 
Frontiers in Zoology, 5, 12.  

Walker JF, Aldrich-Wolfe L, Riffel A et al. (2011) Diverse Helotiales associated with the 
roots of three species of Arctic Ericaceae provide no evidence for host specificity. New 
Phytologist, 191: 515–527.  

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct sequencing of fungal 
ribosomal RNA genes for phylogenetics. In: PCR Protocols: a guide to methods and 
applications (eds Innis MA, Gelfand DH, Sninsky JJ, White TJ). Academic Press, San 
Diego, California, USA.  

Yuan Z, Zhang C, Lin F, Kubicek CP (2010) Identity, diversity, and molecular phylogeny of 
the endophytic mycobiota in the roots of rare wild rice (Oryza granulate) from a nature 
reserve in Yunnan, China. Applied and Environmental Microbiology, 76, 1642–1652.  

Zimmerman N, Vitousek PM (2012) Fungal endophyte communities reflect environmental 
structuring across a Hawaiian landscape.  Proceedings of the National Academy of Sciences 
USA, 109, 13022–13027.   

Zoller S, Lutzoni F, Scheidegger C (1999) Genetic variation within and among populations 
of the threatened lichen Lobaria pulmonaria in Switzerland and implications for its 
conservation. Molecular Ecology, 8, 2049–2059.  

  

 
 
 
 

236 



DATA ACCESSIBILITY 

- DNA sequences: Genbank accessions XXXXXXX-XXXXXXX; NCBI SRA: 

XXXXXXXXXX 

 

AUTHOR CONTRIBUTIONS 

J.M.U. directed and helped to perform the laboratory work, designed the ITS-XPELT2 

primer, analyzed the data, and co-wrote the manuscript. J.M.R. dissected lichen thalli, 

assisted with sample processing, tested the ITS-XPELT2 primer by cloning, and assisted with 

DNA extractions.  J.T.M. and I.C. implemented the pyrosequencing analysis pipeline using 

Mobyle SNAP portal. J.M. assisted with lichen identification and the design of the ITS-

XPELT2 primer. AEA directed the research, co-wrote the manuscript, and funded the 

project.  

 

FIGURE LEGENDS 

 

Figure B.1. Species accumulation curves and bootstrap estimate (BS) of species richness 

(thick black line) for (A) Pe. praetextata and (B) B. fendleri, illustrating the accumulation of 

rich communities by pyrosequencing (post-quality-controlled data only) using fresh tissue (F) 

and tissues stored in CTAB (C), relative to the lower accumulation of species from tissues 

dried in silica gel (S).  Results for Pi. leiophylla are not shown due to low recovery of 

endophytes in culture and with pyrosequencing (see Table 2). Panel (C) illustrates observed 

species richness for pyrosequencing (post-quality-controlled data only) vs. culturing, using 

500 randomly chosen pyrosequences vs. all sequences obtained from culturing (N = 123) to 

illustrate species accumulation curves on a similar order of magnitude. Panel (D) shows 

asymptotic curve based on all quality-controlled pyrosequencing reads. Analyses were 

performed for every 100 sequences sampled.   
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Figure B.2. Given equal sampling effort, pyrosequencing recovered significantly higher 

richness and diversity than did culturing from random subsets of the same host tissues. 

Results of randomization analyses for 100 random partitions of 123 pyrosequencing reads, 

consistent with the total number of cultures obtained, sampled with replacement from all 

strictly quality-controlled 187,808 pyrosequencing reads. (A) Frequency distribution of the 

number of putative species (based on 95% ITS1 rDNA sequence similarity) obtained from 

123 pyrosequencing reads (mean = 50.6 ± 3.9 putative species), compared with the observed 

species richness among fungi obtained from culturing (N = 34 putative species) (P<0.0001). 

(B) Frequency distribution of diversity (Fisher’s alpha) obtained from pyrosequencing (mean 

FA = 32.4 ± 4.9), compared with the observed species diversity among fungi obtained from 

culturing (FA = 15.5) (P<0.0001). 

 

Figure B.3. Proportion of isolates representing different fungal phyla and classes as a 

function of host species, inferred using pyrosequencing and culturing for (A) Pe, praetextata; 

(B) B. fendleri; and (C) Pi. leiophylla. Sequences labeled with ‘no hits’ did not match any 

described species in GenBank, whereas unclassified sequences could not be assigned 

taxonomy using the last common ancestor (LCA) tool in MEGAN (Huson et al. 2007; LCA 

parameters: min support = 1, min score = 200, top % = 10, min comp = 0.3, % ID filter). The 

number of species sequences compared for each tissue treatment is based on a normalized 

number of sequences per host individual (n = 2000), except for culturing (in which all 

cultures are included). 

 

Figure B.4. Non-metric multidimensional scaling (NMDS) plots based on Jaccard’s index, 

illustrating significant differences in community composition inferred by pyrosquencing as a 

function of tissue treatment: fresh tissues (open circles), tissues stored in CTAB (crosses), 

and tissues dried in silica gel (black boxes) for B. fendleri and Pe. praetextata.  Post-hoc 

pairwise comparisons after one-way analysis of similarity (ANOSIM) indicates significant 
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differences in community composition between fresh tissues vs. tissues dried in silica gel, 

whereas communities from CTAB-treated and fresh tissues did not differ significantly. 

Convex hulls show the area occupied by points from each treatment type.  
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TABLES 

 

Table B.1. Results from pyrosequence trimming and mycobiont-sequence control (MSC) filtering.  

 Quality control steps Number of reads remaining 

Initial 1,049,682 

After trim.seqs* 429,097 (620,585 removed) 

After ITS Fungal Extractor ** 424,053 (5,044 removed) 

After trimming for length (removed reads <140 bp) 375,478 (48,575 removed) 

After removing chimeric sequences *** 368,851 (6,627 removed) 

After removing Pe. praetextata sequences 188,300 (180,551 removed) 
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After removing singleton/doubleton.OTU (95% sequence similarity) 187,808 (492 removed) 

*Sequences were trimmed to remove those with any ambiguous bases, differences to the barcode and primer sequences, and those with 

homopolymers >8bp. 

** The ITS Fungal Extractor (Nilsson et al. 2010) was used to remove sequences that lacked ITS1. 

*** Perseus (Schloss et al. 2009) and UChime (Edgar et al. 2011) (both with and without a reference database) were used to detect chimeric 

sequences. 
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Table B.2. Comparison of ITS2 and a modified ITS2 primer (ITS-XPELT2) for excluding the Pe. praetextata mycobiont in 

454 pyrosequencing analyses of total genomic DNA isolated from surface-sterilized lichen thalli. 

    

 
ITS-XPELT2 

 
ITS2 Primer 

Micro-

site 
Treatment 

 

Total 

reads 

Non-

mycobiont 

reads 

% 

Mycobiont 
Sobs 

 

Total 

reads 

Non-

mycobiont 

reads 

% 

Mycobiont 
Sobs 

  1 CTAB 

 

12,081 2,056 83.0% 63 

 

20,435 68 99.7% 26 

1 Fresh 

 

15,045 6,456 57.1% 121 

 

19,791 540 97.3% 38 

1 Silica 

 

18,419 4,996 72.9% 25 

 

17,984 178 99.0% 19 

2 CTAB 

 

6,166 6,074 1.5% 82 

 

1,022 919 10.1% 46 

2 Fresh 

 

6,535 6,398 2.1% 169 

 

673 549 18.4% 79 

2 Silica 

 

3,355 3,251 3.1% 32 

 

499 386 22.6% 26 
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3 CTAB 

 

10,494 2,504 76.1% 117 

 

19,609 598 97.0% 58 

3 Fresh 

 

12,335 4,486 63.6% 138 

 

N/A N/A N/A N/A 

3 Silica 

 

16,903 4,937 70.8% 35 

 

19,602 184 99.1% 31 

 

 

 

101,333 41,158 59.4% 383 

 

99,615 3,422 96.6% 209 
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Table B.3. Richness and diversity estimates for each host species and tissue type. 

Host species 
Tissue 

Type 

Trimmed 

Reads* 
Sobs (95% CI)** 

Bootstrap 

Estimate 

Richness 

Mean 

Sobs/host 

individual ± 

SD*** 

Diversity 

(FA) 

Mean FA/host 

individual ± 

SD**** 

Peltigera praetextata Fresh 18,429 185 (178,192) 194.98 126 ± 26A 36.3 30.39 ± 8.07A 

  CTAB 12,219 164 (156, 172) 176.15 89 ± 40AB 31.2 19.91 ± 11.55AB 

  Silica gel 13,932 77 (72, 82) 83.35 30 ± 5B 12.5 5.08 ± 1.01B 

  Cultures 32 (1) 17 (13, 21) 20.74 7 ± 2 14.7 9.10 ± 1.85 

 Total 44,612 283 298.52 148 ± 16 † 47.7 27.62 ± 3.71 † 

Brachythecium  Fresh 36,729 169 (160,178) 179.99 113 ± 15a 32.4 19.41 ± 7.52a 

fendleri  CTAB 27,735 148 (141, 155) 154.41 89 ± 28ab 27.5 26.13 ± 4.67ab 

  Silica gel 45,489 100 (91, 109) 107.57 46 ± 30b 17.1 8.79 ± 6.58b 
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  Cultures 56 (19) 25 (19, 31) 29.89 11 ± 2 17.3 18.8 ± 13.1 

 Total 110,009 268 287.32 143 ± 23 † 44.6 26.51 ± 5.20 † 

Pinus leiophylla var.  Fresha 6, 276 3 (3, 3) 3.37 3 0.3 0.34 

 chihuahuana CTAB 26,999 16 (12, 20) 17.26 7 ± 1 2.0 0.91 ± 0.15 

  Silica gela N/A N/A N/A N/A N/A N/A 

  Cultures 35 (3) 2 (2,2) 2.00 1 ± 1 0.5 0.45 ± 0.10 

 Total 33,310 19 19.42 8 ± 2 † 2.3 1.07 ± 0.25 † 

a Amplicons were only generated from fresh tissue obtained from a single host individual from microsite 2. No positive amplicons were 

obtained from Pi. leiophylla host tissues stored in silica gel.  

* The number of cultured isolates that failed to PCR amplify is given in parentheses.   

** Observed number of species (Sobs) is based on a normalized number of sequences (N = 2000) per host individual for all pyrosequencing 

samples, and is shown with the 95% confidence interval around that value (in parentheses). The number of cultures was not normalized. 
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*** Different letters indicate significant differences in richness among tissue preservation types after post hoc Tukey's HSD (uppercase Pe. 

praetextata; lowercase B. fendleri) following ANOVA (Pe. praetextata: F2,6 = 9.14 P = 0.0151; B. fendleri: F2,6 = 5.56 P = 0.0430). Cultures 

were not included in the analysis. 

**** Different letters indicate significant differences in diversity among tissue preservation types after post hoc Tukey's HSD (uppercase Pe. 

praetextata; lowercase B. fendleri) following ANOVA (Pe. praetextata: F2,6 = 7.29 P = 0.0248; B. fendleri: F2,6 = 5.65 P = 0.0416). Cultures 

were not included in the analysis. 

† Pe. praetextata and B. fendleri harbor similarly abundant and diverse endophyte communities, whereas Pinus leiophylla had the least diverse 

endophyte community when assessed using both pyrosequencing (N = 17 OTU, Fisher’s α = 2.1) and culturing. These results were consistent 

regardless of the number of host individuals per species compared (i.e., N = 4, corresponding to the number of host individuals and tissue 

treatments for which positive amplicons were obtained for Pi. leiophylla, instead of 9; data not shown). Results of pyrosequencing indicate 

that Pi. leiophylla shared 2.2% and 1.9% of its total species richness (N = 9 OTU each) with Pe. praetextata and B. fendleri, respectively. In 

contrast, 51% (N = 174 OTU) of OTU from Pe. praetextata and B. fendleri were shared.   

 

 
 
 
 

246 



FIGURES 

 

Figure B.1.  
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Figure B.2. 

 

 

 

 

 

 

 
 
 
 

248 



 

 

Figure B.3. 
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Figure B.4. 

  

 

 

 

 
 
 
 

250 



Appendix C 
 
Enhanced diversity and aflatoxigenicity in interspecific hybrids of 
Aspergillus flavus and Aspergillus parasiticus  
Rodrigo A. Olarte1,7, Carolyn J. Worthington1,7, Bruce W. Horn2, Geromy G. Moore3, 
Rakhi Singh1, James T. Monacell1,4, Joe W. Dorner2, Eric A. Stone4,5, De-Yu Xie6, 
Ignazio Carbone1,4* 
1Center for Integrated Fungal Research, Department of Plant Pathology, North Carolina State 
University, Raleigh, NC 27695, USA 2National Peanut Research Laboratory, Agricultural 
Research Service, U.S. Department of Agriculture, Dawson, GA 39842, USA 3Southern 
Regional Research Center, Agricultural Research Service, U.S. Department of Agriculture, 
New Orleans, LA 70179, USA 4Bioinformatics Research Center, North Carolina State 
University, Raleigh, NC 27695, USA 5Department of Genetics, North Carolina State 
University, Raleigh, NC 27695, USA 6Department of Plant and Microbial Biology, North 
Carolina State University, Raleigh, NC 27695, USA 

*Author for correspondence 
7Equal contribution 

Tel: 919-513-4866 

Fax: 919-513-0024 

E-mail: ignazio_carbone@ncsu.edu 

Keywords: population; meiosis; array comparative genome hybridization; flow cytometry; 
allopolyploid 

 
 
 
 

251 

mailto:ignazio_carbone@ncsu.edu


C.1 Summary 

My contribution to this paper was an analysis of aCGH data for hybrid progeny showing 

unique mycotoxin phenotypes and cluster MLSTs compared to their parents.  Parent-

offspring trios were examined to identify putative crossovers within the aflatoxin gene cluster 

and to identify genome-wide hybridization events between A. flavus and A. parasiticus.  

Microarray probes or probe sets that hybridized more completely with labeled DNA had a 

higher sequence similarity to the reference A. flavus NRRL 3357 genome sequence.  To 

quantify the degree of similarity and to identify putative groups of very similar strains and 

species, microarray data were imported into JMP genomics (SAS, Cary, NC, USA) for 

further transformation and normalization.   Data were log2 transformed, normalized using 

Loess normalization with no background correction, and exported in MS Excel format.  We 

evaluated parental inheritance in the offspring and identified putative recombination 

breakpoints by comparing hybridization intensities for each of six parent-offspring trios.  A 

heat map showing the degree of DNA sequence variation in telomeric and subtelomeric 

regions of chromosome 3R, which span the CPA and AF gene clusters, was generated using 

the imagesc function in Matlab (MathWorks Inc., Natick, MA).  A similarity dendrogram 

was generated in JMP genomics based on clustering using Pearson product-moment 

correlations to identify groups of genetically similar strains and species.  Patterns of 

inheritance in the six parent-offspring trios for all eight chromosomes were examined to 

detect crossovers and evidence of independent assortment in putative hybrids.  In the 

parentage plots, probe data were normalized using Loess normalization but not log2 

transformed. The plots for each parent-offspring trio show the approximate physical location 

of each probe on the chromosome and the degree of similarity of the offspring to each parent 

on the y-axis.  For example, a positive difference translates to an offspring showing more 

similarity to the top parent (A. flavus) in the plot while a negative difference suggests that the 

offspring is more similar to the bottom parent (A. parasiticus).  MLST loci that uniquely 

distinguish parents and offspring were used to validate patterns of inheritance in parentage 

plots.  
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C.2 Abstract 

Aspergillus flavus and A. parasiticus are two of the most important aflatoxin-producing 

species that contaminate agricultural commodities worldwide.  Both species are heterothallic 

and undergo sexual reproduction in laboratory crosses.  Here, we examine the possibility of 

interspecific matings between A. flavus and A. parasiticus.  These species can be 

distinguished morphologically and genetically, as well as by their mycotoxin profiles.  

Aspergillus flavus produces both B aflatoxins and cyclopiazonic acid (CPA), B aflatoxins or 

CPA alone, or neither mycotoxin; Aspergillus parasiticus produces B and G aflatoxins or the 

aflatoxin precursor O-methylsterigmatocystin, but not CPA.  Only four out of forty-five 

attempted interspecific crosses between compatible mating types of A. flavus and A. 

parasiticus were fertile and produced viable ascospores.  Single ascospore strains from each 

cross were isolated and were shown to be recombinant hybrids using multilocus genotyping 

and array comparative genome hybridization.  Conidia of parents and their hybrid progeny 

were haploid and predominantly monokaryons and dikaryons based on flow cytometry.  

Multilocus phylogenetic inference showed that experimental hybrid progeny were grouped 

with naturally occurring A. flavus L strain and A. parasiticus.  Higher total aflatoxin 

concentrations in some F1 progeny strains compared to midpoint parent aflatoxin levels 

indicate synergism in aflatoxin production; moreover, three progeny strains synthesized G 

aflatoxins that were not produced by the parents, and there was evidence of putative 

allopolyploidization in one strain.  These results suggest that hybridization is an important 

diversifying force resulting in the genesis of novel toxin profiles in these agriculturally 

important species.  

 
 
 
 

253 



C.3 Author Summary 

Aspergillus flavus and A. parasiticus are fungal pathogens that produce aflatoxins, which are 

toxic compounds that pose a serious health risk to humans and animals.  These fungi infect 

agriculturally important commodities such as corn, cotton and peanut.  Each species produces 

a different array of mycotoxins.  Aspergillus flavus produces both B aflatoxins and 

cyclopiazonic acid (CPA), B aflatoxins or CPA alone, or neither mycotoxin, whereas A. 

parasiticus produces B and G aflatoxins or the aflatoxin precursor O-methylsterigmatocystin, 

but not CPA.  Recent work has shown that these fungi are heterothallic and can undergo 

sexual reproduction when isolates of opposite mating type are crossed.  In the present study, 

we paired A. flavus strains with A. parasiticus strains of complementary mating type; four out 

of the forty-five attempted interspecific crosses were fertile and produced viable progeny.  

Toxin analysis revealed significantly higher total aflatoxin concentrations in some progeny 

compared to parental strains.  Moreover, novel (nonparental) toxin profiles were produced 

via sexual recombination in some progeny strains that matched toxin phenotypes of allied 

and putative allopolyploid species.  These results suggest that hybridization has a dual role in 

promoting speciation and in generating and maintaining a diversity of toxin profiles. 
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C.4 Introduction 

Aflatoxins, of which B1 is considered the most toxic animal carcinogen known Squire 1981, 

are secondary metabolites synthesized by several species in Aspergillus section Flavi (Horn 

2007).  Aspergillus flavus and A. parasiticus are responsible for the majority of aflatoxin 

(AF) contamination events worldwide in agronomically important commodities, especially 

oil-rich crops (Horn 2005).  Aspergillus flavus may also produce the toxic indol-tetramic 

acid, cyclopiazonic acid (CPA), and agricultural products are often co-contaminated with AF 

and CPA (Cole 1986).  Poisoning from ingestion of aflatoxin-contaminated food has resulted 

in hundreds of documented human and animal deaths worldwide (Gieseker et al. 2004; 

Krishnamachari et al. 1975; Probst et al. 2007) and is associated with other ailments such as 

liver cancer and growth stunting in children (Khlangwiset et al. 2011).  Understanding the 

genetic and evolutionary mechanisms that increase the aflatoxin-producing potential of these 

fungi is important as this may guide the development of novel and more cost-effective 

management strategies to reduce aflatoxin contamination of crops (Wu et al. 2013).  

Natural populations of A. flavus show a high level of variation in mycotoxin 

production, with individuals producing both AFs and CPA, AFs alone, CPA alone or neither 

mycotoxin (Horn & Dorner 1999; Horn et al. 1996).   A. parasiticus produces B and G AFs 

or the precursor in the AF biosynthesis pathway,  O-methylsterigmatocystin (OMST), but not 

CPA.  A. flavus and related species are further characterized by two morphotypes: the L 

strain with large sclerotia >400 µm in diameter and the S strain with abundant small sclerotia 

<400 µm Cotty 1989.   Although nontoxigenic isolates are fairly common in A. flavus L 

strain (Chang et al. 2005; Horn & Dorner 1999) and can predominate in certain fields 

(Ehrlich 2008), they are rare in A. flavus S strain and A. parasiticus (Horn & Dorner 1999).  

A. flavus L strains typically produce B AFs.  The S strain of A. flavus also produces B AFs, 

whereas S strains represented by other species produce either B or B+G AFs (Horn 2005). 

The B+G S strains include A. minisclerotigenes (Pildain et al. 2008), A. nomius (Ehrlich et 

al. 2007a), and A. parvisclerotigenus (Frisvad et al. 2005).  Sexual reproduction has been 

reported in A. flavus L strain, A. parasiticus and A. nomius and is likely responsible for the 
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high genetic variation observed in populations (Horn et al. 2009a, 2011; Horn et al. 2009b, 

c).  Analysis of DNA sequence variation across multiple intergenic regions in the aflatoxin 

gene clusters of A. flavus, A. parasiticus and A. minisclerotigenes revealed significant linkage 

disequilibrium organized into distinct blocks that are conserved across different localities, 

suggesting that genetic recombination is nonrandom and widespread in these fungi (Moore et 

al. 2013). 

The genetic characterization of progeny strains from intraspecific A. flavus crosses 

revealed independent assortment of chromosomes as well as crossovers in the aflatoxin gene 

cluster (Olarte et al. 2012).  In one instance, a single crossover in the gene cluster restored 

aflatoxin production in a progeny strain; although independent assortment was detected 

genome-wide it was not observed to restore aflatoxigenicity in progeny strains (Olarte et al. 

2012).  The implication is that loss of function mutations, such as the nonsense mutation in 

pksA (aflC) that results in a complete loss of aflatoxigenicity (Ehrlich & Cotty 2004) or a 

deletion in cypA that knocks out G aflatoxin formation in A. flavus (Ehrlich et al. 2004), can 

be rescued via crossovers and potentially independent assortment during sex. Depending on 

the diversity of toxin production in the parental strains, progeny strains can show both 

qualitative and quantitative differences in toxin production (Olarte et al. 2012).  Both A. 

flavus and A. parasiticus are heterothallic (Horn et al. 2009a; Horn et al. 2009b, c; Olarte et 

al. 2012; Ramirez-Prado et al. 2008) and because the two species show extensive niche 

overlap (Moore et al. 2013) and DNA relatedness (Kurtzman et al. 1986), successful inter-

specific mating could potentially create progeny strains with novel mycotoxin combinations.  

Herein we examine the outcomes of hybridization between A. flavus and A. parasiticus in 

laboratory crosses and compare the genetic composition of hybrid progeny strains to 

naturally occurring aflatoxigenic fungi.  
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C.5 Materials and Methods 

C.5.1 Interspecific crosses   

Aspergillus flavus and A. parasiticus were sampled from soil and peanut seeds in peanut 

fields from Terrell County, Georgia, USA, with the exception of IC314 (peanut field soil, 

Bladen County, NC), IC311 (peanut field soil, Conecuh County, AL), IC309 (peanut field 

soil, Covington County, MS) and AF36 (cottonseed, Yuma Valley, AZ).  Isolates were 

characterized according to morphology, vegetative compatibility and aflatoxin production 

(Horn & Dorner 1999; Horn & Greene 1995; Horn et al. 1996) as well as mating type 

(Ramirez-Prado et al. 2008) and multilocus aflatoxin cluster haplotype (Carbone et al. 2007).  

Forty-five crosses between A. flavus and A. parasiticus strains of the opposite mating type 

were set up to examine the possibility of hybridization between the two species (see Table 1).  

Fungal strains were mated in the laboratory as described previously (Horn et al. 2009b).  

Briefly, strains were grown on Czapek agar (CZ) slants for 14 days at 30 °C, conidia from 

strains of the opposite mating type were suspended in dilute water agar, and conidial 

suspensions were each spread onto five slants of mixed cereal agar.  Slants were incubated in 

darkness for 14 days at 30 °C to induce sclerotia production and were subsequently incubated 

in sealed plastic bags for an additional 6–9 months at 30 °C.  For each interspecific cross, at 

least 300 sclerotia, when available, were sliced open and examined for ascocarps and 

ascospores.  Single ascospore progeny isolates were obtained from individual ascocarps 

within stromata, as described previously (Horn et al. 2009b).   

 

C.5.2 Light microscopy and SEM  

Parental strains of A. flavus and A. parasiticus and their F1 hybrid progeny were compared 

morphologically for colony diameter, sclerotia production, stipe length and conidial head 

seriation and for the diameter, ornamentation and color (when en masse) of conidia.   Six 

progeny strains (IC1603, IC1637, IC1612, IC1616, IC1622 and IC1630) showing qualitative 
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or quantitative differences in toxin profiles compared to parental strains were examined 

(Table 2).  Strains were grown on CZ slants in darkness for 14 d at 30 °C for obtaining 

sclerotia and for measuring conidial diameter and assessing conidial ornamentation with the 

light microscope (Leica DM2500).  Sclerotia were harvested and cleaned from three slants 

per strain according to Horn et al. (Horn et al. 2009b) and dried over desiccant for two weeks 

before weighing.   Three-point inoculated CZ plates were incubated in darkness at 25 °C for 

7 d for measuring colony diameter (four plates per strain), stipe length and conidial head 

seriation.  Those plates were further incubated at 25 °C (14 d) for determining the color of 

conidia en masse on colonies.  Conidial color was based on Kornerup & Wanscher 

(Kornerup & Wanscher 1978).  Morphological measurements were compared statistically 

with a one-way ANOVA followed by Tukey’s test for multiple comparisons of means. 

