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Aspergillus flavus genetic structure at a turkey farm

Ghaya Cherif1,2 Ines Hadrich3 MyriamHarrabi2,4 Aicha Kallel1,2

Nejla Fakhfekh1,2 MariemMessaoud1,2 Hajer Ben Abdallah5 Ons Azeiz6

KalthoumKallel1,2 Stéphane Ranque7,8

1Laboratory of Parasitology andMycology

UR17SP 03, La Rabta Hospital, Tunis, Tunisia

2Higher Institute of Nursing Sciences of Tunis,

University Tunis ElManar, Tunis, Tunisia

3Fungi and ParasiticMolecular Biology

Laboratory, School ofMedicine, University of

Sfax, Sfax, Tunisia

4Laboratory of Bioinformatics,

Biomathematics and Biostatistics UR16IPT09,

Pasteur Institute of Tunis, Tunis, Tunisia

5Alfa Group Poultry Company, Chahia, Sfax,

Tunisia

6Research Platform inMedicine Sciences and

Technologies, Faculty ofMedicine, Tunis,

Tunisia

7Aix-Marseille Université, IRD, AP-HM, SSA,

VITROME,Marseille, France

8IHUMéditerranée Infection, Marseille,

France

Correspondence

Ines Hadrich, Fungi and ParasiticMolecular

Biology Laboratory, School ofMedicine,

University of Sfax, Sfax, Tunisia.

Email: ineshadrich@yahoo.fr

Stéphane Ranque, Aix-Marseille Université,

IRD, AP-HM, SSA, VITROME,Marseille,

France.

Email: stephane.ranque@univ-amu.fr

Abstract

Background: The ubiquitous environmental fungus Aspergillus flavus is also a life-

threatening avian pathogen.

Objectives: This study aimed to assess the genetic diversity and population structure

of A. flavus isolated from turkey lung biopsy or environmental samples collected in a

poultry farm.

Methods: A. flavus isolates were identified using bothmorphological and ITS sequence

features. Multilocus microsatellite genotyping was performed by using a panel of six

microsatellite markers. Population genetic indices were computed using FSTAT and

STRUCTURE. A minimum-spanning tree (MST) and UPGMA dendrogram were drawn

using BioNumerics andNTSYS-PC, respectively.

Results: The 63 environmental (air, surfaces, eggshells and food) A. flavus isolates clus-

tered in 36 genotypes (genotypic diversity = 0.57), and the 19 turkey lung biopsies

isolates clustered in 17 genotypes (genotypic diversity = 0.89). The genetic structure

of environmental and avianA. flavus populationswere clearly differentiated, according

to both F-statistics andBayesianmodel-based analysis’ results. TheBayesian approach

indicatedgene flowbetweenbothA. flavuspopulations. TheMST illustrated thegenetic

structure of this A. flavus population split in nine clusters, including six singletons.

Conclusions: Our results highlight the distinct genetic structure of environmental

and avian A. flavus populations, indicative of a genome-based adaptation of isolates

involved in avian aspergillosis.
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1 INTRODUCTION

Aspergillus spp. infections have been reported in almost all domesti-

cated avian species (Seyedmousavi et al., 2015). Turkey poults have

been reported to be particularly susceptible to aspergillosis with con-

siderable economic damage due to mortality, decreased weight gain

or condemnation at slaughter. Next to Aspergillus fumigatus, Aspergillus

flavus is the predominant species involved in invasive aspergillosis

(Arné et al., 2011). Despite the relatively scarce data available in the

literature,A. flavus has been reported to be themain species implicated

in both human aspergillosis and avian aspergillosis in Tunisia (Hadrich

et al., 2013). A. flavus is an opportunistic fungal pathogen ubiquitously

distributed, and abundant in favourable environments such as confine-

ment buildings (Hadrich et al., 2013). Mildewed feed or contaminated

litter are recognized sources of poultry exposure to Aspergillus spp.

Moisture levels and dust-forming potential of the litter augment air-

borne fungal exposure and increase the risk of infection (Maciorowski

et al., 2007). Thus, the relatively high temperature, humidity, dust and

ammonia production levels present in poultry farms promote the rapid

growth of hyphae and efficient asexual multiplication resulting in an

abundant production of airborne hydrophobic conidia. These conidia

are subsequently dispersed and inhaled by the birds incidence, and the

risk of severe aspergillosis is correlated to the inoculum level (Arné

et al., 2011).

