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Abstract
Iranian Bactrian camel population is less than 100 animals. Iranian biological resource center produced more than 50 Bactrian
camel fibroblast cell lines as a somatic cell bank for conservation animal genetic resources. We compared two type markers
performance, including 14 random amplified polymorphic DNA (RAPDs) (dominant) and eight microsatellite (co-dominant) for
cell line identification, individual identification and investigation genetic structure of these samples. Based on clarity, polymor-
phism, and repeatability, four RAPD primers were selected for future analysis. Four RAPD primers and eight microsatellite
markers have generated a total of 21 fragments and 45 alleles, respectively. RAPD primers revealed fragment size between 150 to
2000 bp and gene diversity since 0.27 (IBRD) to 0.46 (GC10), with an average of 0.37. Microsatellite markers generated number
of alleles per locus ranged from 3 to 11, with an average of 5.62 alleles. The observed heterozygosity ranged from 0.359
(IBRC02) to 0.978 (YWLL08), and expected heterozygosity ranged from 0.449 (IBRC02) to 0.879 (YWLL08). Bottleneck
analysis and curve showed that Bactrian camel population did not experience a low diversity. RAPD profiles were especially
suitable for investigation population genetics. All primers generated novel and polymorphic fragments. Briefly, our results show
that a multiplex PCR based on these markers can still be valuable and suitable for authentication of cell lines, investigating gene
diversity and conservation genetic resources in Bactrian camel, while new technologies are continuously developed.
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Introduction

The conservation of genetic resources, especially for endan-
gered species, either wild type or domestic, is an important
issue in biological science and experimental research (Roosen

et al. 2005; Li et al. 2009). There are various practical schemes
to conserving genetic resources from devolution, including
DNA banking, somatic cells, sexual gonads (sperm and
ovule), and embryos banking and even the protection of indi-
vidual animal (Gorji et al. 2016). These strategies serve dif-
ferent objectives and are also different in terms of costs and
efforts required (Amoli et al. 2017b).

The establishment and banking of somatic cell lines are
reported as an appropriate technology for conservation of
endangered breeds and genetic screening (Makkar and
Viljoen 2005). Somatic cells can be isolated from skin,
tissue, or blood samples of animals. Additionally,
collecting samples is low cost, fast, and easy, and it is
also a possible animal cloning from every sample of so-
matic cell lines (Amoli et al. 2017a, b). Somatic cell
banking has been reported to be an alternative technology
for conservation of endangered breeds (Makkar and
Viljoen 2005). In the future, induced pluripotent stem
cells (iPSCs) will be generated from fibroblast cells and
differentiation into sperm to provide us with animal res-
toration, reproduction, and transgenic production
(Takahashi and Yamanaka 2006; Easley et al. 2012).
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Bactrian camel (Camelus bactrianus) is better known as
the camel with two humps. They are one of the most adaptable
animals in the world, as they are able to withstand tempera-
tures from 30 to −30°C (Wu et al. 2014). Many genes related
to metabolism are under accelerated evolution in the camel,
and their genome holds survival secrets. They need less feed
and release less methane than other domestic ruminants
(Dittmann et al. 2014). They were used as a means of trans-
portation for many years ago and were really quite cost-effec-
tive. There is evidence about the importance of the Bactrian
camel in the trade routes such as the Silk Road across Eurasia.
But, development of mechanized transportation systems and
network of roads reduced their efficiency (Kuz’mina 2008).
As a result, their population declined year by year. Iranian
Bactrian camel is an endangered species in Iran with fewer
than 100 animals in their homeland. Therefore, preservation of
the genetic resources using primary cell culture is crucial. The
Iranian Biological Resource Center (IBRC) established more
than 50 Bactrian camels fibroblast cell lines for conserving
genetic resources, breed restoration, and future genetic re-
searches. As a result, cells and individual identification are
necessary for these new cell lines (Almeida et al. 2011).

Cell line misidentification has been a continuous problem
in research and industry for decades (Almeida et al. 2011). In
order to validate a cell line, some parameters are important
such as the identification and the origin of a cell line, free from
all known forms of microbial contamination, performance ac-
cepted (growth properties, phenotypic expression), and use
(Freshney 2005). Unfortunately, it is observed that many cell
lines were contaminated with another cell line and eventually
led to waste a significant amount of time, cost, activities, and
laboratory supplies and potentially invalidating the results
(Stacey 2000). Identification of cell line is a category test that
gives validity to research papers and handicap of that is a great
defect for any research activity. As a result, more scientific
journals are now requiring proof of cell line authentication
for manuscript submission (Almeida et al. 2011).
Fortunately, a cell line authentication can be achieved by using
molecular and genetic profile.

