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Abstract 

Background  Microsatellites are important markers for livestock including ducks. The development of microsatellites 
is expensive and labor-intensive. Meanwhile, the in silico approach for mining for microsatellites became a practicable 
alternative. Therefore, the current study aimed at comparing whole-genome and chromosome-wise microsatel-
lite mining approaches in Muscovy and Mallard ducks and testing the transferability of markers between them. The 
GMATA software was used for the in silico study, and validation was performed using 26 primers.

Results  The total number of the detected microsatellites using chromosome-wise was 250,053 and 226,417 loci 
compared to 260,059 and 238,462 loci using whole genome in Mallards and Muscovies. The frequencies of different 
motifs had similar patterns using the two approaches. Dinucleotide motifs were predominant (> 50%) in both Mal-
lards and Muscovies. The amplification of the genomes revealed an average number of alleles of 5.08 and 4.96 
in Mallards and Muscovies. One locus was monographic in Mallards, and two were monomorphic in Muscovies. The 
average expected heterozygosity was higher in Muscovy than in Mallards (0.45 vs. 0.43) with no significant difference 
between the two primer sets, which indicated the usefulness of cross-species amplification of different primers.

Conclusion  The current study developed a whole-genome SSR panel for ducks for the first time, and the results 
could prove that using chromosome-wise mining did not generate different results compared to the whole-genome 
approach.
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Background
Ducks are unique poultry species, as they fall into two 
species which are Mallard (Anas platyrhynchos) and 
Muscovy (Cairina moschata) ducks. Mallard ducks are 
more common than Muscovy and are considered to be 
social animals that like to live in groups that differ in size 
[1, 2]. They are also considered the largest and most wide-
spread of waterfowl and the second-largest poultry spe-
cies [3]. The first comparative and cytogenetic map of the 
ducks was published in the year 1966 for Mallard ducks 
[4], where the researchers postulated that the diploid 
chromosome number of ducks was 80 unlike 78 chromo-
somes for chickens [5]. Recently, deep analyses for duck 
chromosomes were performed [6], when the researchers 
successfully delineated 19 linkage groups wherein 115 
microsatellite markers were placed for defining the duck 
genome. Thus, a sex-corrected map spanning 1353.3-cm 
length, with a mean interval distance of 15.04 cm per 
marker, was established. These efforts were followed by 
forming a consortium for detailed sequencing of the duck 
genome, where they sequenced the genome of a female 
Beijing duck by generating 77 Gb of paired-end reads 
amounting to 64-fold coverage of the whole genome [6].

From the repetitive sequences are the microsatel-
lites, which are simple sequence repeats (SSR). The term 
“microsatellites” was developed in 1989 during research 
on the (TG)n gene of cardiac actin [7]. They are DNA 
motifs that are repeated about 5–50 times which are 
found thousands of times on the chromosome. The crea-
tion of microsatellites is non-random, with distinct differ-
ences among mechanisms that stimulated the genes for 
SSRs, which included insertions, deletions, recombina-
tion, repair, transpositions, horizontal gene transfer, and 
replication slippage. Microsatellites have been detected 
within the genomes of all eukaryotes [8]. Microsatel-
lites are the most adaptable molecular markers, which 
are utilized to identify a specific molecular sequence in 
a pool of unknown DNA. This helps in determining their 
connections and evolutionary links in closely related 
genomes. Repeated repetitions are becoming one of the 
most popular genetic probes. They are currently popu-
lar in molecular genetics, biotechnology, and evolution-
ary biology [9]. They are polymorphic which means they 
have many potential alleles at different places on the 
chromosome; also, they can be inherited easily. Vari-
ous techniques have been established to evaluate DNA 
polymorphism by measuring genetic diversity in  situ. 
Consequently, it is easy to trace the fingerprints of all 
the organisms by examining molecular markers of DNA 
involved in determining the inherited characters and evo-
lutionary history in a phyletic lineage [10, 11]. The direct 
applications for developing new microsatellites are not 
limited. For instance, the chromosome-level assembly of 

the Muscovy duck genome offers valuable information on 
the susceptibility of fatty liver [12]. Also, the comparison 
of markers in different duck species can provide insights 
into the molecular basis of disease susceptibility [13]. 
The evolutionary studies in ducks also benefited from 
the applications of microsatellite markers [14, 15]. The 
characterization of microsatellite repeats and their varia-
tion in ducks could facilitate their use as genetic markers 
and consequently allow breeding strategies that focus on 
the transfer of markers from one breed to another to be 
applied. Also, it helps in the identification of genes/QTLs 
controlling economic traits, making them more useful in 
studies involving marker-trait association, QTL mapping, 
and genetic diversity analysis.

Therefore, the current study aimed at in silico analysis 
of the whole-genome sequence of both Mallard and Mus-
covy ducks, for mining the genome to generate a panel 
of microsatellite loci. The study also compares whole-
genome and chromosome-wise mining approaches.

Methods
Ethical approval
The genotyping and validation procedures were approved 
by the Institutional Animal Care and Use Committee at 
Cairo University (CU-IACUC), with the approval num-
ber of CU/I/F/32/23.

Sequence data source
The reference genome sequences were downloaded 
from the National Center for Biotechnology Information 
(NCBI); the sequence of common ducks was for the Z2 
breed of Pekin duck (accession no.: GCA_015476345.1). 
All available chromosome sequences were subjected 
to analysis. For Muscovy ducks, the reference genome 
sequence of the CM-2020 isolate (accession no.: 
GCA_018104995.1) was used.

In silico mining of whole‑genome‑wide SSRs
The genome sequences were analyzed in two approaches. 
The first one was the whole-genome approach, where a 
single FASTA format file for whole-genome sequence 
for each of Mallard and Muscovy ducks was downloaded 
and subjected to the analysis. The second approach was 
chromosome-by-chromosome analysis, in which chro-
mosome-wise FASTA format files were downloaded and 
analyzed. The analyzed genome sizes were 1189 and 1119 
Mbp for Mallard and Muscovy ducks, respectively. For 
Mallard ducks, the chromosomal sequences were avail-
able for all the chromosomes from 1 to 33 except chro-
mosomes 30 and 32, which were not available on the 
NCBI webpage. The analysis also included sex chromo-
somes (W and Z) and mitochondrial DNA sequences. 
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For Muscovy ducks, the available sequences were for the 
chromosomes from 1 to 29, as well as the Z chromosome.

These sequences were mined for SSRs using Genome-
wide Microsatellite Analyzing Tool (GMATA) software 
package version 2.1 [16]. The choice of GMATA was due 
to its ability to analyze large sequences by chunking them 
into lesser fragments to increase mining speeds. The cri-
teria used for repeat identification were set to minimum 
and maximum repeat lengths of 2 and 6, respectively, and 
minimum repeat time of five for di-, tri-, tetra-, penta-, 
and hexanucleotide motifs. Primer pairs were thereafter 
developed using primer3 included in the GMATA pack-
age, where the SSR file (GMATA output) along with 
the sequence file was used as input files for designing 
the primers. The parameters were set to amplicons that 
ranged between 120 and 400 bp, with a flanking sequence 
length of 400 bp, and an average annealing temperature 
of 60 °C.