Stromata from two fertile A. flavus × A. parasiticus crosses (IC278 × IC324 and 

IC278 × IC327) that were among crosses with the highest frequency of ascospore-bearing 

ascocarps (Table 1) were hand sectioned and imaged using both light microscopy and 

scanning electron microscopy (SEM) as described previously (Horn et al. 2009b).  For SEM 

imaging, samples were fixed using gluteraldehyde/sodium cacodylate buffer and then 

critical-point dried before sputter coating with gold/palladium. 

 

C.5.3 Mycotoxin quantification and heritability  

Vials (4 mL) containing 1 mL of yeast-extract sucrose broth were inoculated with dry conidia 

(~1 × 105) to determine AF, OMST, and CPA production by parents and F1 hybrids (Horn & 

Dorner 1999).  Cultures were maintained undisturbed in darkness for 7 days at 30 °C.  

Production of AF, OMST and CPA in vial cultures was analyzed by high performance liquid 

chromatography as previously described (Horn & Dorner 1999; Horn et al. 1996).  

Quantification limits were 0.5 ng of AF B1 and 2 µg of CPA per mL of culture medium.  

Previously we determined that twelve offspring in each of nine different A. flavus crosses 

were sufficient for estimates of total AF (B1, + B2) and CPA heritability (Olarte et al. 2012).  
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A similar experimental design was followed in the present study with 11-12 progeny 

examined for each of four A. flavus × A. parasiticus interspecific crosses, 11-12 progeny 

from six A. flavus × A. flavus intraspecific crosses, and 17-30 progeny from five A. 

parasiticus × A. parasiticus crosses.  Each individual progeny strain was assayed after seven 

days of growth in culture vials inoculated with conidia from three points (biological 

replicates) within the culture slant (top, middle and bottom).  For each strain, we determined 

the total AF (B1 + B2 + G1 + G2) and CPA concentrations and these were then averaged 

across the three replicates to obtain final AF and CPA concentrations for each strain. 

Total AF and CPA concentrations of offspring were plotted against mid-parent values 

for each cross, and mycotoxin heritability was estimated as the slope of the resulting best-fit 

regression line (Olarte et al. 2012).  Heritability of AF and CPA in interspecific crosses was 

plotted with corresponding heritability estimates in A. flavus and A. parasiticus intraspecific 

crosses. To determine whether mycotoxin production in the hybrid offspring of each 

interspecific cross was significantly higher than in the parental species, we first tested for a 

significant difference in mean total AF and CPA concentrations between progeny and 

parental isolates using ANOVA followed by Tukey’s multiple comparisons test implemented 

in the R statistical software (R Development Core Team 2010).  All tests were based on three 

biological replicates for each parental and progeny strain.  

 

C.5.4 Aflatoxin concentration curves 

To show that seven days incubation was appropriate for comparing mycotoxin concentrations 

between parents and progeny strains, a time course experiment over 3, 5 and 7 days was 

performed.  This experiment evaluated aflatoxin production in liquid culture for four 

interspecific parent-offspring trios (IC278, IC327, IC1602; IC278, IC65, IC1612; IC278, 

IC324, IC1622; and IC278, IC33, IC1643) showing significantly different AF concentrations 

within each trio.  Fifty-mL conical Falcon tubes (Corning) containing 20 mL of YES broth 

were each inoculated with 1 mL of conidial suspension (~5 × 106 conidia/mL).  Tubes were 
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incubated with shaking (120 rpm) at 30 °C.  At the end of each time point, 10 mL of 

chloroform was added directly to each culture tube and AFs were extracted with additional 

shaking overnight (~15 hours).  The chloroform layer was transferred to a new 50 mL Falcon 

tube and allowed to evaporate, at which point 1 mL methanol was added; samples were then 

stored at -80 °C. This process was repeated two more times with an extraction period of two 

hours each; the two extractions were then combined with the original extraction and allowed 

to evaporate. 

 Aflatoxins B1, B2, G1, G2 were separated with high performance liquid 

chromatography/mass spectrometry (2010EV LC/PDA, Shimadzu, Japan) using an Eclipse 

XDB-C18 analytical column (250 mm x 4.6 mm, 5 µm, Agilent, Santa Clara, CA).  The 

mobile phase solvents consisted of 1% acetic acid in water (solvent A; HPLC grade acetic 

acid and LC-MS grade water) and 100% acetonitrile (solvent B; LC-MS grade). To separate 

the different aflatoxins, a gradient solvent system with the following ratios of solvent A to B 

was used: 90:10 (0-5 min); 90:10 to 88:12 (5-10 min); 88:12 to 80:20 (10-20 min); 80:20 to 

75:25 (20-30 min); 75:25 to 65:35 (30-35 min); 65:35 to 60:40 (35-40 min); 60:40 to 50:50 

(40-55 min); and 50:50 to 10:90 (55-60 min). The column was then washed for 10 min with 

10% solvent B.  The flow rate was 0.4 mL/min and the injection volume was 10 µL.  The UV 

spectrum was recorded from 190 to 800 nm. Chromatographic profiles of aflatoxins B1 and 

B2 and aflatoxins G1 and G2 were recorded and analyzed at 280 nm and 340 nm, respectively.  

 

C.5.5 Ploidy 

Aspergillus flavus and A. parasiticus have been reported to have multinucleate conidia Yuill 

1950 and can be haploid or diploid and homokaryotic or heterokaryotic (Horn et al. 2011; 

Maruyama et al. 2001; Papa 1973, 1978).  Because haploid and diploid conidial diameters do 

not differ significantly (Papa 1973, 1978), flow cytometry was performed to 1) detect ploidy 

changes in the putative hybrid progeny compared to parental strains and 2) determine 

whether ploidy changes were associated with significant differences in mycotoxin production 
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between progeny and parental strains.  Fungi were grown on CZ plates at 30 °C in darkness 

for 5 days.  Conidia were obtained by flooding plates with 500 µL of 0.01% Tween 80 in 1M 

NaCl. The resulting conidial suspension was filtered through a single layer Miracloth 

(Calbiochem, USA) into a 2 mL tube and 1 mL 70% ethanol was added, followed by 

incubation at 4 °C for 30 minutes.  Conidia were concentrated by centrifugation at 3000 rpm 

for 5 min, washed twice with Tween-saline solution, resuspended in 500 µL of TE buffer, 

and incubated 1 h at 37 °C with RNase (1mg/mL).  For DNA staining, propidium iodide (25 

µg/mL) was added to the conidial suspension and incubated at room temperature for 30 min. 

Conidial density was adjusted to ~107/mL in TE buffer using a hemocytometer.  

Fluorescence intensity of propidium iodide-stained nuclei was measured with a flow 

cytometer (Becton Dickinson, San Jose, CA) using the FL1 channel.  Data acquisition and 

fluorescence analysis to determine the number of nuclei in each conidium were performed 

using the Cell Quest Pro software (BD Biosciences, San Jose CA).  Fluorescence 

measurements were based on samples of more than 20,000 nuclei.  The formation of multiple 

peaks in fluorescence histograms was interpreted as differences in conidial DNA content 

(number of nuclei) such that haploid monokaryotic (1N) and dikaryotic (1N + 1N) conidia in 

populations are represented by separate sharp peaks.  Reference haploid A. flavus NRRL 

19060 and NRRL A-27460 and diploid A. flavus NRRL 19301 and 649×86 (Woloshuk et al. 

1995) strains were used as standards in flow cytometry.  In fluorescence histograms of 

diploid standards, there was one dominant peak that aligned with the peak in dikaryotic 

haploids. The presence of additional peaks of higher fluorescence intensity than the 

dikaryotic peak was indicative of multinucleate haploid conidia (e.g. 1N + 1N + 1N) or 

conidia comprised of a mix of haploids and diploids (e.g. 1N + 2N); a peak of lower 

fluorescence intensity than the monokaryotic peak suggested aneuploid conidia with a 

nuclear content less than 1N.  
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C.5.6 DNA extraction and multilocus sequencing   

Lyophilized mycelial pellets were pulverized using a Retsch MM301 tissue homogenizer 

(Retsch, Inc., Newtown, PA) and total genomic DNA was extracted using either the Qiagen 

maxiprep kit (Qiagen, Valencia, CA) or the MasterPure Yeast DNA Purification Kit 

(Epicentre Technologies, Madison, WI).  PCR amplification and DNA sequencing for 

multilocus sequence typing (MLST) were as described previously (Carbone et al. 2007; 

Moore et al. 2009).  For each locus, DNA sequences were aligned, visually inspected and 

edited using Sequencher Version 4.7 (Gene Codes Corporation, Ann Arbor, MI).  

Alignments were exported as NEXUS files and converted to PHYLIP format using the 

Seqconvert tool implemented in Mobyle SNAP Workbench (Monacell & Carbone 2014; 

Price & Carbone 2005).  For recombination detection in hybrid crosses, multilocus 

alignments were generated using Combine (Aylor et al. 2006) and clone-corrected by 

collapsing into haplotypes using Map (Aylor et al. 2006).  Collapsing was performed with 

the option of recoding insertions/deletions (indels) for maximal haplotype resolution.  For 

phylogenetic inference, multilocus DNA sequence alignments for each locus were trimmed 

by removing indels and excluding sites with missing data using Map.  A multilocus 

alignment comprised of four data partitions (aflM/aflN, aflW/aflX, trpC and MAT) was 

generated using Combine, which tracks the start and end positions of partitions in the 

concatenated alignment.   

 

C.5.7 Recombination  

Genome-wide recombination events arising from independent assortment of chromosomes 

were detected by examining variation segregating at five loci that span three chromosomes: 

aflC/aflD, aflM/aflN and aflW/aflX located in the aflatoxin gene cluster on chromosome 3, 

the mating type (MAT) gene on chromosome 6, and tryptophan synthase (trpC) on 

chromosome 4 (Table 3).  For each locus, the null hypothesis of no significant difference in 

the frequency of parental alleles in the progeny sampled from each cross was tested using a 
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binomial test implemented in MS Excel.  In crosses that produce progeny with no crossovers 

in the AF cluster, we would expect Mendelian segregation of loci on different chromosomes 

to result in only (0.5)3 or 13% of the progeny sharing a parental MLST.  Within each cross, 

significant differences in toxin production between hybrid offspring and parental isolates 

were interpreted within the context of MLSTs based on five loci (aflC/aflD, aflM/aflN, 

aflW/aflX, MAT, and trpC) spanning three linkage groups. Specifically we examined whether 

progeny strains showed evidence of independent assortment and crossing over, and whether 

progeny individuals not sharing a multilocus haplotype had significant differences in AF and 

CPA production. 

 We examined a cluster-specific MLST for reconstructing crossover events in the AF 

gene cluster.  This was based on three intergenic regions in the AF cluster (aflC/aflD, 

aflM/aflN and aflW/aflX) that flank hot and cold spots of recombination in A. flavus (Moore 

et al. 2009) and A. parasiticus  (Carbone et al. 2007).  A crossover between these loci in the 

parents would result in progeny genotypes with a different combination of parental alleles. 

 

C.5.8 Array comparative genome hybridization (aCGH)   

Hybrid progeny showing unique mycotoxin phenotypes and cluster MLSTs compared to 

their parents were further genotyped using aCGH.  Parent-offspring trios were examined to 

identify putative crossovers within the aflatoxin gene cluster and to identify genome-wide 

hybridization events between A. flavus and A. parasiticus.  For strains from each trio, total 

genomic DNA was isolated and labeled with the BioPrime DNA labeling System (Invitrogen 

Catalogue No. 18094-011), followed by hybridization to whole genome A. flavus NRRL 

3357 Affymetrix GeneChip microarrays, as previously described (Olarte et al. 2012).  A total 

of fifty-six isolates representing variation across intra- and interspecific crosses, as well as 

isolates sampled from natural populations of A. flavus and A. parasiticus and isolates of 

closely related species in Aspergillus section Flavi, were subjected to aCGH (Table S1).  

Microarray slides were hybridized, scanned and analyzed by Expression Analysis (Raleigh-
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Durham, NC).   

 

C.5.9 Genome-wide dendrogram and aflatoxin cluster heat maps   

Microarray probes or probe sets that hybridized more completely with labeled DNA had a 

higher sequence similarity to the reference A. flavus NRRL 3357 genome sequence.  To 

quantify the degree of similarity and to identify putative groups of very similar strains and 

species, microarray data were imported into JMP genomics (SAS, Cary, NC, USA) for 

further transformation and normalization, as previously described (Olarte et al. 2012).  

Briefly, data were log2 transformed, normalized using Loess normalization with no 

background correction, and exported in MS Excel format.  We evaluated parental inheritance 

in the offspring and identified putative recombination breakpoints by comparing 

hybridization intensities for each of six parent-offspring trios, as described previously (Olarte 

et al. 2012).  A heat map showing the degree of DNA sequence variation in telomeric and 

subtelomeric regions of chromosome 3R, which span the CPA and AF gene clusters, was 

generated using the imagesc function in Matlab (MathWorks Inc., Natick, MA).  A similarity 

dendrogram was generated in JMP genomics based on clustering using Pearson product-

moment correlations (Hane et al. 1993) to identify groups of genetically similar strains and 

species.  

 

C.5.10 Genome-wide parentage plots   

Patterns of inheritance in the six parent-offspring trios for all eight chromosomes were 

examined to detect crossovers and evidence of independent assortment in putative hybrids.  

In the parentage plots, probe data were normalized using Loess normalization but not log2 

transformed, as described previously (Olarte et al. 2012). The plots for each parent-offspring 

trio show the approximate physical location of each probe on the chromosome and the degree 

of similarity of the offspring to each parent on the y-axis.  For example, a positive difference 
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translates to an offspring showing more similarity to the top parent (A. flavus) in the plot 

while a negative difference suggests that the offspring is more similar to the bottom parent 

(A. parasiticus).  MLST loci that uniquely distinguish parents and offspring were used to 

validate patterns of inheritance in parentage plots. 

 

C.5.11 Phylogenetic inference  

Because aCGH data can be problematic for phylogenetic inference and are reported to 

frequently recover the incorrect tree topology (Gilbert et al. 2011), ancestral relationships of 

hybrid progeny to naturally occurring species were reconstructed based on DNA sequence 

variation.  Previously we examined variation in MAT, aflM/aflN, aflW/aflX and trpC for 758 

isolates of A. flavus, A. parasiticus and A. minisclerotigenes sampled from single peanut 

fields in the United States (Georgia), Africa (Benin), Argentina (Córdoba), Australia 

(Queensland) and India (Karnataka) (Moore et al. 2013).  In this study, we examined the 

evolutionary placement of hybrid strains for 736 isolates (Tables S2-S13) within the larger 

sample (Moore et al. 2013) using maximum likelihood (ML) analysis implemented in 

RAxML (Stamatakis et al. 2008).  Confidence limits on branches in phylogenies were based 

on 1000 rapid bootstrap replicates; monophyletic groups were identified as branches having 

at least 80% bootstrap support.  To determine parameters for ML analysis, a total of 56 

different nucleotide substitution models were compared for each of three distinct DNA 

sequence partitions (aflM/aflN, aflW/aflX and trpC) specified in PartitionFinder v.1.1.1 

(Lanfear et al. 2012).  The best-fit model was determined using the “greedy” heuristic search 

algorithm with branch lengths estimated as “unlinked”, and using either the Akaike 

Information Criterion (AIC) or the Bayesian Information Criterion (BIC) for model selection, 

as implemented in PartitionFinder.  All methods used in this analysis were implemented in 

Mobyle SNAP Workbench, a web-based analysis portal deployed at North Carolina State 

University (Monacell & Carbone 2014).  Phylogenetic trees were generated using iTOL: 

Interactive Tree Of Life (Letunic & Bork 2007), an online phylogenetic tree viewer and 
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annotation tool. 

 

C.6 Results 

C.6.1 Interspecific crosses   

Crosses between A. flavus and A. parasiticus showed considerable variation in the number of 

sclerotia/stromata per slant, the proportion of sclerotia/stromata with ascocarps, and the 

proportion of sclerotia/stromata containing ascospore-bearing ascocarps (Table 1).  Of the 

forty-five attempted interspecific crosses, twenty-three produced ascocarps.  The majority of 

ascocarps were small and sometimes hollow and showed no evidence of ascogenous hyphae 

or asci (Fig. 1B). Six of these crosses produced ascospore-bearing ascocarps of which four 

crosses (IC278 × IC33, IC278 × IC327, IC278 × IC324 and IC278 × IC65) produced viable 

ascospores and ultimately progeny.  The majority of ascospores within these ascocarps 

appeared collapsed and empty; refractive and possibly viable ascospores were rarely 

observed (<1 in a 1000) (Fig. 1G).  Progeny were obtained only from crosses between A. 

flavus IC278 (MAT1-1) and four A. parasiticus strains (MAT1-2); none of the crosses 

between A. parasiticus (MAT1-1) and A. flavus (MAT1-2) produced ascospores (Table 1).  

The number of sclerotia produced did not correlate with the incidence of ascospore-bearing 

ascocarps, as seen in cross IC278 × IC65, which had the highest fertility (33.7% of 

sclerotia/stromata) but was one of the lower sclerotial producers.  

 

C.6.2 Light microscopy and SEM   

In the four interspecific crosses that produced progeny, parental A. flavus IC278 showed 

significantly greater growth rate, longer stipes and smaller conidia compared to the four 

parental A. parasiticus strains (Table 2), which is consistent with described morphological 

differences between the two species (Klich & Pitt 1988; Raper & Fennell 1965).  Also 

consistent with described species differences, A. flavus conidial heads were predominantly 
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biseriate (67%), conidial color was grayish green (29E5; Kornerup & Wanscher 1978) and 

conidia were finely roughened, whereas A. parasiticus conidial heads were uniseriate (99-

100%), conidial color was dark green (27F6) and conidia were more coarsely roughened.  

Sclerotia production in A. flavus IC278 was significantly greater than production by the four 

parental A. parasiticus strains (Table 2).   

Progeny strains from interspecific crosses showed a combination of morphological 

characters that were A. flavus-like, A. parasiticus-like or intermediate between the two 

species (Table 2).  Conidia in progeny strains resembled those of parental A. flavus IC278 in 

size and ornamentation (nearly smooth to finely roughened); progeny strain IC1616 was an 

exception in having conidia significantly larger than either parent.  In contrast, the 

predominantly uniseriate condial heads in all progeny (88-100%) were more suggestive of A. 

parasiticus.  Conidial color was typically intermediate in hue and/or tone between the two 

species (28F6, 28E-F7, 29E-F5).  Stipe length in progeny was more strain specific, with 

stipes being relatively short as in A. parasiticus (IC1603, IC1616, IC1630), intermediate in 

length between the two species (IC1637, IC1622), or relatively long as in A. flavus (IC1612) 

(Table 2).  Sclerotium production in progeny was significantly less than either parent, with 

the exception of the two progeny strains from A. flavus IC278 × A. parasiticus IC324 in 

which sclerotium production was similar to A. parasiticus. One progeny strain (IC1630) was 

morphologically unstable and showed sectoring and scattered A. flavus-like conidial heads.   

Interspecific matings between A. flavus and A. parasiticus produced indehiscent 

ascocarps within the matrix of stromata (Figs. 1A, D, F).  Ascocarp size was 184 ± 69.8 × 

143 ± 50.2 µm (± SD; n = 41) in infertile ascocarps and 483 ± 127.4 × 404 ± 119.8 µm (n = 

36) in ascospore-bearing ascocarps.  An ascocarp peridium separated the contents from the 

stromal matrix (Figs. 1D-F).  Asci formed within ascocarps and were 22.7 ± 2.17 × 20.9 ± 

2.18 µm (n = 27) (Fig. 1H); each ascus typically contained eight ascospores but other 

numbers of ascospores were not uncommon.  Ascospores were oblate and globose to 

subglobose in face view (10.4 ± 1.34 × 9.7 ± 1.24 µm; n = 50), contained a single oil droplet, 
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and were finely roughened and encircled by a distinct equatorial ridge (Figs. 1G, I, J).  

During ascospore germination, the oil droplet either remained within the spores or migrated a 

short distance with the germ tube (Fig. 1C). 

 

C.6.3 Mycotoxin quantification and heritability   

Mean parental and progeny AF B1, B2, G1, G2, OMST and CPA concentrations (μg/mL; n = 

3) are shown in Table 3.  The calculated heritability (h2) was 0.7564 ± 0.1740 (95% CI: 

0.3805, 1.1322) for AF (B1 + B2 +G1 + G2) and 0.8371 ± 0.1767 (95% CI: 0.4297, 1.2445) 

for CPA production (Fig. 2); the remaining proportion of the variance for each can be 

explained by genotype × environment effects.  Tests for significant differences in AF and 

CPA production between progeny that showed one parental genotype in the aflatoxin cluster 

and their parents were based on phenotype: B only compared with A. flavus; B+G with A. 

parasiticus; and CPA with A. flavus.  Progeny strains with AF/CPA profiles that did not 

match either parent were examined more closely for evidence of incongruity between cluster 

loci and mycotoxin production, presumably owing to crossing over.  For example, progeny 

strains IC1612, IC1616, IC1622, IC1626, and IC1630 showed evidence of at least one 

crossover event between aflC/aflD and aflM/aflN, in which case aflatoxin and CPA 

comparisons were to both parents (Table 3).  Similarly, the AF/CPA profile of one progeny 

strain (IC1619) did not match either parent but there was no evidence of a crossover; this was 

treated as a cryptic recombinant and was also tested against both parents.  Out of a total of 

forty-seven assayed progeny, there were four significantly higher and three significantly 

lower (P < 0.05) AF producers compared to the A. flavus parent.  There were six hybrid 

progeny in which total AF production was significantly higher than the A. parasiticus parent 

(none were significantly lower), among which two hybrid progeny (IC1612, IC1622) 

produced significantly higher AF than either parent in the cross (Table 3).  Moreover, 

progeny strains IC1612, IC1622 and IC1630 synthesized G1 and G2 aflatoxins that were not 

produced by the parents.  For CPA, two hybrid progeny (IC1606, IC1623) showed 
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significantly higher CPA production compared to the A. flavus parent and 12 were 

significantly lower; two recombinant progeny that produced B+G aflatoxins (IC1616, 

IC1630) also made CPA.  

 

C.6.4 Aflatoxin concentration curves 

The time course experiment showed that seven days incubation was appropriate for the 

mycotoxin comparisons in Table 3.  Progeny strains consistently showed higher total 

aflatoxin production than parental strains after 3, 5 and 7 days of growth.  With the exception 

of IC1622, which showed a slight decrease in AF production over the three time points, 

aflatoxin production increased up to day 7 for all parents and offspring (Fig. 3). More 

pronounced differences in aflatoxin production were observed in the shake (Fig. 3) versus 

stationary cultures (Table 3).  For example, in the IC1602 graph, aflatoxin production by 

IC327 was significantly lower than IC278 at day 7, whereas this difference was not 

significant in Table 3. 

 

C.6.5 Ploidy 

Although A. flavus and A. parasiticus conidia have been reported to contain 1-5 nuclei, flow 

cytometry analysis showed that conidial populations of parental strains are haploid and 

predominantly monokaryons and dikaryons; although trikaryons or tetrakaryons were not 

uncommon they represented only a small fraction of the conidial population.  All progeny 

strains examined were found to be haploid recombinants rather than heterozygous diploids of 

the two parental strains (Supplemental Figure 1S). 
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C.6.6 MLSTs   

As confirmed by MLST genotyping, 79% (37/47) of the progeny were recombinants via 

independent assortment, and five progeny (IC1612, IC1616, 1622, 1626, and 1630) showed 

single crossover recombination within the AF gene cluster (Table 3).  Unlinked loci 

segregated in a Mendelian fashion and showed independent assortment.  For example, in 

cross IC278 × IC65, the MLSTs (Table 3) showed that progeny isolate IC1612 has the 

genetic background of the A. flavus IC278 parent for the MAT marker on chromosome 6, and 

inherited chromosome 4 from the A. parasiticus IC65 parent.  Moreover, one of the markers 

(aflC/aflD) on chromosome 3 is decoupled from the other two (aflM/aflN and aflW/aflX) 

such that a putative crossover event is inferred to have occurred somewhere between the 

aflC/aflD and aflM/aflN regions. 

Although there was a significant difference in the frequency of MAT1-1 (77%) and 

MAT1-2 (23%) in the progeny when pooled across all crosses (n = 47, P = 0.0003), progeny 

from each cross tested separately showed no significant deviation from 1:1, as would be 

expected for any two segregating loci that are able to assort independently during meiosis 

(Table 3).  Similarly, we examined segregation of AF cluster genes aflC/aflD, aflM/aflN, and 

aflW/aflX on chromosome 3 and trpC on chromosome 4.  With the exception of trpC in cross 

IC278 × IC327 where H2 predominated, there were no significant differences in the 

frequency of the two parental alleles in the progeny.  All sequence data were submitted to 

GenBank under Accession numbers KF164617 – KF164813. 

