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Abstract Aspergillus flavus is the second leading cause of
allergic, invasive, and colonizing fungal diseases in humans,
and also the second most frequent organism associated with
avian infections. Currently, it is not known whether there is a
link between the environmental isolates and/or human isolates
of A. flavus and those responsible for aspergillosis in birds.
Microsatellite typing was used to analyze 29 A. flavus clinical
and environmental avian isolates and 63 human clinical iso-
lates collected from patients with a variety of aspergillosis
diseases. The combination of all six markers yielded 77 dif-
ferent genotypes with a 0.98 D value. A. flavus genotypes
obtained from avian isolates were compared with those
obtained from human clinical and environmental samples.
The standardized indices of association IA and rBarD were
significantly different from zero (p<0.01), suggesting a pre-
vailing clonal reproduction. There was high genetic diversity
between the hospital and poultry environments of A. flavus
isolates. The human environmental population was signifi-
cantly differentiated from environmental and clinical avian

populations (Fst>0.25). The avian clinical subpopulation ex-
changed few strains with the environmental human
(Nm07.24) and avian (Nm06.60) populations. The minimum
spanning tree analysis identified three A. flavus genotype
clusters that were highly structured according to the isolation
source (p<10−4).

Introduction

Aspergillus is a ubiquitous, saprophytic mold that can be
isolated from a variety of habitats worldwide. In humans,
conidia can colonize the respiratory tract, causing pulmonary
infections, including bronchopulmonary aspergillosis, asper-
gilloma, and invasive aspergillosis (IA). In birds, respiratory
aspergillosis is considered as a major cause of morbidity and
mortality. A. fumigatus is a common pathogen in poultry and
captive wild birds, and an emerging opportunistic fungal
pathogen in immunocompromised humans.

A. fumigatus is the predominant etiological agent of
aspergillosis, followed by A. flavus [1–3]. A. flavus is the
second leading cause of allergic, invasive, and colonizing
fungal diseases in humans, and also the second most fre-
quent organism associated with avian infections. However,
in certain countries such as India, Saudi Arabia, Sudan, and
Tunisia, A. flavus is the predominant etiological agent [3–5].
To investigate the genetic and epidemiological relationship
between environmental and clinical isolates, typing methods
with high discriminatory power must be applied.

The epidemiology of human IA hospital outbreaks has
been investigated by several groups [6–8]. Moreover, previ-
ous molecular typing studies have showed that there was a
high variability among A. flavus avian isolates and multiple
genotypes recovered from healthy and diseased birds [9–11].
However, the relationship between environmental isolates
and/or human isolates of A. flavus and those responsible for
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aspergillosis in birds remain unknown. This study aimed to
examine the genetic structure of human and avian populations
of A. flavus isolates using microsatellite DNA markers.

Methods

Human isolates

Sixty-three human clinical (HC) A. flavus isolates were
isolated from samples collected from 35 patients with as-
pergillosis (19 with IA, six with sinusitis, eight with otomy-
cosis, and two with keratomycosis) hospitalized in Habib
Bourguiba or Hédi Chaker Hospital, Sfax, Tunisia. Eleven
human environmental (HE) isolates were isolated from sam-
ples collected in the room (tables, air conditioners, etc.) of
patients with IA hospitalized in the hematology ward as
described elsewhere [12]. Briefly, in four patients (P2, P8
[12] and P34, P27) with IA, an identical genotype was found
in clinical and environmental isolates. Isolates from P2 were
collected during the same month3 days apart (15, 18, and
21.05.09). The isolates from P8 were collected the same day
(11.06.05). Isolates collected with an interval of 2 and 3
days had a similar genotype in P34 and P27, respectively.

Avian isolates

Seven clinical (AC) and 22 environmental (AE) A. flavus
isolates were cultured from 25 lung biopsy samples and 150
environmental (egg shells, food, and litter) samples, respec-
tively. These samples were collected from chickens in a
poultry farm located about 15 km north of Sfax. One gram
of each litter or food sample was introduced in a tube con-
taining 10 mL of sterile water. After vigorous shaking, 1 mL
was inoculated onto a Sabouraud–chloramphenicol agar and
Czapek medium. Culture plates were incubated at 25 °C for
4 days. Samples from eggs were collected by swabbing.

