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INTRODUCTION

The livestock sector plays a major role in the economy in many developing countries,
including India. It provides food (more precisely animal protein in human diets), employment,
job opportunities, draught energy, means of transportation and organic crop production fertilizers.
In reality, animals are regarded as farmers ‘ financial resources because they function as
protection against the threat of crop failure due to drought and other unfavorable climatic
conditions. Across India, throughout recent decades, the dairy industry has made tremendous
development. India is the world’s largest producer of milk today, and India contributes about
20% to global milk production. Throughout India, buffalo is the largest dairy commodity and,
owing to its adaptability to severe climatic conditions, resistance to tropical diseases and longevity
under inadequate feeding and management practices, it holds an important place throughout

India’s agricultural economy (Thiruvenkadan et al., 2013)

Domesticated buffalo species were grouped into river (Bubalus bubalis) and swamp
buffalo (Bubalus carabanesis). The current global buffalo population is 193.8 million (http://

faostat3.fao.org/browse/Q/QA/E) and has been rising steadily over the past two decades at a

rate of 2% per year (Moaeen-ud-Din, 2014). In India the buffalo population has increased
from 108.7 million (2012) to 109.85 million (2019) showing a growth of 1.1 % (20" livestock
census) that produce 74.70 MT out of the total milk production in India. The contribution of
the Agriculture sector in Indian economy is 17.4% of total GDP, of which the Livestock sector
contributes 25.07%. India hold the first rank in milk production with a total production of
176.3 MT during 2017 — 2018 (DAHDF, Gol). India is rich in buffalo AnGR, and so far 17

breeds of buffalo have been registered, out of which 8 breeds are famous for their milk
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production viz., Murrah, Bhadawari, Jaffarabadi, Surti, Mehsana, Godavari, pandharpuri and
Nili-ravi. Haryana-born Murrah buffalo has a relatively higher milk production of 1800 kg/
lactation and its tolerance to India’s various environmental conditions. Murrah buffalo are

widely used to rate other Indian buffalo populations to increase the production of milk.

The traditional method of genetic improvement of buffalo involves selection,
crossbreeding, outbreeding, hybridization, etc. By reducing time, storage, commitment and
maintaining long term sustainability, the molecular genetic system will help conventional breeding.
Higher productivity can be accomplished by leveraging the genetic variation within and between
breeds that can help improve the genetic benefit. Genetic advancement in Indian buffalo breeds
includes the discovery and creation of genome-wide markers. The entire water buffalo genome
in India was first sequenced in NBAGR, Karnal (Tantia et al., 2011). A high-
quality water buffalo genome assembly (De-novo), containing 2.76 Gb in scaffolds (Zimin et
al., 2013), was created and assembled under the International Buffalo Genome Consortium
by the University of Maryland, USA, USDA-ARS, USA and CASPUR, Italy. A buffalo
genome sequence of 2.77 Gb was reported recently in 2014 by collaborative work between
Bangladesh (LalTeer Livestock Limited) and China (Beijing Genomics Institute). Axiom ®
Buffalo Genotyping Array was recently developed by Affymetrix (http:/www.affymetrix.com/
catalog/prod740001/AFFY/Axiom percent 26 million 23174 percent 3B-Buffalo-Genotyping-
Array#1) utilizing genomic data from several breeds (Italian Mediterranean, Aza-Kheli, Nili-
Ravi, Murrah, Egyptiana Kundhi, Jaffarabadi, and Philippine Swamp) which allowed the
classification of several types of buffalo breeds. The array of buffalo genotyping includes a

total of 90k putative SNPs and has been tested in Italian and Brazilian buffalo populations.

Whole-genome sequencing for genotyping the SNP is complex and the integration of
bioinformatics is very difficult. The entire genome has to be sequenced for genome-wide SNP
detection, in which there will be a lot of uninformative, repeated series. Also it is more expensive.
Compared with entire genome sequencing approaches for SNP exploration, a 35-fold cost
reduction by RAD seq methods is feasible. Compared with entire genome sequencing

approaches for SNP exploration, a 35-fold cost reduction by RAD seq methods is feasible.

NGS based RAD sequencing methods are an alternative to WGS, wherein simultaneous

sequencing, genotyping and multiplexing are facilitated.

