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A B S T R A C T   

Turdoides affinis is a species of group dwelling old world passerine of family Leiothrichidae. 
Unavailability of genome-wide sequence and species-specific molecular markers have hindered 
comprehensive understanding of cooperative breeding behaviour in T. affinis. Therefore, we 
generated genome-wide microsatellite markers through whole genome short read sequencing of 
T. affinis. A total of 68.8 gigabytes of paired-end raw data were sequenced containing 
195,067,054 reads. Total sequenced reads spanned a coverage of 17X with genome size of 1.18 
Gb. A large number of microsatellite markers (265,297) were mined in the T. affinis genome using 
Krait, and 50 most informative markers were identified and validated further. In-silico PCR results 
validated 47 markers. Of these 47 markers, five were randomly selected and validated in-vitro in 
twelve individuals of T. affinis. Genotyping data on these five loci estimated observed heterozy-
gosity (H0) and expected heterozygosity (He) ratios between 0.333 – 0.833 and 0.851–0.906, 
respectively. Effective allele size ranged from 6.698 to 10.667, inbreeding coefficient of the 
population ranged from 0.080 to 0.631 and null allele frequency was calculated at 0.055 to 0.303. 
Polymorphic information content of all the five loci varied between 0.850 and 0.906. Probabil-
ities of exclusion and identity across 5 loci was estimated to be 0.95 and 0.0036, respectively. All 
the loci showed significant adherence to Hardy-Weinberg equilibrium. The microsatellite markers 
reported in this study will facilitate future population genetics studies on T. affinis and other 
congeneric species.   

1. Introduction 

Yellow billed babbler (Turdoides affinis) is an old world insectivore passerine of family Leiothrichidae [1,2]. Traditionally T. affinis 
was placed in the mega babbler family of Timilidae (275 species in 50 genera) [3], although recent taxonomic revisions have 
incorporated T. affinis in Leiothrichidae family. T. affinis prefers grassy shrub lands and strives sympatrically with various other 
babbler/allied species in the same habitat. Babbler and allied species are mostly sedentary with limited migration and characterized by 
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close ecological, morphological and behavioural similitude with other congeneric passerines [2,4,5]. Such an adaption leads to high 
sympatry amongst babblers, which in turn makes taxonomic and phylogenetic studies on babbler tediously vexing. Further with high 
level of sympatry, incongruences and non-phyletic clustering in babbler family is rampant and a universal systematic conclusion on 
babbler phylogeny is hard to reach [5,6]. For instance, position of T. affinis in either Turdoides or Argya genus within babbler 
phylogenetic tree is also debated and more in-depth studies are a must to confirm the same [7]. In the most recent and exhaustive 
phylogeny of 452 babbler species, Cai and workers [8] have placed T. affinis in Argya genus (sister to Turdoides genus) within the family 
Leiothrichidae. 

From an evolutionary point of view although babblers are similar in life history traits and ecology, subtle differences in behaviour 
and physiology amongst its members has attracted attention of ecologists and evolutionary biologists alike. For instance T. affinis 
unlike most members of Leiothrichidae family display ‘cooperative breeding’ behaviour, a system where multiple individuals show 
care and parent-like qualities towards the offspring of a single nest/brood [9]. Though the phenomenon of cooperative breeding has 
been reported in about 9% of bird species worldwide (mostly in tropical climate), such a behaviour still puzzle biologists [10,11]. 
Explanation regarding the evolution of cooperative breeding in birds encompasses multiple scientific theories and studies have hinted 
at no straight or singular hypothesis for explanation of such behaviour [11]. Only sporadic attempts have been made to study 
cooperative breeding in T. affinis [12] without elucidating any deep insights to the context which is attributed to unavailability of 
species-specific molecular markers. Often cooperative breeding groups are apparently family groups in which cooperation is among 
relatives. It has been postulated that individuals of cooperatively breeding group can benefit from helping (genetic) relatives, thereby 
enhancing their own fitness through kin selection [13,14]. However, the Kin-selection hypothesis has never been tested in T. affinis due 
to the unavailability of molecular markers. 