For comparisons, relative abundance and relative den-
sity were calculated. Relative abundance was calculated 
as the number of SSRs per Mb of the sequence analyzed, 
and relative density was calculated as the length (in bp) of 
SSRs per Mb of the sequence analyzed.

Validation of microsatellites and PCR analysis
A total of 26 primer pairs (13 per duck species, Table 1) 
were randomly chosen across the genome and designed 
to validate the detected loci and the developed primers. 
Validation was performed using polymerase chain reac-
tion (PCR). Individual blood samples were collected 
from twenty birds of both sexes of each of Muscovy 
and Mallard ducks. DNA was extracted using WizPrep 
genomic DNA kit (Wizbiosolutions Inc., South Korea) 
according to the manufacturer’s instructions. The PCR 
reaction volume was adjusted to 20 μl, including 2 μl of 
template DNA (~ 30–50 ng), 1 μl of each of the forward 
and reverse primers, 10 μl of master mix, and 6 μl of 
nuclease-free water. The amplification program started 
with the initial denaturation step (95 °C for 5 min), fol-
lowed by 35 cycles of denaturation (30 s at 95 °C), anneal-
ing (54 s at 56–63 °C), and elongation (30 s at 72 °C), 
and the program was closed by a final extension step at 
72 °C for 10 min. The PCR products were then separated 
by electrophoresis using 8% non-denaturing polyacryla-
mide gel. The genomic parameters, including the number 
of alleles, minor allele frequency, expected heterozy-
gosity, and number of effective alleles, were estimated 

Table 1  Primer sequence, polymorphism, observed allele range, and number of alleles/locus of the selected loci

Marker ID Species Primer TM Fragment size

Forward Reverse

MK22 Muscovy GAC​GAG​GAC​AGC​AGC​TTG​A TAA​CTG​GAA​GCC​ATG​CAC​AG 60.1 353

MK37651 Muscovy CCC​CAA​CAC​ACA​CTA​CCA​CA AAT​ACC​AGG​ATG​CCA​ACT​GC 60.1 246

MK37669 Muscovy ATG​CAT​ACA​CTG​CTG​CTT​GG CCA​GGA​AAC​AAA​ATG​GGA​AA 59.8 367

MK37680 Muscovy TCC​ATT​CAA​TCA​CCA​GCT​CA GCC​ATC​AAA​AGA​TCC​TCC​AG 59.9 400

MK19696 Muscovy TTG​GTG​GTG​AAT​CAT​GTG​CT GTC​CTC​TGT​GAT​GGG​TGC​TT 60.0 310

MK19508 Muscovy GCC​AGA​ATT​GTT​TCT​GCA​TGT​ GCT​GAT​GCA​CAG​TCA​TTG​GT 59.9 355

MK19002 Muscovy GAG​GAG​GAG​GAG​GGA​GAG​AG GGC​TTT​GTG​TGT​GTG​TGT​GG 60.3 225

MK38645 Muscovy CTG​GCT​GTG​GAG​ACG​GTA​AT AGG​ATT​CAT​GCT​GCT​GCT​TT 60.1 183

MK33624 Muscovy TCC​AGA​AGA​AAA​GGG​GAT​GA TTC​CCA​AAG​GAA​TTT​TGC​TG 59.8 225

MK31272 Muscovy CCT​GGC​TAA​GCA​GCT​GAA​AA TGC​TTT​GTG​AAG​TTG​ATG​CAG​ 60.3 210

MK26001 Muscovy ATG​GCA​GCA​GGA​GAT​AAG​GA CAC​CCC​GAA​GTA​AAC​ACC​AT 59.8 181

MK37601 Muscovy CTG​CAT​AAG​CCA​ATG​CTG​AA TTC​TTT​CCC​TTT​CCC​TTT​CC 59.7 171

MK46014 Mallard GAC​GAG​GAC​AGC​AGC​TTG​A TAA​CTG​GAA​GCC​ATG​CAC​AG 60.1 356

MK4647 Mallard CCC​CAA​CAC​ACA​CTA​CCA​CA AAT​ACC​AGG​ATG​CCA​ACT​GC 60.1 269

MK5039 Mallard CCA​GGA​AAC​AAA​ATG​GGA​AA ATG​CAT​ACA​CTG​CTG​CTT​GG 59.8 347

MK4624 Mallard GCC​ATC​AAA​AGA​TCC​TCC​AG TCC​ATT​CAA​TCA​CCA​GCT​CA 59.9 400

MK24903 Mallard GTC​CTC​TGT​GAT​GGG​TGC​TT TTG​GTG​GTG​AAT​CAT​GTG​CT 60.0 304

MK25130 Mallard GCT​GAT​GCA​CAG​TCA​TTG​GT GCC​AGA​ATT​GTT​TCT​GCA​TGT​ 59.9 343

MK25365 Mallard GGC​TTT​GTG​TGT​GTG​TGT​GG GAG​GAG​GAG​GAG​GGA​GAG​AG 60.3 231

MK3631 Mallard AGG​ATT​CAT​GCT​GCT​GCT​TT CTG​GCT​GTG​GAG​ACG​GTA​AT 60.1 191

MK8745 Mallard TTC​CCA​AAG​GAA​TTT​TGC​TG TCC​AGA​AGA​AAA​GGG​GAT​GA 59.8 235

MK11161 Mallard ATG​CTT​CGT​GAA​GTT​GAT​GC CCT​GGC​TAA​GCA​GCT​GAA​AA 59.8 210

MK17028 Mallard CAC​CCC​GAA​GTA​AAC​ACC​AT ATG​GCA​GCA​GGA​GAT​AAG​GA 59.8 178

MK15735 Mallard GTT​TCA​GCC​CGA​AGA​AAC​TG TTC​TTT​CCC​TTT​CCC​TTT​CC 59.7 398
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using GenAlex [17] and POPGENE [18] software pack-
ages. Polymorphic information content (PIC) was calcu-
lated for each marker using Gene-Calc online platform 
(https://​gene-​calc.​pl/​pic). The generated results were 
compared using the Student’s t-test.

Results
In the current study, we used two approaches for mining 
SSR, the chromosome-wise approach generated fewer 
microsatellites than whole-genome analysis in the two 
duck species, where the total number of the detected 
microsatellites using chromosome wise was 250,053 and 
226,417 loci compared to 260,059 and 238,462 loci using 
whole genome in Mallard and Muscovy ducks, respec-
tively. Also, the frequencies of different motifs had simi-
lar patterns using the two approaches as shown in Fig. 1.

