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Abstract⎯Thirty polymorphic simple sequence repeat (SSR) markers have been developed and character-
ized from RAPD product in Aspergillus niger in order to protect its natural resources. Polymorphisms of these
RAPD-SSR markers were evaluated in a natural population of 25 strains collected from Shandong in China.
The number of alleles (Na) per locus varied from 2 to 9. Observed (HO) and expected (HE) heterozygosities
ranged from 0.56 to 0.96, and from 0.52 to 0.88, respectively. All the RAPD-SSR loci conformed to Hardy–
Weinberg equilibrium after Bonferroni correction. They have showed sufficient level of polymorphisms to
estimate the genetic diversity, population structure and species conservation in the A. niger. Five additional
fungus species, Penicillium chrysogenum, Penicillium citrinum, Aspergillus flavus, Aspergillus ochratoxin and
Aspergillus sulphureus were assessed for cross-species amplification. Three of the five species showed at least
three polymorphic loci. In addition, eight loci were found to be polymorphic in at least one species.
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INTRODUCTION
Aspergillus niger is a fungus and one of the most

common species of the genus Aspergillus. Various
strains of A. niger are cultured for the industrial pro-
duction of many substances such as citric acid, glu-
conic acid and so on. Therefore, it is very important to
collect and protect the natural resources of A. niger. In
the long time, a good understanding of the genetic
diversity, population structure and genetic differentia-
tion of A. niger is required for the conservation and
collection of this fungus. Microsatellites are tandemly
repeated simple DNA sequences, which are widely
dispersed throughout the genomes of eukaryotic and
prokaryotic organisms (Eremenko et al., 2012; Zeng
et al., 2013; Zhao et al., 2014; Xin et al., 2016;
Zhdanova et al., 2016). Microsatellites are highly vari-
able and most are thought to be selectively neutral,
making them amendable to population genetic theory
(Shaikhaev and Zhivotovsky, 2014). Microsatellites
have become the marker of choice to study gene and
genome evolution from the individual to populations

or higher-level taxa. There are a lot of reports on
molecular genetics of the genus Aspergillus performed
using microsatellite markers in recent ten years
(de Valk H.A. et al., 2007; Araujo et al., 2009; Chris-
tians and Watt, 2009; Araujo et al., 2010; Escribano
et al., 2015; Kathuria et al., 2015). However, until now,
only a small number of microsatellite sequences were
available in GenBank for A. niger. Thus, screening for
more polymorphic microsatellite markers in A. niger is
very important for analyzing genome organization and
evolution. In the present paper, we isolated 30 poly-
morphic RAPD-SSR markers derived from A. niger
for the purpose of collecting and protecting its natural
populations.

MATERIALS AND METHODS

Samples were collected from Dongying (DY), Yan-
tai (YT) and Linyi (LY) in Shandong province, China in
July, 2016. DNA extraction was performed as described
by Sanchez et al. (2008) and Smirnova et al. (2011). The
concentration was measured with a GENEQUANT Pro1 The article is published in the original.
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(Pharmacia Biotech Ltd., Cambridge, England)
RNA/DNA spectrophotometer for absorption at 260 nm.

Randomly amplified polymorphism DNA (RAPD)
method is a PCR-based DNA fingerprinting tech-
nique (Williams et al., 1990; Welsh et al., 1990).
Genomic DNA was amplified with RAPD oligonucle-
otide primers. RAPD reactions were carried out in a
25-μL reaction mixture that included 20 pmol of
RAPD primer, 100 μM of dNTPs, 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 2.0 mM MgCl2, 1 unit of Taq
polymerase (TaKaRa Corp.), and about 50 ng of tem-
plate DNA. Amplification was performed on a Bioer
Thermal Cycler (G-1000) (Bioer Corp.). PCR cycles
were as follows: 5 min preamplification denaturation
at 94°C, 45 cycles of 30 s at 94°C, 1 min annealing at
37°C, and 2 min extension at 72°C. As a final step,
products were extended for 5 min at 72°C. Amplifica-
tion products were then ligated into a T-vector that was
used to transform into competent bacteria (Yokota and
Oishi, 1990; Lunt et al., 1999). A total of 200 randomly
selected clones were sequenced. Microsatellite sequences
were screened using Tandem Repeats Finder (version:
2.02) (Benson, 1999). The criteria used in this software
to identify microsatellites is as follows: 8 repeats for di-
nucleotide repeat, 5 repeats for tri-nucleotide repeat,
4 repeats for tetra-nucleotide repeat.

