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Abstract
Most fungal species from marine environments also live on land. It is not clear whether these fungi
reach the sea from terrestrial sources as spores or other propagules, or if there are separate ecotypes
that live and reproduce in the sea. The emergence of marine diseases has created an urgency to
understand the distribution of these fungi. Aspergillus flavus is ubiquitous in both terrestrial and
marine environments. This species is an opportunistic pathogen in many hosts, making it a good
model to study the relationship between genetic diversity and specificity of marine fungi. In this
study, an intraspecific phylogeny of A. flavus isolates based on Amplified Fragment Length
Polymorphisms (AFLPs) was used to determine if terrestrial and marine isolates form discrete
populations, and to determine if phylogeny predicts substratum specificity. Results suggest lack of
population structure in A. flavus. All isolates may compose a single population, with no clade
particular to marine environments.
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Introduction
Fungal species in the sea are defined as either obligately marine or facultative: “Obligate
marine fungi are those that grow and sporulate exclusively in a marine or estuarine habitat;
facultative marine fungi are those from freshwater or terrestrial milieus able to grow (and
possibly also to sporulate) in the marine environment” (Kohlmeyer & Volkmann-Kohlmeyer
2003; Shearer et al. 2007). Facultative marine fungi may be carried to the sea by wind, rain or
runoff. Given that some are very common in the sea, they may include populations that have
evolved adaptations to grow in marine environments, eventually becoming obligately marine.
There are certainly precedents for this: colonization of the sea by fungi has happened many
times independently (Hibbett & Binder 2001).

The emergence of marine diseases has created an urgency to understand the role and origin of
the microbiota associated with marine organisms (Harvell et al. 2007; Rosenberg et al.
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2007). Studies of fungi associated with corals have mainly focused on aspergillosis disease of
sea fans (Gorgonia ventalina). This disease has been attributed to Aspergillus sydowii, a fungus
common in soils (Geiser et al. 1998b), though this finding has recently been questioned
(Toledo-Hernández et al. 2007, 2008; Zuluaga-Montero et al. 2010). There is a debate about
how inoculum of A. sydowii reaches the Caribbean; the leading theory is that the inoculum is
terrestrial, comes from the Sahel, and crosses the Atlantic in dust clouds (Weir-Brush et al.
2004). However, there is evidence for distinct marine and terrestrial populations: marine strains
caused aspergillosis when inoculated into sea fans whereas terrestrial strains could not (Geiser
et al. 1998b), and carbon utilization profiles showed differences between marine and terrestrial
strains (Alker et al. 2001). On the other hand, DNA fingerprints based on microsatellites failed
to distinguish between marine and terrestrial strains of A. sydowii (Rypien et al. 2008).

In the present study, we used Aspergillus flavus as a model species to address this marine vs.
terrestrial debate. A. flavus is ubiquitous in terrestrial environments and it is increasingly clear
that it is ubiquitous in marine environments as well (Koh et al. 2000; Morrison-Gardiner
2002; Zuluaga et al. 2010). Its high salt tolerance and wide range of substrata makes it a logical
candidate to adapt to life in the sea. A. flavus has been extensively studied as an opportunistic
pathogen in chronic and invasive pulmonary and systemic infections, especially in immune-
compromised patients (Hedayati et al. 2007). It can also cause disease in a broad range of
organisms other than humans, including birds, insects and plants (Raper et al. 1965; Leger et
al. 2000). In addition, A. flavus produces aflatoxins - secondary metabolites that are potent
carcinogenic and immunosuppressive toxins in animals when ingested, and pose a significant
threat to human health (Pitt 2000; Yu et al. 2005). This fungus frequently invades susceptible
crops such as corn, cotton, peanuts and tree nuts before or after harvest, causing aflatoxin
contamination (Cotty et al. 1994).

Aspergillus flavus, together with other congenerics, is commonly isolated from marine
substrata, including sponges (Holler et al. 2000), sclerectinian corals (Kendrick et al. 1982),
and soft corals (Koh et al. 2000). We found A. flavus is common in diseased tissue of the sea
fan Gorgonia ventalina in Puerto Rico, suggesting a possible role in sea fan aspergillosis
(Toledo-Hernández et al. 2008; Zuluaga-Montero et al. 2010). However, the biology of marine
isolates of A. flavus has scarcely been explored.