Dominant and co-dominant markers are recommended for
cell line and individual identification, genetic population, and
conservation studies. Dominant markers such as RAPD (ran-
dom amplified polymorphic DNA) and AFLP (amplified frag-
ment length polymorphism) are simple to use and do not re-
quire the use of radioactive materials. They were revealed
multi-fragments that can be scored as present/absent
(Vandewoestijne et al. 2008). So, they were limited to use in
conservation studies which cannot distinguish homozygous
from heterozygous and problems of reproducibility. RAPD’s
primers did not need genome sequence information and much
DNA. However, they remained the least expensive population
genetic markers for use on species. RAPDmarkers are a single
primer with 10 nucleotides which are able to differentiate

between genetically distinct individuals without genomic in-
formation (Turlure et al. 2014).

Co-dominant genetic markers such as RFLPs (restriction
fragment length polymorphism), microsatellites or STRs
(short tandem repeat), and SNP (single-nucleotide
polymorphism) are nowadays the most widely used in cell
line or individual identification, population genetics, and con-
servation studies (Finger and Klank 2010). Microsatellite oc-
curs frequently in most eukaryote genomes and can be very
informative, multi-allelic, reproducible, and distinguish het-
erozygous from homozygous (Al-Atiyat 2015). However, iso-
lation and development of these markers through microsatel-
lite enrichment followed by Sanger sequencing are time-
consuming and costly (Turlure et al. 2014). The use of short
tandem repeat markers has been recommended for cell line
authentication, and these methods are currently being used
to identify human cell lines (Almeida et al. 2011).

We chose the RAPDs from the dominant markers and mi-
crosatellite from co-dominant markers. Our objective was to
compare the performance of two markers for authentication
Bactrian camel cell lines and investigation, genetic diversity,
and structure of these samples. We also discuss the impact of
these results for the design of species-specific conservation
measures.

Materials and Methods

Cell lines Fifty-one Bactrian camel cell lines were selected from
human and animal cell Bank of the Iranian biological resource
center. Bactrian camels were selected for sampling from
Meshkin Shahr Research Complex (10 individuals), National
Center of Conservation, and development of two-hump Camels
(10 individuals) and private flocks (31 individuals) in Ardebil
Province. The sex composition of samples included 20 males
and 31 females. Bactrian camel photo, genus, age, and certificate
of all cell lines were registered. These cell lines originated from
ear margin tissue samples. Genomic DNA was isolated from
each cell line using a commercially available DNA extraction
kit (IBRC, MBK0021, Tehran, Iran). Genomic DNAwas quan-
tified using a Nano Dot Microspectrophotometer (Hercuvan,
ND-3800, Tehran, Iran) at an absorbance of 260 nm.

Loci selection Fourteen RAPD primers were selected and ini-
tial screening was performed using 10 samples GC10, G2,
GT10, OPB08, OPF05, OPA03, OPA04, OPA11, OPB02,
OPB07, OPB07, OPB10, OPB14, and IBRD. Based on clar-
ity, polymorphism, and repeatability of RAPD primers, four
primers were selected out of 14 (IBRD, OPF05, GC10,
GT10).

To identify cell lines and estimate the genetic diversity,
microsatellite loci were selected that had high allelic diversity.
Eight microsatellite markers included IBRC01, IBRC02,
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IBRC03, IBRC04, CMS50, LCA65, Volp32, and YWll08
selected.

PCR conditions and amplifications RAPD PCR amplifications
were performed in 15 μL reaction volumes containing 1×
PCR buffer, 2 mM magnesium chloride (MgCl2), 1 U of
Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA),
200 μM of dNTPs (Thermo Scientific, Waltham, MA), 20–
100 ng of the template DNA, and 10 pM of each primer.
Amplifications were conducted on a Bio-Rad My Cycler
Thermal Cycler using the following conditions: initial dena-
turing at 94°C for 5 min; 45 cycles at 94°C for 50 s, 35–39°C
annealing for 1 min, and 72°C for 1 min; 72°C for 10min; and
held on 4°C.We performed two separate amplifications for all
samples to evaluate repeatability of fragments.