Microsatellite amplification was performed using a
standard procedure (Liu et al., 2012). PCR was per-
formed in a 25-μL reaction mixture that included
6 pmol of each primer set, 100 μM of dNTPs, 10 mM
Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2,
about 1.2 unit of Taq polymerase (TaKaRa Corp.),
and approximately 120 ng of template DNA. PCR
cycles were performed as Liu et al. (2014) reported.
RAPD-SSR polymorphism was screened using ABI
377 automated DNA sequencer.

RESULTS
A total of 126 microsatellites were found, of which

79 pairs of primers were designed and tested. A total of
30 RAPD-SSR markers were found to be polymorphic
among 25 strains of A. niger collected from Shandong
in China (Table 1). The number of alleles per locus
ranged from 2 (Aniger09 and Aniger16) to 9 (Aniger04
and Aniger18), and the observed and expected hetero-
zygosity ranged from 0.56 to 0.96, and from 0.52 to
0.88, respectively (Table 1). We used ARLEQUIN 3.11
and POPGENE 1.3.1 to calculate observed (HO) and
expected (HE) heterozygosity and linkage disequilib-
rium respectively. Significance values for all multiple
tests were corrected following Sequential Bonferroni
procedure (Rice, 1989). All the loci conformed to
Hardy-Weinberg equilibrium (HWE) as determined
by using the Markov–Chain method implemented.
Out of 435 possible pairwise comparisons between the
30 loci applied to A. niger, none showed significant
MOLECULAR GENETICS, MICROBIOLOGY AND VIRO
linkage disequilibrium. Considerable differences were
found among DY, YT and LY populations in the num-
ber of alleles, effective number of alleles, number of
genotypes at all of these loci (Table 2). According to
total number of alleles, total effective number of
alleles, and total number of genotypes, the LY popula-
tion showed the highest diversity among all the sam-
ples while the YT sample was the lowest. These new
microsatellite markers have provided a helpful tool for
genetic analyses and resources conservation of A. niger.
The method is also very useful in rapid screening poly-
morphic microsatellite markers based on RAPD prod-
ucts from fungus resources.

Cross-species amplification was examined on five
other fungus species using the conditions detailed for
A. niger. All primer pairs were tested on 25 strains from
each of the five species, Penicillium chrysogenum, Pen-
icillium citrinum, Aspergillus flavus, Aspergillus ochra-
toxin and Aspergillus sulphureus. Three of the five spe-
cies (Aspergillus flavus, Aspergillus ochratoxin and
Aspergillus sulphureus) showed at least three polymor-
phic loci. In addition, eight loci were found to be poly-
morphic in at least one species. The results, summa-
rized in Table 3, highlight the possibility of some
microsatellites of A. niger being used in studies on sev-
eral other species of the fungus.

DISCUSSION

The RAPD technique is a PCR-based DNA fin-
gerprinting that can rapidly identify hundreds of poly-
morphisms and has been successfully applied to a wide
range of organisms (Williams et al., 1990; Welsh et al.,
1990). The RAPD polymorphisms, as AFLP, usually
include SNPs, insertions and deletions (indels) and
microsatellites (Bradeen and Simon, 1998; Liu et al.,
2015). Therefore, polymorphic RAPD bands contain
many polymorphisms caused by microsatellite sequence.
Traditionally, microsatellite loci have been isolated
from small insert size of genomic libraries of the spe-
cies of interest, screening thousands of clones through
colony hybridization with repeat containing probes
(Rassmann et al., 1991). However, its disadvantage is
to need southern hybridization, which is time-con-
suming. If sequenced randomly without hybridizing
for microsatellite enrichment, the microsatellite-con-
taining sequence yield is low. A fast and effective pro-
tocol was used in this study for fast isolation of
sequences containing microsatellite repeats from
RAPD bands of A. niger. This method provides a very
effective means to amplify large numbers of DNA suit-
able size for direct cloning and sequencing. It dose not
require library construction and hybridization screen-
ing, but have a relative high microsatellite yield. We
sequenced a total of 200 clones from RAPD bands of
A. niger, and 126 microsatellite-containing sequences
were obtained. That is, more than 60% of clones con-
LOGY  Vol. 33  No. 4  2018
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Table 1. Characterization of 30 polymorphic RAPD-SSR loci derived from Aspergillus niger

Locus Repeat 
sequence Primer sequences (5'–3')

Ta, 
°C

Na,
size range, bp

HO HE P
Accession 

no.

