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PHLYOGENETIC ANALYSIS OF ASPERGILLUS AND RELATED FUNGI

BASED ON MITOCHONDRIAL CYTOCHROME OXIDASE I

By

Shaunte' Hulett-Abdin, M.S.

Texas Southern University, 2010

Professor Hector Miranda, Advisor

Microorganisms are hypothesized to experience rapid rates of mutation in space

due to microgravity and ionizing radiation. As an initial effort to test the relative rates to

which certain genes evolve under space-like conditions, we reviewed the usefulness and

reliability ofmitochondrial cytochrome oxidase 1 (Cal) gene in resolving the

evolutionary relationships ofAspergillus and related fungi. The objectives of this study

are to 1) characterize the mitochondrial Cal gene ofAspergillus and related fungi, 2)

align the homologous sequences of Cal genes across the selected taxa, and 3) conduct

phylogenetic analysis using parsimony, distance methods, and maximum likelihood.

Most recently, the 600 bp region of the 5'end of the Cal gene was proposed to be

the ideal marker for barcoding eukaryotes. However, several investigators have suggested

potential problems associated with the use of Cal gene as a universal marker for fungi.

Of those, they include failure to resolve closely related taxa and extensive overlap of
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intra- and interspecific diversity. The universality of the gene is also questioned

by reports of the prevalence of mobile introns across many fungal groups. We

investigated the utility of COl gene in discrimination between species, between strains

and between geographic isolates.

We sequenced 5 species from ATCC, plus an unknown culture obtained from

environmental samples. For the analyses, alignments were done using Geneious Pro

(Biomatters, Ltd., New Zealand). Final alignments were exported in nexus file format.

Using PAUP©4blO, we conducted phylogenetic analyses thru Maximum Parsimony

(MP), distance method using Neighbor-Joining, and Maximum Likelihood (ML).

Support for nodes were estimated using nonparametric bootstrap and were done

for MP, distance and ML analyses. The substitution model ofmolecular evolution used

was Jukes-Cantor.

Our preliminary analysis suggested the following observations. 1) The conflict in

the utility of COl as barcoding marker reflects the lack of taxonomic stability within

Fungi at the intra- and inter- species level. There is a need to expand geographic sampling

oftaxon to further test the validity of current classification. 2) No intron was observed

within the short barcode region (600 bp) among the samples we investigated.
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CHAPTERl

INTRODUCTION

Phylogenetic analysis is essential to accurately identify of the fungal species.

These results yield a wealth of information, including the relatedness of varying species.

The taxa, Aspergillus and other related fungi, have been traditionally identified based on

stringent taxonomic guidelines based solely on morphology. More recently, biodiversity

studies on DNA sequences provided a significant advance to fungal taxonomy and

systematics (Seifert et al., 2007). As a consequence, molecular phylogenetics has

uncovered many cryptic species in a number of taxa. Modem molecular technologies

have come with the highly developed bioinformatics infrastructure that allows ready

access and exchange of data on a worldwide scale.

There exists a need for economical, quick, and precise methods of identifying

fungi on a global scale that will be widely acceptable. Although, there are about 1.5

million species of fungi estimated to exist, less than 10% have been formally described

(Hawksworth, 1991,2001,2004). The overwhelming majority of fungi are probably

undescribed. The case for a DNA-based identification system is evident. DNA

barcoding has been suggested as a possible identification system for fungal species

(Seifert et al., 2007; Min et al., 2007: Kubicek et al., 2008). The most popular molecular

marker in fungal identification and phylogenetic reconstruction, at present, is the

Intergenic Transcribed Spacer (ITS) region (Seifert 2009). However, it is difficult to
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align, which restricts its use for phylogeny reconstruction. The most compelling reason

to look for additional markers is that a phylogeny based on a single gene or region may

actually track the evolution of the gene and not the species or lineage (Hillis et al. 1996).

Thus, a search for markers within the fungal genome that possess resolving power to

discriminate within and among species and augment the utility of the ITS region is

important.

DNA Barcoding

DNA barcoding is based on a relatively simple concept that effective, broad­

spectrum identification systems can be based on sequence diversity in short regions of

DNA (Hebert et al., 2003; Blaxteret al., 2005; Savolainen et al, 2005). Once a barcode

can be recognized as an accurate identifier for a species, it can be compiled in a public

bioinformatic library. This would provide a "one-stop-shop" for identifying species in a

cost effective manner. Certain criteria should be met when deciding on a DNA sequence

as an identifier. DNA sequences should be orthologous in the examined organisms, and

variable enough to allow species identification, with low levels of intraspecific variation

(Hebert et al., 2003). A DNA barcode should be easily accessible, relatively short,

simple to sequence, and easily alignable with no recombination (Geiser, et al., 2007). As

an identification system for animal life, the mitochondrial gene cytochrome c oxidase 1

(COl) was shown to be highly effective (Hebert et al., 2003), and it delivered species­

level resolution in more than 95% of taxa from test sets of different animal lineages