Chromosome‑wise SSR mining
The detected motif types and frequencies for each chro-
mosome are presented in Table 2 for Mallards and Table 3 
for Muscovy ducks. The dinucleotide was predominant 
in both Mallards and Muscovies, where it accounted for 
55.89 and 58.75% of the total detected motifs in the two 
species, respectively. The trinucleotide ranked second at 
16.90 and 17.14% for Mallards and Muscovies, respec-
tively. However, hexanucleotide motifs were the least and 
accounted for 2.07 and 1.66 for Mallard and Muscovy 
ducks, respectively.

For the autosomal chromosomes of Mallard ducks, the 
percentage of dinucleotide repeats ranged between 13.97 
(chr# 33) and 66.96% (chr# 6), the percentage of trinucle-
otide repeats ranged between 15.88 (chr# 8) and 65.52% 
(chr# 33), the percentage of tetranucleotide repeats 
ranged between 2.56 (chr# 31) and 17.80% (chr# 1), 
percentage of pentanucleotide repeats ranged between 
3.45 (chr# 33) and 15.39% (chr# 31), and hexanucleotide 
repeats were not detected in chromosome 31 (0.00%) and 

reached the maximum percentage in chromosome 16 
(9.02%).

For Muscovy duck (Table  3), the percentage of dinu-
cleotide ranged from 69.08% (chr# 13) and 50.45% (chr# 
26), while the trinucleotide calculated 35.71% (chr# 26) 
and 15.96 (chr#7), and the tetranucleotide scored ratio 
between 17.64% (chr# 1) and 3.21% (chr# 23). However, 
pentanucleotide repeats ranged between 8.39% (chr# 1) 
and 3.6% (chr# 22), and the hexanucleotide has means 
vary from 2.48% (chr# 29) and 0.42% (chr# 25).

Table  4 shows the size (Mb), relative abundance, and 
estimated repeat density of different chromosomes in 
Mallard and Muscovy ducks. For Mallards, chromo-
some 1 is the largest in size, followed by chromosomes 
2 and 3, while the smallest are chromosomes 33, 32, and 
17. Also, the reference sequence of mitochondrial DNA 
is too small (0.02 Mb). The highest relative microsatellite 
abundance was obtained in the sex chromosome (chro-
mosome Z), which was 326.138, while the lowest rela-
tive abundance was scored for chromosome 20 and was 
124.310. As also shown in Table  3, the estimated SSR 
density for Mallard chromosomes was low, and the low-
est value was obtained for the Z chromosome. However, 
the highest estimated SSR density was obtained for mito-
chondrial DNA.

For Muscovy ducks, chromosome 1 is the largest one in 
size, followed by chromosomes 2 and 3 as found in Mal-
lards, while chromosomes 17, 26, and 23 are the small-
est respectively. The relative abundance of microsatellites 
varied from 309.941 in the Z chromosome to 91.481 in 
chromosome 20. The estimated SSR density for Muscovy 
chromosomes with the Z chromosome is having the low-
est, while chromosome 20 had the highest estimated SSR 
density.

A large number of markers were designed for the 
detected markers for Mallards and Muscovies at the 
different chromosomes (Table  4). It can be observed 

Fig. 1  Frequency of different SSR motifs developed in the genomes of Mallard and Muscovy ducks using genome-wise and whole-genome mining 
approaches

https://gene-calc.pl/pic
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for Mallards that the total SSR equals 250,053. The per-
centages of SSR markers with primers ranged between 
100% for mitochondrial DNA to 82.1% at chromosome 
31, while the percentage of SSR markers without primes 
was very low and reached its maximum at chromosome 
31 with a percentage of 17.95% and its minimum in W 
chromosome with a percentage of 0.3%. The total SSR for 
Muscovies at different chromosomes equals 226,417. The 
percentages of SSR markers with primers ranged between 
98.47% at chromosome 14 to 90.68% at chromosome 17. 

Similar to the results obtained for Mallards, the percent-
age of SSR markers without primes was also very low and 
reached maximum at chromosome 17 with a percentage 
of 7.87% and minimum at chromosome 14 with a per-
centage of 1.53%.

Whole‑genome SSR mining
When the whole genomes were analyzed, the results did 
not greatly differ from the chromosome-wise approach 
(Table  5), where dinucleotide motifs were predominant 

Table 2  Frequency and distribution of the microsatellite loci detected for each chromosome of Mallard duck genome

Chr Motif (k-mer)

Dinucleotide Trinucleotide Tetranucleotide Pentanucleotide Hexanucleotide

1 30,089 (52.8) 9155 (16.1) 10,139 (17.8) 6298 (11.1) 1271 (2.2)

2 23,208 (53.5) 7062 (16.3) 7365 (16.99) 4842 (11.2) 885 (2.04)

3 16,094 (54.5) 4726 (15.99) 4901 (16.6) 3325 (11.3) 507 (1.7)

4 10,074 (61.15) 2599 (15.78) 2306 (13.99) 1261 (7.66) 234 (1.42)

5 7841 (62.22) 2031 (16.12) 1614 (12.8) 971 (7.7) 145 (1.15)

6 4284 (66.96) 1020 (15.9) 727 (11.36) 309 (4.8) 58 (0.9)

7 4678 (66.2) 1118 (15.81) 811 (11.47) 395 (5.59) 68 (0.96)

8 3726 (65.15) 908 (15.88) 665 (11.63) 318 (5.56) 102 (1.78)

9 2692 (63.6) 754 (17.81) 511 (12.1) 228 (5.39) 48 (1.13)

10 2337 (62.42) 674 (18) 476 (12.71) 215 (5.74) 42 (1.12)

11 2124 (63.23) 625 (18.6) 382 (11.37) 195 (5.8) 33 (0.98)

12 2282 (63.74) 628 (17.54) 383 (10.7) 222 (6.2) 65 (1.82)

13 2395 (67.75) 635 (17.96) 310 (8.8) 163 (4.61) 32 (0.9)

14 1900 (56.22) 651 (19.27) 340 (10.06) 233 (6.9) 255 (7.55)

15 1672 (66.5) 434 (17.3) 234 (9.3) 140 (5.6) 34 (1.35)

16 1500 (56.86) 447 (16.95) 329 (12.47) 124 (4.7) 238 (9.02)

17 110 (40.3) 64 (23.4) 44 (16.12) 47 (17.22) 8 (2.93)

18 1007(62.98) 347 (21.70) 129 (8.07) 94 (5.88) 22 (1.38)

19 1061 (58.5) 412 (22.72) 171 (9.4) 134 (7.39) 35 (1.9)

20 935 (62.8) 325 (21.84) 137 (9.2) 63 (4.2) 28 (1.88)

21 1508 (61.58) 469 (19.15) 246 (10.05) 189 (7.72) 37 (1.5)

22 735 (64.99) 251 (22.19) 83 (7.34) 44 (3.89) 18 (1.59)

23 430 (59.6) 168 (23.3) 61 (8.46) 50 (6.9) 12 (1.66)

24 607 (53.06) 342 (29.9) 85 (7.43) 93 (8.13) 17 (1.49)

25 639 (64.68) 228 (23.08) 62 (6.28) 42 (4.25) 17 (1.72)