Several genotypic studies have been used to study the popula-

tion dynamics and transmissibility of Aspergillus species in several

clinical and environmental settings, usually with a focus on hospital

outbreaks (Sabino et al., 2014, 2019). Analysing the genetic structure

of the strains involved in animal aspergillosis can also help one to trace

their dissemination from the respiratory tract to other organs (Tsang

et al., 2016). Understanding the distribution and relatedness of the

pathogen is central to clarify aspergillosis epidemiology in avian farms

and furthering the development of rational control strategies. Typing

method may also give a deeper understanding of the colonization pat-

tern of animals (Graham et al., 2008). However, limited studies, using

molecular and statistical approaches, have been undertaken to assess

the genetic pattern of A. flavus isolated from commercial turkey in

Tunisia (Rodrigues et al., 2009). This studyaimedat assessing genotypic

polymorphisms to explore the population structure and the genetic

relationship of avian and environmental A. flavus isolates to trace con-

tamination sources of turkey aspergillosis cases in a commercial avian

farm.

2 MATERIALS AND METHODS

2.1 Population study

Environmental (119) and clinical avian samples (38) from turkeys

(Meleagris gallopavo) were collected at a poultry commercial farm

in the governorate of Sfax, southeast of Tunisia, from Febru-

ary to May 2018, the season with the highest humidity in the

environment.

Lung biopsies were aseptically taken from deceased chicks with

lung lesions. Air samples were collected with the precipitation method

(Williams et al., 2001), which consisted in a collection of airborne

spores sedimented by gravity for 10–15 min onto the surface of a

Sabouraud medium plate. Surface samples were taken by rubbing with

a cotton swab. One gram of samples from the avian environment,

including eggshells, food, and litter, were collected.

2.2 Fungi isolation

One gram of broken eggshells, or litter or food sample or crushed biop-

sies, were put in a tube containing 10 ml of sterile saline solution.

After shaking, 1 ml of suspension was inoculated onto a Sabouraud-

chloramphenicol agar medium. The culture was incubated at 25◦C for

4 days. The morphological identification of the colonies was based on

bothmacroscopic andmicroscopic features.

2.3 A. flavus molecular identification

The morphological identification of A. flavus isolates was confirmed by

the rRNA ITS1–5.8S–ITS2 region sequence analysis, as reported by

de Hoog et al. (2007). DNA was extracted by using a QIAmpkit (QIA-

GEN), following the manufacturer’s instructions, and eluted with 50 µl
of sterile water.

2.4 Multilocus microsatellite typing (MLMT)

A. flavus isolates were genotyped by using six previously described

(Hadrich et al., 2010) polymorphic microsatellite markers (AFLA1,

AFLA3, AFLA7, AFPM3, AFPM4 and AFPM7) detailed in Table 1. FAM,

NED and VIC fluorescent labels were used to distinguish the ampli-

fication products from distinct markers. PCR assays were performed

in a final volume of 25 µl, containing 1 ng genomic DNA, 1 mM all

amplification primers, 0.2 mM each dNTP, 3 mM MgCl2 and 1 U

AmpliTaq DNA Polymerase (Invitrogen) in 1× reaction buffer (Invitro-

gen). Thermocycling was performed in a T1 thermocycler (Biometra)

using the following protocol: 5 min initial denaturation at 94◦C, fol-

lowed by 30 cycles of 30 s denaturation at 94◦C, 30 s annealing at

54◦C and 30 s extension at 72◦C, finally followed by 30 min at 72◦C.

PCR products were diluted 10-fold with formamide. One µl of diluted
PCR products were combined with 15 µl formamide and a 0.5 µl LIZ-
500 marker (Applied Biosystems). Following denaturation, the PCR

products were resolved by capillary electrophoresis with polymer

POP-4 in an ABI Prism 3130 genetic analyser (Applied Biosystems).

Injection and running parameters followed the manufacturer’s recom-

mendations (AppliedBiosystems). AnalyseswereperformedwithGene

Marker software (Applied Biosystems). The reproducibility of multilo-

cus microsatellite typing (MLMT) was evaluated by using 5 different

DNA preparations of the same isolate and by performing 10 repeated

analyses of the sameDNA preparation.
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TABLE 1 Pattern of the six polymorphic microsatellite sequences of Aspergillus flavus up on analysis of 82 isolates

