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Abstract
Aspergillus nomius is a potent producer of aflatoxins B and G and is one of the most common species of fungi found in Brazil
nuts. Temperature is considered a major abiotic factor that influences fungal colonization and aflatoxin production in nuts during
pre- and post-harvest. Therefore, assessment of the response of aflatoxigenic species to different temperatures is important to add
information about the understanding of aflatoxin production by Aspergillus nomius and may help in the development of new
strategies to prevent aflatoxin contamination. The aim of this study was to evaluate the effect of temperature (25, 30, and 35 °C)
on the radial growth, aflatoxin production (B and G), and aflatoxin gene expression of seven A. nomius strains isolated from
Brazil nuts. The optimal temperature for growth was 30 °C and was also the best condition for the expression of the aflR, aflD,
and aflQ genes. However, maximum production of aflatoxins B and G occurred at 25 °C. Interestingly, high expression of the
structural gene aflQ was observed in the maximum aflatoxin production condition (25 °C). The present study demonstrates that
temperature may influence aflatoxin production by A. nomius. The combination of molecular and physiological data aids the
understanding of the aflatoxigenic species response to different temperatures and can assist in predicting the driving environ-
mental factors that influence aflatoxin contamination of Brazil nuts.
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Introduction

Brazil nuts are the second most profitable extractivist food in
the Amazon region, losing only to acai, a berry fruit, with a
production of 26,191 t and a value close to R$ 104.1 million

(IBGE 2017). These nuts have a high nutritional value and
contain selenium, an important antioxidant agent (Pacheco
and Scussel 2007). In addition, Brazil nuts are used for the
development of cosmetics (CONAB 2017). Brazil is currently
the second largest producer in the world (34.8%) after Bolivia
(42.9%) (Avramenko 2017). The main importing countries of
these seeds are the USA (25%), members of the UK (17%),
Germany (17%), and the Netherlands (5%) (Kosikova 2016).

One of the major concerns of food safety in the production
chain of Brazil nuts is the contamination with toxigenic fungi,
especially those of the genus Aspergillus. These fungi are
often recovered from several edible seeds such as peanuts,
sorghum, corn, walnuts, hazelnuts, pistachios, almonds, and
other oilseeds around the world (Bennett and Klich 2003;
Passone et al. 2012; Gallo et al. 2016).

There are many reports of fungal contamination throughout
the production chain of Brazil nuts with Aspergillus nomius, a
toxigenic species (producer of aflatoxins B and G) that be-
longs to section Flavi, considered a common contaminant
(Kurtzman et al. 1987; Klich 2002). The presence of this spe-
cies has been reported in several studies conducted in Brazil
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(Costa et al. 2009; Baquião et al. 2013; Reis et al. 2012, 2014;
Gonçalves et al. 2012; Calderari et al. 2013; Luo et al. 2014;
Massi et al. 2014; Midorikawa et al. 2014; Taniwaki et al.
2017). However, to the best of our knowledge, there are no
data about the ecophysiology of A. nomius related to aflatoxin
production.

It is well-known that several biotic and abiotic factors exert
direct effects on mycotoxin production, including humidity,
temperature, substrate composition (Ciegler 1978; Arrus et al.
2005; FIB 2009), water activity, aeration, microbial popula-
tion and competition, stress factors, insects, and substrate
(Ciegler 1978; Bhatnagar et al. 2002). Among them, temper-
ature is considered one of the most critical determinants
(Arrus et al. 2005; Freitas-Silva et al. 2013).

The consumption of contaminated food and feed, especial-
ly with aflatoxins, can pose health risks to humans and ani-
mals, causing disorders such as tumors, immunosuppression,
and liver problems (Bennett and Klich 2003; CAST 2003).
Aflatoxin B1 (AFB1), classified as a class 1 carcinogenic com-
pound for humans by the IARC (1993), has received special
attention by food safety authorities, and restrictions have been
applied worldwide to products contaminated with aflatoxins
(EC 2010; CAC 2010; ANVISA 2011).