In the present study, we used Amplified Fragment Length Polymorphisms (AFLPs) to identify
intraspecific relationships among A. flavus isolates from terrestrial and marine sources. We
tested the hypothesis that marine isolates will be more closely related to other marine isolates
than to terrestrial isolates, suggesting that some clades have adaptations for life in the sea. On
the other hand, if the source of marine isolates is terrestrial input, marine isolates are not
expected to form distinct clades. In addition, we tested the hypothesis that isolates from
diseased tissue of sea fans form a clade apart from isolates from healthy tissue, which would
suggest that certain genotypes are associated with disease.

Materials and Methods
Fungal isolates and DNA sequencing

Thirty isolates of Aspergillus flavus were obtained from different environmental sources (Table
1). Isolates from seawater and from healthy and diseased sea fan (Gorgonia ventalina) tissue
were collected from different reefs around Puerto Rico (Zuluaga-Montero et al. 2010). Other
isolates from soil, dried, green coffee beans and air were included for comparison. All isolates
were cultured on Glucose Peptone Yeast Agar (GPYA, Difco Labs) incubated at 25 °C and
transferred to liquid medium (potato-dextrose broth) for DNA extraction.
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DNA was extracted using a Plant Mini Extraction Kit (Qiagen Sciences). To ensure that all
isolates were Aspergillus flavus, the nuclear ribosomal ITS region was amplified using primers
ITS 1F and ITS 4 (White et al. 1990; Gardes & Bruns 1993), and sequenced in the University
of Puerto Rico Sequencing and Genotyping Facility (UPR SGF). Sequences were assembled
and manually examined for errors using Sequencher software (version 3.1), and aligned using
CLUSTALX (Version 1.8, Thompson et al. 1997) in BioEdit 7.0 with default settings (full
multiple alignment, 1000 bootstrap replicates on NJ tree).

AFLPs
Genomic DNA (250 ng) was digested with EcoRI and MseI restriction enzymes, and adapters
were ligated to the fragments following instructions of the AFLP Microbial Fingerprinting Kit
(Invitrogen). Pre-selective amplification used EcoRI and MseI universal primers (Voss et al.
1995). Selective amplification used 10 primer combinations with two additional nucleotides
(Eco-Mse): CC-AC, CC-CA, CC-CC, CC-CG, CC-CT, CG-CA, CG-CG, CG-AC, CG-AG,
and CG-GA (Table 2). These combinations were chosen because they showed a high number
of polymorphisms when 33 primer combinations were compared in preliminary tests
(unpublished data). EcoRI primers were fluorescently labeled with FAM (Applied
Biosystems). An aliquot of the selective amplification product was mixed with 1.0 μl of
Genescan-500 ROX (6-carboxy-x-rhodamin) length standard and analyzed on an ABI Prism
310 Genetic Analyzer (Applied Biosystems) in the UPR SGF.

Fragments between 90 and 510 bp were scored as either present or absent using GeneMapper
software version 3.5 (Applied Biosystems). For each primer combination, a default AFLP
analysis was used to generate a panel that assigned allele markers (bins); peak height threshold
was set at 100 and the bin assignment and allele calls were reviewed manually for accuracy of
identification of dimorphic alleles (see Karudapuram & Larson 2005). Seven isolates were run
twice (including culturing, DNA extraction, AFLP and analysis) for three different AFLP
primer combinations, to test reproducibility and consistency of results. The results were
reported as a binary matrix of presence-absence of dimorphic alleles. A neighbour-joining
distance analysis (NJ) was performed with PAUP (Version 4.0b 10, Swofford 2002), and the
resulting tree was visualized as an unrooted phylogram. For additional support, a Jackknife
with heuristic search was done with 50% deletion of the total characters. In addition, a
maximum parsimony analysis (Swofford 2002) was done to find the most parsimonious tree
(MPT) using 100-replicate heuristic search and all characters with equal weight. Bootstrapping
for NJ and parsimony was done with 1000 replicates. Since MPT and NJ trees were almost
identical, the MPT was chosen to test the monophyly hypotheses: (1) that isolates from diseased
gorgonian tissue form a monophyletic group, and (2) that marine isolates form a monophyletic
group. For this, a constraint tree with either disease-associated isolates or marine-isolated
isolates forced to group as a single clade was drawn using McClade (Madison & Madison
1992). Significant differences between the two topologies for each hypothesis were tested with
a Templeton test (Wilcoxon signed-ranks) implemented in PAUP.