(Ward et al., 2005 & Smith et al., 2005). In response to those initially promising results,

large interest in assessing the utility of this 648 bp region with other organisms was

generated. Scientists have tested its usefulness in resolving divergence amongst species
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offish (Ward et al., 2005), various arthropods (Smith et al., 2005), birds (Hebert et al.,

2003), mammals (Hajibabaei et al., 2007), algae (Saunders et al., 2005), and most

recently fungi (Seifert et al., 2007). COl, however, failed to resolve taxonomic issues

within most plant species due to the slow evolving rate in higher plants (Kress et al.,

2005). While initial studies have been published regarding the effectiveness of COl as a

species identifier with the fungus Penicillium (Geiser et al., 2007), its cousin,

Aspergillus, has not yet been adequately evaluated using this same gene.

Aspergillus

Little information is available regarding complete fungal mitochondrial genomes.

Scientists are diligently sequencing mitochondrial DNA (mtDNA) of fungus in the hope

of making the sequences available in genetic databases. Consequently, recent studies

have described the difficulty in doing so due to the presence of mobile introns

(Santamaria et al., 2009).

We examined various species from the genus Aspergillus (Trichocomaceae,

Eurotiales, Ascomycetes, Ascomycota). This genus is part of a phylum of monophyletic

filamentous fungi more commonly known as mold and reproduces asexually. Aspergilli

possess immense ecological and metabolic diversity. The fungus aids in pharmacological

studies as well as agricultural and food industries (Bennett, 2010). Clinical reports have

also found Aspergillus to be pathogenic. Its virulence varies among species, and the

diseases that it causes, defined as aspergillosis, range from mild allergic symptoms to

life-threatening illnesses (http://www.aspergillus.org). Currently around 250 molds

found across the globe in various environments are attributed to the diagnosis of

aspergillosis (Bennett, 2010 & http://www.aspergillus.org).
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Multilocus and single locus phylogenetic studies have been conducted in

Aspergillus (Geiser et al., 2007). The mtDNA genome was not included in those

investigative studies. Regions of the nuclear genome investigated include, ribosomal

RNA and p-tubulin, and they were found to suffer from recombination of genetic

information (Geiser et al., 2007). Mitochondrial genes are not susceptible to these

problems. Given the diversity of the phenotypes of this genus, which may actually

outnumber that which is uncovered by sequence analysis, a standard mode of

identification is necessary. As a result, Aspergillus is a prime candidate for investigating

the efficacy of COl as a barcode.

I conducted a pilot analysis of COl sequences from various Aspergillus and

related fungal species BLASTed from GenBank, Aspergillus species cultured in the lab

and an unknown isolate collected from the ventilation system at Texas Southern

University. The amplified sequences were aligned and pairwise sequence divergences

were estimated. Finally, phylogenetic trees were constructed using parsimony, distance

methods, and maximum likelihood.



CHAPTER 2

RELATED LITERATURE

Investigations

One case study examined the effectiveness of barcode markers in Fungi.

Santamaria et al., expressed a need to develop a cost-effective identification system for

fungal species (Santamaria et al., 2009). They looked at the incidence ofmobile introns

said to have a negative effect on resolving divergence issues within the mitochondrial

genome. The group was able to ascertain that a bioinformatic analysis of Ascomycota

was very accurate (Santamaria, et al., 2009). Although the mitochondrial genome is

peppered with introns, differentiation of species was still possible. The full Nicotinamide

Adenine Dinucleotide (NADH) dehydrogenase subunit 6 (ND6) displayed

distinguishable polycistronic regions. Thus literature suggests the mitochondrial gene

ND6 as a potential barcoding candidate.

In another study, Penicillium was the test case for the investigation, where the

utility of COl as the primary barcode region for Penicillium was tested (Seifert et aI.,

2007). The sequence patterns of many fungal taxa were examined for differences in the

alignment. These initial results showed COl to be effective in resolving divergence

questions (Seifert et a!., 2007). Primers were then designed to amplify COl sequences

for isolates from the family Trichocomaceae. Although the group anticipated issues with

mobile introns, they determined that is was not a problem in the assessment of the

experiment. Only 2 of the 370 Penicillium strains tested contained introns. Out of 58
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species, 38 formed cohesive assemblages with distinct Cal sequences sharing

involving known species complexes (Seifert et al., 2007). The intraspecific divergence

of the Penicillium species averaged 0.06%, less than the two other loci tested, Internal

Transcribed Spacer (ITS) and Beta Tubulin (BenA). In addition to those findings, the

interspecific divergence was approximately 5.6% which could be compared to ITS but

less than BenA at 14.4%. While BenA provides greater taxonomic resolution between

species, CO 1 requires a simpler amplification and alignment process.

Geiser et al. scrutinized various taxonomic practices for identification of

Aspergillus (Geiser et al., 2007). Physiological characters often show differences that

reflect phylogenetic species boundaries, and greater emphasis should be placed on

extrolite profiles and growth characteristics in species descriptions (Geiser et al., 2007).