Since the early 1990s microsatellites has emerged as an indispensable tool for studying parentage and kinship patterns in birds 
[15]. Microsatellites being highly polymorphic and spread across multiple loci helped revolutionise parentage studies in natural 
populations of birds [15,16]. However, utilization of microsatellites for studying parentage pattern and kinship relation in a species, 
commands substantial initial investment in terms of generation of whole genome sequence, identification of microsatellite loci, 
designing of locus-specific primers, and subsequent in-vitro analysis [15]. Markers developed in model organisms or distantly related 
bird species, may not be robust enough for efficient relay of genetic information in T. affinis. Advances in massively parallel Next 
Generation Sequencing (NGS) technology over the last 20 years has made it possible to overcome such constraints with more efficient 
and powerful approaches. NGS can not only be used to generate whole genomes of non-model organisms but also extract thousands of 

Fig. 1. Map of T. affinis sampling region. The location marked as ‘Anaikatti road’ on the map is the site of road-kill collection.  
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microsatellites or Short Sequence Repeats (SSRs) from these newly sequenced genomes [17,18]. Whole genome sequence of an or-
ganism provides a deep understanding of evolutionary characteristics of its repeat elements as well as the microsatellite motifs 
identified from them paints an unbiased picture into its de-novo mutation events [17,19]. Microsatellites are generally considered an 
extremely efficient molecular marker for population genetics studies due to their genetic co-dominance, dispersal throughout the 
genome, high polymorphism, reproducibility, transferability amongst individuals and ease of automatic allele detection [20–24]. 
Further, with the advent of ‘Seq-to-SSR’ approach, single/multiple libraries of the target species, is sufficient to generate thousands of 
microsatellite motifs from a single sequencing run [18,24,25]. Also, the ‘Seq-to-SSR’ approach is much preferred technique in low 
microsatellite abundant genomes such as birds, bats and corals [18,25]. 

Hence, we aimed to generate genome-wide microsatellite markers for T. affinis using short read sequencing, which may be 
informative for population and kinship genetic studies. Therefore we sequenced whole genome of a single individual of T. affinis 
through Illumina Next Seq 550 to generate millions of paired end reads, mined microsatellite motifs from the reads, predicted fifty 
most probable putative/polymorphic microsatellite loci through in-silico tools and validated five loci in the wet lab. 

2. Materials and methods 

2.1. Study area and sample collection 

The samples of T. affinis used in this study were obtained as fresh road-kill specimens from Anaikatty Hills (Fig. 1). Anaikatty Hills 
(11.1048◦ N 76.7683◦ E), are a part of Western Ghats, one amongst the 35 biodiversity hotspots of the world [26]. As part of this high 
biodiverse region, Anaikatty hills harbour at least three species of group dwelling babblers [1]. Anaikatty hills are characterized by 
relatively undisturbed natural habitat for bird species including T. affinis. As population genetics indices are susceptible to various 
evolutionary and ecological processes, Anaikatty hills offer undisturbed natural sanctuary to its resident bird populations. 

The collected samples were transported immediately to the lab for further processing under favourable conditions. Permission for 
collection of road-kill birds was obtained from Tamil Nadu Forest Department (Ref. No.WL5 (A)/2219/2018; Permit No. 14/2018) for 
this study. A total twelve road-kill samples were collected. Muscle tissue was sampled from the specimens and stored at − 20 ◦C in DESS 
buffer (20% DMSO, 0.25 M tetra-sodium EDTA, Sodium Chloride till saturation, pH 7.5). Lysis buffer (10 mM Tris-pH 8.0, 10 mM 
EDTA-pH 8.0, and 100 mM NaCl) along with 40 μl of 20% SDS and 40 μl of Proteinase K was used to digest about 25 mg of the sampled 
tissues. DNA was extracted from the digested lysate using modified Phenol, Chloroform and Isoamyl alcohol method [27]. The quality 
of the isolated DNA was assessed on 1% agarose gel and quantified using spectrophotometer (DeNovix, USA) and Qubit 4 Fluorometer 
(ThermoFisher Scientific, USA). 