Avian clinical isolates were isolated post mortem by plating
lung material from deceased chicks (birds number025)
obtained during aseptic necropsy.

Identification of the isolates and DNA isolation

These A. flavus strains were identified according to macro-
scopic and microscopic morphological characteristics and
the DNA sequence analysis of the rRNA ITS1, 5.8S, ITS2
region, as previously described [13].

Microsatellites typing

Six microsatellites (AFLA1, AFLA2, AFLA3, AFPM3,
AFPM 7, and AFPM1) were used to type A. flavus isolates,
as we have previously described [12].

Statistical analyses

The Simpson’s index of diversity (D) was computed for
each marker [14]. The genetic differentiation between both
populations was measured using the pairwise fixation index
(Fst) computed with the Fstat V2.9.3 software [15]. The
indirect estimates of gene flow were calculated using
Wright’s estimate Nm0(1−Fst)/4 Fst [16].

To determine the extent of clonality and recombination in
the different populations, the index of association (IA) and
rBarD were computed with Multilocus 1.3b software [17].
Both test the null hypothesis of no linkage disequilibrium,
which would indicate the absence of recombination. They
are expected to be zero if populations are freely recombining
and greater than zero if there is an association between alleles
(clonality). The rBarD statistic takes into consideration the
number of loci tested and is considered to be a more robust
measure of association.

Phylogenetic relationships were estimated based on mul-
tilocus genotypes using the minimum spanning tree
(MStree) method as implemented at http://pubmlst.org/.
The effect of covariates on the cluster distribution was tested
with the Chi-square test.

Results

Upon the analysis of 105 A. flavus clinical isolates, we
found a very heterogeneous genetic background and a total
of 77 distinct genotypes were obtained. Fifty-seven geno-
types were found once, five genotypes were found twice,
two genotypes were found three times, and one four times.
Ten to 19 distinct alleles were detected for each microsatel-
lite marker. The highest discriminatory power for a single
locus was obtained with the AFLA1 marker, which had 19
distinct alleles and a 0.91 D value. The combination of all
six markers yielded 77 different genotypes with a 0.98 D
value. The mean gene diversity over the microsatellite loci
was 0.79 and 0.77 for human and avian A. flavus popula-
tions, respectively.

Multilocus linkage disequilibrium

The standardized indices of association IA and rBarD (Table 1)
were significantly different from zero (p<0.01), indicating a
strong linkage disequilibrium between loci in each population.
Our results suggest that the prevailing mode of reproduction
of A. flavus in natural populations is clonal.

Population structure

In order to assess genetic diversity among the populations,
Wright’s fixation index (Fst) was calculated for each locus

Eur J Clin Microbiol Infect Dis

http://pubmlst.org/


for all pairwise combinations of the four populations of A.
flavus isolates (Table 2). A. flavus strain dispersal was also
estimated by the gene flow (Nm) (Table 2). Nm can be
interpreted as the effective number of migrants exchanged
between demes (or subpopulations) per generation [18]; Nm

is inversely related to Fst.
A little to moderate differentiation was observed be-

tween environmental and clinical A. flavus strains iso-
lated from either human or avian populations (Fst00.029
and 0.06, respectively). According to the Nm values
(Table 2), human clinical and human environmental
subpopulations shared more genotypes with a high mi-
gration rate (blastoconidia dispersion) (Nm011.38). The
avian (AC) and human (HC) clinical A. flavus popula-
tions showed important differences in their population
structure and exchanged very few A. flavus strains, as
indicated by their Fst (0.182>0.15; p00.00017) and Nm

values (Nm02.49). However, the human environmental
(HE) population was significantly differentiated from both
environmental (AE) and clinical (AC) avian populations (Fst
>0.25 [0.251 and 0.375, respectively]; p00.00017) with a low
migration rate (Nm02.09 and 7.24, respectively). We can,
thus, suggest that no clear differences exist between strains
isolated in the same localization (hospital or poultry farm). In
contrast, hospital environment and poultry A. flavus isolates
were highly differentiated.