Primer

name Primer sequence (5′–3′) Repeat unit Fragment size

No. of

alleles D

AFLA1 CGTTGGCATGTTATCGTCAC AC 249–291 9 0.871

CTACTGAATGGCGGGACCTA

AFLA3 CTGAAAGGGTAAGGGGAAGG TAGG 174–229 8 0.790

CACGCGAACTTATGGGACTT

AFLA7 GCGGACACTGGATGAATAGC TAG 261–354 5 0.557

AACAAATCGGTGGTTGCTTC

AFPM3 CCTTTCGCACTCCGAGAC (AT)6AAGGGCG(GA) 199–217 6 0.692

CACCACCAGTGATGAGGG

AFPM4 AGCGATACAGTTTTAACACC CA 179–206 5 0.684

TCTTGCTATACATATCTTCACC

AFPM7 TGAGGCTGCTGTGGAACGC AC 215–276 10 0.903

CAAATACCAATTACGTCCAACAAGGG

2.5 Genotypic data analysis

The population genetic parameter estimateswere computed, and their

statistical significance was tested with the FSTAT Version 2.9.3.2 soft-

ware (Weir & Cockerham, 1984). The gene flow between populations

was also assessed using FSTAT. In addition, data were analysed using a

Bayesianmodel-based approach implemented in STRUCTURE, version

2.3.4 (Pritchard et al., 2000; Souto &Premoli, 2003). STRUCTURE uses

Bayesian Monte Carlo Markov Chain sampling to identify the optimal

number of clusters K for a given multi-locus dataset, without requir-

ing a priori identification of the population subunits. The K optimal

value (i.e., the optimal number of clusters in the dataset) was calcu-

lated using STRUCTURE HARVESTER, web version (Earl & vonHoldt,

2011). STRUCTURE was also used to identify migrants. The Simpson

diversity index D was determined for each marker and possible mark-

ers combination (Hunter & Gaston, 1988). A minimum-spanning tree

(MST) was built to illustrate the relationship between the genotypes

with the BioNumerics (version 7.6) software (AppliedMaths, Belgium).

The degree of similaritywas calculated by applying theDice coefficient

test, and an UPGMA dendrogram was generated, with the NTSYS-

PC numerical taxonomy and multivariate analysis system (version2.1;

Exeter Software, Setauket, NY, USA).

3 RESULTS

3.1 A. flavus was the most frequent fungal species

A. flavus was the most frequently isolated fungal species (65.62%)

both in the environment (68.59% n = 83 out of 121 strains) and from

avian biopsies (56.41% n = 22 out of 39 strains). It was followed

by Cladosporium spp. (36.36%, n = 20 out of 55 strains), Mucorales

(23.63%),Aspergillus niger (14.54%),Alternaria spp. (12.72%), Penicillium

spp. (7.27%) and A. fumigatus (5.45%).

3.2 Genetic diversity

Our findings showed an extremely high genetic diversity among

avian isolates. The environmental isolates (ENV) included 36 geno-

types (genotypic diversity = 0.57), and the clinical avian isolates

(AVI) included 17 genotypes (genotypic diversity = 0.89). Upon the

analysis of 82 isolates, 5–10 distinct alleles were detected for each

microsatellite marker (Table 1). The six-marker combination generated

53 different haplotypes with aD value of 0.97.

3.3 Genetic polymorphism

Genetic polymorphism was measured using allelic richness (A) and

Nei’s unbiased estimate of genetic diversity within sub-samples.

Wright’s F statistics were estimated using the Weir and Cockerham

method. FIS measures the relative inbreeding of individuals due to the

local non-random union of gametes in each subpopulation. The com-

parison of the genetic diversity data for the two groups revealed that

both allelic richness (A) intraspecific and genetic diversity (Hs) were

higher in clinical avian (A = 5.17; Hs = 0.711) than in environmental

(A = 3.90; Hs = 0.396) isolates. These results were confirmed by the

inbreeding coefficient (FIS) values estimated for each locus and in each

population (FIS = 0.642; FIS = 0.547; P≤ 0.05).