2.2. Genome survey sequencing 

Amongst the twelve samples of T. affinis collected, a select male specimen (sample no. 7) was used for generation of paired-end 
genomic libraries using TruSeq DNA PCR-Free library preparation kit (Illumina Inc., USA). About 1100 ng of the isolated DNA was 
used to generate paired-end genomic library of insert size 350 (2 × 150) base pairs. The DNA was fragmented using focused ultra-
sonicator (Covaris M220, USA) to a desired length as per the protocol recommended by the manufacturer. Following TruSeq DNA PCR- 
Free library preparation kit subsequent clean-up of the fragmented DNA, blunt-end creation and adapter ligation was performed [28]. 
The mean peak size of the generated library was checked using Fragment Analyzer AATI 5200 (Agilent, USA). QIAseq Library Quant 
Assay Kit (Qiagen N.V., Germany) was used to quantify the library and the selected library was normalized to 4 pico-moles before 
sequencing. The library was sequenced using NextSeq550 (Illumina Inc., USA) and at the end of the sequencing run, high-quality 
paired-end reads were obtained. 

2.3. De novo genome assembly 

FastQC was used to evaluate the quality of the raw sequences (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The 
raw data were de-multiplexed and trimming of adapters was performed using bcl2fastq software (Illumina Inc., USA). Reads with Phred 
(Q) score of 30 or above were only selected using Seqtk software for further downstream analysis [29]. Structural characteristics of the 
sequenced data were estimated using KmerGenie and GCE from the cleaned reads [30,31]. K-mer analysis on peak depth and best 
predicted K-mer selection was performed using KmerGenie. Depth of the genomes was assessed from raw reads using GCE. Further 
K-mer counting and graphical analysis of K-mer distribution was also done through Jellyfish and GenomeScope [32,33]. 

Subsequently high quality clean reads were utilized for de-novo assembly using SOAPdenovo2 and SPAdes [34,35]. SOAPdenovo2 
employed de Bruijn graph method using an optimal Kmer depth as predicted by KmerGenie to assemble reads into large con-
tigs/scaffolds. Similarly SPAdes used a multi Kmer approach employing de Bruijn graph method to assemble the cleaned reads into 
large contigs/scaffolds. Both SOAPdenovo2 and SPAdes were executed using modified commands to obtain the best possible assembly. 
The assemblies were evaluated and compared for various parameters using QUAST-LG [36]. The completeness of the assemblies was 
assessed using BUSCO (Benchmarking Universal Single-Copy Orthologs) by comparing the assembled T. affinis genome to single-copy 
orthologs of genes in Passeriformes order present in OrthoDB database (www.orthodb.org) [37]. 
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2.4. Genome-wide microsatellite mining and primer design 

Initially PAL_FINDER programme was employed to extract microsatellite motifs from raw sequence reads, which resulted low yield 
[18]. Therefore, the assembled genome through SPAdes was used for microsatellite motif identification using Krait [38]. Krait was 
employed to search all potential microsatellite motifs in the T. affinis de novo assembly. The search parameters used for detection of di-, 
tri-, tetra-, penta-, and hexa-nucleotide motifs were set at a minimum of 6, 5, 5, 5, 5 repeats respectively. Primer3 embedded in Krait 
was used to design primers from flanking regions around the identified microsatellite motifs. 

2.5. Primer screening, microsatellite marker validation and polymorphic detection 

Default criterion in Primer3 was used to design primers with a 100 base pair flanking region around the identified motifs. From the 
total primer pairs generated, 50 most polymorphic/putative microsatellite loci were selected for validation (in-silico and in-vitro). The 
primer pair outputs were subjected to the following filters: (i) high number of repeats (a minimum of 10–20bp), these microsatellites 
were considered more polymorphic [21,25]; (ii) perfect microsatellites (no stray base composition within a repeat stretch pre-
sent/devoid of composite microsatellites) were only selected, these are reported to be very stable and putative in the genome [25,39]; 
(iii) design of primers was done in such a way to avoid secondary structure and 3’ end to target was flanked by 100 bp, the size of the 
product is selected between 200 and 300 bp and annealing temperature between 59◦C-61 ◦C. All these conditions were considered to 
increase the stability of the primer and helped in amplifying the desired region containing the SSRs easily. These 50 select most 
putative primer pairs were validated in-silico using FastPCR software [40]. Of these 50 putative primers, five primers were selected 
randomly for in-vitro validation. Twelve T. affinis specimen collected opportunistically as road-kill was utilized for initial primer 
validation and genetic diversity analysis. PCR amplification was performed in 25 μl volume reactions using 12.5 μl Qiagen Type-it 
microsatellite (Qiagen N.V., Germany) PCR kit master mix, 1 μl forward and reverse primer (10 nM conc. each), 30 ng template 
DNA, 2.5 μl Q-solution (provided in Type-it kit) and 5 μl nuclease free water. The microsatellites were amplified under suitable 
conditions (Supplementary 1). All the PCR products were visualized under UV Gel documentation system in a 2.5% agarose gel. 