The biosynthetic pathway of aflatoxins comprises 30
genes that are located in the same order in all aflatoxigenic
fungi of the Flavi section (Ehrlich et al. 2005; Yu et al.
2011). The cluster is controlled in a coordinated way, and
norsolorinic acid is the first stable precursor of aflatoxins
(Bennett 1981; Trail et al. 1994), which is then converted
to averantin by a reductase encoded by the aflD gene (Trail
et al. 1994; Yu 2012). The aflR gene acts as a positive
regulator of gene expression (Flaherty and Payne 1997;
Abdel-Hadi et al. 2012; Yu 2012). This gene encodes a
specific protein containing a zinc finger motif that binds to
DNA and is necessary for the transcriptional activation of all
or nearly all of the structural genes of this pathway (Flaherty
and Payne 1997; Yu 2012). At the end of the pathway, the
aflQ gene encodes a monooxygenase that converts O-
methylsterigmatocystin to AFB1 by oxidation (Frisvad
et al. 2007), as well as dihydro-O-methylsterigmatocystin
to AFB2, also by oxidation (Carbone et al. 2007; Do and
Choi 2007; Yu 2012). Other genes are involved in the con-
version of these substances to AFG1 and AFG2 (Yu et al.
2000; Carbone et al. 2007; Yu 2012).

Previous studies have shown that higher temperatures
(above 36 °C) are associated with a decrease in the expression
of aflatoxin biosynthetic pathway genes, including the tran-
scriptional factors aflR and aflS, therefore, inhibiting aflatoxin
production in A. flavus (OBrian et al. 2007; Yu et al. 2011).
Despite the studies on abiotic factors that affect aflatoxin pro-
duction and gene expression in A. flavus, there is a lack of
information about the expression of aflatoxin genes in
A. nomius, a species involved in the aflatoxin B and G

contamination of Brazil nuts, a worldwide consumed food
product. Knowledge about the ecophysiology of this fungus
will allow us to contribute to the prevention and control of
aflatoxins.

The objective of this study was to evaluate the eco-
physiological response (mycelial growth, gene expres-
sion, and aflatoxin production) of A. nomius strains iso-
lated from Brazil nuts to different temperatures (25, 30,
and 35 °C).

Materials and methods

Fungal strains and culture conditions

Seven strains of Aspergillus nomius and one standard strain
(A. nomius - INCQS 40010) were used in this study. The
strains were previously isolated from Brazil nuts collected in
the Amazon region and were identified by sequencing of the
internal transcribed spacer (ITS) region (rDNA) and β-tubulin
gene (TUB). The strains are maintained in 60% glycerol at −
80 °C in the Department of Microbiology at the University of
São Paulo.

DNA extraction, amplification, and sequencing

The isolates were incubated for 3 days on yeast extract sucrose
(YES) agar at 25 °C. A fragment of the mycelium was col-
lected from these cultures and transferred to a microtube con-
taining PrepMan Ultra® to extract the genomic DNA accord-
ing to the manufacturer’s instructions (Applied Biosystems,
Carlsbad, CA, USA). The DNA concentration was measured
in a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). Fragments of the ITS re-
gion and β-tubulin gene (TUB) were amplified under the fol-
lowing thermal cycling conditions: heating at 94 °C for 3 min,
followed by 35 cycles at 94 °C for 1 min, 57 °C (TUB) or
49 °C (ITS) for 1 min, and 72 °C for 1 min, and a final
incubation step of 5 min at 72 °C. The amplicons were puri-
fied with the QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany) as described in the kit’s protocol. These fragments
were sequenced in a 3100 DNA sequencer (Applied
Biosystems, USA) using the Big Dye® Terminator v
3.1 Cycle Sequencing Kit (Applied Biosystems). The se-
quences were edited with the Sequencher DNA Sequence
Assembly 4.1.4 Software (Gene Codes Corporation, USA),
and consensus sequences were used to perform BLASTn
searches for species identification in the NCBI (http://blast.
ncbi.nlm.nih.gov) and MycoBank (http://www.mycobank.
org) databases. The nucleotide sequence from each isolate
was deposited in GenBank (Table 1).
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Ecophysiological study

For the physiological study (growth, gene expression, and
aflatoxin production), fungal spore suspensions (8 × 106/mL)
were prepared from each strain, and 10 μL of the suspension
was centrally inoculated onto plates containing coconut agar
(200 mL coconut milk and 20 g bacteriological agar in 1 L
ultrapure water) (Lin and Dianese 1976). The plates were
incubated at 25, 30, and 35 °C for 7 days. The experiments
were performed in quadruplicate.