 

C.6.7 Genome-wide dendrogram and aflatoxin cluster heat maps   

Clustering based on array data revealed three distinct clades:  an A. parasiticus-only clade; a 

clade that includes A. minisclerotigenes, A. flavus S strain, A. nomius and experimental A. 

flavus × A. parasiticus hybrids; and an A. flavus L strain clade that includes A. oryzae (Fig. 

4).  The L strain clade was further subdivided into groups IA, IB, and IC according to Geiser 
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et al. (Geiser et al. 2000) and none of our sampled A. flavus S strains grouped with IA, IB 

and IC.  One experimental hybrid progeny strain IC1630 showed very close similarity to A. 

minisclerotigenes sampled from Benin (IC1112, IC1142) and Australia (IC720), A. flavus S 

from Georgia (IC1169) and Australia (IC796) and A. nomius from Louisiana (IC1516).  In 

the dendrogram (Fig. 4), the putative group II lineage (Geiser et al. 2000) is broadly 

circumscribed and includes A. minisclerotigenes, A. flavus S strain, and A. nomius.  The 

corresponding heat maps for chromosome 3R are shown in Figure 5.  In A. flavus L, the heat 

maps show deletion patterns in the cluster consistent with Geiser’s group IB and show 

hybridization to complete gene clusters that are typically found in groups IA and IC (Geiser 

et al. 2000; Moore et al. 2009).  Experimental hybrids have composite gene clusters from at 

least one crossover event between A. flavus and A. parasiticus (Fig. 5) and have a genome-

wide hybridization pattern that is more similar to A. flavus S, A. minisclerotigenes, A. 

nomius, and the nonaflatoxigenic species A. caelatus and A. tamarii (Fig. 4). 

 

C.6.8 Parent-offspring trio heat maps   

Heat maps of six parent-offspring trios identified putative crossovers in the AF cluster of 

three progeny based on single feature polymorphisms (SFPs) (Fig. 6).  All three recombinant 

hybrid strains IC1612, IC1616 and IC1622 arose from a single crossover in the aflE exon and 

aflE/aflM intergenic region in chromosome 3R (Figs. 5, 6).  The cluster-specific genetic 

markers aflC/aflD, aflM/aflN and aflW/aflX span the recombination breakpoint and confirm 

the aCGH results (Table 3).  All aCGH data were submitted to the Gene Expression Omnibus 

(GEO) under series accession number GSE27484. 

 

C.6.9 Genome-wide parentage plots   

Both independent assortment and crossovers were observed in genome-wide aCGH 

parentage plots for the six parent-offspring trios (Fig. 7).  Sequence data from linked loci in 
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the AF cluster (aflC/aflD, aflM/aflN and aflW/aflX) and unlinked loci (MAT, trpC) 

comprising the MLST confirmed that patterns of inheritance observed in parentage plots are 

the result of SFPs between the labeled target DNA and A. flavus NRRL 3357 probes fixed on 

the array.  Known patterns of inheritance from sequenced MLST loci (position indicated with 

vertical blue lines in parentage plots) confirm inferred independent assortment and crossover 

events in the parentage plots.  For example, the trpC sequence on chromosome 4 in progeny 

IC1612 is identical to the A. parasiticus parent IC65, whereas MAT1-1 on chromosome 6 is 

from the A. flavus parent IC278 (Table 3, Fig. 7b). 

In the absence of crossovers, chromosomal inheritance in progeny isolates can be 

deduced by examining parentage plots.  An example illustrating this is chromosome 7 in 

progeny strain IC1622 from cross A. flavus IC278 × A. parasiticus IC324 (Fig. 7d).  There is 

evidence of stronger hybridization above the x-axis than below, which indicates that 

chromosome 7 in IC1622 has the genetic background of the A. flavus IC278 parent.  The 

parentage plots also reveal frequent crossover events resulting in progeny having 

chromosomes of hybrid origin.  Crossovers were predominantly located in subtelomeric 

regions.  For example, in the AF gene cluster for IC1622, the aflC/aflD region of 

chromosome 3R is from A. parasiticus parent IC324, while the aflM/aflN and aflW/aflX 

regions (leftmost two vertical blue lines) are from A. flavus parent IC278, suggesting at least 

one crossover in chromosome 3R with a second putative crossover event in the telomeric end 

of 3R; the left arm of chromosome 3 also shows evidence of two crossovers in the 

subtelomeric region (Fig. 7d).  In some interspecific progeny, crossovers were localized to 

centromeric regions of chromosomes.  For example, IC1630 inherited the right arm of 

chromosome 5 from the A. flavus IC278 parent and the left arm from the A. parasiticus 

IC324 parent (Fig. 7e).  In IC1616 and IC1603, crossovers also coincided with the putative 

location of centromeres on chromosomes 5 (Fig. 7c) and 1 (Fig. 7a), respectively.  

Based on the spacing of probes between adjacent genes on the A. flavus microarray, 

the shortest interval for detecting recombination breakpoints was ~15 kb.  The higher probe 
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density in the tiled intergenic regions of the AF cluster allowed for more accurate detection 

of recombination breakpoints; the dissimilarity between A. parasiticus and the A. flavus 

oligonucleotide-based probes on the arrays further permitted visual detection of 

recombination breakpoints genome-wide.  Overall at least one crossover event per 

chromosome arm was observed, with double and triple crossovers more common on longer 

chromosome arms such as 1R (Fig. 7).  

 

C.6.10 Phylogenetic inference  

The best nucleotide substitution model assuming either AIC or BIC was K80+I+G, which 

assumes a proportion of invariant sites (I), gamma distributed rates across sites (G) and rate 

heterogeneity (K80).  ML analysis using RAxML was based on a General Time Reversible 

(GTR) nucleotide model with a gamma distribution of rates over sites (GTRGAMMA).  The 

best ML tree revealed consistency between phylogenetic and taxonomic groupings (Fig. 8).  

Aspergillus flavus L was divided into three clades corresponding to lineages IA, IB, and IC, 

with respective bootstrap values of 93%, 99% and 68%.  Lineage IB consisted of a strictly 

nonaflatoxigenic clade with a bootstrap support value of 83% and a paraphyletic sister clade 

in which a subset of nonaflatoxigenic A. flavus L isolates grouped with aflatoxigenic A. 

flavus S strains from the US and A. flavus L from Australia; A. minisclerotigenes was 

evolutionarily distinct from A. parasiticus and A. flavus L but paraphyletic with respect to A. 

flavus S in Australia and Benin.  Aspergillus parasiticus was monophyletic with a bootstrap 

value of 98%.  Hybrid progeny grouped with either A. parasiticus or A. flavus L lineage IA; 

hybrid strains in lineage IA showed higher B + G production than natural A. flavus L and S 

strains (Fig. 8). 
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C.7 Discussion 

Aspergillus flavus and A. parasiticus are sibling species within section Flavi based on 

multilocus phylogenetic analyses (Peterson 2008).   Using DNA complementarity as a 

criterion, Kurtzman et al. (Kurtzman et al. 1986) concluded that A. flavus and A. parasiticus 

are conspecific and renamed the species as A. flavus var. flavus and A. flavus var. parasiticus.  

Even though we obtained hybrid progeny, fertile crosses were rare and involved only one 

parental strain of A. flavus (IC278).  Moreover, within the fertile crosses, viable ascospores 

were extremely rare, suggesting extensive genetic incompatibility and other postzygotic 

mechanisms that include possible hybrid sterility.  Pre-mating isolation may also exist in 

these species, which show some ecological and host preferences.  Aspergillus flavus 

commonly contaminates corn, peanuts, cottonseed and tree nuts whereas A. parasiticus 

typically infects peanuts more than aerial crops (Horn 2007).  The low frequency of 

successful hybrid matings in laboratory crosses suggests strong reproductive isolation 

between the species and adherence to the biological species concept. 

Fertility differences in parental species can also contribute to post-zygotic 

reproductive isolation.  As reported previously in A. parasiticus (Horn et al. 2009b) and A. 

flavus (Horn et al. 2009a), the same parental strain in different crosses yielded different 

fertilities.  For example, A. parasiticus IC65 had the highest fertility when crossed with A. 

flavus IC278 and the lowest fertility when crossed with IC314 (Table 1).  In this study, all 

four interspecific crosses that produced viable progeny involved A. flavus IC278 and it is 

therefore possible that this A. flavus parental strain is driving fertility in interspecific crosses.  

Previous work showed that intraspecific A. flavus crosses had the highest fertility when 

crossed with strain IC278 (Olarte et al. 2012).  Moreover, inheritance of mitochondrial 

markers indicates that IC278 functions as the maternal parent in crosses (data not shown). 

Whether fertility traits are highly heritable in intra- and interspecific crosses is unknown and 

requires additional study.   
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For both the time course and 7-day toxin assays, there were specific hybrid strains 

that showed enhanced aflatoxin production relative to parental species.  Several mechanisms 

may be involved that increase aflatoxin concentrations in hybrid progeny.  One possibility is 

variation in patterns of DNA methylation in the aflatoxin gene cluster as well as genome-

wide.  DNA methylation contributes to epigenetic processes, which play a fundamental role 

in organismal adaptation to different environmental conditions (Angers et al. 2010).  Because 

DNA methylation signatures are transmitted across generations and are highly heritable, 

modifications of these patterns as a result of independent assortment and crossovers may 

relieve or activate repressors or other regulators of aflatoxin production.  DNA methylation 

during asexual growth of A. flavus NRRL 3357 is reported to be negligible (Liu et al. 2012); 

however, we cannot rule out the possibility of de novo DNA methylation during sexual 

reproduction in A. flavus and A. parasiticus and the resulting global changes to DNA 

methylation patterns resulting from hybridization.   

Hybridization has been suggested to be a means of creating diversity in a population, 

or an entirely new species altogether (Mallet 2007).  Although successful hybrids have been 

reported in fungi (Stukenbrock et al. 2012), hybridization is usually selected against because 

hybrid fitness is lower than that of pure populations (Dettman et al. 2007).  Morphologically, 

progeny from interspecific A. flavus × A. parasiticus differed from their parents in growth 

rate, sclerotia production, stipe length, conidial head seriation and conidial features (size, 

ornamentation, color) (Table 2).  The degree of fitness imparted by these phenotypic 

characters is not known. Hybridization also showed a significant qualitative and quantitative 

influence on toxicity.  Moreover, the high heritability of both AF and CPA in interspecific 

crosses indicates that genetic variation in the parents, in the form of mutations and 

recombination, has a direct effect on aflatoxin diversity and aflatoxin quantities, which could 

be important fitness components.  For example, the causal species responsible for a 2004 

outbreak of human aflatoxicosis in Kenya was found to produce only B or B + G aflatoxins 

and to be more similar to the B and G producing A. minisclerotigenes than to the A. flavus S 

morphotype (Probst et al. 2012; Probst et al. 2007; Probst et al. 2010).  This is not surprising 
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in light of the potential for hybridization between A. flavus and A. parasiticus and the 

observation in this study that some hybrid progeny grouped with A. minisclerotigenes. 

Interestingly, the outbreak strain was not isolated from maize or soil in the affected Kenyan 

districts prior to 2004 and all isolates from the outbreak produced much higher quantities of 

aflatoxin B1 than sympatric L strain isolates (Probst et al. 2010).  Whether this is an adaptive 

hybrid strain showing heterosis in toxin production or an introduced strain is unknown, but it 

is clear that this outbreak strain is better able to colonize soil and infect maize compared to 

sympatric A. flavus L and A. parasiticus.  Moreover, the incidence of A. parasiticus is very 

low in the affected Kenyan districts, which may reflect a decrease in its fitness relative to the 

putative hybrid strain that has characteristics of both parental species, and is therefore better 

able to thrive in both soil and maize environments.  

The deep cladogenesis of A. minisclerotigenes as well as more recent lineage splitting 

between A. flavus S and A. minisclerotigenes in Australia and Benin could be the result of 

accelerated evolution in response to climate extremes, or ongoing evolution through 

allopolyploidization.  The latter is supported by the aCGH dendrogram (Fig. 4) which shows 

that A. flavus S and A. minisclerotigenes have hybridization profiles that are intermediate 

between A. flavus and A. parasiticus.  A similar intermediate placement was observed for the 

hybrid progeny, which suggests that interspecific hybridization between A. flavus and A. 

parasiticus could result in allopolyploidization.  Although hybrids are clustered and 

intermediate in their placement between A. parasiticus and A. flavus in the aCGH 

dendrogram, these groupings are not necessarily reflective of the true phylogenetic 

relationships (Gilbert et al. 2011), and are strongly biased by the degree of hybridization to 

the reference A. flavus genome on the array. A zoom-in of the array showing the heat maps 

of probes spanning the right arm of chromosome 3 (Fig. 5) revealed distinct A. parasiticus 

and A. flavus hybridization profiles among progeny.  Hybrid progeny showed either 1) two 

distinct genetic backgrounds and a clear crossover breakpoint between aflJ and aflE (IC1612, 

IC1616, and IC1622); 2) only the A. flavus cluster phenotype (IC1603 and IC1637); or 3) a 

combined A. flavus and A. parasiticus cluster phenotype (IC1630) where the predicted 
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crossover event between aflC/aflD and aflM/aflN (Table 3) was indiscernible.  The cluster 

phenotype of IC1630 was similar to those observed for A. minisclerotigenes and A. flavus S.  

This explains the discrepancy observed between the grouping of hybrids in Figure 4 and their 

placement based on ancestral history in Figure 8.   

In the ML phylogeny, IC1630 is genetically similar to other naturally occurring A. 

parasiticus OMST producers, such as IC65 (Fig. 8).  In a previous study, we showed that the 

hypE gene, which is located in the aflM/aflN intergenic region, might be a target of balancing 

selection acting to maintain G1-dominant  (i.e. strains that accumulate predominantly G1 and 

therefore have a high G1/B1 ratio) and OMST specific classes in A. parasiticus (Carbone et 

al. 2007). The recent shared common ancestry of A. parasiticus G1-dominant strains and A. 

flavus L lineage IC, based on variation in hypE, supports the possibility of interspecific 

hybridization giving rise to G1-dominant strains in A. parasiticus. Further examination of 

interspecific hybrids may yield additional insights into the role of hybridization in the 

evolution of toxicity in these agriculturally important species.   

Our results indicate that recombination as a result of hybridization may be important 

in the genesis of novel hybrid toxin profiles.  For example, three progeny strains (IC1612, 

IC1622 and IC1630) synthesized G1 and G2 aflatoxins that were not produced by either 

parent (Table 3).  In both cases, G aflatoxin function was rescued as the result of a crossover 

event between A. flavus (IC278) and A. parasiticus (IC65 or IC324), midway in the cluster 

close to aflE (Fig. 6), such that the region from aflE to the telomere was inherited from the 

OMST producing A. parasiticus parent.  This indicates that the loss of function mutation in 

these OMST producing A. parasticus strains is somewhere in the aflE-nadA segment of the 

aflatoxin biosynthetic pathway.  A previous study reported that ordA (=aflQ), cypA(=aflU) 

and nadA are important in the conversion of OMST to G aflatoxins (Zeng et al. 2011).  Since 

aflU is in the A. parasiticus subtelomeric segment, this suggests that aflU is functional in 

IC1612, IC1622 and IC1630, and that a possible loss of function mutation resides in aflO, 

nadA, or both.  A closer examination of progeny strains from cross IC278 × IC65 (Table 3) 
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may allow fine-mapping of mutations in these OMST-producing strains.  Crossover events 

involving the inheritance of the telomeric end of chromosome 3 from the A. flavus parent can 

also result in hybrid progeny that produce CPA in addition to B and G aflatoxins, a 

mycotoxin profile not typical of A. flavus or A. parasiticus.  This is illustrated by IC1630, 

which originated from the same cross as IC1622 (Table 3), but we would expect to find more 

progeny with a similar toxin profile with a larger sampling of offspring.  

According to the genotyping results (Table 3), progeny strain IC1630 shares the same 

haplotype as parental A. parasiticus IC324 in the aflM/aflN and aflW/aflX regions, which 

then transitions to a haplotype shared by parental A. flavus IC278 in the aflC/aflD region, 

such that IC1630 synthesizes B and G aflatoxins as well as CPA.  Moreover, the trio heat 

map of IC278, IC1630 and IC324 (Fig. 6) revealed a unique hybridization pattern for IC1630 

similar to that observed for strains of A. minisclerotigenes, A. nomius, A. tamarii, and A. 

caelatus (Fig. 5).  A closer inspection of the corresponding aCGH parentage plot of this trio 

(Fig. 7E) shows that although breakpoints are visible and caused a switch in parental gene 

composition in IC1630, there is also evidence of homologous parent genomes in IC1630 and 

possibly one or more non-homologous copies of the subtelomeric region of chromosome 3R. 

A similar hybridization pattern was observed in A. flavus intraspecific crosses (Olarte et al. 

2012) where it was attributed to the existence of genetically heterogeneous nuclei that are 

heterokaryotic for the aflatoxin gene cluster.  One possibility is that progeny strain IC1630 is 

an interspecific diploid or dikaryon as supported by flow cytometry (Fig. 1S); preliminary 

evidence from de novo sequencing and assembly of IC1630 shows a high level of 

heterozygosity across its entire genome (data not shown).  Allopolyploids arising from 

interspecific hybridization between different Epichloë endophyte species have been reported 

to retain parental gene expression patterns across a range of biologically active secondary 

metabolites, and show improved adaptability relative to parental species (Cox et al. 2014).  

Whether allopolyploidization plays a similar role in Aspergillus is unknown but it is clear 

that there may be several different mechanisms that generate genetic and toxin diversity in 

these fungi. 
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Figure C.1.  Sexual reproductive structures in hybrid crosses between Aspergillus flavus 

and A. parasiticus.  (A)  Sectioned stroma containing one ascospore-bearing ascocarp. (B) 

SEM image of aborted ascocarp. (C)  Germinated ascospore; arrow shows oil droplet outside 

of the spore. (D)  SEM image of stroma in cross section with one ascospore-bearing 

ascocarp; arrows show ascocarp peridium. (E)  SEM image showing structure of ascocarp 

peridium. (F)  SEM image of ascocarp-bearing ascocarp; arrow shows ascocarp peridium. 

(G)  Two viable-appearing ascospores containing oil droplets, surrounded by collapsed 

empty ascospores. (H)  Ascus containing nine ascospores. (I), (J)  SEM image of ascospore 

with finely tuberculate ornamentation and an equatorial ridge.  Abbreviations:  a, ascocarp; h, 

hypha; m, stromal matrix; p, ascocarp peridium; s, ascospore.  Scale bars:  A, D: 100 μm; B, 

C, E-H: 10μm; I, J: 1μm. 
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Figure C.2.  Total aflatoxin and CPA heritability in intra- and interspecific crosses of A. 

flavus and A. parasiticus.  Blue diamonds denote mean offspring toxin concentration versus 

midparent toxin concentration for each A. flavus × A. flavus cross; green diamonds denote 

mean offspring toxin concentration versus midparent toxin concentration for each A. 

parasiticus × A. parasiticus cross; and red diamonds denote mean offspring toxin 

concentration versus midparent toxin concentration for each hybrid A. flavus × A. parasiticus 

cross.  The slope of the regression line corresponds to the heritability of the toxin phenotype.  

For total AF, the 95% confidence interval = [0.3805, 1.1322], standard error  = 0.173971 and 

r2 = 0.59250.  For CPA, the 95% confidence interval = [0.4297, 1.2445], standard error = 

0.176661 and r2 = 0.73731. 
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Figure C.3.  Aflatoxin concentration curves. Total aflatoxin production in four hybrid 

progeny strains compared to parental strains after 3, 5 and 7 days of growth.  In the graph the 

A. flavus parent is indicated with a diamond, the A. parasiticus parent with a square and the 

progeny strain with a triangle. 
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Figure C.4.  Genome-wide similarity dendrogram.  Based on aCGH data of a 

representative sample of fifty-six progeny strains representing variation in intra- and 

interspecific crosses, as well as isolates sampled from populations of A. flavus and A. 

parasiticus and isolates from closely related species in Aspergillus section Flavi.  Red 

squares indicate high correlation in microarray hybridization signal intensities, which 

translates to high DNA sequence similarity among individuals in a particular grouping, while 

blue indicates the lowest level of similarity.  Hybrid progeny individuals and clades are 

denoted with red lettering and lines, respectively.   Individuals are grouped according to 

similarity with respect to the A. flavus NRRL 3357 reference strain. 
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Figure C.5.  Heat maps based on aCGH of only the right arm of chromosome 3 for the 

56 strains in Fig. C.4.   Strains are ordered based on clades inferred from the dendrogram in 

Fig. 4.  The genes in the CPA, aflatoxin and sugar clusters are labeled.  Red bars indicate the 

highest level of hybridization of the isolate to reference strain A. flavus NRRL 3357 in a 

particular gene region.   Blue bars indicate the lowest level of hybridization to the reference 

strain.  Yellow, green and aqua bars indicate intermediate levels of hybridization. 
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Figure C.6.  Heat maps of six A. flavus and A. parasiticus parent-offspring trios for the 

same chromosomal region shown in Figure C.5.  In each trio plot, the center plot is the 

progeny individual, flanked on the left side by the A. flavus parent and on the right side by 

the A. parasiticus parent.  Red bars indicate the highest level of hybridization of the isolate to 

reference strain A. flavus NRRL 3357 in a particular gene region.   Blue bars indicate the 

lowest level of hybridization to the reference strain.  Yellow, green and aqua bars indicate 

intermediate levels of hybridization.  The blue line between plots is an indication of greater 

similarity to either the A. flavus parent (approaching 1.0) or greater similarity to the A. 

parasiticus parent (approaching 0.0).  Black horizontal bars indicate putative recombination 

breakpoints where progeny hybridization patterns transition from one parent to the other. 

 

  

 
 
 
 

300 



 
 
 

 

 

 
 
 
 

301 



 
 
 

 

  
 
 
 
 

302 



 
 
 

 

  
 
 
 
 

303 



 
 
 

 

  
 
 
 
 

304 



 
 
 

 

  
 
 
 
 

305 



 
 
 

 

  
 
 
 
 

306 



 
 
 

 
Figure C.7.  Genome-wide parentage plots for the six hybrid progeny shown in Figure 

C.6.  The progeny strains are labeled from A-F.  Each red point represents a probe on the 

array.  Dots with positive values on the y-axis indicate a hybridization pattern more similar to 

the A. flavus parent; dots with negative values indicate a hybridization pattern more similar to 

the A. parasiticus parent.  Black vertical lines represent the putative centromere location on 

each chromosome.  Blues lines represent MLST loci:  aflC/aflD, aflM/aflN and aflW/aflX on 

chromosome 3, trpC on chromosome 4 and MAT on chromosome 6. 
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Figure C.8.  Phylogeny of experimental hybrid strains and natural isolates of A. 

parasiticus, A. flavus L, A. flavus S, and A. minislerotigenes sampled on a global scale.  

The best maximum likelihood phylogenetic tree based on DNA sequence variation in 

aflM/aflN, aflW/aflX and trpC for 736 isolates, rooted using A. nomius IC1516 as the 

outgroup.  The scale bar at the bottom indicates a maximum-likelihood distance of 0.01. 