26 201 (36.61) 193 (35.16) 41 (7.47) 39 (7.1) 75 (13.66)

27 486 (54.3) 293 (32.74) 55 (6.15) 45 (5.03) 16 (1.79)

28 615 (51.72) 273 (22.96) 128 (10.77) 146 (12.28) 27 (2.27)

29 434 (54.66) 228 (28.72) 51 (6.42) 63 (7.94) 18 (2.27)

31 12 (30.77) 20 (51.28) 1 (2.56) 6 (15.39) 0

33 4 (13.79) 19 (65.52) 2 (6.9) 1 (3.45) 3 (10.34)

W 1097 (48.45) 750 (33.1) 213 (9.4) 146 (6.45) 58 (2.56)

Z 12,982 (47.1) 4402 (15.96) 5417 (19.7) 4008 (14.5) 766 (2.78)

MT 1 (100) 0 0 0 0

Total 139,760 42,251 38,419 24,449 5174

Percentage 55.89% 16.90% 15.36% 9.78% 2.07%



Page 6 of 13Safaa et al. Journal of Genetic Engineering and Biotechnology          (2023) 21:105 

in both Mallard and Muscovy genomes and accounted 
for more than 50% of the detected motifs. However, the 
percentage was higher in Muscovy (58.39%) than that in 
Mallards (54.75%). Trinucleotide motifs ranked second 
among the two duck species and accounted for 17.61 and 
16.87% of Muscovy and Mallard ducks. The tetranucleo-
tide percentage was higher in Mallards (15.58%) than in 
Muscovy genomes. A similar trend was observed for pen-
tanucleotides and hexanucleotides.

The size of the analyzed sequence of the Mallard duck 
genome was 1188.52 Mb, with a relative abundance equal 
to 218.81 and a low estimated repeat density of approxi-
mately 0.001578, while the total SSR counted 260,059, 
96.39% of them found with primers. However, the 

analyzed sequence of the Muscovy genome was 1118.56 
Mb, with a relative abundance equal to 218.81, and a 
low estimated repeat density of approximately 0.001698, 
while the total SSR counted 238,462, 96.86% of them 
found with primers.

As mentioned before, the number of detected micros-
atellites was higher in Mallards than in Muscovy ducks. 
Also, relative abundance was higher in Mallards than 
Muscovy (218.81 vs. 213.19). However, the estimated 
repeat density was higher in Muscovy than in Mallard 
ducks. Primers were designed for most of the generated 
microsatellites, with a percentage of 96.86 and 96.39% 
of the total microsatellites in Muscovy and Mallards, 
respectively.

Table 3  Frequency and distribution of the microsatellite loci detected for each chromosome of Muscovy duck genome

Chr Motif (k-mer)

Dinucleotide Trinucleotide Tetranucleotide Pentanucleotide Hexanucleotide

1 28,792 (55.56) 8571 (16.54) 9141 (17.64) 4349 (8.39) 973 (1.88)

2 21,824 (56.53) 6498 (16.83) 6513 (16.87) 3086 (7.99) 688 (1.78)

3 16,156 (57.83) 4687 (16.78) 4482 (16.04) 2123 (7.6) 488 (1.75)

4 10,203 (62.1) 2728 (16.6) 2396 (14.58) 910 (5.54) 193 (1.18)

5 8804 (64.59) 2205 (16.18) 1693 (12.42) 756 (5.55) 173 (1.27)

6 2351 (65.34) 601 (16.7) 424 (11.78) 186 (5.17) 36 (1.00)

7 3413 (67.92) 802 (15.96) 555 (11.05) 214 (4.26) 41 (0.82)

8 5675 (67.83) 1298 (15.52) 954 (11.40) 352 (4.21) 87 (1.04)

9 3068 (65.95) 742 (15.95) 559 (12.02) 245 (5.27) 38 (0.82)

10 2147 (67.2) 544 (17.03) 349 (10.92) 135 (4.23) 20 (0.63)

11 1513 (63.79) 521 (21.97) 192 (8.09) 120 (5.06) 26 (1.10)

12 1513 (66.1) 394 (17.21) 282 (12.32) 79 (3.45) 21 (0.92)

13 2377 (69.08) 595 (17.29) 330 (9.59) 122 (3.55) 17 (0.5)

14 1574 (61.9) 524 (20.61) 262 (10.30) 155 (6.1) 28 (1.1)

15 1668 (66.99) 446 (17.91) 237 (9.52) 111 (4.46) 28 (1.13)

16 1335 (67.8) 371 (18.84) 158 (8.02) 84 (4.27) 21 (1.07)

17 55 (46.61) 38 (32.2) 12 (10.17) 9 (7.63) 4 (3.39)

18 1010 (63.4) 365 (22.91) 133 (8.35) 67 (4.21) 18 (1.13)

19 947 (63.94) 316 (21.34) 127 (8.58) 73 (4.93) 18 (1.22)

20 629 (56.87) 308 (27.85) 91 (8.23) 62 (5.61) 16 (1.45)

21 1514 (63.83) 412 (17.37) 265 (11.17) 142 (5.99) 39 (1.64)

22 718 (66.36) 238 (22) 76 (7.02) 39 (3.6) 11 (1.02)

23 159 (56.79) 93 (33.21) 9 (3.21) 14 (5) 5 (1.79)

24 523 (59.57) 219 (24.94) 78 (8.88) 44 (5.01) 14 (1.59)

25 629 (65.45) 227 (23.62) 68 (7.08) 33 (3.43) 4 (0.42)

26 113 (50.45) 80 (35.71) 18 (8.036) 10 (4.46) 3 (1.33)

27 417 (59.66) 213 (30.47) 35 (5) 26 (3.72) 8 (1.15)

28 687 (57.59) 295 (24.73) 112 (9.39) 76 (6.37) 23 (1.93)

29 302 (57.52) 135 (25.71) 56 (10.67) 19 (3.62) 13 (2.48)

Z 12,915 (50.58) 4347 (17.03) 4975 (19.49) 2588 (10.14) 708 (2.77)

Total 133,031 38,813 34,582 16,229 3762

Percentage 58.75% 17.14% 15.27% 7.17% 1.66%
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SSRs validation
The validation step was performed using 13 primer pairs 
for each of the Mallard and Muscovy ducks. All 26 micro-
satellites showed successful amplification of the genomes 
(Table 6). The genome amplification resulted in 122 alleles 
in Mallard and 119 alleles in Muscovy ducks. The num-
ber of the detected alleles per primer ranged between 0 
and 9 alleles. The average number of alleles was 5.08 and 
4.96 in Mallard and Muscovy ducks, respectively. Out of 
the 26 markers, one marker was monomorphic in Mal-
lards, and two were monographic in Muscovy ducks. The 
number of private alleles was also higher in Mallards and 
reached 41 alleles, compared with 36 private alleles pro-
duced for the Muscovy duck genome. Overall primers, 
the minor allele frequency (MAF) averaged 0.31 and 0.36 
in Mallard and Muscovy ducks, respectively. The average 
expected heterozygosity was slightly higher in Muscovy 
than in Mallards (0.45 vs. 0.43). The effective number of 
alleles was also higher in Muscovy (1.88 alleles) than in 
Mallards (1.81 alleles). The average polymorphic infor-
mation content was also higher in Muscovy (0.55) than in 
Mallards (0.47). Table 7 shows the compression between 
primer sets generated for each species. No significant dif-
ferences (p > 0.05) in the estimated parameters of the gen-
erated alleles were observed between primers designed 
for Muscovy and Mallard ducks.