Growth rate

Radial growth was assessed daily by measuring the diameters
of the colonies using a millimeter ruler in eight orthogonal
directions (Patriarca et al. 2001). The radial growth was plot-
ted against time, and the slope was calculated by linear regres-
sion. The results were expressed as radial growth rate (mm
d−1).

RNA extraction and cDNA synthesis

Total RNAwas extracted using the RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) from frozen mycelial frag-
ments of each strain and stored in RNA later (Ambion,
Thermo Fisher Scientific, Waltham, MA, USA). The total
RNA was treated with RNAse-free DNAse-l Kit
(Promega, Madison, WI, USA), and its concentration
and purity were analyzed in a Nano Drop 2000c spectro-
photometer (Applied Biosystems). The RNA was diluted
to 6 ng/μL. cDNA from each sample was synthesized in
triplicate using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) under the follow-
ing thermocycling conditions in a Gene APP PCR system
9700 thermocycler (Applied Biosystems): 10 min at
25 °C, 120 min at 37 °C, and 5 min at 85 °C. The
cDNA was stored at − 20 °C. All kits were used according
to the manufacturer’s protocol.

Transcriptional analysis

The transcription profiles of three aflatoxin biosynthetic genes
(aflR, aflD, and aflQ) and of calmodulin (CAL) as the refer-
ence gene were analyzed by the quantitative real-time poly-
merase chain reaction (qRT-PCR) performed in a Step One
Plus RT-PCR system (Applied Biosystems). The primer pairs
used in this study were designed with the Primer 3 software
(Institute for Biomedical Research) from sequences deposited
in GenBank (NCBI) and are listed in Table 1.

The reactions were prepared in triplicate using the 2X
Power SYBR Green PCR Master Mix (Invitrogen, Thermo
Fisher, Carlsbad, CA) according to the manufacturer’s proto-
col. The concentration of the primer pairs was 100 nM. Two
replicates of the negative control were included in all runs to
rule out contamination. All amplifications were carried out in
MicroAmp Optical 96-Well Reaction Plates sealed with opti-
cal adhesive covers (Applied Biosystems). The amplification
conditions were an initial incubation step of 20 s at 95 °C,
followed by 40 cycles at 95 °C for 3 s and 60 °C for 30 s, and a
final cycle at 95 °C for 15 s, 60 °C for 1 min, and 95 °C for
15 s.

Relative gene expression was conducted by using the com-
parative ΔΔCT method, and the expression levels of the
genes were evaluated by comparing Ct values (Pfaffl 2001;
Schmittgen and Livak 2008). The amplification curves for all
genes were specific, showing a single peak by melting curve
analysis (Supplementary File S1). The amplification efficien-
cy was evaluated by constructing a standard curve with serial
dilutions of cDNA from one sample (RNA: 80 ng/μL) (1, 1:4,
1:16, 1:64, 1:256) for each gene in quintuplicate using the
formula: E = 10(− 1/slope) - 1. The efficiency calculated from
each linear regression of the standard curves was satisfactory
for the parameters established for all genes (90 to 110%).

Production of aflatoxins by Aspergillus nomius

The toxigenic potential was analyzed by high-performance
liquid chromatography (HPLC) (Tanaka et al. 2000; Lebret
et al. 2004). Aflatoxins were extracted from fungal cultures

Table 1 NCBI accession numbers, primer sequences, amplification efficiency, and melting temperature for qPCR analysis of this study

Primer code Primers 5′ -3′ NCBI accession number Efficiency (%) Melting temperature (°C)

afIR-F TCCGGGATAGCTGTACGAGT AF441426 103,568 82,91
afIR-R TTGACAGGCAAGACCACGTT

afID-F CATCTCCAGGCGCACATGAT AY510454 103,407 85,11
afID-R GACAAACTTGGCCTGTTGCT

afIQ-F TGTCCGATCCTCCCATAACG XM_015546911 100,758 80,05
afIQ-R TGTCCGATCCTCCCATAACG

CAL-F CAAGGAGTTGGGCACTGTCA AY974341 103,025 83,94
CAL-R CCATTGTTGTCGGCGTCAAC
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after 7 days of incubation. The methods described by Reis
et al. (2012) were used for extraction and evaluation of the
aflatoxigenic potential, as well as for determination of the
limit of detection (LOD), limit of quantification (LOQ), coef-
ficients of the calibration curves, recovery rates, and retention
times.