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6
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SNP exploration was extensively conducted in cow, horse, chicken, donkey, camel,
etc. using RAD seq methods. This method having advantage of minimizing the Repetitive
sequences, and thereby reducing the cost of'sequencing and genotyping. Thus, in a matter of
weeks, we can sequence thousands of individuals. There are various RAD sequencing methods
viz., Complexity Reduction of Polymorphism Sequencing (CRoPS) (Osrow et al., 2007),
Reduced Representation Libraries (RRL) (Van-Tassel et al., 2008), Restriction Site associated
DNA Sequencing (RAD seq) (Baird et al., 2008), Genotyping by Sequencing (GBS) (Elshire
etal.,2011), Double-digest RAD sequencing (dd RAD) (Peterson et al., 2012) which have

their own benefits and drawbacks.

Genome annotation analyzes a genome’s raw sequence and identifies important
biological and genomic characteristics such as mutations, mobile elements, repeat elements,
replication, and polymorphism, which is a challenging aspect of genome sequencing. The SNPs

found by the different approaches to the NGS were not annotated in depth to the genomes.

The presence of genetic diversity within any livestock population is equally important
for any type of buffalo population i.e., pure indigenous or graded. As per the latest 20th
Livestock census trends, the Buffalo resource base in India is on increasing phase (by 1.04%)
and possesses only a little genetic variability that need to be exploited through genetic means.
Murrah forms the main milch buffalo that is prevalent in India and is used for selective breeding
and upgrading of non-descript buffalo not only in India but also in foreign countries. The
genetic diversity exists within and among different populations owing to the processes of
evolution, selection and domestication being applied on these populations over the centuries of
their rearing. Technically, genetic diversity refers to the occurrence of variation in a population
group of various alleles and genotypes and is also reflected in physiological, morphological
and behavioural variations within and among different populations (Frankham et al., 2002).
Apart from the process of evolution, selection and domestication, different other phenomenon
also helps in establishing and maintaining the genetic diversity across different populations
(Groeneveld et al., 2010). Other processes mainly include mutation, migration, adaptation
procedures and gentic drift. The presence of genetic diversity within buffalo populations is

very important in order to ensure long term adaptation and conservation of efficient Animal

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6
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genetic resources (AnGR) (Groeneveld et al., 2010; Hanotte et al., 2010).

In order to facilitate the processing ofa large amount of genomic data generated from
raw data, various bioinformatics software has also been developed. In modern times, genome-
wide SNP genotypic data for the study and/or prediction of different genetic parameters of an
organism or population can be very easily evaluated. With the help of bioinformatics and
statistical tools, Runs of homozygosity, linkage disequilibrium, Principal component analysis,
admixture and various other genetic predictions have been effectively and accurately made.
These tools include a basic interface that can be used by a researcher to make precise predictions

based on the variants present at different locations.

In view of'the very limited genomic information available in buffalo, it is envisaged to

undertake the present work with the following objectives:

1 Toidentify genomewide SNPsin riverine buffaloesusing ddRAD approach.

2. Toannotate SNPsto candidate genesfor production and reproduction traits.
3. To ascertain genetic diversity analysisin theriverine buffaloes.
&S &5 &

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6






REVIEW OF LITERATURE

2.10RIGINAND DOMESTICATION OF BUFFALO

Asian and European buffaloes belong to the Bubalus family, while the Syncerus group
belongs to the African buffaloes. The Asian species, also defined as stream or river buffalo, is
made up of two forms (river or swamp) that can be differentiated by their size, behavior, use
and location. The Indian subcontinent, Egypt and Mediterranean basin of Europe’s river buffalo
(Bubalus bubalis), mostly for milk production (Cockrill, 1982), but all of themare also dual-
purpose animals with good meat characteristics, while their meat capacity remains unexplored
and untapped. The swamp buffalo is more or less a perpetual denizen of marshy ground,
wallowing in mud and grazing on rough marsh grass. It is found mainly in South East Asia and
China and has a very limited or no role in the processing of milk. The buffalo’s main contribution
in these areas was the draft force for the preparing of grain, rural transportation, threshing,

water-raising and oil recovery from oilseeds (National Academy of Science, 1981).
2.2BREEDSOFRIVER BUFFALOES

In order to devise rational breeding strategies for optimum use and preservation of
accessible genetic variability in India, it is essential to understand the genetic structure and
relationships between different breeds. Diversity in domestic animal species is generally perceived
in terms of differences referred to as breeds. Turton defined breed as a homogeneous, sub-
specific group of domestic animals with physical characters definable and observable that

allow it to be differentiated from other similarly identified groups within the same genus by
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visual evaluation, or a homogeneous category where its distinct identity would generally be
accepted by geographical distinction from phenotypically similar groups.” That breed is the
result of mutation and genetic drift, as well as independent adaptation and development, with
specific climate-imposed selection pressures, infectious pests and diseases, accessible food

and human-imposed requirements.
Buffalo breeds of India used in the study are:
2.2.1.Murrah