Subsequently to identify peak size and density, the PCR products were run on capillary electrophoresis system Agilent Fragment 
Analyzer (AATI 5200). To separate the PCR amplicons ‘dsDNA 905 (1-500bp)’ kit (Agilent, USA) along with 55 cm AATI 5200 capillary 
(Agilent, USA) was used. The dsDNA 905 kit specified a DNA sizing range of 35–500 bp, with ±5% accuracy and low loading con-
centration up to 0.5 ng/μl, whereas the 55 cm capillary specified a separation resolution of 1–3 bp when used with the same kit. At first, 
the PCR products were standardised to a 20 ng/μl concentration using Qubit 4 Fluorometer. The standardised PCR products were 
diluted to three different concentrations (1:10, 1:5 and 1:2) with nuclease free water, amongst which the dilution concentration of 1:2 
was found to be most suitable for further usage. Finally, 2 μl of diluted sample was added to 20 μl of diluent buffer (provided with the 
kit) and run on AATI 5200 multiple times for peak scoring and genotyping. An aliquot of the dsDNA marker was also incorporated with 
each run for size calibration. A peak in a PCR product was only scored when at least two attempts estimated exactly the same peak size 

Fig. 2. Pattern of K-mer distribution of T. affinis sequence reads. K-mer distribution: blue bars; Modelled distribution without the error K-mers (red 
line): black line; Maximum K-mer coverage specified in the model: yellow line. Len: estimated total genome length from pair end reads; Uniq: non- 
repetitive portion of the genome (useful for assembly); Het: heterozygosity rate of reads; Kcov: mean K-mer coverage for heterozygous bases; Err: 
error rate in reads; Dup: duplication rate. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Table 1 
Comparison of T. affinis assembly (SOAPdenovo2 and SPAdes) metrics and quality with similar short read assemblies of A. rosecollis [49]; M. undulatus, G. gallus, T. guttata, F. peregrinus and N. notabilis [46]; 
A. vittata [52] and A. macao [53].  

Assembly T. affinis (SOAPdenovo2 
assembly) 

T. affinis (SPAdes 
assembly) 

Agapornis 
roseicollis 

Melopsittacus 
undulatus 

Gallus 
gallus 

Taeniopygia 
guttata 

Amazona 
vittata 

Ara 
macao 

Falco 
peregrinus 

Nestor 
notabilis 

Genome size (Giga bases) 1.13 1.18 1.1 1.2 1.21 1.2 1.58 1.2 1.2 1.14 
Sequencing depth Calculated from raw reads17X 100X 160X 50.6X 6X 27X 16X 105X 32X 
No. of contigs 847,340 299,202 – – – – – – – – 
Largest contig 69,610 322,963 – – – – – – – – 
GC (%) 41.9 42.06 – – – – – – – – 
N50 (contigs) 2.0 K 14.2 K 5.4 K 55.6 K 2800 K 38.5 K 6.9 K 6.3 K 28.5 K 16 K 
N75 906 4920 – – – – – – – – 
L50 126,376 18,417 – – – – – – – – 
L75 340,682 50,614 – – – – – – – – 
No. of N’s per 100 per kilo 

base pairs 
4896.39 1223.44 – – – – – – – –  

T. M
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and the area under the peak was more than 10% [41]. Following the above mentioned criteria, the peaks were identified for geno-
typing purpose. 