Population differentiation was assessed by grouping the samples by source (diseased sea fan
tissue, healthy sea fan tissue, seawater, soil, other). Wright’s F statistics (FST) (Whitlock &
McCauley 1999) were calculated with Structure 2.2.3 (Falush et al. 2007). The K values (1-4)
were estimated on the log likelihood score and posterior probability of K (Pritchard et al.
2007). Structure was set as follows: length of burn in period = 1 million; number of iterations
for the Markov Chain Monte Carlo (MCMC) = 300,000; an admixture model was chosen with
lambda constant. Correlated allele frequencies among populations were assumed, and
information on the population origin was not used.
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Results
Phylogenetic relationships estimated by AFLPs and ITS sequence analysis

There was little variation in ITS sequence among isolates. Only two haplotypes with only one
base pair difference were found across all samples. The highest BLAST hits in GenBank were
A. flavus, with in most cases >98% similarity.

A total of 323 variable AFLP markers were detected among 30 isolates using ten primer
combinations, which generated between 19 and 59 polymorphic alleles each (Table 2). When
different cultures of the same isolate were compared as a control, results were identical. The
NJ tree and maximum parsimony tree had similar topologies (Figs.1, 2). The bootstrap and
jackknife analyses showed >90% support for many nodes. Differences among individuals was
between 3%-50% (minimum=9, maximum=167). Three pairs of closely related isolates (B1-
B2, A3-A4, and H7-H8) were isolated from the same place and the same substratum, but no
two isolates were identical. The population genetic analysis showed low levels of
differentiation among isolates from different substrata (Fst = 0.002).

Many highly supported nodes included both marine and terrestrial isolates (Fig. 1). The
hypothesis of a monophyletic origin of marine isolates was rejected by the Templeton
(Wilcoxon signed-ranks) test (T=83.5, P=0.0001, the constraint topology being 970 steps
longer than MPT.

The second hypothesis of monophyly, isolates from diseased tissue forming a single clade, was
also rejected. The constraint topology was 169 steps longer than MPT (1108 steps) (Wilcoxon
signed-ranks test, T=1048.5, P<0.0001).

Discussion
AFLPs provided sufficient resolution to differentiate all Aspergillus flavus isolates tested.
Some evidence of clonality was expected in isolates from the same place and substratum, as
reported for A. flavus isolates from a single cotton field in Arizona (Bayman & Cotty 1993),
but this was not observed. Isolates of A. flavus with identical multilocus haplotypes were
isolated from soil populations in Arizona and Texas (Grubisha & Cotty 2010). The fact that
identical haplotypes were isolated in that study but not the present study may reflect the much
more intensive sampling done by Grubisha & Cotty (2010), the greater resolving power of
AFLPs compared to microsatellites, or both. One advantage of AFLPs is the high number of
polymorphic characters that can be generated - 323 in this study.

All samples, including marine and terrestrial isolates, comprised one population, with no
specific clade significantly more common in sea fans (Figs. 1, 2). This suggests that the high
prevalence of A. flavus in marine substrata is not due to particular adaptations in any clade of
A. flavus, but rather to its weediness and ability to colonize a wide range of substrata. Similarly,
no clade was particularly associated with diseased sea fan tissue vs. healthy tissue. This neither
precludes nor supports the idea that A. flavus may be an opportunistic pathogen of sea fans
(Toledo-Hernández et al. 2008) and it does not support the hypothesis that the strains found
in diseased tissue have particular adaptations for pathogenesis compared to strains found in
healthy tissue. As pathogens, A. flavus strains appear to be generalists: when strains isolated
as pathogens from humans, insects and plants were inoculated into insect larvae and corn
kernels, there was no evidence of adaptation to certain hosts (Leger et al. 2000).

In general, there is a lack of information regarding fungi in marine ecosystems. For instance,
it is unknown whether Aspergillus sporulates in the water (Smith et al. 1996; Shinn et al.
2000) or how long it can survive pelagically. However, Aspergillus spores and mycelial
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fragments are capable of growth under simulated deep-sea conditions (Damare et al. 2008). It
is assumed that Aspergillus colonies in the sea are the accidental result of the arrival of inoculum
from land, and that the most common species are basically terrestrial (Geiser et al. 1998b), a
theory which is supported by the lack of differences between marine and terrestrial isolates
found here. In terrestrial environments, A. flavus produces numerous airborne conidia, which
are readily dispersed by wind, water and insects (Abarca 2000). However, since the ocean lacks
barriers for microbial dispersion, the rate of dispersal in the sea can be faster than in terrestrial
systems, due to strongly directional ocean currents that run along the coastlines (McCallum et
al. 2003).