Discussion
Microsatellites are simple, tenderly repeated sequence 
motifs flanked by unique sequences. Over the past 
two decades, microsatellites considered the marker of 
choice for animal breeders due to their polymorphic 
and codominant nature. They have been used in the 
studies of diversity, genome mapping, and evolutional 
and ecological genetics [19, 20]. Also, they have been 
incorporated into marker-assisted selection programs 
[21]. Different search tools were developed for in sil-
ico mining of microsatellite repeats from assembled 
genome sequences. However, most animal genomes 
were not subjected to that analysis; this may be due to 
the large size of the sequenced genomes of the different 

animals, concurrently with the fact that most of the 
analysis tools were designed to analyze short sequences. 
Accordingly, we used the GMATA application due to 
the possibility of analyzing whole-genome sequences 
and due to the possibility of analyzing whole genomes. 
We examined and screened the distribution of micros-
atellite loci in Mallard and Muscovy ducks, using chro-
mosome-wise and whole-genome approaches. This was 
performed using the reference sequences available in 
NCBI, where the analysis resulted in several notewor-
thy findings.

Muscovy and Mallard ducks belong to the same fam-
ily Anatidae, but Muscovy is more land oriented than 
Mallard. The two duck species exhibit different pheno-
typic and genotypic variations. Moreover, Muscovy and 
Mallard ducks are genetically different [22]. Muscovy 
has a higher proportion of large chromosomes com-
pared to the Mallard duck, which suggests that it may 
have experienced more chromosomal rearrangements 
during its evolution [23].

During the past two decades, there have been dif-
ferent attempts to develop microsatellite markers 
for ducks, starting in the year 2000 with the develop-
ment of seven microsatellites [24]. Also, Huang et  al. 
[25] developed 35 markers, where 28 of them were 
polymorphic. Recently, Zhang et  al. [26] developed 24 
markers for Jinding ducks. All the previous studies were 
directed to develop a limited number of microsatellites 
due to the high detected costs. To our knowledge, this 
is the first report about the whole-genome comparison 
of microsatellite distribution in Mallard and Muscovy 
ducks.

Among the detected microsatellite loci in both Mus-
covy and Mallard genomes, the dinucleotide repeats 
were the most abundant (as shown in Tables  2 and 
3); this is in agreement with that reported for most 
vertebrates [27–29]. The reductions in microsatel-
lite abundance with increasing the length of repeats 
were previously documented [28, 30, 31]. Fan et  al. 
[31] reported that the distribution of microsatellites 

Table 5  Frequency and distribution of the microsatellite loci, the total number of SSR, relative abundance, estimated repeat density, 
and the number of SSR with primers in Mallard and Muscovy duck genomes using whole-genome mining approach

Species Motif (k-mer)

Di Tri Tetra Penta Hexa
Mallard 142,386 (54.75) 43,862 (16.87) 40,513 (15.58) 25,208 (9.69) 8090 (3.11)

Muscovy 139,227 (58.39) 41,992 (17.61) 36,028 (15.11) 17,187 (7.21) 4028 (1.69)

Size (Mb) Total SSR Relative abundance Estimated repeat 
density

Total SSR with primers

Mallard 1188.52 260,059 218.8091 0.001578 250,657 (96.39)

Muscovy 1118.56 238,462 213.1866 0.001698 230,962 (96.86)
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in the duck genome is not random and may be influ-
enced by the selection pressure. The high percentage of 
short motifs suggests that there is some evolutionary 

advantage to having a high frequency of dinucleotide 
and trinucleotide repeats, such as increased genetic 
stability or more efficient gene regulation. Furthermore, 

Table 6  Observed allele range, number of alleles, number of private alleles, number of polymorphic alleles, and number of 
monomorphic alleles

Marker ID Species Observed 
allele range

Number of alleles The number of private 
alleles

The number of 
polymorphic alleles

The number of 
Monomorphic alleles

Mallard Muscovy Mallard Muscovy Mallard Muscovy Mallard Muscovy

MK0022 Muscovy 300–350 4 6 2 2 2 3 2 3

MK37651 Muscovy 233–452 7 8 3 3 5 8 2 0

MK37669 Muscovy 260–430 6 6 1 2 6 5 0 1

MK37680 Muscovy 355–432 6 7 1 3 0 3 6 4

MK19696 Muscovy 310–364 3 4 0 1 3 3 0 1

MK19508 Muscovy 323–423 4 4 1 1 3 1 1 3

MK19002 Muscovy 234–293 2 7 0 2 2 5 0 2

MK38645 Muscovy 158–233 5 6 3 2 3 5 2 1

MK33624 Muscovy 200–380 5 4 2 2 5 3 0 1

MK31272 Muscovy 153–333 3 4 3 2 3 4 0 0

MK26001 Muscovy 141–283 6 4 1 0 4 3 2 1

MK37601 Muscovy 165–378 7 6 2 1 4 2 3 4

MK46014 Mallard 280–470 7 7 3 2 6 7 1 0

MK4647 Mallard 214–333 5 4 2 2 4 2 1 2

MK5039 Mallard 320–440 3 5 1 1 2 3 1 2

MK4624 Mallard 232–454 5 4 1 0 3 4 2 0

MK24903 Mallard 143–381 8 6 4 2 8 5 0 1

MK25130 Mallard 221,434 9 6 3 2 3 5 6 1

MK25365 Mallard 190–355 2 4 2 3 2 3 0 1

MK3631 Mallard 156–273 5 5 1 1 4 2 1 3

MK8745 Mallard 210–344 3 3 0 0 1 0 2 3

MK11161 Mallard 140–352 6 2 2 0 3 2 3 0

MK17028 Mallard 165–266 5 3 1 1 2 0 3 3

MK15735 Mallard 278–465 6 4 2 1 5 1 1 3

Total 141–465 122 119 41 36 83 79 39 40

Mean 5.08 4.96 1.71 1.5 3.46 3.29 1.63 1.67

Range 2–9 2–8 0–4 0–3 0–8 0–8 0–6 0–4

Table 7  Number of alleles, minor allele frequency, expected heterozygosity, number of effective alleles, and polymorphic information 
content of Mallard and Muscovy ducks and cross-translatability of the primers generated for the two species