Aniger01 (TGC)7 F: AGAAGCACAGACACGCTAACACT 59 5 (130–180) 0.76 0.65 0.593 KX506789

R: TGTACCCACCTTGACCCTGAC

Aniger02 (TCT)7 F: TCGTGCTGGTCGCGGGCGTTGA 55 4 (170–200) 0.80 0.74 0.202 KX506790

R: AGACGAATCCGAGGATGACG

Aniger03 (CTA)6 F: TCACTACCCTCCTCTGTCTCCTC 56 6 (210–250) 0.84 0.76 0.199 KX506791

R: ATATGGGGATAAACGGTAATGAG

Aniger04 (CA)11 F: GTATCGCAGGCCTGACAGCAGCC 57 9 (260–290) 0.84 0.71 0.396 KX506792

R: GGTATATCACTCGTGTCGCCATT

Aniger05 (GAA)6 F: AGCGTTCGGGAGCGTTCAGTCA 56 6 (250–290) 0.76 0.73 0.430 KX506793

R: ATGCCGAGGATTCTACATACCACC

Aniger06 (GTT)8 F: AATGGCATGGCACGCTCAATGTC 57 4 (170–220) 0.88 0.79 0.394 KX506794

R: CGACGAGGGCGGATCTCGACTAA

Aniger07 (TA)8 F: ACTCAGCAACCTGGTAATACCTT 56 5 (210–250) 0.92 0.88 0.192 KX506795

R: CTGCTTAAAGCAAGTGGCTGTTA

Aniger08 (CA)10 F: GATTCCGGCTGTTTCCTTGACTG 57 6 (250–280) 0.64 0.58 0.156 KX506796

R: AGTCGGTGGTGGCTTGATGGGTA

Aniger09 (TGC)6 F: TCCGCTGATGATGGATGGCAGATA 54 2 (240–270) 0.64 0.59 0.371 KX506797

R: CTACTAACTAACTACAGACTCTTC

Aniger10 (GA)8 F: CCGGTCGCTGCGACAGTCATTAT 58 5 (250–280) 0.92 0.86 0.331 KX506798

R: TGAGATCATCGAGGATGTGGTGG

Aniger11 (AGC)6 F: CATGCCTTGTGCGGCGTGGACTT 56 3 (190–230) 0.68 0.64 0.095 KX506799

R: CCAAGCGGCGACGTGACTTCTG

Aniger12 (ATCA)6 F: ACTAGCTAGTTAAGTCCGATAA 56 6 (210–250) 0.92 0.85 0.178 KX506800

R: CCAATACCACAGGTGTCGACGA

Aniger13 (GA)8 F: AGTGTTGTATCAGTGCATTAGCA 58 6 (210–250) 0.80 0.72 0.353 KX506801

R: GGTCTGAGGTTCTGGGATCATCT

Aniger14 (TC)7 F: GCGGAAGGACCAGAAGAGGACCG 58 4 (280–300) 0.88 0.82 0.256 KX506802

R: ATACCCATAACAGCGATAAGATTTA

Aniger15 (ACC)7 F: CGGACCCACAAGGCTGAATGAGA 57 10 (220–260) 0.72 0.66 0.287 KX506803

R: ACACATGCATACTTGATGCGGTG

Aniger16 (AC)7 F: GGCCAGGATCATCCCGGAGTGTA 55 2 (220–250) 0.68 0.64 0.304 KX506804

R: GGAGTTGCGTATGTTCGTGACAT

Aniger17 (GAG)6 F: AAGGCGGATGCGGTCTGCGAGGT 56 5(190–220) 0.80 0.74 0.209 KX506805

R: CTGGTTCGAGGATTGAAAAGCCTT

Aniger18 (CT)12 F: GCAATTGGTGATTGTTTGGATGG 55 9 (190–230) 0.88 0.83 0.672 KX506806

R: TTGATCAGCAGGTGGAAATAGCA

Aniger19 (GA)11 F: AAGGTTTGTGGCAATGGAAGAA 56 8 (290–340) 0.96 0.81 0.403 KX506807
MOLECULAR GENETICS, MICROBIOLOGY AND VIROLOGY  Vol. 33  No. 4  2018
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tain microsatellites. Among the 126 microsatellites,
79 pairs of primers were designed and tested, with 30
of these giving polymorphic loci. The other 47 micro-
satellites had inappropriate f lanking regions on one or
both sides of the simple sequence repeats or possessed
only a few repeats and thus having less potential for
polymorphism.