Minimum spanning tree

In order to visualize the genotypic diversity, an MStree anal-
ysis of the 77 distinct multilocus microsatellite genotypes was
performed (Fig. 1). Three major clusters were observed. The
first cluster comprised 33 genotypes corresponding to 14 HC
isolates, 13 AC isolates, and six AE isolates. The second
cluster includes mainly HC (19) and HE (8) isolates. The third
cluster was composed of both HC (6) and AE (7) isolates. In
the dendrogram, genotypes corresponding to human environ-
mental isolates were clearly separated from avian isolates.

The Chi-square test results of the effect of covariates on
the cluster distribution are presented in Table 3. The isola-
tion site was significantly associated with genotype clusters
(p<10−4); particularly, cluster II included only human iso-
lates. Neither invasive disease (human and avian IA) versus
other sites (otomycosis, sinusitis, and keratomycosis) nor
the sampling site (poultry farm vs. hospital ward) were
significantly associated to the genotype cluster distribution.
Finally, the genotype clusters were significantly associated
(p<10−4) to the year when they were collected.

Discussion

Our study is the first investigation comparing the genetic
population structure of A. flavus provided by human and avian
aspergillosis infection. Since A. flavus is the most common
Aspergillus species in tropical countries to cause Aspergillus
infection [3–5, 19], there is a clear need for improved molec-
ular typing methods in order to study the genetic structure of
this fungus. Therefore, understanding the epidemiology, evo-
lution, and ability of this fungus to adapt should help in its
future management. The panel of six markers presented in this
study provides excellent discriminatory power for A. flavus
strains, dividing our 105 A. flavus strains into 77 genotypes.
Thus, microsatellite polymorphism analysis revealed a very
heterogeneous A. flavus population. Microsatellite-based typ-
ing has been described as a reproducible and discriminatory
typing technique for A. flavus strains [12].

Our study has some limitations. First, the number of
isolates included in this study is relatively low, thus, our
findings should be reproduced in further studies in order to
increase their evidence level. Another limitation of our
approach is that the high mutation rate among polymorphic
microsatellites markers may lead to underestimating subpop-
ulation divergence, because: (i) the maximum value that Fst
can attain is reduced when there are numerous alleles, as in
microsatellite markers, and (ii) the genetic homogeneity among
subpopulations can be overestimated (and the gene flow under-
estimated) because of microsatellite allele homoplasy that
results from reversion mutation. Because single nucleotide
polymorphism (SNP) loci are less susceptible to these effects,

Table 1 Multilocus linkage disequilibrium analysis in each Aspergillus
flavus population

Population No. of
isolates

No. of
haplotypes

Value for all
isolates

IA
a rBarDa

Human clinical 65 43 1.68 0.34

Human environmental 11 9 0.93 0.18

Avian environmental 22 19 0.76 0.15

Avian clinical 7 6 0.77 0.19

All isolates 105 77 1.50 0.30

a p<0.001 (1,000 randomizations)

Table 2 Pairwise Fst and Nm values for the studied populations

HC HE AE AC

HC – 0.029 p00.143* 0.109 p00.00017* 0.182 p00.00017*

HE 11.38 – 0.251 p00.00017* 0.375 p00.00017*

AE 5.72 2.09 – 0.060 p00.10267*

AC 2.49 7.24 6.60 –

HC human clinical; HE human environmental; AC avian clinical; AE
avian environmental

Fst (above diagonal), Nm (below diagonal)

*p-values calculated from 6,000 permutations
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they may provide better estimates of Fst and may give more
relevant information on reproduction [20]. However, to our
knowledge, SNPs have not yet been used to study the popula-
tion genetics in fungi. It would, thus, be useful to develop an
SNP-based typing scheme for further population genetic studies
in A. flavus.