Species Primers Number of alleles Minor allele 
frequency

Expected 
heterozygosity

Number of 
effective alleles

Polymorphic 
information 
content

Mean SD Mean SD Mean SD Mean SD Mean SD

Mallard Muscovy primers 4.83 1.60 0.36 0.10 0.45 0.10 1.87 0.34 0.50 0.09

Mallard primers 5.33 2.06 0.31 0.10 0.41 0.11 1.74 0.31 0.44 0.10

p <  0.52 0.30 0.31 0.33 0.20

Muscovy Muscovy primers 5.50 1.50 0.54 0.10 0.46 0.10 1.91 0.31 0.52 0.10

Mallard primers 4.12 1.40 0.55 0.83 0.45 0.08 1.85 0.29 0.59 0.77

p <  0.08 0.71 0.71 0.65 0.06
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previous studies have demonstrated that larger chro-
mosomes generally have higher relative abundances in 
other organisms as well [32, 33], suggesting that this 
relationship may be generalizable across species [34]. 
For the same reason, the size and total detected micro-
satellites in Muscovy and Mallard chromosomes have 
been found to be related to their relative abundance. 
Specifically, the larger the size of a chromosome, the 
greater its relative abundance [35]. This is attributed to 
the fact that larger chromosomes tend to contain more 
SSRs than smaller chromosomes.

Size and total SSR are two important parameters that 
can be used to compare the relative abundance of Mus-
covy and Mallard chromosomes and genomes (Table 4). 
Muscovy has larger chromosomes than Mallard, but its 
genome size is much smaller. On the other hand, Mal-
lard has smaller chromosomes but a larger genome size 
[36, 37]. The total SSR content of Muscovy is lower than 
that of Mallard, indicating that the relative abundance of 
SSRs in Muscovy is lower than in Mallard. This may be 
the main reason why the relative abundance of SSRs in 
Muscovy is less than that in Mallard, which could be due 
to differences in genome organization or gene content 
between these two species [38]. Furthermore, the higher 
SSR content of Mallard compared to Muscovy could also 
be attributed to its larger genome size, which allows for 
more genetic variation. Thus, size and total SSR content 
can be used to compare the relative abundance of chro-
mosomes and genomes between species [39, 40].

In the current study, 26 primer pairs for both Muscov-
ies and Mallards were randomly selected for validation 
of the detected loci and the designed primers (Table 1). 
All primers produced clear stable bands. The number of 
the detected bands was higher in Muscovy than in Mal-
lard ducks (Table 7). This is in agreement with the results 
of [41], who reported an average number of detected 
alleles of 2.44 and 2.20 in Muscovy and Mallard ducks, 
respectively. Huang et  al. [25] developed 35 SSRs for 
Peking ducks and detected 117 different alleles, which 
is close to our results (119 and 122 alleles in Muscovies 
and Mallards). A higher number of alleles (192 alleles) 
was detected by Wu et al. [42], inbred by 18 microsatel-
lite markers. Ahmadi et al. [41] used 13 markers to com-
pare Muscovy and Pekin (Mallard) ducks and reported a 
higher average of allelic number in Muscovy (2.4 alleles) 
compared to Pekin (2.2 alleles).

The expected heterozygosity results were moder-
ate and ranged between 0.22 and 0.58 (Table 7). Similar 
results were obtained previously [41, 42]. A wider range 
from 0.02 to 0.98 was estimated previously [25]. Con-
trary to our results, it was also reported higher expected 
heterozygosity in Mallards (0.43) compared to Muscovy 
(0.41); however, the values are similar to our results that 

averaged 0.44. The average PIC values of the markers 
used for the current study were close to those observed 
for the 28 markers that were developed by Huang [25]. A 
similar value of 0.46 was reported previously as an aver-
age of PIC values for 22 microsatellites [43].

Cross-species microsatellite markers provide a pow-
erful tool for studying genetic diversity and hybridi-
zation events between different species and can help 
inform conservation efforts for endangered species. This 
approach involves utilizing species-specific microsatel-
lites by means of cross-species amplification, which relies 
on the high relatedness of species and does not entail 
extra expenses [44–46]. In such cases, the most favora-
ble results are achieved by amplifying different fragments 
of species that share the same genus or belong to closely 
related genera. Hence, the efficacy of cross-amplifying 
any DNA sequence is inversely proportional to the evo-
lutionary divergence between two species [46]. For these 
reasons, we also examined the cross-species transferabil-
ity SSR markers between Muscovy and Mallard ducks. 
The results denoted the usefulness transferability of 
makers between Mallards and Muscovies, where the dif-
ferences between the two duck species in all parameters 
were insignificant indicating that 100% of the primers 
designed for the Mallards could be useful in the analysis 
of the Muscovy genome and vice versa. Huang et al. [25] 
screened the cross-species amplification of duck micros-
atellites by screening the polymorphism in chickens and 
geese, where two duck markers produced monomorphic 
alleles in chickens, and 14 makers amplified the geese 
genome, and the differences were attributed to the differ-
ent genetic distances among the testes species.

The current study identified and characterized SSRs 
in the genome of Mallard and Muscovy ducks, which 
are very important and have diverse applications, such 
as their application in population genetics studies [26], 
identifying markers that are associated with different 
genes and traits [47], assessing genetic diversity [48], 
development of linkage maps [5], and studying secondary 
structure formation [49]. In addition, comparing the dis-
tribution and density of microsatellites is important for 
evolutionary studies [50].

Conclusion
The present study investigated the distribution and fre-
quency of microsatellites in the genomes of Mallard and 
Muscovy ducks. Two approaches were used to achieve 
this objective, and the findings revealed minimal differ-
ences between the two methods. However, the genome-
wide in silico microsatellite mining approach was 
observed to be relatively faster than the chromosome-
wise approach. The results also demonstrated the poten-
tial of cross-species amplification of different primer sets 
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between Mallard and Muscovy ducks. The significant 
number of developed microsatellite loci identified in 
this study is expected to serve as a valuable resource for 
mapping QTLs, assessing genetic diversity and popula-
tion structure, and facilitating marker-assisted breeding 
applications. Further efforts should be directed towards 
identifying microsatellites located in the EST regions and 
towards predicting the coding and function of the identi-
fied microsatellites.

Acknowledgements
The authors are thankful to the Deanship of Scientific Research at University 
of Bisha for supporting this work through the Fast-Track Research Support 
Program.

Authors’ contributions
Conceptualization, MH, RKh, RM, and SI. Methodology, MH, RKh, and SI; 
software, RKh and SI; validation, MH, HS, MR, and DAAE; formal analysis, RKh, 
RM, and SI; investigation, MH, RKh, RM, and SI; resources, HS, MR, and DAAE; 
data curation, MH, RKh, RM, and SI; writing—original draft preparation, MH, 
RKh, RM, and SI; writing and review and editing, MH, HS, MR, RKh, RM, and SI; 
supervision, MH; project administration, HS; and funding acquisition, HS. All 
authors have read and agreed to the published version of the manuscript.

Availability of data and materials
Supporting data files which include markers developed for Mallard and Mus-
covy ducks are freely available to access at https://​github.​com/​mosth​amed/​
DUCK_​SSR_​prime​rs.