Gray dots along the interior branches have at least 80% bootstrap support.  The green color 

gradient in the outermost ring indicates total G aflatoxin production from highest (darkest 

green) to lowest (lightest green) or no G production (white); similarly the adjacent inner ring 

shows a blue color gradient for total B aflatoxin production.  The OMST-producing A. 

parasiticus strains show no B and G production.  The colors in the legend are used to denote 

the species and geographical origin of isolates shown in the two innermost rings, 

respectively.  
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Supplemental Figure C.1S.  Flow cytometric fluorescence histograms of conidia for 

each strain in the four (A-D) interspecific crosses in Table C.3, with the exception of 

IC1621, 1635 and 1636. The histograms show the distribution of intensities (density) of 

nuclei in conidia stained with propidium iodide; on the x-axis is the intensity of fluorescence 

and on the y-axis is the number of conidia (counts) at each intensity. Histogram markers or 

intensity peaks are designated as M1-M5 and represent distinct conidial populations that 

harbor the same number of nuclei per conidium.  For example, in the IC5236 haploid 

histogram in A, the marker M1 is placed around the peak which corresponds to 1N conidia 

and marker M2 is placed to the right of M1 to designate 1N + 1N conidia.  A conidium could 

potentially contain up to 5 nuclei.  For example, the smaller M3, M4 and M5 peaks relative 

to M1 and M2 in IC1610 in B designate conidial populations with 3, 4 and 5 nuclei per 

conidium.    
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Table C.1.  Morphological comparisons between A. flavus and A. parasiticus parents and their hybrid progenya 
___________________________________________________________________________________________________ 
 
Strain Species  Parent/progeny Colony diam (mm)b Sclerotial weight (g)c Stipe 
length (µm)d Conidial diam (µm)e Conidial head seriationf 
___________________________________________________________________________________________________ 
 

IC278 A. flavus MAT1-1 parent 41 ± 1.5 a 65.4 ± 2.5 a 495.5 ± 135.1 a 4.1 ± 0.54 a 33% 
uniseriate/67% biseriate 
IC327 A. parasiticus MAT1-2 parent 36 ± 1.0 b 26.0 ± 2.2 b 248.4 ± 78.4   b 5.0 ± 0.45 b 99% 
uniseriate/1% biseriate 
IC1603 Hybrid Progeny 31 ± 1.1 c 0.5 ± 0.5   c 106.1 ± 32.4   c 4.0 ± 0.45 a 100% 
uniseriate 
 
IC278 A. flavus MAT1-1 parent 41 ± 1.5 a 65.4 ± 2.5 a 495.5 ± 135.1 a 4.1 ± 0.54 a 33% 
uniseriate/67% biseriate 
IC33 A. parasiticus MAT1-2 parent 34 ± 0.9 b 32.1 ± 9.1 b 132.5 ± 44.0   b 5.4 ± 0.44 b 100% 
uniseriate 
IC1637 Hybrid Progeny 36 ± 1.2 c 0.0 ± 0.0   c 266.1 ± 90.6   c 4.2 ± 0.37 a 98% 
uniseriate/2% biseriate 
 
IC278 A. flavus MAT1-1 parent 41 ± 1.5 a 65.4 ± 2.5 a 495.5 ± 135.1 a 4.1 ± 0.54 a 33% 
uniseriate/67% biseriate 
IC65 A. parasiticus MAT1-2 parent 36 ± 0.8 b  25.1 ± 2.1 b 111.9 ± 21.8   b 4.7 ± 0.41 b 100% 
uniseriate 
IC1612 Hybrid Progeny 43 ± 1.2 c 1.9 ± 1.9   c  517.6 ± 166.3 a 4.4 ± 0.60 a 99% 
uniseriate/1% biseriate 
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IC1616 Hybrid Progeny 32 ± 1.0 d 0.2 ± 0.3   c  105.5 ± 37.6   b 5.4 ± 0.50 c 99% 
uniseriate/1% biseriate  
 
IC278 A. flavus MAT1-1 parent 41 ± 1.5 a 65.4 ± 2.5 a 495.5 ± 135.1 a 4.1 ± 0.54 ab 33% 
uniseriate/67% biseriate 
IC324 A. parasiticus MAT1-2 parent 36 ± 1.2 b 38.7 ± 1.2 b 96.5 ± 25.2     b 5.0 ± 0.39 c 100% 
uniseriate 
IC1622 Hybrid Progeny 35 ± 1.1 b 33.8 ± 1.3 b 240.8 ± 86.6   c 3.9 ± 0.39 a 88% 
uniseriate/12% biseriate 
IC1630 Hybrid Progeny 30 ± 1.1 c 32.7 ± 4.0 b 88.3 ± 33.5   b 4.3 ± 0.45 b 100% 
uniseriate 
___________________________________________________________________________________________________ 
 
aMeans ± SD followed by a different letter within a parent-progeny group are significantly different (P<0.05). 
 
bMeans based on 12 colonies on CZ plates (7 d, 25°C). 
 
cMeans based on three CZ slants (14 d, 30°C). 
 
dMeans based on 20 stipes from CZ plates (7 d, 25°C). 
 
eMeans based on 30 conidia from CZ slants (14 d, 30°C). 
 
fSeriations based on 100 conidial heads from CZ plates (7 d, 25°C). 
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Table C.2. Incidences of sexual reproduction in forty-five attempted interspecific crosses between compatible mating 
types of Aspergillus flavus and A. parasiticus 

 
MAT 1-1a 

 
MAT1-2a 

Number of 

sclerotia/stromata 

per slantd 

Number of 

sclerotia/stromata 

examined 

% with 

ascocarpsd,e 

% with 

ascospore-

bearing 

ascocarpsd,f 

 

IC 

strain 

 

NRRL 

strainb 
VCGc 

IC 

strain 

NRRL 

strainb 
VCGc 

A. flavus × A. parasiticus 

IC289 29518 44 IC69 29606 10 0 - - - 

IC314 50428 79 IC65 29602 8 24 ± 17 113 0 - 

IC314 50428 79 IC33 29570 3 47 ± 21 237 0 - 

IC283 29512 38 IC67 29604 9 47 ± 30 234 0 - 

IC289 29518 44 IC324 35779 - 83 ± 37 376 0 - 

IC314 50428 79 IC324 35779 - 121 ± 49 309 0 - 

IC308 29537 63 IC59 29596 6 398 ± 63 300 0 - 
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IC283 29512 38 IC65 29602 8 623 ± 114 300 0 - 

IC289 29518 44 IC65 29602 8 627 ± 196 300 0 - 

IC283 29512 38 IC324 35779 - 669 ± 50 300 0 - 

IC283 29512 38 IC329 35784 - 710 ± 6 300 0 - 

IC289 29518 44 IC330 35785 - 221 ± 46 300 0.7 ± 1.1 0 

IC308 29537 63 IC65 29602 8 418 ± 30 300 0.7 ± 1.1 0 

IC311 35737 - IC331 35786 - 1650 ± 101 300 2.7 ± 1.1 0 

IC311 35737 - IC324 35779 - 1225 ± 11 300 6.3 ± 3.2 0 

IC311 35737 - IC65 29602 8 1053 ± 36 300 8.7 ± 4.0 0 

IC311 35737 - IC72 29609 13 613 ± 68 300 12.7 ± 0.6 0 

IC308 29537 63 IC324 35779 - 891 ± 42 300 0.3 ± 0.6 0.3 ± 0.6 

IC308 29537 63 IC328 35783 - 635 ± 14 300 1.0 ± 1.0 0.7 ± 0.6 

IC278 29507 33 IC33 29570 3 232 ± 66 300 12.3 ± 5.0 6.0 ± 2.6 

IC278 29507 33 IC327 35782 - 324 ± 32 420 28.4 ± 9.3 10.6 ± 3.9 

IC278 29507 33 IC324 35779 - 398 ± 59 400 36.3 ± 9.2 26.7 ± 6.5 
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IC278 29507 33 IC65 29602 8 282 ± 133 300 49.7 ± 7.0 33.7 ± 5.9 

A. parasiticus × A. flavus 

IC61 29598 7 IC1179 AF36 YV36 4 ± 8 20 0 - 

IC1 29538 1 IC1179 AF36 YV36 8 ± 4 40 0 - 

IC73 29610 14 IC1179 AF36 YV36 23 ± 12 115 0 - 

IC49 29586 4 IC1179 AF36 YV36 33 ± 14 164 0 - 

IC65 29602 8 IC271 29500 28 37 ± 14 147 0 - 

IC49 29586 4 IC229 29459 6 62 ± 42 283 0 - 

IC65 29602 8 IC309 35735 - 71 ± 57 289 0 - 

IC65 29602 8 IC1179 AF36 YV36 126 ± 26 306 0 - 

IC73 29610 14 IC201 21882 24 674 ± 98 300 0 - 

IC65 29602 8 IC201 21882 24 1184 ± 351 300 0 - 

IC65 29602 8 IC277 29506 32 1430 ± 96 300 0 - 

IC74 29611 15 IC201 21882 24 736 ± 49 300 0.3 ± 0.6 0 

 
 
 
 

319 



 
 
 

 
IC65 29602 8 IC229 29459 6 484 ± 142 300 1.0 ± 1.7 0 

IC75 29612 16 IC229 29459 6 18 ± 9 90 1.1 ± 2.5 0 

IC73 29610 14 IC229 29459 6 186 ± 111 300 1.3 ± 0.6 0 

IC49 29586 4 IC201 21882 24 689 ± 87 300 2.0 ± 1.7 0 

IC53 29590 5 IC229 29459 6 12 ± 7 58 2.0 ± 4.5 0 

IC44 29581 4 IC201 21882 24 677 ± 129 300 3.0 ± 2.0 0 

IC73 29610 14 IC202 29506 32 734 ± 40 300 4.0 ± 3.6 0 

IC18 29555 2 IC202 29506 32 610 ± 114 300 7.7 ± 4.2 0 

IC49 29586 4 IC277 29506 32 806 ± 40 300 12.3 ± 3.5 0 

IC70 29607 11 IC202 29506 32 632 ± 148 300 19.0 ± 3.6 0 

 

aMating-type designations IC278, IC33 and IC327 are from Ramirez-Prado et al. [26]. 

bStrain numbers (NRRL) from Agricultural Research Service Culture Collection, Peoria, Illinois, USA.   

cVegetative compatibility groups based on Horn and Greene [28] and Horn and Dorner [10] except for YV36 [59].  Strains of unknown VCG are indicated 

with a ‘-‘. 

dMeans ± s.d. (n = 3-5 culture slants or biological replicates). 
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ePercentage of total number of sclerotia/stromata examined containing one or more ascocarps irrespective of the presence of ascospores. 

fPercentage of total number of sclerotia/stromata examined containing one or more ascospore-bearing ascocarps. 
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Table C.3.  Multilocus genotypes and toxin phenotypes from four Aspergillus flavus  × A. parasitius crosses 

  Loci examineda  Aflatoxine  

IC 
Strainb 

NRRL
c 

C
hr

. 6
   

M
AT

 
C

hr
. 3

 
af

lC
/a

flD
 

C
hr

. 3
  

af
lM

/a
flN

 
C

hr
. 3

  
af

lW
/a

flX
 

C
hr

. 4
   

tr
pC

 

OMSTd 

(µg/mL) 

B1 

(µg/mL) 

B2 

(µg/mL) 

G1 

(µg/mL) 

G2  

 
(µg/mL) 

Total 

AFs 

(µg/mL) 

CPAf 

(µg/mL) 

C
lu

st
er

 
M

LS
Tg  

G
en

om
e 

M
LS

Th  

Parents                

IC278 
 

29507 1 H1 H
 

H
 

H
 

1.4 (0.7) 119.0 
 

3.1 (1.7) 0 (0) 0 (0) 122.1 (52.7) 140.5 (4.2) H1 H1 

IC327 
 

35782 2 H2 H
 

H
 

H
 

0.2 (0.0) 210.9 
 

9.9 (2.1) 169.5 
 

4.2 (0.8) 394.5 (74.1) 0 (0) H2 H2 

Progeny                

Ascocarp 
 h 

               

IC1596 62734 1 H1 H
 

H
 

H
 

0.4 (0.1) 23.1 (12.8) 0.5 (0.3) 0 (0) 0 (0) 23.6 (13.1) 18.2 (6.9)* H1 H1 

IC1597 62735 2 H1 H
 

H
 

H
 

0.1 (0.1) 20.9 (7.6) 0.3 (0.1) 0 (0) 0 (0) 21.2 (7.8) 91.3 (39.8)* H1 H4 

Ascocarp 
 

               

IC1598 62736 1 H2 H
 

H
 

H
 

1.0 (0.4) 127.0 
 

3.1 (0.8) 143.2 
 

2.3 (1.1) 275.6 (62.7) 0 (0) H2 H3 

IC1599 62737 1 H2 H
 

H
 

H
 

1.4 (0.5) 347.1 
 

10.9 
 

234.4 (7.8) 4.7 (0.1) 597.1 (33.0) 

 

0 (0) H2 H3 

IC1600 62738 1 H2 H
 

H
 

H
 

1.7 (0.2) 281.6 
 

10.3 
 

201.7 
 

4.6 (2.7) 498.3 (210.1) 0 (0) H2 H3 

IC1601 62739 1 H2 H
 

H
 

H
 

1.2 (0.6) 136.5 
 

5.6 (1.0) 184.2 
 

4.4 (0.8) 330.8 (42.1) 0 (0) H2 H3 

Ascocarp 
 

               

IC1602 62740 2 H2 H
 

H
 

H
 

1.7 (0.5) 353.9 
 

16.8 
 

583.9 
 

16.0 
 

970.6 
 

0 (0) H2 H2 

IC1603 62741 1 H1 H
 

H
 

H
 

0.5 (0.1) 209.8 
 

7.5 (1.5) 0 (0) 0 (0) 217.3 (30.6) 130.6 (21.0) H1 H5 

IC1604 62742 1 H2 H
 

H
 

H
 

2.3 (1.6) 127.9 
 

5.9 (2.0) 260.6 
 

6.4 (2.1) 400.7 (103.6) 0 (0) H2 H3 

IC1605 62743 1 H2 H
 

H
 

H
 

1.1 (0.1) 225.4 
 

9.2 (0.9) 362.2 
 

10.0 
 

606.7 (27.3) 0 (0) H2 H3 
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IC1606 62744 1 H1 H

 
H

 
H

 
1.3 (0.1) 315.8 (6.9) 12.1 

 
0 (0) 0 (0) 328.0 (7.4) 225.5 (8.6)* H1 H5 

IC1607 62745 2 H2 H
 

H
 

H
 

2.2 (0.7) 351.0 
 

13.5 
 

390.6 
 

8.3 (0.7) 763.3 (88.8)** 0 (0) H2 H2 

                

Parents                

IC278 
 

29507 1 H1 H
 

H
 

H
 

1.5 (0.7) 91.0 (39.5) 2.2 (1.0) 0 (0) 0 (0) 93.2 (40.5) 121.4 (19.0) H1 H1 

IC65 (P) 29602 2 H2 H
 

H
 

H
 

346.3 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H2 

Progeny                

Ascocarp 
 

               

IC1608 62746 1 H1 H
 

H
 

H
 

0.8 (0.3) 78.2 (20.9) 1.6 (0.4) 0 (0) 0 (0) 79.8 (21.2) 80.6 (7.3)* H1 H1 

IC1610 62747 2 H1 H
 

H
 

H
 

1.6 (0.4) 82.6 (24.3) 2.0 (0.7) 0 (0) 0 (0) 84.6 (25.0) 47.8 (3.8)* H1 H7 

IC1611 62748 1 H2 H
 

H
 

H
 

314.2 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H4 

IC1612 62749 1 H2 H
 

H
 

H
 

3.5 (0.8) 106.9 
 

5.0 (0.7) 164.2 
 

4.9 (0.3) 280.9 
 

0 (0)* H3 H3 

IC1613 62750 1 H2 H
 

H
 

H
 

403.1 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H5 

IC1614 62751 1 H1 H
 

H
 

H
 

0.1 (0.1) 2.5 (1.2) 0 (0) 0 (0) 0 (0) 2.5 (1.2)* 20.4 (3.5)* H1 H1 

IC1615 62752 1 H2 H
 

H
 

H
 

283.6 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H4 

IC1616 62753 1 H1 H
 

H
 

H
 

108.7 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0)* 138.1 
 

H4 H6 

IC1617 62754 2 H2 H
 

H
 

H
 

396.2 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H2 

IC1618 62755 2 H1 H
 

H
 

H
 

0.4 (0.3) 202.6 
 

6.7 (2.0) 0 (0) 0 (0) 209.3 (61.0)* 91.4 (16.6) H1 H8 

IC1619 62756 1 H2 H
 

H
 

H
 

110.6 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0)* 30.4 (26.6)* H2 H5 

                

Parents                

IC278 
 

29507 1 H1 H
 

H
 

H
 

3.0 (1.3) 62.9 (39.3) 1.5 (1.2) 0 (0) 0 (0) 64.4 (40.5) 140.2 (7.4) H1 H1 

IC324 
 

35779 2 H2 H
 

H
 

H
 

310.2 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H2 
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Progeny                

Ascocarp 
 

               

IC1620 62757 1 H1 H
 

H
 

H
 

2.2 (1.7) 43.9 (20.0) 0.7 (0.2) 0 (0) 0 (0) 44.7 (20.2) 74.0 (40.0) H1 H8 

Ascocarp 
 

               

IC1621 62758 1 H1 H
 

H
 

H
 

1.5 (0.4) 190.0 (6.2) 7.6 (0.9) 0 (0) 0 (0) 197.6 (6.7) 88.2 (17.4) H1 H1 

IC1622 62759 1 H2 H
 

H
 

H
 

10.8 (1.6) 133.6 
 

9.2 (2.9) 433.9 
 

20.6 
 

597.2 
 

0 (0)* H3 H3 

Ascocarp 
 

               

IC1623 62760 2 H1 H
 

H
 

H
 

1.6 (0.4) 418.2 
 

18.8 
 

0 (0) 0 (0) 437.0 (27.6)* 249.0 (12.6)* H1 H7 

IC1624 62761 1 H2 H
 

H
 

H
 

218.7 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H4 

IC1625 62762 2 H2 H
 

H
 

H
 

122.4 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H5 

Ascocarp 
 

               

IC1626 62763 1 H1 H
 

H
 

H
 

0 (0) 4.5 (2.8) 0.1 (0.1) 0 (0) 0 (0) 4.5 (2.9) 75.4 (11.1) H4 H6 

IC1627 62764 1 H1 H
 

H
 

H
 

4.1 (0.8) 168.0 
 

6.1 (3.0) 0 (0) 0 (0) 174.1 (81.4) 184.2 (1.4) H1 H1 

IC1628 62765 1 H1 H
 

H
 

H
 

3.3 (0.7) 257.1 
 

9.5 (0.7) 0 (0) 0 (0) 266.5 (15.3)* 166.7 (27.9) H1 H8 

Ascocarp 
 

               

IC1629 62766 1 H1 H
 

H
 

H
 

0.5 (0.1) 173.1 
 

8.3 (1.2) 0 (0) 0 (0) 181.4 (19.5) 128.5 (10.0) H1 H1 

IC1630 62767 1 H1 H
 

H
 

H
 

2.3 (0.9) 76.8 (38.5) 2.3 (1.8) 32.5 (29.8) 0.8 (0.9) 112.5 (70.2) 212.5 
 

H4 H6 

IC1631 62768 2 H2 H
 

H
 

H
 

389.6 
 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) H2 H5 

                

Parents                

IC278 
 

29507 1 H1 H
 

H
 

H
 

3.1 (1.2) 114.8 
 

3.7 (1.9) 0 (0) 0 (0) 118.4 (36.1) 183.0 (26.1) H1 H1 

IC33 (P) 29570 2 H2 H
 

H
 

H
 

1.3 (0.3) 47.0 (10.2) 1.5 (0.1) 46.4 (5.3) 0.9 (0.2) 95.7 (12.6) 0 (0) H2 H2 

Progeny                
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Ascocarp 

 
               

IC1632 62769 2 H2 H
 

H
 

H
 

1.6 (1.2) 52.6 (5.8) 1.2 (0.2) 52.3 (4.4) 0.7 (0.1) 106.7 (9.4) 0 (0) H2 H2 

IC1633 62770 1 H2 H
 

H
 

H
 

1.6 (0.9) 217.7 
 

9.0 (6.1) 257.8 
 

6.7 (5.1) 491.1 (264.7) 0 (0) H2 H3 

IC1634 62771 2 H1 H
 

H
 

H
 

2.8 (0.4) 558.7 
 

22.7 
 

0 (0) 0 (0) 581.4 (69.3)* 183.5 (22.4) H1 H5 

IC1635 62772 1 H1 H
 

H
 

H
 

2.3 (1.5) 63.2 (38.6) 1.7 (1.2) 0 (0) 0 (0) 64.9 (39.8) 66.2 (31.8)* H1 H6 

IC1636 62773 1 H1 H
 

H
 

H
 

3.0 (0.9) 67.6 (30.0) 1.6 (0.9) 0 (0) 0 (0) 69.1 (30.9) 97.5 (25.2)* H1 H6 

Ascocarp 
 

               

IC1637 62774 1 H1 H
 

H
 

H
 

0 (0) 12.1 (7.3) 0.2 (0.1) 0 (0) 0 (0) 12.3 (7.4) 34.2 (8.4)* H1 H6 

IC1638 62775 1 H2 H
 

H
 

H
 

5.7 (7.6) 221.8 
 

5.0 (5.4) 206.0 
 

3.5 (5.1) 436.4 (464.3) 0 (0) H2 H3 

IC1639 62776 1 H2 H
 

H
 

H
 

9.7 (1.6) 403.9 
 

11.0 
 

210.6 (5.9) 3.9 (0.3) 629.4 (46.6)** 0 (0) H2 H4 

IC1640 62777 1 H2 H
 

H
 

H
 

1.5 (0.4) 83.1 (9.6) 2.5 (0.8) 107.5 
 

2.1 (1.1) 195.1 (52.1) 0 (0) H2 H3 

IC1641 62778 1 H1 H
 

H
 

H
 

3.9 (1.7) 74.0 (24.9) 1.4 (0.3) 0 (0) 0 (0) 75.4 (25.2) 122.5 (9.4)* H1 H6 

IC1642 62779 1 H2 H
 

H
 

H
 

0.8 (0.2) 82.8 (14.9) 1.5 (0.1) 48.9 (10.3) 0.7 (0.1) 133.9 (11.4) 0 (0) H2 H3 

IC1643 62780 1 H2 H
 

H
 

H
 

2.6 (1.8) 257.0 
 

10.2 
 

516.9 
 

12.4 
 

796.5 
 

0 (0) H2 H4 

 
aParental mating-type (MAT) designations for IC278, IC33, IC65, IC324 and IC327 are from Ramirez-Prado et al. [26]. 

bA. flavus and A. parasiticus parents indicated with an F and P, respectively. 

cStrain numbers (NRRL) from Agricultural Research Service Culture Collection, Peoria, Illinois, USA. 

dIndicates mean O-methylsterigmatocystin production (OMST) and (standard deviation). 

eIndicates mean aflatoxin production and (standard deviation). 

fIndicates mean cyclopiazonic acid (CPA) production and (standard deviation). 
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gCluster MLST refers to the collapsing of DNA sequences comprising the loci within the aflatoxin cluster (chr. 3). 

hGenome MLST incorporates all loci examined into the collapsing of DNA sequences. 

*Indicates that total AF and CPA concentration values are statistically different (P ≤ 0.05) from the A. flavus parent (IC278) for that particular cross. 

**Indicates that total AF and CPA concentration values are statistically different (P ≤ 0.05) from the A. parasiticus parent (IC327, IC65, IC324 or IC33) for that particular 

cross. 

***Indicates that total AF and CPA concentration values are statistically different (P ≤ 0.05) from either parent in that particular cross. 
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Table C.S1.  Aspergillus species and source of strains examined using array comparative genome hybridization.  

Species IC strain NRRL strain Source 

A. parasiticus IC1 29538 Georgia 
 IC31 29568 Georgia 
 IC33 29570 Georgia 
 IC34 29571 Georgia 
 IC35 29572 Georgia 
 IC36 29573 Georgia 
 IC65 29602 Georgia 
 IC75 29612 Georgia 
 IC324 35779 Georgia 
 IC327 35782 Georgia 
A. parasiticus x A. parasiticus IC1410 62733 Experimental 
A. flavus L IC158 1957 South Pacific 
 IC316 (IC201) 21882 Georgia 
 IC899 3357 USA 
 IC244 29473 Georgia 
 IC277 29506 Georgia 
 IC278 29507 Georgia 
 IC301 29530 Georgia 
 IC307 29536 Georgia 
 IC308 29537 Georgia 
 IC310 35736 North Carolina 
 IC311 35737 Alabama 
 IC313 35739 Texas 
 IC640 62727 Australia 
 IC1179 18543 (AF36) Arizona 
 IC3655 30797 Mississippi 
 IC3656 58987 Mississippi 
 IC3657 30796 Mississippi 
 IC4047 35743 Georgia 
A. flavus L x A. flavus L IC1650 62315 Experimental 
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 IC1719 62347 Experimental 
 IC1722 62350 Experimental 
 IC1751 62390 Experimental 
 IC1766 62358 Experimental 
 IC1775 62367 Experimental 
 IC2171 62374 Experimental 
 IC2205 62407 Experimental 
 IC2207 62409 Experimental 
 IC2209 62411 Experimental 
A. flavus S IC796 62729 Australia 
 IC1169 62732 Georgia 
A. minisclerotigenes IC720 62728 Australia 
 IC1112 62730 Benin 
 IC1142 62731 Benin 
A. flavus x A. parasiticus hybrid IC1603 62741 Experimental 
 IC1612 62749 Experimental 
 IC1616 62753 Experimental 
 IC1622 62759 Experimental 
 IC1630 62767 Experimental 
 IC1637 62774 Experimental 
A. caelatus IC1566 26111 Georgia 
A. tamarii IC1533 26078 Georgia 
A. nomius IC1516 26886 Louisiana 
A. oryzae IC902 ATCC 22786 Japan 
 IC903 ATCC 22788 Japan 
 IC904 5590 Japan 
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Table C.S2. Aspergillus flavus L isolates from Córdoba, Argentina. 