Microsatellite PCR amplifications were performed in 15 μL
reaction volumes containing 1× PCR buffer, 2 mM M magne-
sium chloride (MgCl2), 1 U of Taq DNA Polymerase (IBRC,
MBE0100), 200 μM of dNTPs (Thermo Scientific), 20–100 ng
of the templateDNA, and 0.2μMof each primer. Amplifications
were conducted on a Bio-Rad My Cycler Thermal Cycler using
the following conditions: 1 cycle 94°C for 5min; 30 cycles 94°C
for 30 s, 56–58°C for 1 min, and 72°C for 45 s; 72°C for 10min;
and held on 4°C (Table 1).

Data analysis The electrophoresis of RAPD and microsatellite
PCR products was done on 1.5% agarose and 8% denaturing
acrylamide gels, respectively. Agarose gels were visualized by
Gel Doc System 2000 (Bio-Rad, Hercules, CA). The micro-
satellite and RAPD bands length and the allele frequencies
were estimated using PyELph analyzer software (version
3.1) (Pavel and Vasile 2012).

All loci of both markers were used to calculate genetic pa-
rameter of samples. Based onmicrosatellite data, allele frequen-
cies, number of alleles per locus (n), number of effective alleles
(ne), observed heterozygosity (Ho), expected heterozygosity
(He), probability of identity (PI), and Shannon index (I) were
determined using GenAlEx 6 (Peakall and Smouse 2006). The
heterozygosity (observed, expected) was calculated by dividing
the number of heterozygotes at a locus into the total number of
samples. The PIwas calculated by the summation of the square
of the genotype frequencies. In the formulas below, n is the
number of samples, PI is the frequency of the ith allele, and xi
is the frequency of the ith genotype. Inbreeding coefficient (F-
statistics) and deviations from Hardy-Weinberg equilibrium
(HWE) were calculated by chi-square (χ2) and likelihood ratio
test using GenePop version 4.3 (Yeh et al. 1999).

Heterozygosity ¼ ∑
i

n
P2i

Probability of identity PIð Þ ¼ ∑
n

i¼1
x2i

A binary matrix was generated by RAPD primers,
reflecting the presence (1) or absence (0) of the DNA frag-
ments. Polymorphic fragment percentage (%P) was calculated
by dividing the number of polymorphic fragments at the pop-
ulation by the total number of fragments surveyed. Nei’s gene
diversity and Shannon index for genetic variation were calcu-
lated using analysis of molecular variation (AMOVA) in
GenAlEx 6 (Peakall and Smouse 2006).

To estimate the discriminatory power of the microsatellite
loci, the polymorphic information content (PIC) for each locus
was estimated by PIC = 1 −∑Pi2, where Pi2 referred to the
sum of the ith allelic frequency of each microsatellite locus for
the genotypes using PIC Calc (Nagy et al. 2012). The
CERVUS was also used for parentage analysis (Kalinowski
et al. 2007).

Finally, bottleneck analysis was tested for a disproportional
decrease in allelic diversity compared to heterozygosity due to
founder effects following population using the software
BOTTLENECK 1.2.02. The probability distribution was cal-
culated using 1000 simulations under three models: Infinite
Allele Model (IAM), Two-Phase Model of mutation (TPM),
and Stepwise Mutation Model (SMM) (Cristescu et al. 2010).

Results and Discussion

RAPD fragments characteristics RAPD revealed a multi-
fragments banding pattern. Fourteen RAPD primer initial
screening was performed using 10 samples. Based on clarity,
polymorphism, and repeatability of RAPD primers, four
primers were selected out of 14 with annealing temperature
ranging from 36 to 38°C. Four informative and reproducible
primers (IBRD, OPF05, GC10, and GT10) were applied for
the analysis of 51 Bactrian Camel cell lines received from
Iranian biological resource center. Several major and minor
bands were shown.

These primers were generated fragments size between 150
and 2000 bp. The shortest fragment was amplified by OPF05,
while the largest by GT10. Four RAPD primers generated a
total of 21 fragments. Polymorphic loci percentage was
94.44% in this population. Gene diversity ranged from 0.27
(IBRD) to 0.46 (GC10), with an average of 0.37 (Nei 1978).
The primer IBRD revealed the highest and lowest band fre-
quency (0.95, 0.05). Band frequency was moderate in primer
OPF05 and GC10. All values are presented in Table 2.