They looked at multilocus sequencing of the genus to determine if it provides accurate

species recognition. Their findings stated that Cal is not suitable for black Aspergilli

identification. The investigation suggested that partial �-tubulin and calmodulin are more

promising markers for identification ofAspergillus (Geiser et al., 2007).

Several experiments suggested that Cal showed relatively low levels of

variability to be useful for plant identification and barcoding (Kress et al., 2005). Three

criteria were set for the appropriate genetic loci; 1) significant species-level genetic

variability and divergence, 2) an appropriately short sequence length so as to facilitate

DNA extraction and amplification, and 3) the presence of conserved flanking sites for

developing universal primers.

In an effort to find a correspondence between traditional species boundaries

established by taxonomy and those inferred by DNA barcoding, Hebert et al. sequenced



7

DNA barcodes of 260 of the 667 bird species that breedin North America (Hebert et aI.,

2004). They found that every single one of the 260 species had a different COl sequence.

130 species were represented by two or more specimens; in all of these species, COl

sequences were either identical or were most similar to sequences of the same species.

COl variations between species averaged 7.93% whereas variation within species

averaged 0.43% (Hebert et al., 2004). In four cases, there were deep intraspecific

divergences, indicating possible new species. Three out of these four polytypic species

are already split into two by some taxonomists (Hebert et al., 2004). Theses results

reinforced the view that COl is an important barcode region and strengthened the case for

its use in DNA barcoding.

In another study, the red macroalgae employed DNA barcoding. Marine

macroalgae is known to be extremely difficult to identify for numerous reasons.

Although, the morphology and anatomy of the organism is very simple, rampant

convergence, phenotypic plasticity, and alternation of heteromorphic generations

contribute to its complex nature and difficulty of its proper identification (Saunders,

2005). COl was used extensively with fitting results. Novel primers were developed for

red algae sequencing 50 COl 'barcode' regions and used to assess three known enigmatic

and confusing species-complex questions involving: 1) Mazzaella species in the

Northeast Pacific, 2) species of the genera Dilsea and Neodilsea in the Northeast Pacific,

and 3) Asteromenia peltata from three oceans (Saunders, 2005). In all cases, the DNA

barcode resolved the phylogeny accurately, identified confusing species identities, and

turned up a variety of novel observations in need of further taxonomic investigation

(Saunders, 2005).
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Recently the efficacy of COl for DNA barcodingfocused on the neotropical

skipper butterfly Astraptesfulgerator at the Area Conservacion de Guanacaste (ACG) in

north-western Costa Rica. This species was already known as a cryptic species, due to

subtle morphological differences, as well as an unusually large variety of caterpillar food

plants. However, several years would have been required for taxonomists to completely

describe and delimit species within the complex (Hebert et al., 2004). The group

sequenced the COl gene of 484 specimens from the ACG. This sample included at least

20 individuals reared from each species of food plant, extremes and intermediates of

adult and caterpillar color variation, and representatives from the three major ecosystems

where Astraptes fulgerator is found (Hebert et al., 2004). The findings concluded that

Astraptes fulgerator consists of 10 different species in northwestern Costa Rica. Brower

et al., (2005) pointed out numerous flaws in the analysis, and, subsequently challenged

these results. It was concluded that the original data could support no more than the

possibility of three to seven cryptic taxa rather than ten cryptic species (Brower, 2005).

This highlights that DNA barcoding analysis is dependent upon the choice of analytical

methods used by the investigators, so the process of delimiting cryptic species using

DNA barcodes can be as subjective as any other form of taxonomy.

Opposition

DNA barcoding has been met with spirited reaction from scientists, especially

systematists, ranging from enthusiastic endorsement to outright opposition (Rubinoff et

al., 2006). For example, many scientists stress the fact that DNA barcoding does not

provide reliable information above the species level; others indicate that it is inapplicable

at the species level but may still have merit for higher-level groups (Whitworth et al.,
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2007). Others resent what they see as a gross oversimplification of the science of

taxonomy. Furthermore, some suggest that recently diverged species might not be

distinguishable on the basis of their COl sequences (Kerr et al., 2003). Recently, 23% of

animal species were found to be polyphyletic if their mtDNA data are accurate, indicating

that using mtDNA as a barcode to assign a species name to an animal will be ambiguous

or erroneous 23% of the time (Funk et al., 2003; Meyer et al., 2005). Studies with insects

suggest an equal or even greater error rate due to the frequent lack of correlation between

the mitochondrial genome and the nuclear genome or the lack of a barcoding gap

(Whitworth et al., 2007; Hurst et al., 2005; Wiemers et al., 2007). Problems with mtDNA

arising from male-killing microorganisms and cytoplasmic incompatibility-inducing

symbionts are also particularly common among insects (Johnston et al., 1996). Given that

insects represent over 75% of all known organisms, this suggests that while mtDNA

barcoding may work for vertebrates, it may not be effective for the majority of known

organisms.