Declarations

Ethics approval and consent to participate
All procedures were approved by the Institutional Animal Care and Use 
Committee at Cairo University (CU-IACUC), with the approval number of 
CU/I/F/32/23.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 July 2023   Accepted: 8 October 2023

References
	1.	 Davis JB, Outlaw DC, Ringelman KM, Kaminski RM, Lavretsky P (2022) Low 

levels of hybridization between domestic and wild Mallards wintering in 
the lower Mississippi Flyway. Ornithology 139:ukac034

	2.	 Kadurumba OE, Iloeje MU, Ogundu UE, Okoli IC, Okoro VMO, Kadurumba 
C (2022) Characteristics of indigenous ducks and their production system 
in Nigeria: a review. Agric Rev 43:443–449

	3.	 Bello SF, Adeola AC, Nie Q (2022) The study of candidate genes in the 
improvement of egg production in ducks–a review. Poult Sci 101:101850

	4.	 Takagi N, Makino S (1966) A revised study on the chromosomes of three 
species of birds. Caryologia 19:443–455. https://​doi.​org/​10.​1080/​00087​
114.​1966.​10796​235

	5.	 Huang Y, Zhao Y, Haley CS, Hu S, Hao J, Wu C et al (2006) A genetic and 
cytogenetic map for the duck (Anas platyrhynchos). Genetics 173:287–
296. https://​doi.​org/​10.​1534/​genet​ics.​105.​053256

	6.	 Huang Y, Haley CS, Wu F, Hu S, Hao J, Wu C et al (2007) Genetic mapping 
of quantitative trait loci affecting carcass and meat quality traits in Beijing 
ducks (Anas platyrhynchos). Anim Genet 38:114–119

	7.	 Litt M, Luty JA (1989) A hypervariable microsatellite revealed by in vitro 
amplification of a dinucleotide repeat within the cardiac muscle actin 
gene. Am J Hum Genet 44:397–401

	8.	 Pandya G, Singh S, Joshi C, Rank D, Khanna K, Barot V et al (2005) Associa-
tion of LEI-146 and MCW-43 microsatellites with body weights in bantam, 
bantamised White leghorn and White leghorn chicken. Indian J Poult Sci 
40:9–15

	9.	 Ashley MV, Dow BD (1994) The use of microsatellite analysis in popula-
tion biology: background, methods and potential applications. EXS 
69:185–201. https://​doi.​org/​10.​1007/​978-3-​0348-​7527-1_​10

	10.	 Abdurakhmonov IY. Introduction to microsatellites: basics, trends and 
highlights. Microsatellite Markers. 2016. https://​doi.​org/​10.​5772/​66446.

	11.	 Saeed AF, Wang R, Wang S (2016) Microsatellites in pursuit of microbial 
genome evolution. Front Microbiol 6:1462. https://​doi.​org/​10.​3389/​fmicb.​
2015.​01462

	12.	 Xu M-M, Gu L-H, Lv W-Y, Duan S-C, Li L-W, Du Y et al (2022) Chromosome-
level genome assembly of the Muscovy duck provides insight into fatty 
liver susceptibility. Genomics 114:110518

	13.	 Liu MHC, Churchil RR (2022) Duck genetics and breeding. Springer, Duck 
Prod. Manag. Strateg., pp 97–156

	14.	 Qu L, Liu W, Yang F, Hou Z, Zheng J, Xu G et al (2009) Origin and domes-
tication history of Peking ducks deltermined through microsatellite and 
mitochondrial marker analysis. Sci China Ser C Life Sci 52:1030–1035

	15.	 De AK, Sawhney S, Bhattacharya D, Sujatha T, Sunder J, Ponraj P et al 
(2021) Origin, genetic diversity and evolution of Andaman local duck, 
a native duck germplasm of an insular region of India. PLoS ONE 
16:e0245138

	16.	 Wang X, Wang L (2016) GMATA: an integrated software package for 
genome-scale SSR mining, marker development and viewing. Front Plant 
Sci 7:1350. https://​doi.​org/​10.​3389/​fpls.​2016.​01350

	17.	 Peakall G (2012) Genetic analysis in Excel. Population genetic software for 
teaching and research–an update. Bioinformatics 28(19):2537–9

	18.	 Yeh FC, Yang RC, Boyle TBJ, Ye ZH, Mao JX (1997) POPGENE, the user-
friendly shareware for population genetic analysis. Mol Biol Biotechnol 
Centre, Univ Alberta, Canada 10:295–301

	19.	 Selkoe KA, Toonen RJ (2006) Microsatellites for ecologists: a practical 
guide to using and evaluating microsatellite markers. Ecol Lett 9:615–629. 
https://​doi.​org/​10.​1111/j.​1461-​0248.​2006.​00889.x

	20.	 Vieira MLC, Santini L, Diniz AL, Munhoz C de F. Microsatellite markers: 
what they mean and why they are so useful. Genet Mol Biol 2016;39:312–
28. https://​doi.​org/​10.​1590/​1678-​4685-​GMB-​2016-​0027.

	21.	 Helal MM, El-Gendy EA (2023) Marker-assisted selection for improving 
body weight in local chickens in Egypt. J Agric Sci 161:135–147. https://​
doi.​org/​10.​1017/​s0021​85962​30000​60

	22.	 El-Gendy E, Helal M, Goher N, Mostageer A (2005) Molecular characteri-
zation of genetic biodiversity in ducks, using RAPD-PCR analysis. Arab J 
Biotechnol 8:253–264

	23.	 Jiang F, Jiang Y, Wang W, Xiao C, Lin R, Xie T et al (2021) A chromosome-
level genome assembly of Cairina moschata and comparative genomic 
analyses. BMC Genomics 22:1–13

	24.	 Maak S, Neumann K, von Lengerken G, Gattermann R (2000) First seven 
microsatellites developed for the Peking duck (Anas platyrhynchos). 
Anim Genet 31:233

	25.	 Huang Y, Tu J, Cheng X, Tang B, Hu X, Liu Z et al (2005) Characterization of 
35 novel microsatellite DNA markers from the duck (Anas platyrhynchos) 
genome and cross-amplification in other birds. Genet Sel Evol 37:1–18

	26.	 Zhang X, He Y, Zhang W, Wang Y, Liu X, Cui A, et al. Development of 
microsatellite marker system to determine the genetic diversity of 
experimental chicken, duck, goose, and pigeon populations. Biomed Res 
Int 2021;2021. https://​doi.​org/​10.​1155/​2021/​88518​88.