Murrah is said to have home town in northwest India, but this buffalo breed has
established in every part of the country mostly as a popular milk breed, renowned for its jet
black body color and tightly coiled horns. These were called “Murrah”, meaning’ curled. As
previously mentioned, this breed has spread to virtually every corner of the country and is
either significantly established in pure formor used as an improver breed to bred local buffaloes
in India as well as in other countries. Economic characteristics when measured under organized
farm conditions were found to be around 2480.38+55.06 of milk yield in large herds in 305
days of lactation with a maximum yield of about 22 kg; 7.32% of fat, 3.62% ofprotein, 9.52%
of SNF (Annual report, NPB 2017/18).

2.2.2. Mehsana

Mehsana a dairy buffalo breed belongs to the northern Gujarat districts of Mehsana,
Sabarkantha, and Banaskantha. It is presumed that this breed evolved from the hybrids of
Murrah and Surti, so it is similar with these two breeds in many characteristics (Olver, 1938).
The legs are smaller but the body is wider than Murrah. Unlike Murrah’s bulging eyes, the face
is longer and heavier. The horns mimic Murrah, but in the end, they are less rounded than the
Murrah type, but with the irregular shape, they are larger. The udder has a good shape. The
color ofthe skin dropped between jet black and gray, and white marks were also noticed on
the head, tail tips. The hair found at the bottom ofthe body and also at the tail switch is usually
black. The breed’s males aren’t being used for draught purpose. Good persistency for milk
production is found in this breed. The average milk yield is between 598-3597 Kg with average
of 1988 kg per lactation with 6.46+0.17 fat%, 3.87+0.05 protein%, 9.13+0.06 SNF%,
15.59+0.18 TS%. (Mishra et al., 2008)

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6
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2.2.3. Surti

The Surti buffalo is a water buffalo breed found in Gujarat, India’s Charottar region. It
is centered between the rivers of the Mahi and the Sabarmati. This breed’s strongest livestock
are located in the Gujarat districts of Anand, Baroda and Kaira. Many other titles like Surati,
Guyjarati, Nadiadi, Talabda, Charotar and Deccani even identify it. Surti buffalo is a medium-
sized mammal for whom the body color is rusty brown or silver-gray. Such animal’s heads are
relatively wide and long with convex form in between horns at the edges. The horns are flat
and sickle shaped. The horns grow in a downward and backward direction and then forma
hook at the tip. The color of their skin is either black or brown. Such animal’s back is unique
and flat. There are two white collars in some healthy buffaloes. Ecomomic traits when measured
under well organized farm conditions found to be around 1617.70 + 72.01 kg milk production
(305 days milk yield) with 9.75 + 0.24 average peak yield and 8.11% of Fat, 3.67% of
Protein, 9.52% of SNF (Annual report, NPB 2017/18).

2.2.4. Bhadawari:

Bhadawari is a dual-type buffalo breed from central and northern India, also known
as “Etawah”. The breeding tract is part of the former state of Bhadawar, from which the name
of the breed originates. Bhadawari buffaloes are present in Uttar Pradesh and Madhya Pradesh
in the ravines of the Yamuna, Chambal, and Utangan rivers. The breeding areas are Bah tehsil
of Agra; Chakarnagar and Barhpura blocks of Etawah; Ambah and Porsa tehsils of Morena;
and Mahangaon tehsil of Bhind district. They are blackish copper to light copper coloured but
over the legs, wheat straw like colour is there. On the lower side ofthe body, there are two
white lines, “Chevron,” named in local language as “Kanthy”. Before running parallel backward
near the neck and gradually turning upward, the horns are black curling slightly outward and
downward. The animals of this breed are known for their ability to use low-quality coarse
fodder available in the region. Although the overall lactation yield is lower, the milk’s fat content
has been reported to be as high as 12.8%. The Breed’s average milk yield is 1294 kg per
lactation with an average 7.88% fat (yield varying from 540-1400 kg per lactation and 6 to
12.8% fat) (AGRI-IS, NDDB).