3.4 Inter-population genetic distance

The relative inbreeding in subpopulations, attributable to the sub-

division of the total population into subpopulations of limited size,

was estimated using the FST statistic. FST also measures the genetic

differentiation between subpopulations. The avian environmental pop-

ulation was significantly differentiated from clinical avian population

(FST = 0.291[>0.25]; P= 0.05).
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F IGURE 1 Estimated population structure of Aspergillus flavus in a commercial poultry farm in Sfax (Tunisia) as inferred by the STRUCTURE
software on the basis of the data on six microsatellite markers obtained from 82 isolates from environment (ENV-A. flavus; n= 63) or turkey lung
biopsy (AVI-A. flavus; n= 19) samples. (a) Plot of themean posterior probability (Ln P(D)) values per clusters (K), based on 10 replicates per K,
generated by the STRUCTURE software, and (b) ΔK analysis of Ln P(K). (c) STRUCTURE plots grouped byQ-matrix (estimatedmembership
coefficient for each sample) showing the distribution of genetic variation (c) at K= 2. Each strain is represented by a vertical line, which is
partitioned into the coloured segments that represent the fungi estimatedmembership fractions in K. The same colour indicates that the isolates
belong to the same group. Different colours for the same isolate indicate the percentage of the genotype shared with each group. An asterisk ‘*’
marks isolates that appear misclassified by STRUCTURE, which identifies them as a possible migrant or a descendent of a recent immigrant from
another population.

3.5 Migration rate between environmental and
clinical avian populations

The gene flow (Goudet, 1995), or migration rate, between avian

environmental and clinical avian populations was relatively low,

Nm= 1− FST/4FST = 0.609.

3.6 Bayesian model-based approach

The Bayesian model-based clustering analysis implemented in STRUC-

TURE indicated that our isolated set wasmost likely partitioned in two

clusters (K) (maximum L [K] and maximum ΔK). Two approaches were

used to choose K. First, the second-order rate of change in the log like-

lihood of the data between successive values of K (ΔK) was estimated.

Second, posterior probabilities for the values of K with the highest

Ln P(X/K) were compared (Figure 1a,b). In agreement with the impor-

tant genetic differentiation between populations, our analysis divided

the population into two clusters according to their origin: ENV-A. flavus

and AVI-A. flavus populations. For K= 2 (equal to the number of prede-

TABLE 2 Proportion of membership of each pre-defined
population in each of two clusters

Given pop Inferred clusters

Number of

individuals

1 2

1 0.989 0.011 63

2 0.104 0.896 19

finedpopulations), 98.9%ofA. flavus isolates fromtheenvironment and

10.4% from avian clinical samples were included in one of the inferred

clusters, and the remaining samples were included in the second clus-

ter (Figure 1 and Table 2). Based on the Q-matrix bar plots obtained

for each isolate by measuring the posterior probabilities of belonging

to each K cluster, some strains belonging to ENV-A. flavus and AVI-A.

flavus populations showed a mixed membership to the inferred clus-

ters (Figure 1c). Then, the occurrence of gene flow between ENV-A

flavus and AVI-A. flavus isolates was clearly illustrated in Figure 2. Fur-

thermore, when running the migration model at K = 2, three isolates
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F IGURE 2 Minimum spanning tree showing the genotypic diversity of Aspergillus flavus isolates based onmicrosatellite data. Each circle shows
a unique genotype and its size, the number of strains belonging to the same genotype. Connecting lines and number between circles show the
similarity between genotypes: (1.00) indicates only onemarker difference, (2.00) indicates difference in two in twomarkers, and (3.00) difference
in threemarkers. ‘*’ shows singletons.

from AVI-A. flavus population (lung biopsy) appeared misclassified and

STRUCTURE identified them as a possible migrant and a descendent

of a recent immigrant from ENV-A. flavus population over two genera-

tions according to Table 3. The three probabilities of being assumed to

ENV-A. flavus population corresponded respectively to immigrant, par-

ent immigrant and grandfather immigrant as mentioned in the column

of ‘probability of other pops’ (Table 3).

3.7 Genetic structure of A. flavus population

An MST analysis of the 53 distinct multilocus microsatellite geno-

types was performed illustrate the genetic structure of our A. flavus

population (Figure 2).

TABLE 3 Inferred ancestry of individuals: probability of being
from assumed population probability of other populations

Sample ID

Probability of

being from

assumed

population

Probability of other pops

(immigrant parent and

immigrant grandfather)

71 2: 0.002 Pop 1: 0.280 0.559 0.136***

72 2: 0.002 Pop 1: 0.310 0.619 0.069***

74 2: 0.002 Pop 1: 0.310 0.619 0.069***

***p value<005

Genetic cluster analyses suggested that our A. flavus population

was formed by nine genetic clusters; three different and distant clus-



CHERIF ET AL. 239

F IGURE 3 UPGMAdendrogram based on the Dice similarity coefficient upon analysis of six microsatellites markers obtained from 82
environmental (ENV-Aspergillus flavus; n= 63) and avian (AVI-A. flavus; n= 19) isolates. Twomain clusters are identified. Each cluster encompasses
both environmental (red dots) and avian isolates (green dots) without any strict partition according to sampling origin. The threemigrants isolates
(lung biopsy) appear with triple stars ‘*’.

ters indicate differences in three or more markers. The first cluster

was dominated by strains from the environmental isolates (34 ENV-

A. flavus genotypes vs. 6 AVI-A. flavus genotypes). The second cluster

comprised five AVI-A. flavus isolates. The third cluster comprised two

ENV-A. flavus isolates (Figure 2).