The LOD for total aflatoxins was 0.75 μg/kg and the LOQ
was 1.5 μg/kg. The coefficients of the calibration curves were
0.999 for all toxins. Average recovery rates of aflatoxins from
the samples, considering three replicates of them, were 80%
for AFB1, 83% for AFB2, 116% for AFG1, and 84% for
AFG2, and the coefficients of variation were 6.4%, 3.5%,
4.7%, and 6.7%, respectively. Retention times were 5, 7.5,
11, and 17 min (± 5%) for AFG1, AFB1, AFG2, and AFB2,
respectively.

Statistical analysis

All experiments were analyzed statistically using the
OriginPro 8.5 software. The tests performed were exploratory
analysis and one-way analysis of variance (ANOVA). The
differences among mean values were ranked by the Tukey
Test (P < 0.05).

Results

Growth assessment

Figure 1 shows the radial growth rate of the A. nomius strains
on coconut agar in response to different temperatures (25, 30,
and 35 °C). The results indicated that mycelial growth oc-
curred over the temperature range investigated. The optimum
growth condition (mm/day) occurred at 30 °C (P < 0.05), with
an average of 4.7 mm/day. No significant differences were
found between the two other temperatures.

Analysis of aflatoxin gene expression

Species identification data in NCBI shown identities of strains
above 99% with A. nomius (Supplementary File S2).

The results of aflatoxin gene expression (aflR, aflD, and
aflQ) by the A. nomius strains grown on coconut agar at dif-
ferent temperatures (25, 30, and 35 °C) are shown in Fig. 2.
All A. nomius strains showed considerable expression of these
genes. In general, the expression of aflR and aflD was higher
at 30 and 35 °C. An interesting finding was the high levels of
expression of the structural aflD gene at 25 °C in one strain.
The structural aflQ gene was the most expressed gene at all
temperatures evaluated. However, the highest levels were ob-
served at 25 and 30 °C (P < 0.05).

Mycotoxin production potential

Figure 3 shows the aflatoxin production by the A. nomius
strains on coconut agar after 7 days in response to different
temperatures (25, 30, and 35 °C). All strains produced afla-
toxins under all conditions evaluated. However, the highest
toxin levels were found at 25 °C, with a mean AFB level of
154.32 μg/kg and AFG level of 86.50 μg/kg. The production
of aflatoxins decreased at 30 °C, and the strains exhibited a
similar production of AFB and AFG. Aflatoxin production
was inhibited at 35 °C. A significant difference in AFB levels
was observed between all temperatures tested, while there was
no difference in AFG levels between 25 and 30 °C (P < 0.05).

Discussion

Contamination with mycotoxins is a recurrent problem in
Brazil nuts and is caused mainly by post-harvest infection
with Aspergillus section Flavi species. In general, the temper-
ature remains between 25 and 30 °C throughout the Amazonia
region (Arrus et al. 2005; Freitas-Silva et al. 2013) and is
higher than 30 °C post-extractivism (Silva et al. 2016).
Temperature is a key environmental factor that may favor
the growth of these fungi and aflatoxin production (Arrus
et al. 2005).

This study showed that A. nomius could thrive in coconut
agar for all of the tested temperatures, with the optimum radial
growth rate at 30 °C. Similar results have been reported in the
literature (Doster et al. 2009; Zafra et al. 2015). Another spe-
cies belonging to the Flavi section, Aspergillus bombycis, de-
scribed by Peterson et al. (2001) as sister group of A. nomius,
exhibits optimum growth at 25 °C, significative growth reduc-
tion at 37 °C, and no growth at 42 °C (Peterson et al. 2001),
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Fig. 1 Radial extension rates (mm/day) growth of A. nomius at different
temperatures. The boxplot analysis reveals the interquartile range of each
evaluated temperature (box), the median (line), and minimum and
maximum values (whiskers); circles represent values 1.5–3 times outside
the interquartile range; squares represent values more than 3 times outside
the interquartile range *Therewas statistical difference at 30 °C in relation
to temperature of 25 and 35 °C (P < 0.05)
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whereas A. nomius can grow well at different temperatures, as
demonstrated previously by Peterson et al. (2001) and the
current study. These findings may aid taxonomic identifica-
tion of these two species based on different temperatures and
specific culture medium.