2.6. Genetic diversity analysis 

All the twelve T. affinis individuals were collectively considered to be a single population. From the microsatellite scores of 
fragment analysis, the allele sizes were estimated and a comprehensive genotype table was prepared. GenAlEx 6.51b2 was used to 
calculate no. of Effective Alleles, no. of Alleles, Fixation Index (or In-breeding coefficient), Expected Heterozygosity, Observed Het-
erozygosity, deviation from Hardy-Weinberg equilibrium and probabilities of exclusion (PoE) as well as identity (PoI) [42]. The 
Polymorphic Information Content (PIC) value for each loci was calculated manually following the formula: 1 −

∑n
i=1P(î 2); where P is 

the frequency of ith allele [43]. The null allele frequencies were estimated using software FreeNA [44]. The aim of such an analysis 
with limited sample size was done to validate identified microsatellite markers and test the feasibility of our designed work flow. 

3. Results and discussion 

3.1. Genome size prediction and characteristics of paired end reads 

About 68.8 gigabytes of paired-end raw data were generated using ~350 base pair inserts containing 195,067,054 (2 ×
97,533,527) reads. The sequence read length ranged between 110 and 151 base pairs and GC content of the raw reads was calculated at 
45%. KmerGenie estimated best K size at 55 for the cleaned reads. Genome size predicted by KmerGenie was estimated to be 
1,180,249,703 (1.18) Gb (Supplementary 2). The depth was estimated at ~17X from the raw reads using GCE. Jellyfish and 
GenomeScope calculated heterozygosity, duplication rate and repeat ratio of the cleaned reads at 0.97%, 0.97% and 10.2%, respectively 
with an estimated genome size of 1.1 Gb (Fig. 2). 

Low heterozygosity (0.97%) and repeat ratio (10.2%) of the raw reads aid assemblers like SOAPDenovo2 or SPAdes to assemble high 
quality genome assembly with relative ease [45]. The genome size of T. affinis reported in this study is found similar to that of other 
bird species reported by previous workers [18,46–49]. For instance, the de-novo genome assemblies of 45 bird species sequenced by 
Zhang and workers ranged from 1.05 Gb to 1.26 Gb in size [46]. 

3.2. Genome sequencing assembly 

Evaluation of both the assemblies on various parameters suggested the assembly generated through SPAdes was the best (Table 1, 
Fig. 3). SPAdes using the cleaned reads generated 299,202 contigs containing 1087735178 base pairs. The largest contig length of 
SPAdes assembly was estimated at 322,963 base pairs as compared to 69,610 base pairs of SOAPdenovo2 assembly. The N50 value of 
SPAdes assembly was estimated at 14,247 (14.2 K) as opposed to 2025 of SOAPdenovo2 assembly. Missing nucleotides in the SPAdes 

Fig. 3. Comparison of contig in both the assemblies of T. affinis assembly (SOAPdenovo2 and SPAdes). The contig length (on Y-axis) for each contig 
index (on X-axis) shows that SPAdes assembly has fewer contig fragments but larger size of the contig, creating a more cohesive assembly with 
fewer errors. 
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Table 2 
Comparison of T. affinis assembly (SOAPdenovo2 and SPAdes) metrics and quality with similar short read assemblies of A. rosecollis [49]; M. undulatus, G. gallus, T. guttata, F. peregrinus and N. notabilis [46]; 
A. vittata [52] and A. macao [53] using BUSCO.  

Assembly T. affinis (SOAPdenovo2 
assembly) 

T. affinis (SPAdes 
assembly) 

Agapornis 
roseicollis 

Melopsittacus 
undulatus 

Gallus 
gallus 

Taeniopygia 
guttata 

Amazona 
vittata 

Ara 
macao 

Falco 
peregrinus 

Nestor 
notabilis 

Complete (%) 18.3 44.7 85.2 81.2 88.8 81.9 59.5 45.2 88.2 70.3 
Missing (%) 74 45.9 7.5 14.2 10.5 5.6 16.1 30 7.5 14.8 
Fragmented 

(%) 
7.7 9.4 7.3 4.6 0.7 12.5 24.4 24.8 4.3 14.9             

T. M
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assembly was estimated at 1223.44 counts per 100 kilo base pairs of the assembly as opposed to 4896.39 counts per 100 kilo base pairs 
in SOAPdenovo2 assembly. The completeness of both the assemblies was estimated using BUSCO. SPAdes assembly of T. affinis showed 
44.7% of all orthologous gene sets in Passeriformes order were present whereas SOAPdenovo2 assembly showed a presence of only 
18.7% genes (Table 2, Fig. 4). SOAPdenovo2 assembly showed 8025 missing genes, as opposed to 4965 missing genes in SPAdes as-
sembly. Overall comparison of both the assemblies through QUAST-LG and BUSCO favoured downstream analysis of SPAdes assembly 
for microsatellite motif identification on all indices. 