Microsatellite loci generally have ancient origins
and show considerable evolutionary conservation,
which suggests that microsatellite primers developed
for any one locus may often be useful across a wide
range of taxa (Liu et al., 2009). Cross-species amplifi-
cation is a practical method to extend the utilization of
microsatellite markers. Although cross-species ampli-
fication is convenient, it may lead to low or incomplete
amplification due to as little as a single dinucleotide
MOLECULAR GENETICS, MICROBIOLOGY AND VIRO
mismatch between the primer and the target DNA
sequences. This problem can often be resolved by
employing less stringent polymerase chain reaction
(PCR) conditions such as lowering the annealing tem-
perature or increasing the magnesium concentration
in the reaction. In this study, 3, 6 and 3 microsatellite
loci show polymorphic in Aspergillus flavus, Aspergillus
ochratoxin and Aspergillus sulphureus, respectively.
Nine microsatellite loci have amplification product
and six are polymorphic in A. ochratoxin. It indicates
A. niger may have a closer phylogenetic relationship
with A. ochratoxin while farther with no polymorphic
amplification of species of Penicillium chrysogenum
and Penicillium citrinum.

In conclusion, the findings of this study prove the
usefulness of RAPD bands as a valuable source for the
Ta is annealing temperature (°C); Na is number of alleles; HO is observed heterozygosity; HE is expected heterozygosity.

R: AAGGAGGAAGGAAGAGCAGTAA

Aniger20 (TGC)10 F: TGTTGGACTGCAGGTTGTCCAT 56 7 (280–320) 0.72 0.71 0.457 KX506808

R: GGAAGCCTGCTGAGCAGCCGAA

Aniger21 (GAG)8 F: CGATAAGGCCGCTGCTGTCGAGG 58 5 (270–310) 0.92 0.70 0.371 KX506809

R: GCAAGGCTTAAGCTACACAGATG

Aniger22 (ACT)11 F: CCGGGTATGTGTGCGCACGTGAG 58 7 (290–330) 0.84 0.79 0.573 KX506810

R: TTCAATCGATAGATGAGACAGAG

Aniger23 (CT)10 F: GGCAGCTGGAGGATCACGTGGT 57 5 (280–320) 0.84 0.61 0.076 KX506811

R: GATGATCCGCTGTGGGTATATTC

Aniger24 (TC)9 F: CACTAGCTTCTATTAGTGTAGC 55 6 (270–310) 0.56 0.52 0.132 KX506812

R: TGAACCCTGAGGATCAAGGGTAG

Aniger25 (ATA)9 F: GGACTGGCTTGGCAGACGATGA 59 5 (150–190) 0.76 0.73 0.365 KX506813

R: ACATGAGTGGGGAAGACCAATTG

Aniger26 (ATG)6 F: GAAGTCATTGATGCACTTCTGAG 55 4 (250–290) 0.84 0.75 0.296 KX506814

R: GCAACTACGCAGATAATTTGACT

Aniger27 (AG)8 F: TGTGACAGATGTTGGGTGTGTCT 55 4 (250–300) 0.88 0.82 0.155 KX506815

R: AGAGTCCAACCGGGAGTCTCGTG

Aniger28 (CCA)6 F: GAGTCTAACGACTTACTACTACG 55 3 (280–320) 0.64 0.62 0.167 KX506816

R: AAGGTTTACCCGTAGTTTTCTAT

Aniger29 (TGC)9 F: GTGGATTGTGAGGTCGCCAGGCG 56 3 (280–330) 0.72 0.65 0.285 KX506817

R: ATGCGTGACAATTCTATCGCATT

Aniger30 (TC)9 F: ACATAATATAACTACTTAGTAC 53 4 (270–310) 0.80 0.74 0.183 KX506818

R: AGAGCGACAATAGTAAGGGTGA

Locus Repeat 
sequence Primer sequences (5'–3')

Ta, 
°C

Na,
size range, bp

HO HE P
Accession 

no.

Table 1. (Contd.)
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Table 2. Allelic variability at thirty microsatellite loci in three different populations of Aspergillus niger

Number of alleles per locus (A), effective number of alleles (ae), number of genotypes (G), are given for each population and locus.