The lack of population structure of A. flavus in this study suggests there is sufficient gene flow
to prevent population differentiation among different places and substrata. This supports the
classical theory of microbial biogeography most succinctly stated by Bass-Becking in 1934:
“Everything is everywhere; the environment selects” (Whitfield 2005, Martiny et al. 2006).
This theory holds that species of microorganisms, because of their small propagule size and
tremendous capacity for dispersal, may grow wherever environmental conditions favor them--
in contrast to larger organisms, whose populations show more biogeographic structure.

However, recent studies have challenged “everything is everywhere” based on extensive
sampling of natural populations and improved taxonomic resolution. While some well-known
species of free-living ciliates do indeed appear to be everywhere, many consist of similar but
distinct, geographically restricted groups (Foissner et al. 2008). However, the issue is still in
dispute: according to ciliatologist Bland Finlay, “There is no biogeography for anything smaller
than 1 millimeter” (Whitfield 2005). In fungi, in contrast, multiple gene genealogies and a
phylogenetic species concept have shown biogeographic structure and endemism in many fungi
previously thought to be universally distributed (Jacobson et al. 2004; Aa et al. 2006; Taylor
et al. 2006). A notable exception cited by Taylor et al. (2006) is Aspergillus fumigatus, which
is truly cosmopolitan (Pringle et al. 2005; Rydholm et al. 2006). Lack of geographic population
structure has also been reported for a closely related species, A. sydowii (but sample size for
this study was more restricted) (Rypien et al. 2008). These Aspergillus species share features
such as high production of conidia, rapid growth and weediness (ruderal characteristics) that
promote ubiquity and cosmopolitanism. A. flavus shares these features and apparently belongs
to this group of species whose distributions support ‘everything is everywhere.’ Although A.
flavus may contain cryptic species (Geiser et al. 1998a), a single clade defined by high
resolution markers such as AFLPs can include isolates from substrata as diverse as soil and
sea fan tissue (Figs. 1, 2). Facultative marine fungi provide an interesting test for the ‘everything
is everywhere’ theory.
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Figure 1.
Unrooted neighbour-joining trees of Aspergillus flavus showing distribution of of marine
isolates (MA) vs. terrestrial (TR). The tree is based on presence/absence of 323 AFLPs.
Bootstrap and Jackknife values ≥ 90% are represented by (**).

ZULUAGA-MONTERO et al. Page 8

Fungal Ecol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Unrooted neighbour-joining trees of Aspergillus flavus based on AFLPs. Letters represent the
substrata from which isolates were collected: (SW) seawater, (DT) diseased sea fan tissue,
(HT) healthy sea fan tissue, (SO) soil, (OT) other sources.
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Table 1

Isolates of Aspergillus flavus used in this study with substratum, site of isolation and GenBank accession number
of ITS sequence.

# ID isolate Substratum Site of isolation GenBank accession number

A1 coffee PR HM167490

A2 algae PR EU645653

A3 air, walnut orchard Wolfskill, Winters, CA HM167491

A4 Soil, walnut orchard Wolfskill, Winters, CA HM167492

B1 Soil PR HM167494

B2 Soil PR EU645681

B3 Soil Nigeria HM167488

B4 Soil Nigeria HM167489

B5 Soil Nigeria HM167495

DT1 Diseased sea fan tissue PR HM178946

DT2 Diseased sea fan tissue PR EU554579

DT3 Diseased sea fan tissue PR EU554578

DT4 Diseased sea fan tissue PR

DT5 Diseased sea fan tissue PR EU554582

DT6 Diseased sea fan tissue PR EU554577

HT1 Healthy sea fan tissue PR EU554586

HT2 Healthy sea fan tissue PR HM167496

HT3 Healthy sea fan tissue PR HM167497

HT4 Healthy sea fan tissue PR HM178947

HT5 Healthy sea fan tissue PR HM167499

HT6 Healthy sea fan tissue PR EU554573

HT7 Healthy sea fan tissue PR HM167500

HT8 Healthy sea fan tissue PR HM167501

HT9 Healthy sea fan tissue PR HM167502

SW1 Seawater PR EU645713

SW2 Seawater PR EU645706

SW3 Seawater PR EU645692

SW4 Seawater PR EU645703

SW5 Seawater PR EU645702

SW6 Seawater PR HM167493
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Table 2

Different primer combinations of AFLPs used in this study with the number of polymorphic alleles analyzed. (-)
means combinations not used.

Mse \ Eco CA CC CG

AC - 39 -

CA 35 41 23

CC - 19 -

CG - 32 31

CT - - -

AG - 59 24

GA - - 20
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