Microsatellite marker characteristics All microsatellite loci
were analyzed. Amplified PCR products for all loci were ob-
served in every cell line. These primers identified the 51
Bactrian camel cell lines received from Iranian biological re-
source center resulting in unique profiles for each sample an-
alyzed. All microsatellite loci were polymorphic. Eight
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microsatellite loci generated a total of 45 polymorphic alleles
with 10 (23%) rare and private alleles (with frequency ≤ 0.05).
The number of alleles per locus ranged from 3 to 11, with an
average of 5.62 alleles (Fig. 1). The effective number of alleles
ranged from 1.8 (IBRC02) to 7.7 (YWLL08), with an average
of 3.97 alleles. The observed heterozygosity ranged from
0.359 (IBRC02) to 0.978 (YWLL08) with a mean value of
0.709. The expected heterozygosity ranged from 0.449
(IBRC02) to 0.879 (YWLL08) with a mean value of 0.697.
The high mean heterozygosity (both observed and expected)
values estimated in the present study indicate low inbreeding,
low selection pressure, and large number of alleles in these
samples. Since the highest heterozygosity value is maximum
1, Shannon index including higher levels 1 to 4 can be made a
better comparison between loci with heterozygosity higher
than 0.8. Based on the Shannon index, diversity varied from
0.785 (IBRC02) to 2.170 (YWLL08), with an average of
1.394 (Table 3).

The results of theχ2 test revealed that the populationwas in
HWE for IBRC02 locus (P< 0.001). The remaining seven
loci revealed significant departure from HWE. The FIS value
ranged from − 0.435 (CMS50) to 0.307 (IBRC03). Four loci

revealed negative FIS values (FIS < 0) with mean FIS value (−
0.0476) indicating the absence of inbreeding at these loci and
Bactrian camel population, respectively.

The PIC as an indicator for determining genetic diversity
based on allele frequencies was calculated. PIC values varied
from 0.400 (IBRC02) to 0.856 (YWLL08), with an average of
0.643. Six loci were highly informative (PIC ≥ 0.5), and two
were reasonably informative (0.4 < PIC < 0.5).

Bottleneck analysis using sign, standardized differences,
and Wilcoxon test was utilized in each of three mutations
models IAM, TPM, and SMM. The bottleneck was analyzed
based on allele frequencies and heterozygosity. All the ob-
served heterozygosity was larger than expected equilibrium
heterozygosity. The observed heterozygosity and expected
equilibrium heterozygosity were calculated in three models
(Table 4). When the population was reduced during a bottle-
neck, the allele number is reduced faster than the heterozygos-
ity. The rare alleles were lost rapidly and have little effect on
heterozygosity, normally, therefore generating a transient ex-
cess in heterozygosity comparable to that expected in a pop-
ulation of stable size with the same allele number (Cornuet
and Luikart 1996; Cornuet et al. 1999).

Table 1. Microsatellite characterization such as primer sequence, accession number, size range, annealing temp. (°C), and number of alleles

Locus Primer sequence (5′ to 3′) Accession no. Size range (bp) Annealing temp. (°C)

IBRC01 F: GATGGACCTGGAGATCGTCA KX237506 130–142 60
R: GTAGTTCATCCGTGTCCCCT

IBRC02 F:AGGGGACACTCATCCATCCA KX237507 220–228 58
R: TGCATAAGCAGGGAAGGTGG

IBRC03 F: GGGTCAGATAGACCAGGGGT KX237508 280–290 58
R: GCCTAAGGGCTGGTTTGACT

IBRC04 F: GCTGTCTTCAGTGTCAGTATCC KU240014 140–155 57
R: GTAGTTCATCCGTGTCCCCT

CMS50 F: TTTATAGTCAGAGAGAGTGCT AF329142 150–190 58
R: TGTAGGGTTCATTGTAACA

LCA65 F: TTTTTCCCCTGTGGTTGAAT AF091124 165–190 58
R: AACTCAGCTGTTGTCAGGGG

VOLP32 F: GGAATGGCTTGAAAGGAATG AF276038 252–270 56
R: CGAGCACCTGAAAGAAGACC

YWLL08 F: ATCAAGTTTGAGGTGCTTTCC AF217608 150–180 56
R: CCATGGCATTGTGTTGAAGAC

Table 2. RAPD primer genetic parameters and characterization such as sequences, number, and size of bands