CHAPTER 3

DESIGN OF THE STUDY

GenBank Search

An initial search of all the completed cor genes for Aspergillus made available in

GenBank were downloaded. The same was repeated for three Penicillium species,

Penicillium verrucosum, Penicillium viridiatum, Penicillium vulpinum, and Talaromyces

trachysphermus. The Aspergilli sequences were then scrutinized for multiple sequences

within a species. Aspergillus niger and Aspergillus tubingensis both had abundant

sequences available. Three samples each of the Aspergillus niger and Aspergillus

tubingensis species were retained with the Aspergillus samples for a total of 19

downloaded genomic sequences from GenBank. The remaining sequences were not used

for this study. The files were saved as FASTA files and exported to Geneious Pro©

(Biomatters, Ltd. New Zealand).

Culturing Isolates

Five (5) isolates ofAspergillus and one (1) unknown isolate named "Vent Green"

completed the number of subjects for which cor sequences were analyzed in the study.

The Aspergillus isolates were obtained from the American Type Culture Collection

(ATCC) and the Vent Green sample was acquired from the Texas Southern University

Science Building ventilation system. These strains were cultured on malt extract and

potato dextrose agar.
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The malt and potato agar were prepared by adding 33.6 g and 39g respectively to

1.0 liter ofpurified water. Agar was heated to a boil and stirred for 1 minute to

homogenize the mixture. The agar was then autoclaved at 121 ° C for 15 minutes. Once

the agar cooled, it was plated in a sterile hood and left to solidify. Isolates were

cultivated and then grown at 30°C for 4-7 days in an incubator.

DNA Isolation

The MO Bio UltraClean™ Microbial DNA Isolation Kit was used to isolate DNA

from the fungal isolates. With each isolate, 1.8 ml of the fungal culture was added to a

2ml collection tube and centrifuged for 30 seconds at 10,000 x g at room temperature.

The supernatant was decanted, and the tubes were spun once again for 30 seconds at

10,000 x g. Using a pipet tip, the supernatant was completely decanted leaving behind a

pellet of microbial cells. The cell pellet was resuspended in a 300J.lI solution that

contains a salt buffer that stabilizes and homogenously disperses the microbial cells prior

to lysis. The solution was then vortexed and transferred to a tube of microbeads. To lyse

the cells, 50J.lI of Solution MD 1 containing sodium dodecyl sulfate (SDS) and other

disruption agents are added. On a flat-bed vortex, the microbead tubes were secured and

vortexed at maximum speed for 10 minutes. To separate the cell debris from the DNA,

they are centrifuged at 10,000 x g for 30 seconds at room temperature. The supernatant

was once again transferred to a clean 2 ml collection tube. 100 J.lI of Solution MD2, a

reagent that removes contaminating non-DNA organic and inorganic material, was added

to increase DNA purity for downstream DNA applications. It is then vortexed for 5

seconds, incubated at 4°C for 5 minutes, and centrifuged at 10,000 x g for 1 minute at

room temperature. Avoiding the pellet containing contaminated matter, the supernatant
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was transferred to a clean 2 ml collection tube. 900 ul of a highly concentrated salt

solution, MD3, was added to the supernatant and vortexed for 5 seconds. 700f.!1 of the

solution was loaded onto a spin filter provided in the MO Bio kit and centrifuged for 30

seconds at 10,000 x g at room temperature. The flow through was then discarded. The

remaining solution loaded onto the spin filter and centrifuged. The residual flow through

was discarded. About 300 ul of solution MD4 was added to the spin filter tube and

centrifuged at room temperature for 30 seconds at 10,000 x g. This binds DNA to the

membrane and the ethanol-based solution ofMD4 removed residues of salt left in MD3.

The flow through was then discarded. The spin filter tube was centrifuged at room

temperature for 1 minute at 10,000 x g to remove the ethanol wash. The spin filter was

removed and placed into a clean 2 ml collection tube. About 50 ul of solution MD5

elution buffer was added to the center of the white filter membrane, promoting release of

bound DNA. After a 30 second spin at 10,000 x g, the spin filter was discarded and

genomic DNA was kept refrigerated.

Polymerase Chain Reaction

The extracted DNA was diluted to a concentration of 1: 1 00 in preparation for

downstream Polymerase Chain Reaction (PCR). PCR primers used followed Seifert et al.

(2007). There were three species of the family Trichocomaceae with Cal sequence

designed primers (1), Penicillium marneffei and two Aspergillus species. The conserved

regions of interest were rather AT-rich. One forward primer (PenF1, 5'­

GACAAGAAAGGTGA-TTTTTATCTTC) (Seifert et al., 2007) hybridizes at site 104.