IC Strain B1 (µg/mL)a B2 (µg/mL)a Total B (µg/mL) 

396 0.0 (0) 0.0 (0) 0.0 

397 0.0 (0) 0.0 (0) 0.0 

398 0.0 (0) 0.0 (0) 0.0 

399 15.1 (1) 0.2 (0) 15.3 
400 0.0 (0) 0.0 (0) 0.0 

401 0.0 (0) 0.0 (0) 0.0 

402 0.0 (0) 0.0 (0) 0.0 

403 0.0 (0) 0.0 (0) 0.0 

404 0.0 (0) 0.0 (0) 0.0 

405 0.0 (0) 0.0 (0) 0.0 

406 62.3 (21) 0.7 (0.3) 63.0 
407 0.0 (0) 0.0 (0) 0.0 

408 0.0 (0) 0.0 (0) 0.0 

409 112.2 (17) 2 (0.3) 114.2 
410 22.4 (0.8) 0.1 (0) 22.5 
411 76.3 (9) 1.3 (0.1) 77.6 
412 0.0 (0) 0.0 (0) 0.0 
413 43 (3) 0.3 (0) 43.3 
414 0.0 (0) 0.0 (0) 0.0 
415 138.4 (31) 2.8 (0.8) 141.2 
416 70.8 (6) 1.2 (0.1) 72.0 
417 14.5 (5) 0.1 (0) 14.6 
418 0.0 (0) 0.0 (0) 0.0 

419 0.0 (0) 0.0 (0) 0.0 
420 94.8 (19) 1.8 (0.3) 96.6 
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421 17.3 (4) 0.1 (0) 17.4 
422 190.1 (22) 5 (0.5) 195.1 
423 0.0 (0) 0.0 (0) 0.0 
424 115.5 (29) 2.4 (0.8) 117.9 
425 0.0 (0) 0.0 (0) 0.0 
426 72.2 (16) 1.3 (0.2) 73.5 

427 10.1 (0.8) 0.1 (0) 10.2 
428 0.0 (0) 0.0 (0) 0.0 
429 0.0 (0) 0.0 (0) 0.0 
430 0.7 (0.2) 0.0 (0) 0.7 
431 0.0 (0) 0.0 (0) 0.0 
432 0.0 (0) 0.0 (0) 0.0 
433 0.0 (0) 0.0 (0) 0.0 
434 0.0 (0) 0.0 (0) 0.0 
435 0.0 (0) 0.0 (0) 0.0 
436 90.5 (9) 1.6 (0.2) 92.1 
437 0.0 (0) 0.0 (0) 0.0 
438 3.6 (0.7) 0.0 (0) 3.6 
439 0.0 (0) 0.0 (0) 0.0 
440 15.7 (6) 0.1 (0) 15.8 
441 0.0 (0) 0.0 (0) 0.0 
442 0.0 (0) 0.0 (0) 0.0 
443 112.9 (24) 1.8 (0.2) 114.7 
444 0.0 (0) 0.0 (0) 0.0 
445 1.2 (0.3) 0.0 (0) 1.2 
446 76.7 (18) 1.2 (0.3) 77.9 
447 0.0 (0) 0.0 (0) 0.0 
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448 0.0 (0) 0.0 (0) 0.0 
449 0.0 (0) 0.0 (0) 0.0 
450 73.7 (9) 1.2 (0.2) 74.9 
451 0.1 (0.1) 0.0 (0) 0.1 
452 0.0 (0) 0.0 (0) 0.0 
453 0.0 (0) 0.0 (0) 0.0 
454 0.1 (0) 0.0 (0) 0.1 
455 0.0 (0) 0.0 (0) 0.0 
456 0.0 (0) 0.0 (0) 0.0 
457 28.5 (5) 0.1 (0) 28.6 
458 0.0 (0) 0.0 (0) 0.0 
459 21.8 (2) 0.2 (0) 22.0 
460 0.0 (0) 0.0 (0) 0.0 

461 0.0 (0) 0.0 (0) 0.0 
462 35.7 (3) 0.1 (0) 35.8 
463 0.0 (0) 0.0 (0) 0.0 
464 0.0 (0) 0.0 (0) 0.0 
465 0.0 (0) 0.0 (0) 0.0 
466 0.0 (0) 0.0 (0) 0.0 
467 0.0 (0) 0.0 (0) 0.0 
468 7.9 (0.9) 0.1 (0) 8.0 
469 0.0 (0) 0.0 (0) 0.0 
470 11.6 (3) 0.1 (0) 11.7 
471 10.2 (4) 0.1 (0) 10.3 
472 62.1 (4) 0.9 (0) 63.0 
474 0.0 (0) 0.0 (0) 0.0 
475 76.4 (10) 1.1 (0.2) 77.5 
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a AF concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 
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Table C.S3. Aspergillus flavus L isolates from Karnataka, India. 

IC Strain B1 (µg/mL)a B2 (µg/mL)a Total B (µg/mL) 

1229 20.2 (7) 0.2 (0.1) 20.4 
1230 116.1 (72) 0.6 (0.4) 116.7 
1233 100.4 (12) 0.7 (0.1) 101.1 
1237 80.1 (8) 3.0 (0.2) 83.1 
1239 0.0 (0) 0.0 (0) 0.0 
1241 9.7 (3) 0.1 (0) 9.8 
1245 66.4 (12) 1.3 (0.1) 67.7 
1249 162.9 (26) 1.1 (0.1) 164 
1250 58 (9) 1.1 (0.2) 59.1 
1251 17.2 (6) 0.1 (0) 17.3 
1252 13.4 (2) 0.3 (0) 13.7 
1253 34.7 (21) 0.6 (0.4) 35.3 
1254 104.9 (6) 1.5 (0.2) 106.4 
1255 35.7 (3) 1.1 (0.2) 36.8 
1257 0.1 (0) 0.0 (0) 0.10 
1258 10.6 (0.8) 0.1 (0) 10.7 
1260 112.5 (11) 0.6 (0.1) 113.1 
1262 56.1 (12) 0.5 (0.1) 56.6 
1264 15.6 (5) 0.1 (0) 15.7 
1265 6.2 (2) 0.0 (0) 6.20 
1266 13.4 (3) 0.1 (0) 13.5 
1268 63.4 (11) 2.5 (0.4) 65.9 
1269 0.1 (0.1) 0.0 (0) 0.10 
1270 20.1 (12) 0.9 (0.5) 21.0 
1271 3.2 (2) 0.0 (0) 3.20 
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1272 0.1 (0) 0.0 (0) 0.10 
1274 0.0 (0) 0.0 (0) 0.0 
1275 47 (9) 0.2 (0) 47.2 
1276 46.2 (14) 1.6 (0.5) 47.8 
1277 18 (6) 0.1 (0) 18.1 
1279 49 (18) 0.6 (0.2) 49.6 

1280 105 (18) 1.5 (0.2) 106.5 
1281 52.8 (41) 0.5 (0.4) 53.3 
1282 0.4 (0.2) 0.0 (0) 0.40 
1290 88.7 (32) 0.8 (0.3) 89.5 
1291 0.0 (0) 0.0 (0) 0.0 
1293 0.0 (0) 0.0 (0) 0.0 
1295 43.9 (23) 0.8 (0.6) 44.7 
1296 0.2 (0.1) 0.0 (0) 0.20 
1297 25.1 (9) 0.5 (0.2) 25.6 
1303 0.0 (0) 0.0 (0) 0.0 
1304 0.0 (0) 0.0 (0) 0.0 
1305 67.5 (15) 0.9 (0.3) 68.4 
1306 29.6 (6) 0.7 (0.1) 30.3 
1307 73.1 (15) 1.8 (0.4) 74.9 

a AF concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 
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Table C.S4. Aspergillus flavus L isolates from Littoral, Benin. 

IC Strain B1 (µg/mL)a B2 (µg/mL)a Total B (µg/mL) 
CPA 

(µg/mL)a 

1027 83 (52) 2.3 (1) 85.3 175.4 (26) 
1028 59.6 (25) 0.5 (0.2) 60.1 51 (6) 
1029 46 (5) 1.2 (0) 47.2 136.5 (12) 
1030 86 (14) 1.8 (0.4) 87.8 110.7 (6) 
1031 88.5 (47) 4.6 (1) 93.1 95.9 (24) 
1032 42.4 (19) 3.2 (0.5) 45.6 127.1 (13) 
1033 152.8 (13) 6.7 (1) 159.5 127.7 (13) 
1034 53.3 (11) 1.4 (0.3) 54.7 112.8 (15) 
1035 52.8 (11) 0.9 (0.1) 53.7 95.8 (6) 
1036 28.8 (18) 0.5 (0.2) 29.3 75.8 (3) 
1037 45.4 (12) 0.8 (0.3) 46.2 176.8 (8) 
1038 22.4 (8) 0.4 (0.1) 22.8 48.4 (6) 
1039 0.0 (0) 0.0 (0) 0.0 70.1 (5) 
1040 81.5 (37) 2.2 (1) 83.7 111.6 (11) 
1041 63.8 (16) 0.8 (0.1) 64.6 143.6 (31) 
1042 0.0 (0) 0.0 (0) 0.0 28.2 (0.3) 
1043 0.0 (0) 0.0 (0) 0.0 94.9 (5) 
1044 0.0 (0) 0.0 (0) 0.0 32 (3) 
1045 0.0 (0) 0.0 (0) 0.0 102.2 (2) 
1046 13.5 (5) 0.8 (0.2) 14.3 134.7 (26) 
1047 82.3 (18) 2 (0.6) 84.3 132.4 (14) 
1048 0.0 (0) 0.0 (0) 0.0 59.5 (7) 
1049 79.4 (7) 1.9 (0.1) 81.3 93.8 (4) 
1050 8.7 (4) 0.3 (0) 9.00 81 (18) 
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1051 11.7 (2) 0.5 (0.1) 12.2 138.8 (7) 
1052 85.5 (15) 0.5 (0.1) 86.0 138.7 (9) 
1053 0.0 (0) 0.0 (0) 0.0 144.1 (10) 
1054 0.0 (0) 0.0 (0) 0.0 0.0 (0) 
1055 0.0 (0) 0.0 (0) 0.0 83.7 (12) 
1056 21.5 (4) 0.1 (0) 21.6 88.9 (6) 
1057 17.9 (1) 0.5 (0.1) 18.4 168.6 (9) 

1058 13.2 (3) 0.1 (0) 13.3 116 (9) 
1059 102.4 (13) 1.2 (0.1) 103.6 159.5 (11) 
1060 61.8 (10) 0.4 (0) 62.2 110 (16) 
1061 0.0 (0) 0.0 (0) 0.0 trace 
1062 235 (83) 10.1 (5) 245.1 310.6 (29) 
1063 0.0 (0) 0.0 (0) 0.0 0.0 (0) 
1064 153.2 (20) 1.8 (0.4) 155.0 43.2 (4) 
1065 4.7 (1) 0.0 (0) 4.80 124.7 (3) 
1066 69.9 (16) 1.5 (0.6) 71.4 70 (6) 
1067 0.0 (0) 0.0 (0) 0.0 80.7 (4) 
1068 0.0 (0) 0.0 (0) 0.0 88.4 (10) 
1069 20.4 (5) 0.3 (0) 20.7 137.1 (18) 
1070 0.0 (0) 0.0 (0) 0.0 72.3 (5) 
1071 0.0 (0) 0.0 (0) 0.0 160.2 (15) 
1072 55.7 (13) 1.0 (0.2) 56.7 140.5 (18) 
1073 54.4 (36) 0.8 (0.4) 55.2 137.6 (8) 
1074 124 (23) 2.6 (0.4) 126.6 176.9 (9) 
1075 126.7 (102) 5.1 (3) 131.8 187 (15) 
1076 87.3 (37) 2.2 (0.7) 89.5 196.9 (14) 
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1077 113.7 (24) 4.6 (0.6) 118.3 186.7 (18) 
1078 106.6 (40) 2.8 (1) 109.4 192 (8) 
1079 130.5 (67) 1.8 (0.9) 132.3 82.4 (3) 
1080 38.5 (12) 3 (0.3) 41.5 129.1 (46) 
1081 165.5 (49) 5.7 (1) 171.2 149.8 (17) 
1082 0.0 (0) 0.0 (0) 0.0 43.3 (2) 
1083 40 (6) 0.9 (0.2) 40.9 59.4 (2) 
1084 1.3 (0.3) 0.0 (0) 1.30 211.9 (15) 
1085 1.2 (0.2) 0.0 (0) 1.20 199.2 (7) 
1086 237.3 (29) 9.6 (0.9) 246.9 134.2 (5) 
1087 25.8 (10) 0.2 (0.1) 26.0 76.3 (7) 
1088 126.5 (28) 4.9 (0.9) 131.4 121.6 (1) 
1089 0.0 (0) 0.0 (0) 0.0 28.5 (2) 
1090 76.4 (12) 1.5 (0.3) 77.9 59.4 (3) 
1091 0.2 (0.1) 0.0 (0) 0.2 34 (3) 

1092 157.7 (31) 6.4 (1) 164.1 258.7 (41) 
1093 26.9 (4) 0.2 (0) 27.1 26.7 (4) 
1094 0.0 (0) 0.0 (0) 0.0 30.9 (10) 
1095 121.9 (8) 2.2 (0.3) 124.1 99.1 (8) 
1096 54.5 (24) 0.6 (0.3) 55.1 25.9 (0.7) 
1097 285.5 (57) 7.1 (2) 292.6 140.6 (10) 
1098 192.1 (67) 6.4 (2) 198.5 82.1 (7) 
1099 0.0 (0) 0.0 (0) 0.0 23.4 (3) 
1100b 0.1 (0) 26.2 (7) 26.3 98.3 (6) 
1101 0.0 (0) 0.0 (0) 0.0 27.2 (6) 
1102b 0.1 (0) 24.3 (3) 24.4 98.5 (3) 
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1103 62.2 (5) 1.4 (0.2) 63.6 86 (5) 
1104 79.3 (16) 1.8 (0.4) 81.1 92.3 (1) 
1105 157.9 (27) 5.6 (0.6) 163.5 170.5 (12) 
1106 1.6 (0.6) 0.0 (0) 1.60 158.1 (16) 

a Toxin concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 

b Isolate produces more B2 than B1. 
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Table C.S5. Aspergillus flavus L isolates from Georgia, United States. 

IC Strain B1 (µg/mL)a B2 (µg/mL)a Total B (µg/mL) CPA (µg/mL)a 

217 4.8 (0.8) 0.02 (0) 4.8 107.1 (2) 
218 0.4 (0.1) trace 0.4 82.8 (9) 
219 1.6 (0.8) trace 1.6 77.1 (10) 
220 2.1 (3) trace 2.1 67.1 (27) 
221 41.0 (5) 0.2 (0) 41.2 108.5 (3) 
222 5.1 (0.7) trace 5.1 132.6 (12) 
223 4.1 (3) trace 4.1 41.4 (13) 
225 5.5 (3) 0.1 (0.1) 5.6 87.4 (4) 
226 9.5 (2) 0.1 (0) 9.6 97.5 (5) 
227 33.8 (9) 0.7 (0.2) 34.5 22.7 (3) 
228 33 (13) 0.6 (0.4) 33.6 23.4 (3) 
229 39.2 (22) 0.8 (0.5) 40.0 22.5 (4) 
230 15.8 (13) 0.3 (0.2) 16.1 26.9 (3) 
231 33.7 (13) 0.7 (0.2) 34.4 23.9 (3) 
232 16.6 (11) 0.4 (0.2) 17.0 38.8 (7) 
233 31.4 (7) 0.7 (0.1) 32.1 24.3 (4) 
234 85.6 (6) 1.4 (0.3) 87.0 60.7 (8) 
235 104 (17) 1.8 (0.1) 105.8 65.6 (3) 
236 106 (15) 1.6 (0.7) 107.6 53.2 (8) 
237 130.4 (13) 2.5 (0.9) 132.9 56.8 (5) 
238 98.6 (18) 1.9 (0.6) 100.5 54.5 (6) 
239 86.7 (24) 1.4 (0.4) 88.1 49.4 (23) 
240 101.2 (20) 1.9 (0.3) 103.1 66.5 (8) 
241 59.5 (15) 0.9 (0.7) 60.4 57.9 (3) 
242 115.1 (11) 1.4 (0.5) 116.5 70.5 (4) 
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243 101.4 (13) 1.1 (0.2) 102.5 82.3 (10) 
244 104.3 (10) 1.7 (0.1) 106.0 64.9 (4) 
245 96.3 (6) 1.9 (0.6) 98.2 48.5 (4) 
246 100 (9) 2.2 (0.1) 102.2 54.4 (6) 
247 94.2 (13) 2.0 (0.3) 96.2 48.2 (0.6) 
248 131.8 (5) 2.8 (0.6) 134.6 47.7 (3) 

249 119.8 (13) 3.1 (0.5) 122.9 47.4 (4) 
250 120.1 (17) 3.1 (0.5) 123.2 53.6 (0.6) 
251 157 (20) 3.8 (0.7) 160.8 34.1 (4) 
253 0.0 (0) 0.0 (0) 0.0  0.0 (0) 
258 168.3 (29) 4.4 (0.6) 172.7 155.7 (52) 
259 134.3 (5) 3.8 (0.8) 138.1 92.9 (3) 
260 210.6 (36) 6 (0.8) 216.6 115.6 (26) 
261 193.5 (19) 5.6 (0.9) 199.1 112.3 (5) 
262 213 (22) 6.1 (1) 219.1 128.2 (27) 
263 0.8 (0.1) 0.0 (0) 0.8 22.0 (3) 
264 0.5 (0.1) 0.0 (0) 0.5 25.2 (9) 
265 0.1 (0.1) 0.0 (0) 0.1 22.4 (3) 
267 109 (41) 2.5 (1) 111.5 93.1 (13) 
268 141.2 (50) 3.8 (2) 145.0 117.2 (18) 
269 79 (37) 2.5 (1) 81.5 79.9 (4) 
270 72.5 (7) 3.3 (0.7) 75.8 44.9 (3) 
271 89.4 (7) 2.1 (1) 91.5 53.9 (3) 
272 64.2 (7) 1.2 (0.2) 65.4 85.8 (12) 
273 53.7 (11) 0.4 (0.1) 54.1 74.8 (7) 
274 4.8 (2) 0.1 (0.1) 4.9 53.4 (8) 
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275 2.4 (1) 0.1 (0) 2.5 55.5 (2) 
276 0.4 (0.1) 0.0 (0) 0.4 55.3 (6) 
277 0.0 (0) 0.0 (0) 0.0 99.6 (21) 
278 99.4 (46) 1.8 (1) 101.2 76.8 (5) 
279 12.9 (1) 0.1  (0) 13.0 53.2 (3) 
280 36.9 (8) 1.3 (0.5) 38.2 46.0 (7) 
281 154 (9) 2.6 (0.5) 156.6 85.0 (4) 
282 164.6 (27) 5.5 (1) 170.1 46.4 (3) 
283 9.6 (1) 0.1 (0) 9.7 10.2 (1) 
284 24.6 (3) 0.4 (0) 25.0 126.0 (7) 
285 185.3 (47) 1.5 (0.8) 186.8 18.9 (3) 
286 24.7 (4) 0.7 (0.1) 25.4 20.3 (1) 
287 104.1 (28) 2.3 (1) 106.4 75.0 (0.9) 
288 97.4 (18) 1.8 (0.6) 99.2 87.7 (4) 

289 40.2 (26) 0.7 (0.4) 40.9 85.9 (14) 
290 15.3 (5) 0.3 (0.1) 15.6 48.2 (3) 
291 47.6 (14) 0.3 (0.1) 47.9 43.7 (5) 
292 105.6 (25) 2.8 (0.4) 108.4 97.5 (15) 
293 54.2 (13) 1 (0.2) 55.2 161.5 (20) 
294 19.6 (5) 0.1 (0) 19.7 76.7 (3) 
295 164.6 (17) 4.7 (0.8) 169.3 60.8 (3) 
296 0.3 (0.1) 0.0 (0) 0.3 58.6 (6) 
297 25.7 (11) 0.8 (0.4) 26.5  39.4 (6) 
298 18.7 (4) 0.2 (0) 18.9 44.6 (8) 
299 36.2 (19) 0.8 (0.5) 37.0 125.7 (12) 
300 51.4 (11) 0.6 (0.2) 52.0 52.3 (4) 
301 16.8 (3) 0.1 (0) 16.9 100.3 (18) 
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302 83.2 (16) 1.7 (0.6) 84.9  55.6 (3) 
303 94.9 (15) 1.8 (0.2) 96.7 46.1 (2) 
304 69.6 (12) 1.5 (0.7) 71.1 114.2 (5) 
305 37.4 (11) 0.5 (0.2) 37.9 17.5 (2) 
306 11.5 (0.7) 0.2 (0.1) 11.7 12.9 (2) 
307 139.8 (5) 3.1 (0.1) 142.9 77.2 (2) 
308 39.8 (7) 0.6 (0.1) 40.4 183.5 (18) 

a AF concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 
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Table C.S6. Aspergillus flavus L isolates from Queensland, Australia. 

IC Strain B1 (µg/mL)a B2 (µg/mL)a Total B (µg/mL) 

640 496.2 (368) 7.5 (6) 503.7 
642 162.6 (14) 2.5 (0.1) 165.1 
643 0.1 (0) 0.0 (0) 0.10 
646 64.5 (19) 1.1 (0.3) 65.6 
648 55.2 (9) 0.2 (0.1) 55.4 
650 13 (2) 0.0 (0) 13.0 
651 112.5 (8) 1.5 (0.2) 114.0 
652 101.9 (19) 2.8 (0.3) 104.7 
655 84.1 (22) 1.4 (0.5) 85.5 
656 147.2 (21) 2.2 (0.5) 149.4 
657 42.7 (10) 0.5 (0.2) 43.2 
658 149.1 (24) 2.4 (0.7) 151.5 
659 0.0 (0) 0.0 (0) 0.0 
660 146.3 (32) 2.1 (0.6) 148.4 
661 0.4 (0.1) 0.0 (0) 0.40 
662 99.5 (12) 1.1 (0.1) 100.6 
663 0.3 (0) 0.0 (0) 0.30 
664 27.2 (4) 0.1 (0) 27.3 
666 32.3 (4) 0.1 (0) 32.4 
667 27.8 (12) 0.1 (0) 27.9 
670 43.8 (13) 0.2 (0.1) 44.0 
671 0.0 (0) 0.0 (0) 0.0 
672 200.7 (161) 3.9 (4) 204.6 
673 0.0 (0) 0.0 (0) 0.0 
674 71 (25) 1.7 (0.5) 72.7 
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675 0.2 (0) 0.0 (0) 0.20 
676 124.3 (16) 1.5 (0.2) 125.8 
677 53.8 (5) 0.9 (0.2) 54.7 
678 42.2 (14) 0.7 (0.2) 42.9 
679 66.1 (16) 0.6 (0.2) 66.7 
680 88.8 (17) 1.6 (0.4) 90.4 

682 96.7 (30) 1.6 (0.7) 98.3 
683 141.4 (16) 1.8 (0) 143.2 
684 90 (27) 1.5 (0.6) 91.5 
685 117.2 (34) 1.6 (0.5) 118.8 
686 0.0 (0) 0.0 (0) 0.0 
688 122 (11) 1.8 (0.1) 123.8 
695 0.1 (0) 0.0 (0) 0.10 
696 0.0 (0) 0.0 (0) 0.0 
697 135.8 (18) 1.9 (0.5) 137.7 
698 0.0 (0) 0.0 (0) 0.0 
701 34 (7) 0.4 (0.1) 34.4 
702 123.2 (34) 2 (0.6) 125.2 
703 116.6 (19) 1.4 (0.4) 118.0 
704 139.3 (33) 2.2 (0.6) 141.5 
708 89.7 (17) 2 (0.4) 91.7 
709 4.1 (0.9) 23.2 (5) 27.3 
711 80.7 (14) 0.5 (0.1) 81.2 
712 67.2 (17) 0.2 (0.1) 67.4 
719 1.3 (0.5) 0.0 (0) 1.3 

a AF concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 
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Table C.S7. Aspergillus parasiticus isolates from Córdoba, Argentina. 