Primers Sequence (5′ to 3′) Annealing temp. (°C) Number of bands Size of band (bp) q H I Uh

GC-10 GCC GTC CGA G 38 3 650–1700 0.405 0.4595 0.6519 0.485

GT-10 GTG ATC GCA G 37 5 600–2000 0.544 0.3014 0.4703 0.335

OPF-05 CCG AAT TCC C 37 7 150–1500 0.369 0.3481 0.4863 0.333

IBRD AAC CGC CTG A 36 6 400–1200 0.662 0.2766 0.4278 0.354

Mean 5.25 0.3754 0.5496 0.404

SD 0.1003 0.1174 0.071

q mean band frequency, H gene diversity, I Shannon index, Uh unbiased diversity
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Three tests for each mutation model revealed no deviation
from mutation drift equilibrium. However, in the case of the
sign test on the SMM model, one locus was heterozygosity
deficient. In other tests, all loci were with heterozygosity ex-
cess in different models. The standardized difference test
needed minimum 20 loci but, in our study with 8 loci, was
showing positive and significant T2 values under three models
(Table 5).

The mode shift test as a qualitative test was used to visual-
ize the allele frequency variation. The allele frequency distri-
bution was nearly L-shaped form in Bactrian camel samples,
but not very normal (Fig. 2). This observed distribution and
curve showed that this population did not experience a recent
bottleneck. The L-shape curve form was shown despite de-
creasing the Bactrian camel population in recent years, but
there is a suitable genetic diversity for reviving the breed from
extinction.

RAPDs or microsatellites In the current study, we compared
RAPD and microsatellite marker results for investigation ge-
netic structure and identification Bactrian camel cell lines.

RAPD marker used a primer set and for primer design did
not need sequence information. If we had no information
about the organism, RAPD produced many fragments that
can be scored, and unique allele may be determined. RAPD-
PCR reaction is sensitive and results may vary across different
experiments and labs (Mahrous et al. 2011).

RAPD markers were especially suitable for investigation
population genetics. The marker analysis indicated that four
markers were considered informative in the analysis of char-
acterization and genetic diversity of Bactrian camel, since they
exhibited more than three different bands. All primers gener-
ated novel and polymorphic fragments. Primer GC-10 re-
vealed most gene diversity 0.45 and IBRD revealed minimum
gene diversity 0.27 with mean 0.37. In another study, GC-10
primer had maximum gene diversity between five markers in
Indian camel (Mehta et al. 2006). In the current study, RAPD
result revealed enough genetic diversity within Bactrian cam-
el. These results are in agreement with previous studies
(Mehta et al. 2006; Mahrous et al. 2011).

Based on microsatellite data, the mean number of alleles
per loci was 5.62, which can be considered suitable when

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

1 3 1 3 2 4 1 3 5 1 3 1 3 5 7 1 3 1 3 5 7 9 11

IBRC01IBRC02IBRC03 IBRC04 CMS50 LCA65 VOLP32 YWLL08

F
re

qu
en

cy

Locus (Number of allele)

Allele FrequencyFig. 1. Allele frequency for eight
microsatellite loci.

Table 3. Genetic diversity
parameters of Bactrian camel
population

Locus No. of allele ne Ho He I HWE (χ2) FIS PIC

IBRC01 4 2.76 0.823 0.644 1.11 28.82** −0.290 0.565

IBRC02 3 1.8 0.359 0.449 0.78 6.84NS 0.190 0.4

IBRC03 5 4.83 0.549 0.801 1.59 70.73** 0.307 0.760

IBRC04 6 2.82 0.784 0.652 1.29 35.97** −0.215 0.6

CMS50 4 2.40 0.836 0.588 0.99 47.19** −0.435 0.494

LCA65 8 5.91 0.490 0.839 1.88 153.55** 0.410 0.809

VOLP32 4 3.51 0.978 0.723 1.31 64.29** −0.366 0.663

YWLL08 11 7.73 0.854 0.879 2.17 240.19** 0.018 0.857

Mean 5.62 3.97 0.709 0.697 1.39 −0.0476 0.643

St. dev 2.66 2.03 0.215 0.143 0.46 0.3238 0.158

ne number of effective alleles, Ho observed heterozygosity, He expected heterozygosity, I Shannon index, HWE
Hardy-Weinberg equilibrium by chi-square, FIS inbreeding coefficient (F-statistics), PIC polymorphic informa-
tion content, NS not significant