Microsatellite
Populations

DY YT LY

Loci A ae G A ae G A ae G

Aniger01 5 3.93 6 3 3.44 4 6 3.97 8

Aniger02 4 2.88 5 2 2.57 3 4 2.95 6

Aniger03 6 4.56 9 6 4.56 9 8 5.23 10

Aniger04 8 6.16 9 7 5.89 7 9 6.60 11

Aniger05 6 4.22 8 6 4.32 8 6 4.91 8

Aniger06 4 2.90 6 4 2.23 6 6 3.64 8

Aniger07 5 3.83 7 5 3.76 7 5 3.86 7

Aniger08 6 4.33 9 6 4.13 9 7 4.73 10

Aniger09 2 0.97 3 2 0.92 3 2 0.89 3

Aniger10 5 2.74 7 5 2.55 6 5 2.74 7

Aniger11 3 2.16 5 3 1.64 5 5 3.08 6

Aniger12 6 3.64 8 6 3.95 7 6 3.64 8

Aniger13 6 4.02 7 6 3.99 6 8 5.17 12

Aniger14 4 2.95 5 4 2.95 5 4 3.05 6

Aniger15 10 6.86 13 8 5.68 10 10 7.12 13

Aniger16 2 1.12 3 2 1.07 3 3 1.46 5

Aniger17 5 3.75 8 5 3.43 8 5 3.86 8

Aniger18 8 5.31 12 6 4.81 10 10 5.37 12

Aniger19 8 5.04 10 8 5.29 10 8 6.02 10

Aniger20 7 4.55 10 6 4.80 9 9 5.50 12

Aniger21 5 3.67 8 5 3.70 8 5 3.67 8

Aniger22 7 5.29 9 7 5.08 9 7 5.34 9

Aniger23 5 2.39 7 5 2.19 7 6 4.04 7

Aniger24 6 4.85 8 4 4.82 6 6 4.93 8

Aniger25 4 2.95 6 5 2.35 6 5 3.17 7

Aniger26 5 3.04 8 3 3.34 5 5 3.74 8

Aniger27 4 2.73 6 3 2.19 5 4 2.89 6

Aniger28 3 1.90 4 3 2.40 4 3 2.16 4

Aniger29 3 2.11 6 2 1.55 3 4 2.54 7

Aniger30 4 2.34 5 4 2.07 5 5 2.78 6

Total 156 106.22 217 141 100.75 193 176 111.56 240
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Table 3. Cross-species amplification and PCR product size range of thirty microsatellite loci from A. niger in five other fun-
gus species including Penicillium chrysogenum, Penicillium citrinum, Aspergillus flavus, Aspergillus ochratoxin and Aspergillus
sulphureus

The number in each cell indicates the number of observed alleles; “0” indicates no amplification or smear only; “*” indicates larger
than expected size; “†” indicates smaller than expected size.

Locus Penicillium 
chrysogenum

Penicillium citrinum Aspergillus flavus Aspergillus ochratoxin
Aspergillus 
sulphureus

Aniger01 0 0 0 1 1

Aniger02 0 0 1† 0 1†

Aniger03 0 0 0 0 1

Aniger04 1 0 0 3 (270–290) 0

Aniger05 1 0 0 0 0

Aniger06 1* 0 0 1* 0

Aniger07 0 0 0 0 0

Aniger08 0 0 1† 0 1†

Aniger09 0 0 0 1 0

Aniger10 0 0 2 (250–260) 2 (250–260) 3 (250–270)

Aniger11 0 1† 0 0 0

Aniger12 0 0 0 0 1

Aniger13 0 0 1† 0 1†

Aniger14 0 0 0 0 0

Aniger15 1 1† 1† 3 (220–240) 0

Aniger16 0 0 0 0 0

Aniger17 0 0 0 0 0

Aniger18 1 0 0 0 0

Aniger19 0 0 0 0 0

Aniger20 1 1† 3 (280–310) 3 (280–310) 1

Aniger21 1 0 0 0 3

Aniger22 0 0 2 (290–310) 0 3 (290–310)

Aniger23 1 0 0 0 0

Aniger24 0 0 0 0 0

Aniger25 0 0 0 2 (150–170) 0

Aniger26 0 0 0 0 2 (250–270)

Aniger27 0 0 1† 0 1†

Aniger28 0 0 0 0 0

Aniger29 0 0 0 0 0

Aniger30 1 1† 1† 2 (270–290) 0
identification of microsatellite from A. niger. The
polymorphic microsatellite loci developed in this
study for A. niger are anticipated for use in the further
study of systematic and population genetics in this
mold species. Cross-species amplification on five
other species indicates that some microsatellite loci of
A. niger are conservative in closely related species.
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