IC Strain G1 (µg/mL)a G2 (µg/mL)a B1 (µg/mL)a B2 (µg/mL)a 
Total 
aflatoxin 

480 23.2 (4.8) 0.2 (0) 379 (55.6) 8.4 (2.1) 410.8 
484 376.1 (8.9) 9.8 (0.2) 98 (0.5) 4.7 (0) 488.6 
485 16.1 (7.7) 0.1 (0) 218.1 (78.5) 4.9 (1.7) 239.2 
486 293.5 (3.8) 7.9 (0.4) 54.5 (0.2) 2.8 (0.1) 358.7 
487 337.2 (22.4) 9.5 (0.8) 99 (8.6) 5.5 (0.7) 451.2 
489 340.4 (32.3) 9.6 (1.4) 104.2 (6.8) 5.8 (0.6) 460 
490 45.5 (10.6) 0.9 (0.2) 23.4 (5) 0.8 (0.2) 70.6 
491 374.7 (28.8) 9.8 (0.9) 94.7 (3.2) 4.6 (0.2) 483.8 
494 215.6 (21) 5.6 (0.5) 65.8 (13) 2.6 (0.4) 289.6 
495 20.4 (4.8) 0.1 (0) 273.5 (52.1) 5.6 (1.3) 299.6 
496 225 (11.9) 4.3 (1.8) 111 (7.9) 4.6 (0.2) 344.9 
497 350.1 (49.6) 8.8 (1) 73 (10.5) 3.2 (0.4) 435.1 
499 28.6 (6.4) 0.2 (0) 255.1 (51.2) 6.7 (1.5) 290.6 
500 26.6 (4) 0.1 (0) 298.9 (48.5) 6.2 (1.2) 331.8 
502 341.1 (24.7) 8.1 (0.7) 77.3 (2.7) 3.3 (0.2) 429.8 
504 221.5 (12.4) 5.5 (0.5) 115.4 (6.1) 4.8 (0.3) 347.2 
505 197.2 (31.6) 4.3 (0.9) 122.7 (22.6) 4.8 (1) 329 
506 276 (11.3) 5.8 (0.2) 77.2 (0.9) 3 (0) 362 
507 260 (21) 6.4 (0.7) 155.3 (19.7) 7.1 (0.9) 428.8 
508 310.4 (26) 8 (0.6) 80.5 (9) 3.7 (0.3) 402.6 
509 288.1 (23.2) 6 (0.7) 81.3 (4) 3.1 (0.3) 378.5 
510 345.9 (15.2) 7.9 (0.4) 98.9 (2.5) 4.1 (0.2) 456.8 
511 22 (4.3) 0.1 (0) 305.8 (40.9) 7 (1.7) 334.9 
512 368.7 (18.9) 11.7 (0.6) 181.7 (12.8) 10.3 (0.6) 572.4 
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513 371.4 (25.9) 11.6 (0.7) 187.3 (11.7) 10.6 (0.6) 580.9 
514 360.4 (32.5) 9.8 (0.8) 202.1 (16) 10.4 (0.9) 582.7 
516 354.8 (51) 8.3 (1.8) 94.8 (11.5) 4.3 (0.7) 462.2 
517 160 (43.1) 1.7 (0.5) 37.8 (8.4) 0.7 (0.1) 200.2 
518 139.6 (14.4) 1.4 (0.1) 36.9 (5.8) 0.7 (0.1) 178.6 
519 19.1 (3.6) 0.1 (0) 272.5 (28.6) 4.9 (0.7) 296.6 
520 342.1 (24.4) 7.4 (0.6) 88.9 (12.3) 3.8 (0.5) 442.2 

521 349.2 (35.8) 7.3 (0.8) 89.8 (11.9) 3.7 (0.5) 450 
522 284.4 (27.9) 5.8 (0.4) 77.6 (7) 3 (0.2) 370.8 
523 19.2 (2.2) 0.1 (0) 264.9 (16.7) 5.1 (0.3) 289.3 
524 24.8 (5.7) 0.1 (0) 356.8 (44.5) 7.9 (1.3) 389.6 
525 25.1 (4.4) 0.1 (0) 321.7 (52.1) 7.4 (1.1) 354.3 
526 1.1 (0.1) 0 (0) 0.2 (0) 0 (0) 1.3 
528 26.1 (4.6) 0.2 (0) 348.6 (68.9) 8.9 (2) 383.8 
529 276.6 (1.1) 6.8 (0.2) 78.2 (2.8) 3.3 (0.1) 364.9 
530 251.8 (29.3) 6 (0.8) 73.8 (5.2) 3.1 (0.2) 334.7 
531 20.7 (2.4) 0.1 (0) 313.7 (32.9) 7.3 (0.9) 341.8 
532 290.2 (38.7) 8.6 (1.3) 66 (9.1) 3.3 (0.5) 368.1 
533 292.5 (11.7) 7.7 (0.5) 85.6 (5.3) 3.8 (0.3) 389.6 
534 30.6 (8.6) 0.7 (0.2) 20.3 (8.4) 0.6 (0.2) 52.2 
535 20.5 (3.2) 0.1 (0) 313.7 (17) 6.4 (0.6) 340.7 
536 18.1 (0.5) 0.1 (0) 297.5 (12.7) 6.4 (0.3) 322.1 
537 8.9 (0.3) 0.1 (0) 193.7 (4.1) 4.4 (0.1) 207.1 
538 20.5 (2.9) 0.1 (0) 291.8 (44.5) 6.6 (1.2) 319 
539 20.9 (2.2) 0.1 (0) 309.2 (24.2) 6.6 (0.9) 336.8 
540 306.3 (28.7) 8.6 (0.4) 89.4 (16.1) 4.5 (0.5) 408.8 
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541 311 (36.2) 8.7 (1.7) 86.3 (6.3) 4 (0.5) 410 
542 330.2 (30.4) 9 (1.3) 89.7 (5.1) 4.5 (0.2) 433.4 
543 325.9 (7.9) 9.4 (0.5) 95.1 (5.4) 4.9 (0.2) 435.3 
544 229.6 (36.7) 5.6 (1.3) 133.9 (18.7) 5.8 (1.2) 374.9 
545 339.3 (21.3) 8.9 (0.7) 96.8 (2.6) 4.7 (0.2) 449.7 
546 22.5 (3) 0.2 (0) 315.1 (38.3) 7.8 (0.8) 345.6 
547 18.1 (2.6) 0.1 (0) 232.3 (45.7) 4.5 (0.8) 255 
548 34.6 (4.8) 0.2 (0) 386.7 (50.3) 10.7 (1.6) 432.2 
549 385.1 (23.7) 9.6 (0.4) 100.4 (6.6) 4.5 (0.3) 499.6 
551 26.3 (5) 0.2 (0) 376.3 (43.3) 7.2 (1.1) 410 
552 29.1 (2.1) 0.2 (0) 337.7 (25.8) 7.9 (0.6) 374.9 
553 266.2 (5.1) 6.3 (0.1) 129 (4.6) 5.3 (0) 406.8 
554 233 (10.9) 5.4 (0.1) 112.7 (6.4) 4.5 (0.2) 355.6 
555 336.9 (15.6) 7.2 (0.2) 88.2 (4.3) 3.3 (0.1) 435.6 
556 29.3 (1.8) 0.2 (0) 390.7 (24.2) 9.5 (0.4) 429.7 

a AF concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 
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Table C.S8. Aspergillus parasiticus isolates from Georgia, United States. 

IC Strain G1 (µg/mL)a G2 (µg/mL)a B1 (µg/mL)a B2 (µg/mL)a 
Total 
aflatoxin 

1 94.5 (5.5) 2.2 (1.1) 111.1 (7.1) 2.7 (0.3) 210.5 
2 72.5 (6.4) 1.8 (0.4) 94.9 (8.6) 1.6 (0.4) 170.8 
5 60.4 (3.4) 2.1 (0.5) 94.1 (0.7) 2 (0.1) 158.6 
7 53.4 (3.5) 1.6 (0) 75.3 (3.4) 2 (0.7) 132.3 
8 75.7 (9.2) 2.4 (0) 91.6 (11) 1.7 (0.5) 171.4 
10 72.2 (13.2) 2.4 (0.8) 88 (10.5) 2 (0.2) 164.6 
11 79.8 (7.7) 2.4 (0) 91.7 (3) 2.2 (0.5) 176.1 
12 81.9 (35.6) 2.2 (0.5) 104 (28.7) 2.7 (1.5) 190.8 
13 68 (17.9) 1.6 (0) 83.9 (10.6) 2.1 (0.8) 155.6 
14 79.1 (11.6) 2.2 (0.5) 94.3 (13.2) 2.6 (0.6) 178.2 
15 74.5 (12.1) 2.4 (0.8) 91.1 (14.6) 2.1 (0.3) 170.1 
17 98.1 (46.2) 2.2 (0.2) 114.9 (50.9) 2.7 (1.8) 217.9 
18 168.1 (21.1) 3.5 (1) 119.9 (10) 4.3 (0.4) 295.8 
19 102.6 (34.9) 2.4 (0.8) 69.3 (20.4) 2.4 (1.2) 176.7 
21 195.9 (35.9) 3.9 (1.4) 130.2 (24.8) 4.6 (1.1) 334.6 
22 149.4 (15.6) 3.4 (0.8) 105.7 (2.2) 3.4 (0.9) 261.9 
23 169.9 (15.4) 3.7 (0.2) 103.1 (5.1) 4 (0.4) 280.7 
24 161.1 (13.4) 4.1 (1.1) 123 (6.2) 4 (0.6) 292.2 
25 158 (36.6) 3.5 (1.6) 112.3 (23.7) 4.3 (0.8) 278.1 
26 202.5 (35.2) 5.2 (2.2) 133.3 (14.3) 6.1 (1.4) 347.1 
27 220.7 (31.4) 5.6 (1.3) 141.2 (32.5) 5.9 (1.6) 373.4 
29 200.4 (7.1) 3.9 (0.1) 140.9 (13.7) 4.6 (0.6) 349.8 
32 217.8 (23.3) 7.4 (1.9) 132 (12.8) 6.4 (0.6) 363.6 
33 117.4 (26) 2.4 (0.2) 86.6 (12.1) 2.2 (0.8) 208.6 
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34 227.9 (4.7) 6.2 (0.5) 136.1 (8.6) 7 (0.4) 377.2 
35 212.6 (6.8) 5.9 (0.7) 114.5 (1.5) 4.7 (1.5) 337.7 
36 223.6 (43.9) 6.9 (1.2) 135.2 (24.5) 7 (1.4) 372.7 
37 288.1 (127.4) 8.6 (5.3) 176.1 (85.3) 9.1 (4.4) 481.9 
38 95.8 (7.2) 1.3 (0.1) 91.4 (7.5) 2.4 (0.5) 190.9 
39 231 (39.4) 8 (3.9) 137.4 (14.3) 7.5 (1.2) 383.9 
40 195.5 (2) 5 (1.2) 141.4 (15.1) 6.3 (0.4) 348.2 

42 262.6 (20.8) 8.4 (1) 127.2 (2.8) 6.9 (0.5) 405.1 
43 36.2 (11.2) 1.5 (1.5) 376.9 (69.5) 11.2 (3.4) 425.8 
44 15.9 (1.2) 0.7 (0.2) 120.3 (14.2) 3.1 (0.3) 140 
46 28.9 (5.7) 2.2 (1.1) 310.2 (65.6) 7.8 (1.9) 349.1 
47 30.7 (2.7) 1.2 (0.9) 319.7 (9.8) 7.7 (0.9) 359.3 
48 25.2 (1.9) 2.1 (0.5) 271.3 (16.7) 6.5 (0.5) 305.1 
49 28.4 (4.4) 0.9 (0.4) 273.7 (19.8) 7 (1.3) 310 
50 21.8 (4) 1.3 (0.4) 217.5 (22) 5.2 (1) 245.8 
51 20.3 (3) 1.5 (0.1) 203.9 (19.6) 4.5 (0.6) 230.2 
52 158.8 (51.9) 3.5 (0.5) 144.5 (51.8) 4.7 (2.3) 311.5 
53 196.1 (16.4) 4.3 (0.7) 161.2 (10.2) 5.8 (0.4) 367.4 
54 197.4 (10.9) 4.3 (1) 168.1 (11.8) 6.3 (0.3) 376.1 
55 198.7 (28.3) 4.4 (0.7) 166.8 (30.8) 6.2 (0.5) 376.1 
56 203.1 (12.7) 4.1 (0.7) 176.6 (12) 6.1 (0.3) 389.9 
58 326.2 (16.6) 8 (0.7) 158.9 (20.8) 7 (0.3) 500.1 
59 229.3 (22.7) 4 (0.6) 124.1 (10.9) 3.4 (1.1) 360.8 
60 231.3 (8.1) 4.5 (0.3) 135.5 (7.3) 4.1 (0.4) 375.4 
61 190.9 (41.1) 4.2 (1.7) 142.2 (33.9) 5.2 (1.5) 342.5 
62 178.2 (9.1) 3.6 (0.5) 132.5 (9.8) 4.7 (0.8) 319 
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63 195 (23.2) 3.5 (0.7) 140.2 (20.5) 4.8 (0.7) 343.5 
64 169.7 (24.5) 4.2 (1.3) 130 (25.9) 4.5 (1.3) 308.4 
65 0 (0) 0 (0) 0 (0) 0 (0) 0 
66 0 (0) 0 (0) 0 (0) 0 (0) 0 
67 143.2 (7.9) 15.5 (0.9) 97.5 (7) 14.7 (1) 270.9 
68 161.2 (17.2) 3.1 (0.2) 137 (17.1) 4.8 (0.6) 306.1 
69 85.1 (62.2) 1.7 (1.3) 59.3 (43.9) 2.1 (1.5) 148.2 
70 474.6 (43.1) 21.8 (1.9) 236.6 (31.6) 13.9 (1.7) 746.9 
71 0 (0) 0 (0) 0 (0) 0 (0) 0 
72 253.4 (34.2) 5.3 (1.6) 167.3 (14.6) 2.9 (1.2) 428.9 
73 377.6 (22.1) 13.1 (0.4) 73.7 (4.2) 2.3 (0.2) 466.7 
74 189.2 (8.6) 4.1 (0.2) 97.6 (5.4) 2.5 (1.1) 293.4 
75 203 (6) 4.3 (0.1) 142 (2.4) 5.6 (0.4) 354.9 
76 0 (0) 0 (0) 0 (0) 0 (0) 0 
77 40 (4) 1 (0) 59 (4) 1 (0.1) 101 (8) 

78 43 (12) 1 (0) 62 (13) 2 (0.5) 107 (25) 
81 - - - - - 
83 - - - - - 
84 - - - - - 
86 - - - - - 
88 - - - - - 
95 - - - - - 
96 - - - - - 
97 - - - - - 
98 28 (2) 0 (0) 46 (1) 1 (0.1) 75 (2) 
99 - - - - - 

 
 
 
 

350 



 
 
 

 
100 - - - - - 
101 - - - - - 
102 - - - - - 
105 - - - - - 
106 - - - - - 
107 - - - - - 
108 - - - - - 
109 - - - - - 
110 - - - - - 
111 - - - - - 
112 - - - - - 
115 26 (1) 1 (0) 80 (8) 3 (0.2) 109 (7) 
118 - - - - - 
119 - - - - - 
123 36 (16) 1 (0) 48 (16) 1 (0.6) 87 (33) 
125 - - - - - 
126 - - - - - 
128 - - - - - 
129 - - - - - 
130 - - - - - 
131 - - - - - 
133 - - - - - 
134 - - - - - 

135 - - - - - 
136 - - - - - 
137 - - - - - 
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138 - - - - - 
139 - - - - - 
140 - - - - - 
141 - - - - - 
142 - - - - - 
143 - - - - - 
144 - - - - - 
317 0 (0) 0 (0) 0 (0) 0 (0) 0 
318 0 (0) 0 (0) 0 (0) 0 (0) 0 
319 0 (0) 0 (0) 0 (0) 0 (0) 0 
320 0 (0) 0 (0) 0 (0) 0 (0) 0 
321 0 (0) 0 (0) 0 (0) 0 (0) 0 
322 0 (0) 0 (0) 0 (0) 0 (0) 0 
323 0 (0) 0 (0) 0 (0) 0 (0) 0 
324 0 (0) 0 (0) 0 (0) 0 (0) 0 
325 0 (0) 0 (0) 0 (0) 0 (0) 0 
326 0 (0) 0 (0) 0 (0) 0 (0) 0 
327 171.6 (65) 12.9 (4) 40.7 (16) 4.6 (1) 229.8 
328 90.2 (45) 3 (1) 8.4 (6) 0.6 (0) 102.2 
329 236.8 (22) 8.2 (1) 22.2 (1) 1 (0.1) 268.2 
330 223.6 (64) 6.6 (2) 19.3 (5) 1.1 (0.4) 250.6 
331 302.4 (48) 11.6 (1) 29.5 (3) 1.5 (0.2) 345 
905 0 (0) 0 (0) 0.3 (0) 0 (0) 0.3 
906 212.8 (21) 9.7 (1) 33.8 (2) 3.2 (0.1) 259.5 
907 400.3 (74) 20.2 (5) 61 (7) 4.7 (0.7) 486.2 
908 0 (0) 0 (0) 0 (0) 0 (0) 0 
909 0 (0) 0 (0) 0 (0) 0 (0) 0 
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910 0 (0) 0 (0) 0 (0) 0 (0) 0 
911 166.9 (11) 5.9 (0) 15.7 (4) 0.8 (0.1) 189.3 
912 0 (0) 0 (0) 0 (0) 0 (0) 0 
913 0 (0) 0 (0) 0 (0) 0 (0) 0 

915 0 (0) 0 (0) 0 (0) 0 (0) 0 
916 0 (0) 0 (0) 0 (0) 0 (0) 0 
917 0 (0) 0 (0) 0 (0) 0 (0) 0 
918 0 (0) 0 (0) 0 (0) 0 (0) 0 
919 0 (0) 0 (0) 0 (0) 0 (0) 0 
920 347.7 (43) 13.3 (3) 79.3 (4) 5.4 (0.8) 445.7 
921 4.2 (0.8) 0.2 (0.2) 6.3 (0.7) 0.1 (0) 10.8 
922 0 (0) 0 (0) 0 (0) 0 (0) 0 
923 0 (0) 0 (0) 0 (0) 0 (0) 0 
924 0 (0) 0 (0) 0 (0) 0 (0) 0 
925 0 (0) 0 (0) 0 (0) 0 (0) 0 
926 0 (0) 0 (0) 0 (0) 0 (0) 0 
927 0 (0) 0 (0) 0 (0) 0 (0) 0 

a AF concentration is based on average of three replicate cultures per isolate.    

  Number in parentheses is standard deviation. 
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Table C.S9. Aspergillus parasiticus isolates from Queensland, Australia. 

IC 
Strain 

G1 (µg/mL)a G2 (µg/mL) B1 (µg/mL)a B2 (µg/mL) 
Total 
aflatoxin 

800 149 (42.3) 6 (2.2) 51.1 (15.4) 1.4 (0.3) 207.5 
801 141.1 (45.7) 5.8 (2.4) 46.3 (12.9) 1.1 (0.3) 194.3 
804 110.5 (64) 3.6 (1.9) 39.4 (22.9) 2 (1.2) 155.5 
805 111.7 (18) 3.5 (0.4) 41.5 (7.1) 2 (0.3) 158.7 
806 267.1 (80.1) 11 (3.5) 50 (13.9) 3.5 (1) 331.6 
807 134.6 (22.3) 1.6 (0.3) 175.5 (37) 3.9 (0.8) 315.6 
808 162 (32.3) 7 (1.5) 181.3 (30.2) 13.3 (2.3) 363.6 
809 0 (0) 0 (0) 0 (0) 0 (0) 0 
811 64.2 (6) 1.3 (0.1) 20.5 (1.8) 0.7 (0.1) 86.7 
813 51.3 (21.5) 0.9 (0.5) 18.5 (5.2) 0.6 (0.2) 71.3 
814 86.3 (10.2) 1 (0.2) 129.8 (9.2) 2.5 (0.3) 219.6 
816 165.6 (57.9) 5.9 (1.3) 84.1 (40.1) 4.7 (1.8) 260.3 
822 169.1 (29.7) 4.2 (0.6) 74.5 (19.4) 2.9 (0.6) 250.7 
824 185.5 (27.5) 5.3 (1.4) 112.1 (12) 4.4 (0.9) 307.3 
825 142.9 (49.4) 3.6 (1.4) 362.9 (131.2) 14 (4.7) 523.4 
828 196.1 (39.1) 4.6 (0.8) 109.8 (22.8) 3.9 (0.7) 314.4 
832 7.8 (1.2) 0.8 (0.1) 372.3 (36.9) 10.9 (1.4) 391.8 
835 225.1 (8.5) 8.6 (0.1) 195.4 (21.5) 12.4 (1.1) 441.5 
836 59.4 (15.4) 1.1 (0.4) 21.3 (3.3) 0.8 (0.2) 82.6 
837 124 (14.1) 3.7 (0.4) 43.6 (3.8) 2.2 (0.2) 173.5 
838 165.5 (41.3) 3.8 (0.8) 76.4 (21) 3 (0.6) 248.7 
839 218.4 (42.5) 5.5 (1.2) 103.3 (23.1) 4.1 (1) 331.3 
840 183 (19) 6.3 (0.8) 58.8 (5.3) 3.3 (0.3) 251.4 
844 216.2 (31) 4.7 (0.8) 148.9 (21.8) 5.7 (0.8) 375.5 
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848 338.6 (146.8) 9.4 (4.9) 122.2 (49.6) 4.8 (2.3) 475 
851 209.1 (10) 6.8 (0.8) 129.5 (8.9) 5.6 (0.3) 351 
853 84.7 (9.1) 1.1 (0.2) 127.6 (9.2) 2.6 (0.3) 216 
854 163.4 (17.7) 4.6 (0.3) 67.6 (5.3) 3 (0.2) 238.6 
860 43.8 (15.3) 0.5 (0.2) 15 (4.2) 0.3 (0.1) 59.6 
863 123.9 (10.7) 3.8 (0.4) 47.3 (2.2) 2.4 (0.1) 177.4 
864 201 (10.8) 7.3 (0.3) 208.8 (23.5) 12.7 (0.5) 429.8 

867 91 (8) 1.2 (0.2) 112.8 (9.3) 2.7 (0.3) 207.7 
868 179.5 (16.9) 5.4 (0.8) 132.8 (8) 5.3 (0.6) 323 
872 201.8 (17.7) 7.6 (0.8) 237.2 (15.1) 14.7 (1.1) 461.3 
875 195.3 (8.8) 7.4 (0.2) 216.7 (13.2) 14 (0.4) 433.4 
876 52.9 (7.4) 0.6 (0.1) 17 (2.7) 0.4 (0.1) 70.9 

a AF concentration is based on average of three replicate cultures per isolate.   

  Number in parentheses is standard deviation. 
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Table C.S10. Aspergillus flavus S and A. minisclerotigenes isolates from Queensland, 
Australia. 

IC Strain 

G1 

(µg/mL)a G2 (µg/mL)a B1 (µg/mL)a B2 (µg/mL)a 
Total 
aflatoxin 

A. flavus S 

723 0 (0) 0 (0) 76.2 (0.7) 0.9 (0) 77.1 
725 0 (0) 0 (0) 107.9 (46.2) 1.3 (0.6) 109.2 
727 0 (0) 0 (0) 59.4 (12.9) 0.6 (0.1) 60 
728 0 (0) 0 (0) 81.2 (14.2) 1.1 (0.2) 82.3 
729 0 (0) 0 (0) 61.5 (2.2) 0.8 (0) 62.2 
732 0 (0) 0 (0) 29.6 (1.2) 0.3 (0) 29.8 
736 0 (0) 0 (0) 82.9 (17) 1.1 (0.3) 84  
737 0 (0) 0 (0) 84.3 (19.6) 1 (0.3) 85.3 
741 0 (0) 0 (0) 67.9 (16.1) 0.7 (0.2) 68.7 
743 0 (0) 0 (0) 23.8 (3.9) 0.1 (0) 23.9 
748 0 (0) 0 (0) 78.9 (9.4) 0.8 (0.1) 79.7 
749 0 (0) 0 (0) 73.7 (22) 0.8 (0.3) 74.5 
751 0 (0) 0 (0) 14.9 (2.2) 0.1 (0) 15 
753 0 (0) 0 (0) 30.4 (4.3) 4 (0.4) 34.4 
755 0 (0) 0 (0) 9.9 (2) 0.1 (0) 10 
758 0 (0) 0 (0) 6.9 (0.7) 0 (0) 6.9 
760 0 (0) 0 (0) 78.3 (17.7) 0.7 (0.1) 79 
762 0 (0) 0 (0) 49.5 (7.7) 0.5 (0.1) 50 
768 0 (0) 0 (0) 13.9 (6.5) 0.1 (0.1) 14 
770 0 (0) 0 (0) 57.6 (6.7) 0.5 (0.1) 58.2 
777 0 (0) 0 (0) 12.8 (2.6) 0.1 (0) 12.9 
779 0 (0) 0 (0) 113.3 (11.6) 1.3 (0.1) 114.6 

 
 
 
 

356 



 
 
 

 
780 0 (0) 0 (0) 76.6 (20) 0.9 (0.2) 77.4 
785 0 (0) 0 (0) 34.7 (23) 0.2 (0.2) 34.9 
786 0 (0) 0 (0) 31.8 (15.5) 0.2 (0.1) 32 
787 0 (0) 0 (0) 27.6 (5.4) 0.1 (0) 27.7 
790 0 (0) 0 (0) 16.5 (2.2) 0.2 (0) 16.6 
791 0 (0) 0 (0) 13.8 (4.6) 0.1 (0) 14 
792 0 (0) 0 (0) 73 (9) 0.7 (0.1) 73.7 
793 0 (0) 0 (0) 0 (0) 0 (0) 0 

796 0 (0) 0 (0) 130.1 (15.9) 2.1 (0.3) 132.2 
797 0 (0) 0 (0) 65.6 (7.8) 0.7 (0.1) 66.3 
798 0 (0) 0 (0) 14.2 (2.7) 0.1 (0) 14.4 
799 0 (0) 0 (0) 5.1 (1.7) 0 (0) 5.1 

A. minisclerotigenes 

720 11.1 (1.6) 0 (0) 15.5 (2) 4.2 (0.4) 30.8 
731 1.3 (0.1) 0 (0) 2.3 (0.4) 1 (0.2) 4.6 
733 2 (0.2) 0 (0) 3.4 (0.2) 1.3 (0.1) 6.7 
735 1.6 (0.1) 0 (0) 2.6 (0.2) 1 (0.1) 5.2 
742 5.9 (1.2) 0 (0) 9.1 (1.7) 3.2 (0.5) 18.2 
744 4.7 (1) 0 (0) 7.9 (1.5) 3.1 (0.5) 15.7 
778 2.6 (0.3) 0 (0) 3.9 (0.2) 1.4 (0.1) 7.9 
788 0.3 (0) 0 (0) 0.7 (0.1) 0.4 (0) 1.4 

a AF concentration is based on average of three replicate cultures per isolate.  

  Number in parentheses is standard deviation. 
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Table C.S11. Aspergillus flavus S and A. minisclerotigenes isolates from Littoral, Benin. 