**Significant at p < 0.001
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compared with other studies that assessed these markers in
this breed (Mahrous et al. 2011; Shahkarami et al. 2012).
The averages of Ho (0.709) were higher than those of He

(0.697), which indicates a lower quantity of homozygote,
strengthening the need for studies of genetic management in
this breed. High observed heterozygosity (greater than 0.65) is
suitable in selecting microsatellite marker for cell line identi-
fication (Almeida et al. 2011). In the current study, out of eight
primers, five primers had high heterozygosity greater than 0.7
and three primer had less than 0.7. The three loci IBRC03
(0.80), LCA65 (0.83), and YWLL08 (0.87) were highest ex-
pected heterozygosity values. IBRC03 and IBRC04 were
shown high alleles and heterozygosity in other study (Amoli
et al. 2017a, b). The microsatellite markers with the lowest
expected heterozygosity values were IBRC02 (0.44) and
CMS50 (0.58). The expected heterozygosity value for
YWLL08 calculated in another study was lower than our
study (Shahkarami et al. 2012). Other loci did not use
Bactrian camel, and our study is the first report about these
loci in this breed. This finding demonstrates that there is a
suitable variability in the population of Bactrian camel. Our
sampling was from different space, and more than half

samples were from people flocks. Thus, despite the decreasing
number of the Bactrian camel in recent years, we were shown
suitable gene diversity in this population.

In conclusion, our results show that amultiplex PCR based on
eight microsatellite markers with heterozygosity values ranges
from 0.44 to 0.87 and four RAPD primers are suitable for au-
thentication cell lines and investigate gene diversity in Bactrian
camel, respectively. So, genetic stability ofmicrosatellite markers
was generated by high passage cell line in previous studies
(Almeida et al. 2011). Here, we have shown that RAPDmarkers
may still be important to consider in organisms with no genomic
information. The use of RAPD data remains, however, limited to
investigating inbreeding and genetic structure at small spatial
scales. Also, RAPD suffers from needy reproducibility and their
use is limited in genetic studies, nowadays. New technologies for
strong and cheap genetic polymorphism detection are continu-
ously developed such as next-generation sequencing to complete
genome sequencing. However, their price and accessibility are
not compatible with cost, storage, and analysis of data of se-
quences produced (Turlure et al. 2014). Therefore, RAPD and
microsatellite markers may still be valuable to the authentication
cell line, investigation genetic diversity, and conservation genetic
resources.

Consequently, the results of this study indicate that atten-
tion should be paid to the genetic management of Iranian
Bactrian camel population. This population has modest allele
richness. These results indicate that the population needs a
reproductive management program and the exchange or intro-
duction of new individuals. Particularly, these points should
be made at the breeding stations so that these values do not
decrease over the years. In addition, we propose to perform
analysis of the data from the genotype separately in camels
kept on conservation sites. These processes help to maintain
and improve the genetic basis of these valuable genetic re-
sources and make it easier to protect this population with a
suitable genetic diversity in Iran.
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Table 4. Observed (Ho) and expected (He) heterozygosity in three
mutation models

Locus Observed Expected equilibrium (He)

Ho IAM TPM SMM

IBRC01 0.652 0.428 0.508 0.582

IBRC02 0.505 0.329 0.398 0.470

IBRC03 0.801 0.513 0.590 0.675

IBRC04 0.698 0.574 0.653 0.728

CMS50 0.597 0.430 0.506 0.584

LCA65 0.840 0.666 0.738 0.801

VOLP32 0.724 0.439 0.513 0.589

YWLL08 0.876 0.761 0.818 0.862

Mean 0.712 0.518 0.591 0.661

St. Dev 0.126 0.142 0.139 0.130

IAM Infinite Allele Model, TPM Two-Phase Model, SMM Stepwise
Mutation Model

Table 5. Bottleneck analysis using three tests for mutation drift
equilibrium in IAM, TPM, and SMM models

Test IAM TPM SMM

Sign test 4.52 4.73 4.76

Standardized differences test (T2 value) 3.63 2.90 1.64

Wilcoxon test

P value (one tail for H excess) 0.00195 0.00195 0.00097

IAM Infinite Allele Model, TPM Two-Phase Model, SMM Stepwise
Mutation Model
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