The reverse primer hybridizes at site 674 (reverse primer AspR1 5'­

GGTAATGATAATAATAATAATACAGCTG) (Seifert et al., 2007). PCR
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amplifications of genomic DNA from five species of the phylum Ascomycota, namely: A.

clavatus ATCC 10058, A.foetidus 10061, A. giganteus ATCC 10059, A. tamarii ATCC

1005, A. terreus ATCC 10020, and Vent Green Texas Southern University Science

Building Ventilation System was done. The high success rate shows that the species of

Penicillium used to design the forward primer, is phylogenetically related to Aspergillus.

Downstream PCR amplification was done utilizing the following parameters.

PCR reactions were performed in 50-J.lI volumes containing 5.0 J.lI ofPCR-grade water,

25.0 J.lI of Amplitaq Gold (Applied Biosystems), 5.0 J.lI of each primer (4 J.lM), and 5.0 J.lI

of DNA extract. The cycling conditions had a hold step of 5 minutes at 95°C, 38 cycles

of denaturing time of 15 seconds at 95°C, annealing for 15 seconds at 55°C, and 40

seconds at 70°C, followed by 10 minutes at 72°C.

Gel Electrophoresis

A portion of the amplicons was run on a 1.5% agarose gel at 60 volts for 45

minutes. To produce the agarose gel, 300 ml of Tris-Acetate-EDTA (TAE) was added to

4.5g of agarose gel. Heat was applied to the mixture to homogenize the substances. Once

the gel cooled, 5.0 ul of ethidium bromide was added to 30 ml ofthe sti1lliquefied gel.

The gel was then poured into an electrophoresis tray containing combs to form the wells.

After 15-20 minutes, the combs were removed and the gel was prepared for loading.

About 5�1 of the <l>X174 DNAlHae III digest marker was used as the standard in lane one.

Blue loading dye was added for visualization during the electrophoretic run. Once

completed, the gels were placed in the Kodak 212 Gel Imaging System for analysis.

Distinct bands around the 500-600 bp marker region indicated successful amplification.

The samples were then prepared for DNA purification.
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DNA Purification

The peR product was purified in preparation for sequencing using the

Wizard© peR Preps DNA Purification System. About IOOf.l1 of Direct peR Purification

Buffer was dispensed into a tube. About 30-300 ul of the peR product was added.

After vortexing, 1 ml of resin was added, and againvortexed briefly to mix. About lrnl

of resin was added and vortexed briefly 3 times over a I-minute interval. The syringe

barrel was attached to the minicolumn. The minicolumn /syringe barrel was inserted into

the vacuum manifold. Resin/DNA mix was added to the syringe barrel. A vacuum was

applied to pull the liquid through the minicolumn. When all the liquid passed through the

minicolumn, the vacuum was released. 2 ml of 80% isopropanol was added to the syringe

barrel. The vacuum was applied to pull the solution through the minicolumn. Resin was

dried by continuing to apply the vacuum for 30 seconds. The syringe barrel was

removed, and the minicolumn was transferred to a 1.5 ml microcentrifuge tube. The

microcentrifuge tube was centrifuged at 10,000 x g for 2 minutes. The minicolumn was

transferred to a clean 1.5 ml microcentrifuge tube. 50 ul of nuclease-free water was

added to the minicolumn. The minicolumn was centrifuged at 10,000 x g for 20 seconds

at room temperature. DNA was then stored at -20°e.

DNA Sequencing

SeqWright (Houston, Texas) provided sequencing for all peR products.

Sequencing reactions were performed in both directions by using the peR primers PenF 1

and AspRl. Sequencing products were run on an Applied Biosystems 3730 DNA

analyzer.



15

SeqWright started with a mixture of template DNA, deoxynucleotides (dNTPs),

DNA Polymerase, and primers PenFl and AspRl. Limited quantities of

dideoxynucleotides (ddNTPs) were also added. These 4 ddNTPs (ddATP, ddGTP,

ddCTP, and ddTTP) were each fluoresced with a different color and lacked a 3' hydroxyl

group (OH). In the absence of the 3'OH group, the ddNTPs terminated elongation of the

DNA strand.

The DNA template was denatured with applied heat. It was prepared as a single

strand. The primer annealed to its compliment on the template. As the temperature

cooled, a double strand formed with the template and primer. DNA polymerase attached

to the 3' end of the primer to "read" the template.

Chain elongation proceeded normally until, by chance, DNA polymerase inserted

a ddNTP instead of the normal dNTP. Some DNA strands succeeded in adding several

hundred nucleotides before insertion of the dideoxy version halted the process.

At the end of this incubation period, gel electrophoresis was used to separate the

fragments by size. Each of the ddNTPs fluoresced a different color when illuminated by

the laser and a scanner printed out the sequence.

Sequence Analysis

Using Geneious Pro© (Biomatters, Ltd. New Zealand), the sequences were

assembled, edited, and aligned to find regions of similarity. Then, they were compared

against the consensus identity for divergence. The phylogenetic relatedness was assessed

and mapped using the bioinformatic program Phylogenetic Analysis Using Parsimony

(PAUP©).



CHAPTER 4

RESULTS AND DISCUSSION

Gel Electrophoresis

In the study, the PCR products were amplified in a 1.5% agarose gel. The

amplicons were present around the 550-600 bp position when compared to the marker.