	27.	 Tóth G, Gáspári Z, Jurka J (2000) Microsatellites in different eukaryotic 
genomes: survey and analysis. Genome Res 10:967–981

	28.	 Wattanadilokchatkun P, Panthum T, Jaisamut K, Ahmad SF, Dokkaew S, 
Muangmai N et al (2022) Characterization of microsatellite distribution 
in Siamese fighting fish genome to promote conservation and genetic 
diversity. Fishes 7:251

	29.	 Kumpatla SP, Mukhopadhyay S (2005) Mining and survey of simple 
sequence repeats in expressed sequence tags of dicotyledonous species. 
Genome 48:985–998

	30.	 da Costa Pinheiro K, Gois BVA, Nogueira WG, Araújo FA, Queiroz 
ALC, Cardenas-Alegria O et al (2022) In silico approach to identify 

https://github.com/mosthamed/DUCK_SSR_primers
https://github.com/mosthamed/DUCK_SSR_primers
https://doi.org/10.1080/00087114.1966.10796235
https://doi.org/10.1080/00087114.1966.10796235
https://doi.org/10.1534/genetics.105.053256
https://doi.org/10.1007/978-3-0348-7527-1_10
https://doi.org/10.5772/66446
https://doi.org/10.3389/fmicb.2015.01462
https://doi.org/10.3389/fmicb.2015.01462
https://doi.org/10.3389/fpls.2016.01350
https://doi.org/10.1111/j.1461-0248.2006.00889.x
https://doi.org/10.1590/1678-4685-GMB-2016-0027
https://doi.org/10.1017/s0021859623000060
https://doi.org/10.1017/s0021859623000060
https://doi.org/10.1155/2021/8851888


Page 13 of 13Safaa et al. Journal of Genetic Engineering and Biotechnology          (2023) 21:105 	

microsatellite candidate biomarkers to differentiate the biovar of 
Corynebacterium pseudotuberculosis genomes. Front Bioinforma 
2:931583

	31.	 Fan W, Xu L, Cheng H, Li M, Liu H, Jiang Y et al (2018) Characterization of 
duck (Anas platyrhynchos) short tandem repeat variation by population-
scale genome resequencing. Front Genet 9:520

	32.	 Dryselius R, Izutsu K, Honda T, Iida T (2008) Differential replication dynam-
ics for large and small Vibrio chromosomes affect gene dosage, expres-
sion and location. BMC Genomics 9:1–16

	33.	 Patil PG, Singh NV, Bohra A, Raghavendra KP, Mane R, Mundewadikar 
DM et al (2021) Comprehensive characterization and validation of 
chromosome-specific highly polymorphic SSR markers from pomegran-
ate (Punica granatum L.) cv. Tunisia Genome. Front Plant Sci 12:645055

	34.	 Srivastava S, Avvaru AK, Sowpati DT, Mishra RK (2019) Patterns of micros-
atellite distribution across eukaryotic genomes. BMC Genomics 20:1–14

	35.	 Lee DJ, Maseyesva B, Westra W, Long D, Niparko JK, Califano J (2006) 
Microsatellite analysis of recurrent vestibular schwannoma (acoustic 
neuroma) following stereotactic radiosurgery. Otol Neurotol 27:213–219

	36.	 Ng CS, Lai C-K, Ke H-M, Lee H-H, Chen C-F, Tang P-C et al (2022) Genome 
assembly and evolutionary analysis of the mandarin duck Aix galericulata 
reveal strong genome conservation among ducks. Genome Biol Evol 
14:evac083

	37.	 Wojcik E, Smalec E (2008) The karyotype of domestic waterfowl: ducks–
RBG chromosome pattern. Arch Für Geflügelkunde/European Poult Sci 
72:207

	38.	 Wang M, Wu X, Zou J, Zhang J, Wang X, Chang X et al (2019) Genome-
wide microsatellite characterisation and marker development in Cheno-
podium quinoa. Ann Appl Biol 175:415–423

	39.	 Xu P, Lu C, Sun Z, Kuang Y, Cao D, Huo T et al (2022) In silico screening 
and development of microsatellite markers for genetic analysis in Perca 
fluviatilis. Animals 12:1809

	40.	 Zhou HC, Waminal NE, Kim HH (2019) In silico mining and FISH mapping 
of a chromosome-specific satellite DNA in Capsicum annuum L. Genes 
Genomics 41:1001–1006

	41.	 Ahmadi AK, Rahimi G, Vafaei A, Sayyazadeh H (2007) Microsatellite 
analysis of genetic diversity in Pekin (Anas platyrhynchos) and Muscovy 
(Cairina moschata) duck populations. Int J Poult Sci 6:378–382

	42.	 Wu F, Huang Y, Ma Y, Hu S, Hao J, Li N (2009) Evaluation of genetic diver-
sity and relationships within and between two breeds of duck based on 
microsatellite markers. Prog Nat Sci 19:1581–1586

	43.	 Maharani D, Hariyono DNH, Sidadolog JHP, Cho S, Manjula P, Seo D et al 
(2021) Microsatellite-based genetic diversity among three duck popula-
tions in Sumatera island. Bul Peternak 45:75–78

	44.	 Peakall R, Gilmore S, Keys W, Morgante M, Rafalski A (1998) Cross-species 
amplification of soybean (Glycine max) simple sequence repeats (SSRs) 
within the genus and other legume genera: implications for the transfer-
ability of SSRs in plants. Mol Biol Evol 15:1275–1287

	45.	 Huang D, Zhang Y, Jin M, Li H, Song Z, Wang Y et al (2014) Characteriza-
tion and high cross-species transferability of microsatellite markers from 
the floral transcriptome of Aspidistra saxicola (Asparagaceae). Mol Ecol 
Resour 14:569–577

	46.	 Roa AC, Chavarriaga-Aguirre P, Duque MC, Maya MM, Bonierbale MW, 
Iglesias C et al (2000) Cross-species amplification of cassava (Manihot 
esculenta)(Euphorbiaceae) microsatellites: allelic polymorphism and 
degree of relationship. Am J Bot 87:1647–1655

	47.	 Gholizadeh M, Mianji GR (2007) Use of microsatellite markers in poultry 
research. Int J Poult Sci 6:145–153

	48.	 Hariyono DNH, Maharani D, Cho S, Manjula P, Seo D, Choi N et al (2019) 
Genetic diversity and phylogenetic relationship analyzed by microsatel-
lite markers in eight Indonesian local duck populations. Asian-Australa-
sian J Anim Sci 32:31–37. https://​doi.​org/​10.​5713/​ajas.​18.​0055

	49.	 Wang Y, Wang J, Liu H, Zhang R, Zhang T, Gan X et al (2016) Discovery, 
characterization, and functional study of a novel MEF2D CAG repeat in 
duck (Anas platyrhynchos). DNA Cell Biol 35:398–409

	50.	 Abe H, Gemmell NJ (2016) Evolutionary footprints of short tandem 
repeats in avian promoters. Sci Rep 6:19421

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.5713/ajas.18.0055

	Genome-wide in silico characterization, validation, and cross-species transferability of microsatellite markers in Mallard and Muscovy ducks
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Ethical approval
	Sequence data source
	In silico mining of whole-genome-wide SSRs
	Validation of microsatellites and PCR analysis

	Results
	Chromosome-wise SSR mining
	Whole-genome SSR mining
	SSRs validation

	Discussion
	Conclusion
	Acknowledgements
	References