The ability to produce aflatoxins by A. nomius strains used
in the current study corroborates with other findings based on
aflatoxin-producing potential of Aspergillus section Flavi spe-
cies isolated from Brazil nuts (Olsen et al. 2008; Gonçalves
et al. 2012; Calderari et al. 2013; Moore et al. 2015).
Nevertheless, in contrast to the present research in which
higher levels of AFB were detected, the other studies found
higher production of AFG than AFB at 25 °C (Doster et al.
2009; Baquião et al. 2013; Reis et al. 2014). Peterson et al.
(2001) analyzed A. bombycis at 27 °C and detected high levels
of both groups of aflatoxins. In fact, according to Liu et al.
(2017), aflatoxin production in seeds can occur over a wide
temperature range.

The biosynthetic pathway of mycotoxin production is reg-
ulated by clustered genes and by environmental conditions,
highlighting that the latter may affect the expression of the
former, therefore influencing mycotoxin production by fungi.
Changes in temperature may stimulate or inhibit the produc-
tion of these toxic secondary metabolites (Ciegler 1978; Arrus
et al. 2005; FIB 2009; Freitas-Silva et al. 2013). This is the

first study to evaluate aflatoxigenic expression data of A.
nomius. We investigated the expression profile of a regulatory
gene, aflR, and of two structural genes, aflD and aflQ, in
response to different temperatures (25, 30, and 35 °C) found
during the Brazil nut production chain (Arrus et al. 2005;
Freitas-Silva et al. 2013; Silva et al. 2016). Our analyses
showed that 30 °C was the optimal condition for gene expres-
sion; however, the highest AFB levels were produced at
25 °C. This should be further investigated, because previous
studies have shown a positive correlation between aflR ex-
pression and AFB production in A. flavus strains (Chang
et al. 2007). Moreover, the aflQ gene was highly expressed
at all temperatures. Studies on A. flavus also demonstrated
high levels of transcription of this gene (Abdel-Hadi et al.
2012; Liu et al. 2017). According to Abdel-Hadi et al.
(2012), the study of this pathway may help the understanding
of the interaction between these genes and the production of
aflatoxins. The application of genetic technologies enables
early detection of these compounds, thus ensuring the safety
and quality of food (Baquião et al. 2016). Nevertheless, sev-
eral studies on A. flavus and A. parasiticus have shown vari-
able expression of the same genes subjected to these temper-
atures (Chang et al. 2007; Al-Hmoud et al. 2012; Davari et al.
2015; Baquião et al. 2016). This variability is plausible, con-
sidering that mRNA cannot persist for long periods; therefore,

Fig. 2 Relative expression of aflR, aflD, and aflQ genes in A. nomius strains cultivated at different temperatures (25 °C, 30 °C, and 35 °C) for 7 days

Fig. 3 Aflatoxin concentration
per μg fungal biomass (μg/kg) of
A. nomius strains cultivated at
different temperatures (25 °C,
30 °C, and 35 °C) for 7 days
*There was statistical difference
at 25 and 30 °C in relation to
temperature of 35 °C (P < 0.05)
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depending on the time of the analysis, mRNA could be de-
tected in lower or higher concentrations. For this same reason,
we could possibly explain the absence of an association be-
tween aflatoxin production and aflR, aflD, and aflQ
expression in the current study, even though Chang et al.
(2007) observed a positive correlation between the biosynthet-
ic genes and aflatoxin production in A. flavus.

The present research showed that the optimal temperature
for aflatoxin production coincides with those found in the
Amazon region, the most important Brazilian area of produc-
tion. The overall conclusion of this study was that high tem-
peratures (> 25 °C) pose a risk for aflatoxin contamination by
A. nomius. These results enhance our current understanding of
ecophysiological aspects of this species and may contribute to
improve strategies for the management of aflatoxins in food
and feed.
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