This is consistent with the expected length for COL

603 bp

Figure 1: Electrophoresis Gel of

Aspergillus fungal isolates -

16
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Chromatograms

DNA sequence chromatograms were assembled, with both forward and reverse

primed sequences assembled as one consensus sequence. Aspergillus clavatus is

represented in figure 2. Beginning at the 30th base, the graph showed distinct peaks with

the exception at the 33rd and 559th base positions. The letter N indicated these

ambiguities.

Aspergillus foetidus displayed in figure 3 illustrated distinct peaks in the sequence

beginning at the 31 st base position. A. foetidus had fewer ambiguities than that ofA.

clavatus.

The chromatogram ofAspergillus giganteus had a flawless reading frame starting

at the 33rd base position. There were no uncertainties regarding the sequence of the

isolate in figure 4.

In the representation ofAspergillus tamarii found in figure 5, the sequence

became less clear beginning at the 25ih base position. There were several ambiguities

and the quality of the bases lessened. This was evident by the darkening of the

highlighted bases.

Figure 6, was relatively devoid of uncertainties and contains high base quality.

The last few bases were undetermined; however, Aspergillus terreus was a sound sample.

The chromatogram of the unknown isolate, Vent Green (fig. 7), illustrated an

intact COl sequence. There were several bases that have low base quality, but overall,

the sequence was useable for this study.
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Each of the five sequences were subjected to Basic Local Alignment Search Tool

(BLAST) search (Altschul et al., 1990) to confirm sequence homology to archived

sequences deposited in Genbank (http://www.ncbi.nlm.nih.gov). Ofthe five sequences,

A. foetidus appeared to be questionable and unreliable, as the sequence resulted in 100

percent similarity with A. niger. A. terreus was 100 percent similar to archived A. terreus,

and both were monophyletic in all the phylogenetic analysis.

Figure 2: Chromatogram ofA. clavatus COl sequence
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110 20 no 140 ISO 160 170 80 90 200

�'�
TGGTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTTTCTTCATGGTTATGCCAGCTTTAATCGGAG

360
I

370
I

380
I

190
I

400
I

MMM'APMNMM NifM MJk 'A M N& ���fI fIiiM A M A
TTATTTGTATTCTCTGCAGCAATAGAAAATGGTGCAGGTACAGGATGAACTCTTTATCCTCCTTTATCAGGAATACAATCACACAGTGGACCAAGTGTTGA

Figure 3: Chromatogram ofAfoetidus CO 1 sequence
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GATTTAGCAATATTCGGTTTACACTTAAGTGGAATTAGTAGTATGTTAGGTGCTATGAACTTCATAACAACTATCTTAAATATGAGAAGTCCTGGTATACG

Figure 4: Chromatogram ofA. giganteus COl sequence
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!SO
I
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I

400
I

A AT G T TCTCTG AA T T T G C G G

Figure 5: Chromatogram ofA. tamarii CO 1 sequence
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TG TAATTTCTTATTACCATTATTAGTAGGAGGTCCTGATATGGCATTCCCTAGATTAAATAATATT TTTCT ATTATTAGTTCCTAGTTTATTATTAT

llO m no HO llO 160 m 380 390 400
____

I
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M'.M fN& A All tJk tJj�� A fwM A lif\ NifwI
TTGTATTCTCAGCTACTATAGAAAATGGTGCTGGTACAGGTTGAACATTATATCCACCTTTATCAGGAATACAATCTCACAGTGGACCTAGTGTTGATTTA

m ill rn ill ill �
�����--��----��--�I----�I----�I----�I�--�I�--�I�-

.• ,MN'f\tNifIM A d{W\ M rM MA A tIM �fvVWY\�.M NM lfDM Nfffu
GCAATTTTTGGTTTACACTTAAGTGGTATTAGTAGTATGTTAGGTGCTATGAACTTCATTACAACTATATTAAATATGAGAAGTCCTGGTATACGTTTACA

540 550
I I

Figure 6: Chromatogram ofA. terreus COl sequence
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T TTA TTT G TAATAiGTACTG ATTTTCAGTATTGATTA ACTAGAATTATCAGGTCCAGGA

Figure 7: Chromatogram ofunknown isolate "Vent Green"
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Fungal Alignment

The base sequences from the chromatograms were aligned in Geneious Pro© and

compared against the consensus identity for divergence. Figure 8 showed the region

containing 110-203 bases. The Aspergillus species provided little to moderate diversity

within the alignment. The familial cousins of the Aspergillus genera Penicillium and

Talaromyces were more consistent in their variation at the same gene in question. At

points such as the 131 st
position, there is no consensus as to what base is to be

represented at the location.