The newly assembled T. affinis genome (SPAdes assembly) was compared on various indices with selected previously published 
avian genomes (Tables 1 and 2). GC content of previously reported avian genomes ranged from 39% to 42% [48], similar to the GC 
percentage of SPAdes assembly of T. affinis estimated at 42.06%. Contig N50 values of previously reported avian genomes ranged from 
4.6 K to 55 K [46,48,50], similar to T. affinis genome sequenced in this study (14.5 K). Previous studies on avian genomes reported 
BUSCO of genome assemblies scores between 45.2 and 88.8% [49,50]. Low BUSCO score of T. affinis genome (SPAdes assembly; 
44.7%) in this study may be attributed to exclusive usage of short reads for sequence assembly. Previous reports noted that employing 
large insert libraries during library preparation increased the quality indices during genome assembly [46,48]. 

3.3. Microsatellite marker discovery 

A total of 197,505 potential microsatellite motifs were identified using PAL_FINDER from raw sequence reads (Supplementary 3). 
Avian genomes are characterized by low SSRs densities [18,46]. Hence, we assumed motif identification from raw reads may result in 
loss of many microsatellite loci as corroborated by previous studies on Coragyps atratus genome [47]. 

Subsequently T. affinis genome generated through SPAdes assembler was used to identify microsatellite motifs through Krait, which 
resulted into 25% more microsatellite discovery. A total of 265,297 microsatellite motifs were identified by Krait, averaging around 
23.52 base pairs in length and covering 0.49% of the assembly sequences (Table 3, Fig. 5). Microsatellite distribution frequency in the 
sequenced genome was calculated at 208.74 microsatellites per mega base (Mb) pairs of the assembly. Ignoring very few mono-
nucleotides, the mined microsatellite motifs contained 174,020 (65.59%) dinucleotide, 28,304 (10.67%) trinucleotide, 45,321 
(17.08%) tetranucleotide, 13,973 (5.27%) pentanucleotide and 3670 (1.38%) hexanucleotide (Table 3, Fig. 5). The repeats of AA, 
AAAG, CC, AC, AT, AG, AAT, AGG, AACGG, and AAC were the most abundant repeats respectively; interspersed throughout the 
genome (Fig. 5). Previous studies on avian genomes identified 90,346–282,728 microsatellite motifs covering 0.13%–0.49% of their 
respective assemblies [48]. Further relative abundance of microsatellite motifs from assembled avian genomes were estimated be-
tween 80.9 and 256.9 microsatellites per Mb of their respective assemblies [48]. The number and abundance of microsatellite motifs 
mined from T. affinis SPAdes assembly is similar to previously published reports on avian genomes. Huang and co-workers [48] 
observed AT, AC, AG, AAT, and AAAG repeats were the most abundant pattern in previously reported avian genomes very similar to 
most abundant repeats identified in T. affinis genome. Although exact microsatellite motif abundance changes from one species to 
another, similarity in most abundant motifs in di-, tri- and tetra-nucleotide repeats could still be observed across all avian genomes 

Fig. 4. The BUSCO assessment pipeline was applied to both the T. affinis assembly (SOAPdenovo2 and SPAdes). With higher number of complete 
gene sets, SPAdes assembly was estimated to be employed for further downstream analysis. 
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discussed in this study. 

3.4. In-silico and in-vitro validation of microsatellite markers and genetic diversity analysis 

A set of 50 most polymorphic/putative primers were selected for in-silico validation (Supplementary 4). Except 3 primer pairs, 
remaining 47 primer pairs displayed successful amplification when subjected to in-silico PCR through FASTPCR software (Supple-
mentary 5). Of these 47 pairs, a set of five primers (Supplementary_1) was randomly selected and used for microsatellite loci validation 
though PCR in twelve samples of T. affinis. All five primer pairs displayed successful amplification in all T. affinis samples (Supple-
mentary 6). The amplicons varied from 170 to 500 base pairs. The allele sizes also varied within the same range as confirmed by 
fragment analysis (Supplementary 7). 