IC 
Strain 

G1 

(µg/mL)
a 

G2 

(µg/mL)
a 

B1 

(µg/mL)a 

B2 

(µg/mL
)a 

Total 
aflatoxin 

CPA 

(µg/mL)
a 

OMST 

(µg/mL)
a 

A. flavus S 

1152 0 (0) 0 (0) 16.6 (1.4) 0.3 (0) 16.9 - - 
1153 0 (0) 0 (0) 46.1 

(23.7) 
1 (0.5) 47.1 - - 

A. minisclerotigenes 

1112 129.6 
(11) 

3 (0) 33.4 (7) 2 (0) 168 25.1 (6) 61 (3) 

1113 13.4 (1) 0.3 (0) 10.7 (0) 0.3 (0) 24.7 21.9 (1) 4.7 (0.4) 
1117 25.7 (9) 0.4 (0) 12.8 (4) 0.4 (0) 39.3 33 (4) 69.2 (29) 
1118 17.7 (3) 0.3 (0) 13.9 (3) 0.5 (0) 33.4 21.3 

(0.4) 
20.8 (3) 

1119 18.4 (2) 0.4 (0) 13 (1) 0.4 (0) 33.2 23.1 (2) 9.9 (1) 
1120 18.9 (1) 0.3 (0) 15 (1) 0.5 (0) 34.7 23.3 (5) 20.8 

(0.4) 
1121 12.5 (2) 0.2 (0) 9.3 (1) 0.3 (0) 22.3 23.4 (3) 6.2 (0.9) 
1133 14.3 (2) 0.3 (0) 11.5 (2) 0.3 (0) 26.4 23.3 (1) 4.5 (0.4) 
1134 15.5 (4) 0.3 (0) 12.2 (3) 0.4 (0) 28.4 20.5 (2) 18.9 (3) 
1135 17.9 (2) 0.3 (0) 14.1 (2) 0.4 (0) 32.7 20.8 (2) 18.4 (3) 
1140 17.8 (2) 0.2 (0) 4.7 (0) 0.1 (0) 22.8 39.3 (2) 57.9 (10) 
1141 16.5 (3) 0.3 (0) 12.5 (2) 0.4 (0) 29.7 21.1 (1) 20 (3) 
1142 116 (4) 1.7 (0) 45.8 (3) 1.3 (0) 164.8 29.6 (4) 42 (5) 
1144 30.3 (4) 0.5 (0) 14.8 (2) 0.3 (0) 45.9 21.9 (5) 24.3 (1) 
1145 12.3 (3) 0.2 (0) 15.6 (2) 0.2 (0) 28.3 240.7 3.6 (1) 
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(14) 

1146 33.4 (4) 0.6 (0) 15.1 (2) 0.4 (0) 49.5 24.8 (2) 23 (7) 
1147 9.1 (1) 0.1 (0) 13.9 (3) 0.2 (0) 23.3 231.1 (5) 3 (0.8) 
1148 36.1 (6) 0.7 (0) 16.4 (2) 0.4 (0) 53.6 22 (4) 24.8 (5) 
1149 39.9 (10) 0.7 (0) 18.5 (3) 0.4 (0) 59.5 19.4 (3) 23.2 (4) 
1150 47.3 (8) 0.8 (0) 21.1 (3) 0.5 (0) 69.7 19.5 

(0.9) 
69.5 (81) 

1151 10 (2) 0.1 (0) 14.6 (2) 0.2 (0) 24.9 246.8 
(12) 

6.7 (5) 

a Toxin concentration is based on average of three replicate cultures per isolate.   

  Number in parentheses is standard deviation. 
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Table C.S12. Aspergillus flavus S isolates from Georgia, USA. 

IC Strain B1 (µg/mL) a B2 (µg/mL) a 
Total B 

(µg/mL) 
CPA (µg/mL) 

a 

1154 148.0 4.9 152.9 100.8 
1155 71.4 2.1 73.5 24.9 
1156 291.0 9.4 300.4 86.4 
1157 177.0 8.5 185.5 50.4 
1160 266.9 9.1 276.0 111.0 
1161 186.1 5.5 191.6 52.9 
1162 23.3 0.4 23.7 50.9 
1163 173.5 4.4 177.9 73.3 
1164 244.0 9.7 253.7 50.2 
1165 178.4 5.1 183.5 47.3 
1166 211.5 7.3 218.8 38.1 
1167 356.4 11.8 368.2 17.3 
1168 241.7 9.1 250.8 66.9 
1169 316.7 10.7 327.4 110.0 
1171 286.7 10.0 296.7 57.1 
1174 335.5 11.9 347.4 96.7 
1175 289.1 8.1 297.2 105.9 
1176 330.7 9.8 340.5 99.5 
1177 190.8 6.0 196.8 65.7 
1178 319.5 10.9 330.4 102.2 

a Toxin concentrations of A. flavus S-strain isolates from Georgia transect were  

based on a single replicate per isolate. 
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Table C.S13. Aspergillus flavus S and A. minisclerotigenes isolates from Córdoba, Argentina. 

IC Strain 
G1 

(µg/mL)a 

G2 

(µg/mL)a 

B1 

(µg/mL)a 

B2 

(µg/mL)a 
Total 
aflatoxin 

A. flavus S 

476 0.0 (0) 0.0 (0) 157.9 (17) 4.1 (0.4) 162 
479 0.0 (0) 0.0 (0) 80 (17) 1.2 (0.4) 81.2 

A. minisclerotigenes 

477 6.23 (1) 0.01 (0) 2.34 (0.1) 0.02 (0) 8.6 
478 7.06 (0.8) 0.08 (0) 1.99 (0.3) 0.03 (0) 9.2 

a AF concentration is based on average of three replicate cultures per isolate.   

  Number in parentheses is standard deviation. 
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production in corn 
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D.1 Summary 

I made figure 4, a heatmap of array CGH data.  This figure is a graphical representation of 

aCGH data for AF36, K49 and NRRL 29507 based on hybridization of total genomic DNA 

to whole genome A. flavus Affymetrix GeneChip microarrays.  All probe sets for genes 

between the telomere on the right arm of chromosome 3 up to the CPA cluster, the adjacent 

aflatoxin cluster genes and intergenic regions, and the flanking sugar cluster genes are shown 

ordered by their physical location on chromosome 3R.  The heat map and corresponding 

color scale for the telomeric/subtelomeric region were automatically generated using the 

imagesc function in Matlab (MathWorks Inc., Natick, MA).  In the heat map a blue color 

indicates weak hybridization, which may be due to many mismatches with the target DNA, 

or possibly gene deletion.  We calculated the sum of squared differences (SSD) between 

AF36 and K49 (b1-b2) and between NRRL 29507 and K49 (w-b2).  The SSD is a simple 

measure of similarity between AF36, K49 and NRRL 29507.  For each probe, we examined a 

window of 100 probes above and below the probe.  If the probe coincides with a 

recombination breakpoint, then we would expect b1-b2 for the 100 probes above the putative 

breakpoint and w-b2 for the 100 probes below the putative breakpoint, to be either unusually 

high or low. The test statistic is plotted on the scale adjacent to the heat map and is calculated 

as b1-b2 SSD for the first 100 probes plus w-b2 SSD for the last 100 probes and normalized 

between 0 and 1 by dividing by the total SSD.  Two crossovers can be discerned in the plot 

of the test statistic values.  First, AF36 is identical to NRRL 29507 from 2911.m00745 to 

aflP, where it then starts to show greater similarity to K49 in a region that spans aflP to aflT, 

which includes the nonsense mutation in pksA (= aflC).  A second putative crossover in the 

aflF/aflU intergenic region results in AF36 being more similar to NRRL 29507 in the CPA 

cluster and subtelomeric regions. 
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D.2 Abstract 

The fungus Aspergillus flavus is responsible for producing carcinogenic mycotoxins, the 

aflatoxins, on corn (maize) and other crops.  An additional harmful toxin, cyclopiazonic acid 

(CPA), is produced by some isolates of A. flavus.  Several A. flavus isolates, which do not 

produce one or both of these mycotoxins, are being used to competitively exclude the toxin-

producing strains from the agroecosystem, particularly from the grain or other marketable 

commodities.  Three well-studied non-aflatoxigenic strains, including two commercially 

available isolates, have been compared in side-by-side field trials.  The results of that study, 

together with a growing understanding of A. flavus ecology and new genetic insights, is 

guiding the selection of biocontrol strains and informing crop management decisions for safe 

and sustainable production. 

 

D.3 Keywords 

Biological control, mycotoxins, aflatoxins, cyclopiazonic acid, corn, Aspergillus flavus, 

competitive exclusion   

 

D.4 Introduction 

Aflatoxin (Figure 1) is a toxic and carcinogenic compound produced by the mold Aspergillus 

flavus (Abbas , 2005; CAST, 2003; Payne, 1992).  Some isolates of A. flavus also produce 

the mycotoxin cyclopiazonic acid (CPA) (Figure 1) (Abbas et al., 2011; Burdook and Flamm 

2000; Dorner et al., 1983; Horn and Dorner 1999; Gallagher et al.,1978).  This fungus infects 

several crops, particularly cotton, corn (maize), peanuts (groundnuts), tree nuts and their 

products (Abbas, 2005; CAST, 2003).  Severe diseases in livestock and humans are caused 

by aflatoxins, particularly aflatoxin B1 (Bressac et al., 1991; Richard, 2008; Hsu et al., 1991; 

Wogan, 1992).  Aspergillus flavus infestation causes aflatoxin contamination of crops, which 

reduces their value and limits the usefulness of their products (Robens and Cardwell 2003; 
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Vardon et al., 2003).  The available means of minimizing aflatoxin contamination of corn 

through cultural management techniques such as tillage, irrigation and date of planting, and 

through breeding programs (conventional and genetically modified) are often insufficient, 

hard to implement and may be agronomically impractical.  U.S. federal government 

regulations can make sale of aflatoxin-contaminated grain difficult or impossible, depending 

on the level of contamination (van Egmond et al., 2007).   

 

CPA is another harmful mycotoxin produced by A. flavus as well as other fungi, but it is not 

regulated currently by any government agency around the world.  CPA is not nearly as well-

studied as aflatoxin for a variety of technical reasons.  Antibodies and immunoaffinity 

columns are not commercially available for CPA at present; many published methods require 

liquid chromatography/mass-spectroscopy; CPA is unstable in solution in the presence of 

oxygen; CPA binds to plastic in aqueous solutions; and CPA can bind to chromatography 

columns, leading to challenging sample-to-sample carryover (Diaz et al., 2010; Maragos, 

2009).  Consequently, some laboratories have failed to implement routine CPA analysis since 

its first isolation in 1968 from Penicillium cyclopium (Holzapfel 1968).  However, it is often 

found in corn, cottonseed, peanuts and their products, which are usually co-contaminated 

with aflatoxins and other mycotoxins (Abbas et al., 2008 a,b; Lansden and Davidson 1983; 

Martins and Martins 1999; Vaamonde et al., 2003).  CPA is a highly selective inhibitor of 

Ca2+-ATPase in skeletal muscle sarcoplasmic reticulum, where it stimulates release of Ca2+ 

from intracellular stores by increasing plasma membrane Ca2+ permeability without 

increasing intracellular inositol (1,4,5)-triphosphate levels (Goeger and Riley 1989).  CPA is 

toxic to livestock.  Turkeys exposed to CPA had changes in their blood chemistry, 

ulcerations in the gut, and liver damage, and similar changes were seen in dogs and pigs 

(Antony et al., 2003;  CAST, 2003; Miller, 1989; Nuehring et al., 1985; Lomax et al., 1984; 

Malekinejad et al., 2010; Rao et al., 1985; Richard et al., 1986; Richard, 2008;).  

 

 
 
 
 

365 



The levels of both aflatoxins and CPA produced by various Aspergillus isolates varies widely 

ranging from some producing high levels of both toxins through some producing one or the 

other toxin to some isolates producing undetectable levels of both toxins (Abbas et al., 2004, 

2009, 2011; Gallagher et al., 1978).  Aflatoxin and CPA production depends on many factors 

including substrate availablity, nutrition, genetics, and environmental conditions (Abbas et 

al., 2007, 2008a, 2009). 

 

Although pre-harvest aflatoxin contamination has been acknowledged in crops such as corn 

for over 50 years (Allcroft et al.,1961; Lancaster et al.,1961), many strategies have been 

proposed to decrease aflatoxin in food and feedstuffs.  One of the most promising is 

biological control through Aspergillus strains that do not produce aflatoxin, but compete with 

the toxin-producing fungi in the field for the ecological niches in which aflatoxin production 

does occur.  A problem with some of these strains is that while they do not produce aflatoxin, 

they still produce other mycotoxins, the most important of which is CPA.  

One of the major crops with the highest economic risk and safety concerns for aflatoxin 

contamination is corn (Robens and Cardwell, 2003; USDA-ARS, 1988; Vardon et al., 2003; 

Wu, 2006).  Research has shown that aflatoxin production has decreased in corn inoculated 

with non-toxigenic A. flavus strains prior to inoculation with toxigenic strains (Brown et al., 

1991).  The potential for biological control of aflatoxin has been demonstrated under field 

conditions in cotton (Cotty, 1994, 2006), peanuts (Dorner, 2005, 2009), and corn (Abbas et 

al., 2006, 2009; Abbas and Shier 2010).  Because competitive exclusion and multiple-

influence are components of biological control with non-toxigenic strains, Afla-Guard®, an 

non-toxigenic strain, has been successfully commercialized as a biological control agent in 

peanuts (Dorner 2005, 2009).  The non-toxigenic strain AF36 is registered to be used in 

cotton fields to successfully control aflatoxin production (Antilla and Cotty, 2002; Dorner 

2005).  Recently, both of these strains were evaluated for ability to control aflatoxin in corn 

under field conditions in the USA with no convincing results yet being demonstrated.  Both 
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products have been licensed and registered for use in the U.S.  The first one, Afla-Guard® 

(Aspergillus flavus NRRL 21882, isolated from peanut), does not produce CPA.  The second 

product, A. flavus AF36 (isolated from cotton), controls the production of aflatoxin, but also 

produces the mycotoxin CPA, which is a concern for the safety of crop products to be used 

livestock feed or human food.  It was found that CPA was reduced in crops treated with Afla-

Guard or K49 (another non-toxigenic A. flavus strain isolated from corn), but the CPA level 

was elevated when the same crops were treated with AF36 (Abbas et al., 2011; Dorner et al., 

2000).  The three non-aflatoxigenic A. flavus strains, Afla-Guard®, AF36, and K49 are being 

compared to determine their similarities and differences.  This will allow an evaluation of the 

safety and efficacy of these fungi to control aflatoxin and CPA in corn.   

  

D.5 Criteria for selection of a biological control agent 

As indicated earlier in this paper, A. flavus causes unique fungal contamination problems, 

because it is capable of producing dangerous mycotoxins, aflatoxin and CPA.  A. flavus can 

contaminate a wide range of crops, from grains to tree nuts, under a wide variety of 

environmental conditions.  It can be isolated from air-borne dust particles, insects, and soil.  

Both toxigenic and non-toxigenic A. flavus strains co-exist in all these environments, and the 

ability of non-toxigenic A. flavus strains to complete effectively for the same ecological 

niches provides the basis for one of the most effective approaches available to address the 

aflatoxin contamination problem.  Other proposed methods for mitigating aflatoxin 

contamination, including agronomic management practices, breeding for host-plant 

resistance, and management of insect vectors have not proven satisfactory.  To date, the most 

effective strategy for reducing aflatoxin levels in harvested corn is biological control using 

non-aflatoxigenic strains of A. flavus.   

Several approaches are used to characterize different A. flavus strains in the search for non-

aflatoxigenic strains suitable for use in biocontrol.  Some approaches are based on 
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phylogenetics, while others are based on phenotypes that may or may not reflect phylogeny.  

The most useful characteristic would be one that correlates well with non-production of the 

major aflatoxins (B1, B2, G1, G2).  Phenotypically, A. flavus strains can be categorized on the 

basis of color of fungal structures, and on the size of sclerotia.  Small sclerotia (<400 µm) are 

associated with toxin producing strains, while strains producing large sclerotia may be 

toxigenic or atoxigenic (Abbas et al., 2005, 2009; Horn, 2003).  Vegetative compatibility 

grouping (VCG) of A. flavus (discussed in detail below in this paper in section 6 on 

Production of CPA by fungal species) and genetic variation in populations, can reveal a 

tremendous amount of diversity.  For example, a recent survey of 255 soil isolates from one 

field identified 16 vegetative compatibility groups with several groups represented by just 2 

isolates (Sweany et al., 2011).  VCGs have been used in many surveys, but the technique is 

quite labor-intensive and the results of one study are not readily applied to another.  

Molecular approaches based on DNA sequences have greatly proliferated and can reveal 

functional and phylogenetics relationships between isolates.  Some recently applied DNA-

based approaches include pyrosequencing (Das et al., 2008); and a multitude of PCR-based 

approaches (Jiang et al., 2009; Niessen et al., 2007).  A sexual stage was recently described 

for A. flavus (Horn et al., 2009) and the potential and consequences for sexual recombination 

in nature are being explored (Moore et al., 1999a; Olarte 2010).  In screening for potential 

biocontrol strains of A. flavus, several cultural traits can serve as useful markers (no yellow 

pigmentation in culture, no small sclerotia or blue fluorescence).  Additionally, even if toxins 

are not detected in culture, the presence of toxin biosynthetic genes should signal the need for 

further scrutiny before large-scale application of the agent.   

Many disciplines seeking biocontrol agents have adopted the precautionary principle, 

commonly articulated as “DO NO HARM.”  Our efforts to reduce mycotoxin contamination 

are in the context of a complex ecological system with a diverse population of competing 

fungi.  Researchers have an obligation to follow the highest scientific standards and take 

steps to anticipate unintended consequences.  Given that there is so much genetic diversity 
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within A. flavus, selection of biological control strains should consider a range of 

characteristics to ensure that the introduced strain will ‘do no harm.’  In this section we 

describe some of the considerations that have gone into selection of a biocontrol strain being 

selected for use in corn in the Mid-South USA.   

Aspergillus strains used in this work included several well-studied non-aflatoxigenic 

biocontrol strains, including A. flavus AF36 (NRRL 18543, isolated from cottonseed); non-

toxigenic A. flavus Afla-Guard® (NRRL 21882, isolated from peanuts); and non-toxigenic A. 

flavus K49 (NRRL 30797, isolated from corn).  Also included in the studies were toxigenic 

control strains of A. flavus K54 (NRRL 58987, isolated from corn) and F3W4 (NRRL 30796, 

isolated from soil).  Another four toxigenic A. flavus strains from various environmental 

sources included in the studies were NRRL 58976 (isolated from air-borne dust particles); 

NRRL 58988 (isolated from corn earworms); NRRL 58975 (isolated from unpolished rice); 

and NRRL 58974 (isolated from soybean seeds) (Abbas et al., 2011).  All strains were 

characterized with respect to toxin production in culture and various cultural characteristics 

such as growth rate, fluorescence, pigmentation, etc., (Abbas 2004a, 2005, 2011, Chang et 

al., 2005, 2009; Klich 2002).  The characteristics of several representative A. flavus strains 

are summarized in Table 1.  The three biological control strains (Afla-Guard®, AF36 and 

K49), do not produce aflatoxin in culture, are non-fluorescent on 0.3% β-cyclodexin media 

when exposed to ultraviolet light (365 nm), and do not produce yellow pigment on potato 

dextrose agar medium (PDA).  The six other strains all produce aflatoxin on PDA, are 

fluorescent on 0.3% β-cyclodextrin media, and produce yellow pigment.  All strains have a 

similar growth rate.  Biological control strains Afla-Guard® and K49 do not produce CPA 

while biological control strain AF36 and the six toxigenic strains all produce CPA (Table 1). 

Another consideration in evaluating A. flavus strains for use as biocontrol agents, which may 

be secondary, but it has great value for utilization is stability, consistency, adaptability, 

environmentally friendly properties, ability to compete with endogenous A. flavus strains and 

ability to control production of CPA and fumonisin as well as aflatoxins.  These elements 
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have been evaluated in Stoneville field studies in 2009, as described in Abbas et al. (2011).  

The relative competitiveness of biocontrol strain K49 was examined in corn which was also 

inoculated with a series of high mycotoxin (aflatoxin and CPA) producing strains NRRL 

58976, NRRL 58988, and NRRL 58974, K54 or F3W4 (Table 1) and with a mixture of five 

toxigenic strains (Table 2) using the pin-bar inoculation technique (Abbas et al., 2011; 

2008b).  At 4, 8, 12, and 16 days after inoculation, twelve inoculated ears were harvested and 

analyzed for aflatoxin and CPA levels.  The 4, 8, 12, and 16 day ears were also examined for 

the presence of toxigenic strains using selective plating on defined media and cultural assays 

(Abbas et al., 2011, 2004a, 2004b; Horn and Dorner 1998).  A wide range of aflatoxin 

concentrations were found in corn 12 days after inoculation with toxigenic strains alone, with 

the aflatoxins lowest concentration in kernels ranging from 13.3 x 103 ppb (inoculated with 

F3W4) to 48.0 x 103 ppb (with NRRL 58974).  When these toxigenic strains were challenged 

with K49, a greater than 92% reduction in aflatoxin accumulation was observed with all 

combinations, except when challenged with NRRL 58988, in which case K49 reduced 

aflatoxin accumulation by 35%.  The reduction in aflatoxin concentration when challenged 

with K49 corresponds to the frequency of toxigenic isolates (from 12 to 75 %) ( Table 2).  

Similar effects on aflatoxin and toxigenic isolate levels were observed at 16 days after 

inoculation (Abbas et al., 2011).  Inoculation with K49 also resulted in a large reduction in 

CPA (Figure 2) (Abbas et al., 2011) and a substantial reduction in fumonisin concentration 

(unpublished data, Abbas et al.) along with the aflatoxin.   

In summary, non-toxigenic A. flavus isolates that are being developed for use with crops 

should be developed under the theme "DO NO HARM", including testing for the reduction 

of other mycotoxins such as CPA.  The levels of CPA in corn after inoculation with AF36 

represents a health hazard, which seems particularly unnecessary given the availability of 

safer strains with similar or greater efficacy.  So far, K49 and Afla-Guard®, meet these 

criteria.  It is possible that new A. flavus isolates will be discovered which will be even more 

useful as biological agents.   
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D.6 Efficacy of biological control strains 

The primary goal in developing biocontrol strategies is to minimize mycotoxin 

contamination in crops, specifically corn.  This subject is being investigated around the world 

(Accinelli et al., 2009; Atehnkeng et al., 2008).  However, in the US research has focused on 

three major biocontrol fungi to reduce aflatoxin contamination in commercial corn 

production, Afla-Guard® , AF36, and K49.  Each biocontrol product was developed as a solid 

formulation of the fungal conidia on a support structure.  With Afla-Guard®, conidia were 

coated on barley seed (Dorner et al., 2000); whereas with AF36 and K49, conidia were 

grown on autoclaved wheat seeds (Antilla and Cotty 2002; Abbas et al., 2006).  Despite their 

successful use individually in crops, until recently these three biocontrol strains had not been 

compared with each other for their relative efficacy in reducing contamination by mycotoxins 

(aflatoxin, CPA, and other toxins) in corn.  A recent report by Abbas et al. (2011) described a 

comparison of the abilities of Afla-Guard®, AF36, and K49 to reduce aflatoxins and CPA in 

corn challenged with equal numbers of conidia of toxigenic A. flavus strains (F3W4 and 

K54) using the pin–bar inoculation technique under field conditions.  Corn ears were 

harvested at 4, 8, 12, 16, and 20 days after inoculation and were dried, shelled, ground and 

submitted to mycotoxin analysis and fungal evaluation.  The results are summarized in Table 

3.  Non-aflatoxigenic A. flavus strains K49 and Afla-Guard® were superior to AF36 in 

reducing total aflatoxin contamination.  Aflatoxins were reduced by 83 and 98% by K49 and 

Afla-Guard®, respectively, whereas AF36 reduced aflatoxins by 20% with F3W4 and 93% 

with K54 (Table 3, and Figure 2).  CPA was reduced by 84 and 97% by K49 and Afla-

Guard®, respectively, whereas AF36 gave no reduction of CPA with F3W4 and a 62% with 

K54 (Table 3, and Figure 2).  Neither K49 nor Afla-Guard® produce CPA.  Because AF36 

produces CPA, high levels of CPA accumulate when corn is inoculated with AF36 alone or 

in combination with F3W4 or K54 (Figure 2).   
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It has been proposed that VCG plays a role in influencing competition between A. flavus 

species (Horn et al., 2000; Mehl and Cotty 2010; Wicklow and Horn 2007).  Strains K49 and 

AF36, which are vegetatively compatible and belong to the same VCG, vary in their 

competitiveness against K54 and F3W4.  Strains K49 and AF36 have differences in 

production of CPA and a genetic analysis of the CPA gene cluster in these strains should be 

done (Chang et al., 2009).  These results indicate that K49 is as effective as Afla-Guard® in 

reducing both aflatoxins and CPA in corn (Abbas et al., 2011).  K49 also reduced fumonisin 

by over 80% (unpublished data, Abbas et al.).  

 

A new advanced and more sophisticated delivery system to enhance the efficacy of the 

biocontrol agents in reducing aflatoxin contamination of preharvest corn was developed in 

2008 called "Bioplastic-based formulation" (Accinelli et al., 2009).  Since that time, 

additional research on the improvement on this formulation and its use have been reported 

(Accinelli et al., submitted, 2011).  A formulation using conidia of nontoxigenic A. flavus 

K49 strain on granules of the starch-based bioplastic Mater-Bi was used in this research.  