1
1 Consensus

!Identity
!I:+A.braslliensis 'AAGATTAGAATTATCTGGACC

II:+A.costaricaen
... 'AAGATTAGAATTATCTGGACC

1:+ A. ellipocus 'AAGATTAGAATTATC TGGACC
I:+A. foetidus 'AAGATTAGAATTATC TGGACC
1:+A.laClicoffeatus 'AAGATTAGAATTATC TGGACC

II:+A.niger 'AAGATTAGAATTATCTGGACC

� I:+A.nigervoucher 'AAGATTAGAATTATCTGGACC

� I:+A.nigervouch ..• 'AAGATTAGAATTATCTGGACC

�
I:+A.nomius ' AGATTAGAATTATCTGG.!!'CC
I:+A. terreus 'AAGATTAGAATTATC TGGACC
I:+A. tubingensis 2 'AAGA TTA GAATTA TC TGGACC
I:+A. tubingensis3 'AAGATTA GAATTATC TGGA C C
I:+A. tubingensis 4 'AAGATTAGAATTATC TGGACC
�.A.ustus AGATTAGAATTGTC GG CC
I:+A. vandensis 'AAGATTAGAATTATC TGGHC
�.A.clavatus_coxl 'AAGATTAGAATTATC GGACC

120 BO 140 150 160 180 190 200

�.A.foetidus_coxl 'AAGATTA GAATTATC TGGACC

GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT

GTGTTCAATATAT G GATAACCAATTATATAATAGTATAATIACGGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATGT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT

GTGTTCAATATAT ·C GATAACCAATTATATAATAGTATAATAACAGCTCATGC�T ATGATGATIT
GTGTTCAATATATIGCTGATAACCAATTATATAATAGTATAAT ACAGCTCAIGCTAT ATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT

G GTTCAATATATAGCGGATAAICAAITATATAATAGTAT�TAACAGCTCATGC T ATGATGAT T
GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT

GTGTTCAATATAT C GATAACCAATTATAIAATAGTATAAT ACAGCTCAIGCTATTATGATGATTT

GTGTTCAATATATAGCTGATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT

GATAACCAATTATA�ATAGTATAAT ACAGCTCAIGCTAT ATGATGATTT

C GATAACCAATTATATAATAGTATAATAACAGCTCATGCTATTATGATGATTT

CTGATAACCAATTATATAATAGTATAAT ACAGCTCAIGCTAT

I:+A.giganteus_(. .. 'AAGATTAGAATTATC GGACC

l:+A.tamarii_coxl 'lIAGATTA GAA TT.!!' TC TGGA CC

l:+A.terreus_coxl 'AAGATTAGAA TTA TC TGGA CC

I:+Penicillium_ve...•AGATTAGAGTTATCTGG CC GTGT CAATATATA C GAIAA CAATTATATAATAGTATAATAACAGCGCATGCTAT
�.Penidllium_vir....AGATTAGAGTTATCTGG CC GTGT CAATATHAlc GAIM CAGTTATAT.I\ATAGTATAATAACAGCGCATGCTAT

I:+Penicillium_vul... AGATTAGAATTATC GG CC GTGTTCAATATATAIC GATAA CAATTATATAATAGTATAATIACAGC CATGCTAT TGATGATTTI
�.Talaromyces_t... 'AAGATTAGAATTATC GIACCGGGTGT CAATATATIGCTGATMCCAATTATAT.I\A TAG TATAA TAACAG CTCATG CTATT T ATGAT

TTl�.VentGreen AGAITAGA.!ITTATC GG CC G GT CAATATATA C GATAA CAGTTATATAATAGTATA.rITAACAGC CATGC ATTITGATGATTT

Figure 8: Fungal COl alignment
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Phylogenetic Trees

The dataset was analyzed in three different optimality criteria using PAUP© 4.0

(Swofford 2002). All analyses were unrooted making no assumptions about the ancestry

of the fungal samples. Parsimony analysis in figure 9 showed A. tamarii sister to A.

nomius. That clade was basal to A. terreus clade. A. clavatus was sister to A. giganteus,

and that clade was basal to the A. terreus clade. The lower region of the clade showed

that the unknown isolate of "Vent Green" was clustered basal to the Penicillium genera.

This is interesting in that it showed a relatedness of the unknown to Penicillium.

In the neighbor joining tree of figure 1 0, A. tamarii was sister to A. nomius (99

percent bootstrap support), and that clade was sister to the monophyletic A. terreus.

Basal to that clade, was the sister group ofA. giganteus and A, clavatus.

Bootstrap analyses with 1000 repetitions provide strong supports for the

Penicillium clade, including the Vent Green at 100 percent. The Penicillium group was

monophyletic with the unidentified "Vent Green" clustering basal to Penicillium

vulpinum /P. verrucosum /P. viridicatum, and basal to that group. This suggests that

'vent green" most probably belongs to the Penicillium clade. Whether Penicillium and

Aspergillus represent two distinct clades or one is still unclear.