Cluster 1 (34 ENV-A. flavus genotypes vs. 6 AVI-A. flavus genotypes)

and cluster 2 (5 AVI-A. flavus isolates) differed by 3 markers. Cluster 1

(34 ENV-A. flavus genotypes vs. 6 AVI-A. flavus genotypes) and cluster

3 (2 ENV-A. flavus isolates) differed by 4markers (Figure 2).

Six unique genotypes formed singletons; five genotypes (threeENV-

A. flavus genotypes vs. two AVI-A. flavus genotypes) clustered together

and with the cluster 1. One AVI-A. flavus genotype clustered with the

cluster 2 (Figure 2).

3.8 Phylogenetic analyses

The phylogenetic tree construction included two main clusters, and

the first was divided into two sub-clusters. Pairwise Dice coefficient

of similarity values between strains ranged from 0 to 1 (Figure 3).

The Dice value was 1 for cases with multiple ENV-A. flavus strains.

An identical genotype was found in 2 clinical avian isolates (71-

72) and11 environmental isolates (3-5-20-30-37-38-39-41-55-54-49)

suggesting that these latest ones could also be responsible of avian

aspergillosis. Four AVI-A. flavus isolates were related to each other

(76-78-81-80). ThreeAVI-A. flavus isolates (75-66-68)were highly sim-

ilar to isolates collected from Egg samples (60) and eight AVI-A. flavus

isolates (73-79-82-64-65-69-70-75) were related to isolates collected

from air samples (56-53-52-11-47-17-48-21).

4 DISCUSSION

A. flavus causes aspergillosisworldwide,with a higher incidence in trop-

ical countries. It causes aspergillosis outbreaks in poultry farms; and

turkeys are at particularly high risk. By usingMLMT,we highlighted the

high genetic diversity of A. flavus population, the normalized indices of

association indicated a predominant clonal reproduction mode, and a

migration flow between A. flavus isolates collected in the same com-

mercial poultry farm. The F-statistics indicated historical migration

events and the Bayesian approach weighted towards probable recent

migration events, which advocates for the hypothesis that turkeys’

aspergillosis resulted of the spreading of a population, rather than

of a small set of genotypes, of environmental A. flavus isolates (Chen

et al., 2015). Both the Bayesian model-based clustering analysis imple-

mented in STRUCTURE and the multilocus microsatellites genotypes

patterns clearly separated the environmental from the clinical avian

isolates. This separation pattern could, at least in part, be due the rel-

atively low number of time-point measured within each population,

the relatively short time period studied and the relatively homogenous
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geographical area studied. Indeed, the VNTR clustering analysis of 55

Chinese avian farms A. flavus isolates showed a significant differen-

tiation regarding their geographic origin (Wang et al., 2012). Further

studies are needed to assess and compare the genetic variability of

environmental and avian population of A. flavus in commercial avian

farms. Our findings suggest that the contamination source is the envi-

ronment. Because of their high mutation rate, and allele homoplasy

resulting from reverse mutations, the use of microsatellites as genetic

marker is prone to underestimate subpopulation divergence (FST val-

ues), the gene flow, andmigration rate between the environmental and

the clinical isolates populations (Rouger et al., 2017). Single-nucleotide

polymorphism loci are less susceptible to these effects, they may pro-

vide better estimates of FST andmay givemore relevant information on

reproduction (Lorenz et al., 2010).

In agree with a previous study (Hadrich et al., 2013) conducted on a

smaller sample in Tunisia, we assessed that A. flavuswas the chief avian

aspergillosis agent in the Sfax region.We also confirmed the gene flow

and the presence of clear separation between avian and environmental

populations. This study provided data on the diversity of the A. flavus

contaminating avian farms, their population structure and the genetic

relationship between strains. Our findings supported that strengthen-

ing the management of laying hen farms, which includes the control of

the temperature and humidity, and appropriate cleaning procedures, is

mandatory to control the dispersion of airborne Aspergillus conidia, to

reduce the risk of animal infection, and to improve the hygienic quality

and safetyof table eggs (Cafarchia et al., 2014;Rath, 2001; Singh, 2015;

Thierry et al., 2010).
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