Observed heterozygosity (H0) and expected heterozygosity (He) ratios range between 0.333 – 0.833 and 0.851–0.906, respectively 

Table 3 
Distribution and frequency of different microsatellite motifs mined from T. affinis assembly (SPAdes).  

Type of microsatellite 
repeats 

Counts Length (base 
pairs) 

Percent 
(%) 

Average Length (base 
pairs) 

Relative Abundance (loci/Mega 
base pairs) 

Relative 
Density (loci/Mega 
base pairs) 

Dinucleotides 174,020 3,143,296 65.59 18.06 136.92 2473.16 
Trinucleotides 28,304 536,982 10.67 18.97 22.27 422.5 
Tetranucleotides 45,321 1,799,576 17.08 39.71 35.66 1415.91 
Pentanucleotides 13,973 583,975 5.27 41.79 10.99 459.47 
Hexanucleotides 3670 174,810 1.38 47.63 2.89 137.54  

Fig. 5. Comparative characterization of the 10 most abundant microsatellite repeats interspersed throughout the T. affinis genome.  

Table 4 
Attributes of T. affinis population (12 individual) investigated in this study through genotyping of 5 putative microsatellite loci. The summary sta-
tistics are as detailed: Eallele: No. of Effective Alleles = 1/(Sum pi^2), where pi is the frequency of the ith allele for the population & Sum pi^2 is the sum 
of the squared population allele frequencies; FIS - Fixation Index (or In-breeding coefficient) = (He - Ho)/He = 1 - (Ho/He); He - Expected Hetero-
zygosity; Ho - Observed Heterozygosity; NAF – Null allele frequency; and pHWE – p value of Hardy-Weinberg equilibrium; PIC: polymorphic infor-
mation content for each loci.  

Primer name Eallele FIS He Ho NAF pHWE PIC 

Di_1 10.286 0.538 0.903 0.417 0.25733 0.001 0.902 
Tri_3 9.600 0.442 0.896 0.500 0.21197 0.002 0.895 
Tetra_1 10.286 0.631 0.903 0.333 0.30348 0.000 0.902 
Penta_1 10.667 0.080 0.906 0.833 0.05556 0.032 0.906 
Hexa_3 6.698 0.412 0.851 0.500 0.17283 0.000 0.850  
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(Table 4). Allele numbers varied from 12 to 15 for the five loci, with effective allele size ranged from 6.698 to 10.667. The inbreeding 
coefficient (FIS) of the population ranged from 0.080 to 0.631 (Table 4). The Null allele frequency was estimated between 0.055 and 
0.303. PIC values for each loci ranged from 0.850 to 0.906 (Table 4). Average probability of exclusion (PoE) and probability of identity 
(PoI) across increasing locus combinations were calculated at 0.95 and 0.003, respectively (Supplementary 8). High PIC value of all the 
five primers (average 0.89) analysed in this study indicates very high polymorphism at the loci, making them suitable for utilization in 
various population genetic studies (42). The results of PoE and PoI report high exclusion probabilities (0.95) and low probability of 
identity (0.0036) indicating these loci may be optimum for individual identification and parentage analysis [51]. All the loci showed 
significant adherence to Hardy-Weinberg equilibrium indicating no drift. Based on in-vitro validation results of five in-silico validated 
microsatellite markers, we presume that all 47 microsatellite markers identified in this study are highly informative, and would be 
highly useful for future population genetics studies on T. affinis to identify drivers of cooperative breeding behaviour. 

4. Conclusions 

Overall, we successfully decoded the whole genome of T. affinis, identified a large number of microsatellite markers, validated them 
in-silico and also in the wet lab using a limited number of samples. These microsatellite markers will be of immense help for future 
studies in identifying the drivers of cooperative breeding behaviour in T. affinis. Preliminary population genetics information will 
benefit future studies on natural selection, gene flow, genetic drift and breeding systems of T. affinis species. In addition, the whole 
genome data would be highly useful for elucidating evolutionary history and the phylogenetic position of this species in the tree of life. 
Further, the genome sequence generated here can facilitate comprehensive genetic mapping, candidate gene identification and 
alleviate the content of genomic information of T. affinis. 
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