The maximum likelihood tree in figure 12 showed similar patterns as with the

distance tree. These patterns include the polyphylety ofA. niger, the monophyly ofA.

terreus sequenced and A. terreus from Genbank, and the monophyly ofA. giganteus and

A. clavatus.

The three Aspergillus niger sequences obtained from Genbank formed a

polyphyletic group, with one A. niger clustering with A. foetidus, and another A. niger
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clustered with A. vandensislA. brasiliensis. This ambiguous positions of the three A. niger

from Genbank supports the notion that a significant amount of fungal information in

Genbank is either erroneous, misclassification or contamination (Nillson et al. 2006;

Bridge et al. 2003)

TalaromycesJrachyspermus
A. ustus

---- A. ellipticus
A. niger voucher

-�......- A.foetidus_coxl
A. niger voucher 2

---- A foetidus
------ A. tubingensis 3

-------- A. tubingensis 2

A. lacticoffeatus
A. costaricaensis

---- A. tubingensis 4

A. vandensis

A brasiliensis
'------------- A. niger

A nomius

A.tamarii�coxl
Aterreus�coxl
A. terreus

A.clavatuuox 1

Agiganteus_coxl
'----------------------- Vent Green

Penicillium�verrucosum

Penicillium
�
viridicatum

�-------------------------hnkil�my��num

Figure 9: Maximum Parsimony Tree from fungal data set
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Penicillium_viridicatum
Penicillium�verrucosum

----- Penicillium=vulpinum
------ Vent Green

A. ustus

Talaromyces=trachyspermus
---------- A ellipticus

A terreus

Ateneusjoxl
A. tamanicox 1

A. nom ius

Agiganteus_cox 1

Aclavatus=cox 1
----------------- A.foetidus_coxl

A. niger voucher
A. foetidus

---- A. niger voucher 2

A costaricaensis

A lacticoffeatus
---- A tubingensis 4

A vandensis
A. brasiliensis

---- A niger
\.,_.------------------------ A. tubingensis 2

\.,_.--------------------------- A. tubingensis 3

Figure 10: Neighbor Joining Tree from fungal data set using Jukes-Cantor model

nreps=1000
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A. tubingensis 4

A costaricaensis

A lacticoffeatus
A. tubingensis 2

Penicillium=vulpinum
Penicillium

_
verrucosum

Penicillium
_

viridicatum

Vent Green
A. ustus

Talaromyces _ trachyspermus
A terreus

Aterreuscoxl
A. nomius

A.tamarii_coxl
A. clavatus_cox 1

A.giganteus�coxl
A ellipticus
A. vandensis
A brasiliensis
A. tubingensis 3

A niger
A niger voucher

A. niger voucher 2

A. foetidus
_

cox 1

A. foetidus
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A niger voucher 2

A foetidus

A foetidus
_

cox 1

A. niger voucher

A costaricaensis

A lacticoffeatus
------ A tubingensis 4

,__------ A tubingensis 3
------- A tubingensis 2

A brasiliensis
A vandensis

--------- A niger
A ustus

Talaromyces _ trachyspermus
----- A. ellipticus

Atamarii_coxl
A nomius

A terrsuscox 1

A. terreus

A giganteus _

cox 1

A.clavatus_coxl
-------------------- Vent Green

----------------------- Penicillium_vulpinum
-----------------------�hnic�umyeIToco�m

----------------------------�nicill�my��ic�um

Figure 12: Maximum Likelihood Tree from the fungal data set using Jukes­

Cantor Model
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CHAPTERS

SUMMARY, CONCLUSIONS AND

RECOMMENDATIONS

Fungal identification is imperative, based on the extensive need to appropriately

classify the 1.5 million fungal species. It is the critical first step in biological research.

Proper identification will allow the investigator to understand and assess the socio- and

ecological roles fungi play in the environment.

Through DNA barcoding, COl has proven to resolve divergences among some

eukaryotes. This study attempted to analyze the utility of COl as a DNA barcode for

Aspergillus and related fungi. As it turns out, the sequences can be used to develop DNA

barcode libraries for the complete taxonomic group.

During the course of this study, many difficulties were encountered. One is the

fidelity of the published oligonucleotide primers (Geiser et al., 2007). Although the PCR

worked well with most of the taxa assayed, a large proportion of those sent for

sequencing came back with undistinguishable chromatograms. This observation also

applies to fungal sequencing efforts based on another gene used in the lab- the Internally

Transcribed Spacer (ITS) region (unpublished). Several sources of sequencing difficulty

may include: 1) a less stringent and less effective method of genomic isolation, 2)

presence if inhibitory nucleases in fungal genomic samples that inhibit the amplification

of target genes, or 3) non-optimal PCR parameters. It is recommended that new sets of

primers should be designed that should work on a broader taxonomic range.

31
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Despite reports of the presence ofintrons within COl among fungi (Seifert et al.,

2007), this was not observed in the five samples that we successfully sequenced. My

preliminary data suggests that COl can potentially be useful for identification and

phylogenetic reconstructions of fungi. However, a far larger dataset for sampling is

needed to ascertain this observation. Moreover, other loci of the mitochondrial genome

should also be investigated.
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