Genetic population structure analysis of avian and human
clinical and environmental A. flavus isolates was carried out
in a geographic area restricted to the region of Sfax, Tunisia.
According to the Fst and NFm results, a low genetic diversity
in A. flavus with high migration rates (due to the airborne
dispersion of conidia) was observed between strains isolated
in the same localization (hospital or poultry farm). However,
A. flavus isolates collected from the hospital environment
were genetically different from these collected from farms.
This result was supported by the MStree, showing that
multilocus microsatellite genotypes corresponding to human
environmental isolates were clearly separated from avian
ones. Cell surface protein (CSP) typing and variable number
of tandem repeats (VNTR) analysis of A. fumigatus isolates
reported a clear separation according to their geographic
origin, rather than their respective hosts [21, 22]. However,
the VNTR analysis did not show a clear separation of A.
fumigatus isolates collected from birds living in two differ-
ent farms in the same department [21]. Recently, Wang et

Cluster I 

Cluster II 

Cluster III 

Fig. 1 Minimum spanning tree (MStree) generated from the analysis of 29 avian and 63 human Aspergillus flavus isolates

Table 3 Association of covariates with the three A. flavus genetic
clusters identified by minimum spanning tree (MStree) analysis

Clusters I II III p-value

n (%) 36 (35) 48 (46) 11 (15) –

Human isolates 44 % 100 % 55 % <10−4

Environmental isolates 36 % 23 % 45 % 0.16

Clinical isolates 64 % 77 % 55 % 0.16

Global site effect <10−4

Poultry farm 69 % 0 % 31 % –

Hédi Chaker Hospital 9 % 82 % 9 % –

Habib Bourguiba Hospital 58 % 11 % 32 % –

IA (human and avian) 15 % 75 % 11 –

Global year effect <10−4

2005 0 % 56 % 0 % –

2006 0 % 19 % 0 % –

2007 3 % 21 % 0 % –

2008 11 % 2 % 25 % –

2009 6 % 0 % 10 % –

2010 8 % 2 % 15 % –

2011 28 % 0 % 15 % –

2012 44 % 0 % 35 % –
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al., using the VNTR technique, evaluated 55 isolates from
Chinese avian farms and from a Tunisian hospital. The
clustering analysis revealed a clear geographical structuring
of A. flavus isolates [23].

In the hospital setting, the patient environment (tables, air
conditioners, etc.) is exposed to chemical or physical disin-
fection procedures aiming at destroying pathogens, including
fungi. This could exert a selective pressure on A. flavus genes
and might contribute to the genetic differentiation between
human and avian environmental isolates. Although, as dis-
cussed before, SNPs might may give more relevant informa-
tion on the mode of reproduction in these populations, this
hypothesis is supported by standardized indices of association
IA and rBarD being significantly different from zero
(p<0.01), suggesting a prevailing clonal mode of reproduc-
tion of A. flavus. However, the human clinical isolates were
widespread among the three clusters and throughout the
MStree diagram, suggesting that any environmental or avian
clinical isolate of A. flavus could be infectious to humans. Van
Waeyenberghe et al. found, by comparing human and avian A.
fumigatus genotypes, that there was no specific association
between the observed genotypes and the origin of the isolates
(environment, human, or bird) [24]. Our results indicate the
great variety ofAspergillus genotypes in the environment. The
statistical analysis suggests that MStree genetic clusters of A.
flavus are associated with the isolation source (p<10−4). The
statistically significant association of genotypes with the year
of isolation (Table 3) might be due to confounding factors,
chiefly because of the relatively low number of time-point
measures within each population and the relatively short time
period studied.

Conclusion

The present study describes a specific population structure of
human environmental Aspergillus flavus isolates which was
clearly distinct from environmental and clinical avian popula-
tions. Further studies are needed in order to better understand
the epidemiology of A. flavus at a wider geographical scale
and in particular situations, such as in hospitals or avian farms,
where invasive aspergillosis (IA) outbreaks occur.
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