These granules are easy to make and use in the field, and have a long shelf life.   

 

Soil application of biocontrol A. flavus strains is effective at reducing aflatoxin in specific 

harvested crops, but direct application to corn ears is more effective.  A sprayable system 

called ”Clay-based water-dispersible granules” that can be suspended in water was developed 

to spray non-toxigenic A. flavus directly on corn silks.  Spray treatment reduced aflatoxin 

contamination by 97%, while soil application of A. flavus K49 strain only reduced it by 65% 

(Lyn et al., 2009).  We are developing novel formulations of K49 and Afla-Guard® to make 

foliar and aerial application feasible in the future.  Preliminary results of the studies by the 

research team at Stoneville in 2010 suggested a promising future for this technology.   

 

 
 
 
 

372 



D.7 Mechanisms of biological control 

D.7.1 Aflatoxins   

Aflatoxins, being regulated mycotoxins that play a major role in determining the quality and 

hence value of crops has received more attention than CPA, and, consequently, much more is 

known about the mechanisms of its biological control.  However, with the co-production of 

aflatoxin and CPA by many strains of A. flavus (Chang et al., 2005) and the co-accumulation 

of these toxins in maize (Georgianna et al., 2010), control measures that are effective in 

preventing aflatoxin contamination might be expected to be similarly effective for CPA.  In 

the present discussion we will consider the mechanisms of biological control of aflatoxin and 

then explore the important differences between the two mycotoxins.   

 

Biological control measures to mitigate aflatoxin contamination of agricultural commodities 

might be broadly considered as a competitive interaction of toxigenic and non-toxigenic 

fungal strains.  Many examples of competitive interactions have been demonstrated between 

microbial agents including bacteria, yeasts, other fungi and, most importantly, non-

aflatoxigic strains of A. flavus (reviewed in Dorner, 2004).  Conceptually, competition can be 

subdivided into two basic types, interference and exploitative competition.  With microbial 

systems, the difference can sometimes be difficult to discern, but interference competition 

mechanisms include antibiosis, such as production of inhibitory surfactins (Mohammadipour, 

2009); hydrolytic bacteria (Plaumbo et al., 2006); extracellular hydrolytic enzymes from 

Trichoderma species (Gachomo and Kotchoni 2008); and antifungal antibiotic pyrrocidines 

A and B production by the corn endophyte, Acremonium zeae (Wicklow et al., 2005).   

 

Alternatively, exploitative competition is simply the occupation of an ecological niche, thus 

depriving the competitor of essential resources.  Exploitative competition is almost certainly 

at least a major element in the biological control of aflatoxin-producing A. flavus strains by 
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non- aflatoxigic A. flavus.  Without evidence of ecological differentiation, it could be 

assumed that the A. flavus isolates in a particular ecosystem are competing for the same 

limiting resources, such as infection sites and nutrient sources in the soil, and thus, the 

ecological success of a biocontrol strain would come at the expense of the indigenous 

population and that by inundating a system it would be possible to drive the population to an 

overall less toxigenic status.  This presumably resource-driven competition has been highly 

successful in reducing aflatoxin levels in cottonseed on over 50,000 of hectares of cotton in 

the southwestern United States since 2000 using the non-aflatoxigic strain, AF36 (Das et al., 

2008).  The same model has been implemented commercially in peanut production with 

Afla-Guard® since 2004 (US EPA 2004) and commercially in corn using the same strain 

since 2010.  In the registration of both AF36 and Afla-Guard® it was stated that the 

mechanism of these products is displacement of the indigenous aflatoxigenic strains.  Cotty 

(1994) noted a highly significant, linear relationship between the displacement of toxigenic 

A. flavus and the reduction of aflatoxin in infected cottonseed, and this mechanism has been 

supported by other published observations (reviewed in Cotty 2006).   

 

It is possible that other mechanisms exist for the reduction of aflatoxin via application of 

non-aflatoxigic strains of A. flavus.  For example, Wicklow et al. (2003) found reduction in 

aflatoxin in experiments with varying ratios of toxigenic and non-aflatoxigic A. flavus that 

could not be mathematically explained with a simple model of resource-based competition.  

In those experiments, performed under controlled conditions, the aflatoxin concentrations 

were significantly less than would be expected, given the population size of the particular 

strain of aflatoxigenic A. flavus.  Those authors surmised that the interference of vegetatively 

incompatible, non-aflatoxigic individuals prevented formation of an efficient mycelial 

network, although total mycelial dry weight was not reduced.   
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Abbas et al. (2011) recently reported additional evidence that exploitative competition is 

insufficient to explain the reduction in aflatoxin by successful biocontrol strains of A. flavus.  

That work, summarized and reproduced in Figure 3, involved inoculation of corn with 

varying ratios of biocontrol strain K49 and an indigenous toxigenic strain at two field sites in 

two years.  The results obtained were consistent and showed that the reduction in aflatoxin 

was much greater than would be expected by simple competitive displacement of the 

toxigenic inoculum.  While competition for limited resources is not sufficient to explain the 

observed results, additional experiments are required to determine what other factors may be 

involved.  Conceivably, strain K49 could be interacting with the host plant in ways that alter 

the host-pathogen interaction, such as stimulation of the synthesis of volatile aldehydes 

known to suppress aflatoxin production by Aspergillus spp. in corn (Wright et al., 2000).  

Similarly, K49 may produce substances which repress production of aflatoxin in the 

competing strain.  Alternately, K49 may induce plant-mediated destruction of aflatoxins.   

 

D.7.2 Cyclopiazonic Acid 

Because the principal producers of CPA are also producers of aflatoxins, we have considered 

the mechanisms for their biocontrol together, but there are important differences.  First, while 

the production of CPA and aflatoxin are similar in planta, their production in vitro responded 

differently with respect to carbon and nitrogen sources (Georgianna et al., 2010), indicating 

impendent regulation and, consequently, the possibility that different conditions might 

preferentially lead to suppression of one mycotoxin but not the other.  As discussed 

elsewhere in this volume (Chang and Ehrlich, 2011), some well-studied strains of A. flavus 

have the biosynthetic gene package for CPA adjacent to that for aflatoxins and apparently 

under control of the same regulatory elements.  However, some strains of A. flavus, including 

the biocontrol strain AF36, have lost the ability to produce aflatoxins, but continue to 

produce CPA.  As discussed elsewhere in this volume (Watson, 2011), when AF36 was 

applied in standard agronomic conditions, it resulted in corn with elevated CPA levels 
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(Abbas et al., 2011).  In addition to the extensive use of AF36 in cotton, the EPA has allowed 

an experimental use permit for AF36 on pistachios in Arizona and California and has 

recently approved its use in corn.  While AF36 may competitively exclude aflatoxin-

producing A. flavus, it is likely to elevating the level of CPA contamination.  With the lack of 

regulation on trade or use of commodities contaminated with CPA, there is little testing done 

for it, so it is difficult to ascertain the level of exposure to CPA in general, much less 

determine the effects of aflatoxin biocontrol methods on it.   

 

D.8 Need for post-release monitoring and proposed methods 

In the absence of a clear understanding of all the long-term impacts of applying A. flavus 

strains or other biocontrol agents to the environment, it would be prudent to conduct 

extensive post-release monitoring of both the residual levels of the applied strains and the 

levels of the mycotoxins they affect.  Those who impact the agroecosystem need to establish 

the secondary effects of those practices.  While the biological control of CPA is not well 

documented, the biological control of aflatoxin provides a model for post-release monitoring.   

 

The post-release monitoring of commercial A. flavus strains applied for aflatoxin mitigation 

indicates that their use has resulted in an altered A. flavus population that is at least 

moderately persistent and is measurable hundreds of meters from the application point.  Bock 

et al., (2004) detected airborne condia from A. flavus, which was applied in a cotton field 

600m from the air sampler and these detections, continued during the two years after 

application.  At that distance, the applied strain constituted 75% of air-sampled A. flavus 

immediately after application and was commonly greater than 10% of the A. flavus 

population for two years afterwards.  These observations were dependent on the presence of 

unique VCG for the applied strain.  More recently a method based on pyrosequencing (Das et 

al., 2008) has been developed to identify single nucleotide polymorphisms (SNPs) in strain 

AF36.  Those authors acknowledged the considerable up-front cost of equipment cost 
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associated with pyrosequencing, but determined that it still compared favorably to the 

tremendous effort in identifying the VCG of numerous isolates.  An even more convenient 

method is based on nested PCR of DNA around the breakpoint of an aflatoxin gene deletion.  

This nested PCR approach allows for putatively strain-specific identification of biocontrol 

strain AF051 (Jiang et al., 2009). 

 

D.9 Production of CPA by fungal species and genetic variation in populations 

Cyclopiazonic acid is produced by various species of Aspergillus and Penicillium.  The 

mycotoxin was originally isolated from and named after P. cyclopium (Holzapfel, 1968), 

which was subsequently identified as P. griseofulvum (Hermansen et al., 1984).  The 

confusion over P. cyclopium is reflective of problems in associating CPA production with 

Aspergillus and Penicillium species (Frisvad, 1989; Frisvad et al., 2005a).  Much of the 

confusion arises from unreliable chemical analyses and from the difficulty in identifying 

these fungi using morphological characteristics.  Molecular techniques have clarified much 

of the taxonomy and in some instances, revealed cryptic species (Samson et al., 2004; 

Peterson, 2008).  Many species, particularly those in Penicillium, have not yet been 

examined for CPA production.  Among the Aspergilli, CPA production has been documented 

for A. flavus, A. oryzae, A. tamarii, A. parvisclerotigenus, A. minisclerotigenes and A. 

pseudotamarii (Orth, 1977; Frisvad et al., 2005b; Pildain et al., 2008), all of which belong to 

section Flavi.  Among the Penicillia, CPA production has been documented in P. 

griseofulvum, P. commune, P. camemberti, P. dipodomyicola and P. palitans (Frisvad et al., 

2004).  Cyclopiazonic acid production is of special concern with A. oryzae and P. 

camemberti, since these fungi are used in various food fermentations (Nout, 2007).  

Aspergillus  oryzae is sometimes considered a domesticated form of A. flavus (Kurtzman et 

al., 1986) and P. camemberti is sometimes considered a domesticated form of P. commune 

(Polonelli et al., 1987). 
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Aspergillus flavus has been the most intensively studied of the CPA-producing fungi, 

because of its major importance in aflatoxin contamination of agricultural produce.  

Aflatoxins and CPA commonly co-occur in A. flavus-infected crops (Urano et al., 1992).  

Populations of A. flavus can be divided into subpopulations called vegetative compatibility 

groups (VCGs) in which individuals within a VCG, but not from different VCGs, are capable 

of forming stable hyphal fusions (Bayman and Cotty, 1991; Horn and Greene, 1995).  Fungal 

vegetative compatibility is controlled by a series of het loci whose genes must all be identical 

for stable fusions to occur (Leslie, 1993).  Because the het loci are scattered throughout the 

genome, VCGs provide an effective multilocus measure of genetic diversity within 

populations.  In A. flavus populations, strains vary greatly in their capacity to produce CPA, 

and most of this variation is reflected in differences among VCGs (Horn et al., 1996).  This 

variation in CPA production within populations is especially apparent when examined in 

relation to the ability of strains to produce aflatoxins.  Horn and Dorner (1999) examined 

aflatoxin B1 and CPA production by soil isolates of A. flavus collected along a 3300-km 

transect extending from Virginia to New Mexico, USA.  Both aflatoxin B1 and CPA 

production by isolates in Virginia and North Carolina were significantly less than other 

regions along the transect.  Among 774 A. flavus isolates from the entire transect, 71.7% 

produced both aflatoxin B1 and CPA, 16.3% produced neither mycotoxin, 12.4% produced 

only CPA and 0.6% produced only aflatoxin B1.  The relative amounts of these four 

mycotoxin profiles differ in populations sampled from other regions of the world (Barros et 

al., 2005; Giorni et al., 2007; Riba et al., 2010). 

 

In A. flavus, CPA is synthesized by proteins from a gene mini-cluster adjacent to the 

aflatoxin gene cluster on the right arm of chromosome 3 (Yu et al., 2004; Chang et al., 2009).  

Gene deletion is one possible mechanism for generating diverse mycotoxin profiles in A. 

flavus.  For example, the CPA and aflatoxin gene clusters are completely missing in non-

toxigenic NRRL 21882 used in the biocontrol formulation Afla-Guard®.  The aflatoxin 
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cluster is partially deleted in AL3-9 which still makes CPA, and a partial deletion of the 

aflatoxin cluster can also include the entire CPA cluster as observed in non-toxigenic TX13-5 

(Chang et al., 2005; Moore et al., 2009b).  Alternatively, loss of CPA and aflatoxin 

production may be due to deleterious mutations in critical pathway genes.  For example, a 

nonsense mutation in pksA has been shown to render the biocontrol strain AF36 non-

aflatoxigenic (Ehrlich and Cotty, 2004), although it can still produce CPA.  In this case, a 

recombination event between the CPA and aflatoxin clusters in AF36, or related strains 

containing the pksA nonsense mutation, could potentially prevent CPA biosynthesis.  A 

specific case in point is A. flavus K49 (Abbas et al., 2011).  In contrast to AF36, strain K49 

does not produce CPA, although both strains are vegetatively compatible, which suggests 

that they share a recent common ancestor.   

 

In the laboratory, A. flavus has been shown to be functionally heterothallic (Ramirez-Prado et 

al, 2008) and to undergo sexual reproduction when strains from different VCGs are crossed 

(Horn et al., 2009).  Because strains that undergo parasexual reproduction are usually from 

the same VCG, it is unlikely that the different mycotoxin profiles for K49 and AF36 are the 

result of mitotic crossing over during parasexuality.  Instead, the mycotoxin profile 

differences are more consistent with sexual reproduction and a recombination event between 

the CPA and aflatoxin clusters of parental strains.  DNA sequencing has shown that both K49 

and AF36 have the pksA nonsense mutation (Carbone, unpublished data), which supports a 

common origin of these strains.  Results from array comparative genome hybridization 

(aCGH) also show that K49 has a full CPA cluster (Figure 4), which suggests that loss of 

CPA production in K49 may be due to deleterious mutations or short insertion/deletion 

mutations that are undetected on the array.  Similar hybridization patterns were observed in 

the CPA cluster and in subtelomeric regions of AF36, which was isolated in Arizona, and in 

NRRL 29507, which was isolated in Georgia, USA, and makes both aflatoxins and CPA 

(Horn et al., 1996).  These results suggest that AF36 is potentially a recombinant between a 
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K49-like parent and a NRRL 29507-like parent.  In a previous study, we showed that AF36 

and NRRL 29507 share the same multilocus haplotype in the CPA cluster gene dmaT, the 

aflatoxin cluster intergenic region aflW/aflX, and a non-cluster gene mfs, which is adjacent to 

the sugar cluster (Moore et al., 2009a,b).  The DNA sequence conservation between AF36 

and NRRL 29507 is consistent with the similarities observed in these regions in the aCGH 

data (Figure 4).  The relative contributions of gene deletions, loss-of-function mutations and 

sexual recombination to mycotoxin diversity in nature is unknown and merits further 

investigation. 

 

D.10 Conclusions 

In the 50 years which have passed since the outbreak of “Turkey X” disease, tremendous 

progress has been made in control of aflatoxin-producing strains, particularly in the last 

decade.  Use of non-aflatoxigenic strains of A. flavus to competitively displace aflatoxin-

producing strains has emerged as the best management practice for reducing aflatoxin 

concentrations, and has lead to commercially registered products, first in cotton (2003), then 

in peanut (2004) and now in corn (2008).  It was only in the last few years that the sexual 

stage of A. flavus has been described (Horn 2009), and the implications of this for aflatoxin 

biocontrol and A. flavus ecology and population biology are now being explored.  Multi-

agency, multi-state, large-scale field trials are underway to determine the extent of aflatoxin 

reduction that is possible and how to best incorporate biocontrol into standard agricultural 

practices.  During this period of rapid progress, the need exists to continually evaluate the 

overall safety of biocontrol products and to understand their overall impact in the 

agroecosystem.  
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Table D.1.  Phenotypic, genotypic, and chemotaxomic characteristics of Aspergillus flavus strains used in the study comparing 

efficacy at reducing aflatoxin and cyclopiazonic acid (CPA) contamination of harvested corn kernels.   
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 AF 36  

  18543 

Cotton Seed None YV36 Mutation Functional 4.1 ND 190 None White None 

 K49  

  30797 

Corn Kernels None YV36 Mutation Mutation  4.1 ND ND None White None 

 CT3 

  30798 

 None     ND 220    

  

Toxigenic:  

 Air  

 

Air-borne 

dust 

 

None 

  

Functional 

 

Functional 

4.1 9,660 7.4 Blue Yellow Pink 
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  58976 

 F3W4  

 30796 

Soil Large  Functional Functional 3.8 5,359 11.1 Blue Yellow Pink 

 Insects  

  58988 

Insect None  Functional Functional 4.1 5,526 4.3 Blue Yellow Pink 

 K54  

  58987 

Corn Kernels Large  Functional Functional 3.9 5,437 9.3 Blue Yellow Pink 

 

 Rice  

  58975 

Rice Seed None  Functional Functional 3.9 3,770 8.0 Blue Yellow Pink 

Soybean  

  58974 

Soybean Seed None  Functional Functional 3.9 7,738 7.4 Blue Yellow Pink 
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a Number following the name of the strain is the assignment of the Northern Regional Resource Laboratory (NRRL) culture 

collection 

b Sclerotia were observed after incubation for two weeks on potato dextrose agar. 

c Vegetative compatibility group, as determined by Horn et al., (1995) 

d UV, pigment and reaction with ammonia from Abbas et al., 2004a. 

* The status of the aflatoxin and CPA biosynthetic gene cluster is from Cotty and Bhatnager 1994; Ehrlich and Cotty 2004; Moore 

et al., 2009a and previously unpublished data.  Strain 21882 has a large a deletion in the short arm of chromosome 3.  Additional 

mutations in 30797 and 18543 are presently being characterized. 

** CPA concentrations observed in corn kernels, grown under standard field conditions and artificially inoculated with the 

indicated strain (Abbas et al., 2011; Abbas et al., 2008b) 
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Table D.2.  Effect of co-inoculation with K49 on total aflatoxin levels and recovery of toxigenic strains in harvested corn kernels 

after inoculation with single toxigenic Aspergillus flavus strains from various sources and a mixture of toxigenic strains in field 

studies at Stoneville, Mississippi Delta farm 2009* 

 4 days after inoculation 8 days after inoculation 12 days after inoculation 16 days after inoculation 

Straina Aflatoxin 

(ppb) 

% 

Toxigenic 

Strains 

Aflatoxin 

(ppb) 

% 

Toxigenic 

Strains 

Aflatoxin 

(ppb) 

% 

Toxigenic 

Strains 

Aflatoxin 

(ppb) 

% 

Toxigenic 

Strains 

         

Uninoculated 

Control 

0 

 

3 

 

980 

 

27 2,863 

 

25 3,921 

 

35 

K49 0 0 2 3 6 3 7 4 
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58976 ND ND ND ND 44,800 77 88,083 85 

58976 + K49  

ND 

 

ND 

 

ND 

 

ND 

 

852 

 

18 

 

1,106 

 

20 

         

F3W4 1,019 97 11,135 78 13,349 40 16,465 35 

F3W4  

 + K49 

 

11 

 

16 

 

131 

 

21 

 

150 

 

23 

 

188 

 

25 

58988 ND ND ND ND 41.315 85 42,001 80 

58988  

 + K49 

 

ND 

 

ND 

 

ND 

 

ND 

 

5,849 

 

28 

 

10,411 

 

53 
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K54 4,537 97 38,553 97 28,443 73 54,907 83 

K54  

 + K49 

 

77 

 

19 

 

316 

 

15 

 

340 

 

5 

 

559 

 

13 

58974 ND ND ND ND 47,988 76 68,540 95 

58974  

 + K49 

 

ND 

 

ND 

 

ND 

 

ND 

 

780 

 

12 

 

673 

 

10 

Mixb ND ND ND ND 32,533 75 64,627 78 

Mix 

 + K49 

 

ND 

 

ND 

 

ND 

 

ND 

 

1,322 

 

8 

 

2,426 

 

22 
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* Aflatoxin concentration at 16 days after inoculation from Abbas et al., 2011.  Others previously unpublished.  Results are mean 

of 3 replicates. 

a Full descriptions of strains are given in Table 1.  Indicated strains of A. flavus were artificially inoculated into immature corn ears 

(25-30 days after mid sliking) via pin-bar method (Abbas et al., 2008a).  Where two strains are listed, corn was co-inoculated with 

both strains.  

b Mix consisted of a mixed inoculum of equal amounts of all toxigenic strains (58976, F3W4, 58988, K54 and 58974).   
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Table D.3.  Comparison of the efficacy of three major non-aflatoxigenic strains of Aspergillus flavus on aflatoxin levels in corn at 

various time regimes when co-inoculated with two toxigenic strains (F3W4 and K54) using pin-bar inoculation technique in 2008 

at Stoneville, Mississippi Delta Farm 

 AF36* AF36 

+K54 

AF36 

+F3W4 

21882 21882 

+ K54 

21882 

+F3W4 

K49 K49+ K54 K49 

+F3W4 

K54 F3W4 

DAI** Aflatoxin levels (ng g-1) 

4 5 h   577 gh    227 gh  6 h 370 gh   59 h  2 h   110 h  63 h 3,105 f 11,919 a 

8 6 h 1,582 g    786 g  6 h 573 gh 144 gh  6 h   540 gh 260 gh 16,984 d 11,723 a 

12 5 h 4 583 e 1,795 ef 13 h 978 gh 169 gh 10 h 1,129 gh 517 gh 31,913 c 10,099 b  

16 7 h 4,476 e 1,521 f  2 h 970 gh 303 gh 15 h 1,076 gh 564 gh 49,413 b 6,564 c 

20 9 h 3,867 ef 2,257 de  6 h 980 gh 204 gh 11 h 1,633 g 472 gh 59,607 a 2,808 d 
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Mean 6 3,017 1,317   7  774  176   9    897 375  3,2,204 8,622  

            

 

Mean of three replicate blocks. Means of values for columns and rows followed by the same letter do not differ significantly at the 

95% confidence level using Student’s t-test.  Adapted from Abbas et al., 2011.   

*Compete strain names and descriptions given in Table1. 

**DAI = Days after inoculation. 
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Figure Legends 

 

Figure D.1.  Chemical structures of two mycotoxins produced by Aspergillus flavus:  

aflatoxin B1 and α-cyclopiazonic acid.   

Figure D.2.  Cyclopiazonic acid concentration in corn after pin-bar inoculation with 

Aspergillus flavus strains in single and mixed inocula measured 16 and 20 days after 

inoculation (DAI).  Values with the same upper or lowercase letter are not significantly 

different. 

Figure D.3.  Effect on aflatoxin levels in harvested corn kernels after co-inoculating corn ears 

by the pin-bar method with varying ratios of non-aflatoxigenic Apergillus flavus strain K49 

and aflatoxigenic strain F3W4 in two years at two field sites.  Aflatoxin values were 

normalized to 100 for the maximum observed aflatoxin concentration in each site-year.  The 

dashed line indicates the anticipated value based on an equally competitive, two-strain 

model.   

 

Figure D.4. Graphical representation of aCGH data for AF36, K49 and NRRL 29507 based 

on hybridization of total genomic DNA to whole genome A. flavus Affymetrix GeneChip 

microarrays (Payne et al., 2008).  All probe sets for genes between the telomere on the right 

arm of chromosome 3 up to the CPA cluster, the adjacent aflatoxin cluster genes and 
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intergenic regions, and the flanking sugar cluster genes are shown ordered by their physical 

location on chromosome 3R.  The heat map and corresponding color scale for the 

telomeric/subtelomeric region were automatically generated using the imagesc function in 

Matlab (MathWorks Inc., Natick, MA).  In the heat map a blue color indicates weak 

hybridization, which may be due to many mismatches with the target DNA, or possibly gene 

deletion.  We calculated the sum of squared differences (SSD) between AF36 and K49 (b1-

b2) and between NRRL 29507 and K49 (w-b2).  The SSD is a simple measure of similarity 

between AF36, K49 and NRRL 29507.  For each probe, we examined a window of 100 

probes above and below the probe.  If the probe coincides with a recombination breakpoint, 

then we would expect b1-b2 for the 100 probes above the putative breakpoint and w-b2 for 

the 100 probes below the putative breakpoint, to be either unusually high or low. The test 

statistic is plotted on the scale adjacent to the heat map and is calculated as b1-b2 SSD for the 

first 100 probes plus w-b2 SSD for the last 100 probes and normalized between 0 and 1 by 

dividing by the total SSD.  Two crossovers can be discerned in the plot of the test statistic 

values.  First, AF36 is identical to NRRL 29507 from 2911.m00745 to aflP, where it then 

starts to show greater similarity to K49 in a region that spans aflP to aflT, which includes the 

nonsense mutation in pksA (= aflC).  A second putative crossover in the aflF/aflU intergenic 

region results in AF36 being more similar to NRRL 29507 in the CPA cluster and 

subtelomeric regions. 
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Figure D.2 
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Figure D.3 
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Figure D.4 
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