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6
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2.2.5.Pandharpuri

Pandharpuri is the native Maharashtra breed. The name ofthe geographical region is
named after them, i.e. Block of Pandharpur in the Maharashtra district of Solapur. The breeding
tract includes the Maharashtra districts of Solapur, Sangli and Kolhapur. The buffaloes are
concentrated in the Solapur district of Pandharpur, North Solapur, South Solapur, Barshi,
Akkalkot, Sangola and Mangalvedha tehsils; the Sangli district of Miraj, Walwa, Jathand
Tasgaon tehsils; and the Kolhapur district of Karveer, Shirol, Panhala, Radhanagri, Hatkanangale
and Gadhinglaj tehsils. The animals have multiple milk let down capability. In general, Pandharpuri
buffaloes are black, but the colour varies from light to deep black. White marks are seen on
the forehead; also on legs and tail in few animals. The horns are very long and stretch past the
shoulder blade, up to the pin bones occasionally. On average, buffaloes yield 1790 kg of milk
per lactation with 8% fat per lactation (AGRI-IS, NDDB).

2.2.6. Toda

The Toda breed is known after its herdsmen, the Toda tribe of the Nilgiris in the State
of Tamil Nadu. This is a valuable breed of buffalo that thrives well in high rainfall and high
wetland conditions. It is used primarily for function, socio-cultural and religious ceremonies. In
general, the calves are fawn coloured at birth and the fawn colour shifts to ash grey at about 2
months of age. The predominant coat colours for adult buffaloes are fawn and ash-grey. The
horns are long and variable in form. They are generally set wide apart, emerging slightly
downward and upward outward with the points recurving inward, creating a crescent shape
or semicircle characteristically. The horns at the base are thick. There are two chevron marks,
one just around the jowl and the other anterior to the brisket, a thin band of thick hair spanning
the top line from the crest ofthe neck to the point of origin of the tail. With an average fat of
8.22%, the average lactation milk yield is about 500 kg (AGRI-IS, NDDB).

2.3.REASONSFOR LOSSOFANIMAL GENETIC RESOURCES

India has rich genetic resources in terms of its breeds of buffalo, but the issue is that no
demarcated breeding tract is available for breeding either type. There are a number of factors

that may enable the genetic assets of animals to weaken.

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6
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The common reasons for defeat, however, are:
° Use of certain breeds through artificial insemination and transfer ofembryos, resulting

in the loss of genetic assets (FAO, 2007).

) Failed agricultural strategies,

° Changing market demands,

° Natural disaster

° Political unrest and conflict

° Deterioration of habitats,

) Migration of high-producing buffaloes from breeding to metropolitan cities to satisfy

milk requirements further contribute to genetic degradation of essential germplasm
due to slaughter of these animals after lactation has been completed.

Lack of genetic diversity in a community/breed influences its quality by:

° Reduced population fitness,

° Impaired breeding targets,

° Decreased numbers or even breed extinction,

° Easier spread of infectious diseases,

° Endangered the sustainability of rare domestic breeds,

° Limited options available to satisfy uncertain future needs.

There is an immediate need to identify all Indian buffalo breeds uniformly by using
specific breed descriptors, observing their natural climate, management practices, qualitative
and quantitative aspects of morphological, physiological and functional features, blood groups
and biochemical polymorphisms, cytogenetic criteria, DNA analyzes, usefulness and
demographic and geographic distributions. This will contribute to the detection of gene forms
and gene variations of different breeds and will also help devise breeding strategies and animal

selection systems for preservation, reproduction and enhancement.

With regular and galloping advancement in NGS and related technologies, a huge help
is promised to scientists as genome-wide assays have become a practice now. For genome-
wide characterization of different species for genetic diversity and population structure studies,

this allows cost-effective. A vast amount of data can now be produced to classify the genetic
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diversity of the community of different species of animals. Genomic markers have been used to
evaluate the depth of genetic variation across multiple species between different animal breeds
(Freeman et al., 2006; Dadi et al., 2008). Widely used genetic markers include microsatellite

and SNP variants:
2.3.1 Microsatellites

Microsatellites are simple tandem repetitive DNA sequences varying from 1 to 6 base
pairs (bp). The microsatellite markers are often also known as simple sequence repeats (SSR).
Mutational rates are immensely high in these types of markers. Microsatellites are part ofa
strongly polymorphic and insightful class of markers, but their genotyping and scoring were
shown to be labor-intensive (Ajmone-Marsan et al., 2014). The parameters for genetic diversity
are generally high due to high mutation rates. The measurements for heterozygosity easily

reach higher than 50% levels.
2.3.2 Singlenucleotide polymorphisms

SNPs are single nucleotide substitutes that occur from one base to another in more
than one percent of the general population. These are binary markers (biallelic) and have
lower variability than multiple allele loci but are the most abundant markers present in animal
species. The genome for livestock animals contains several million SNPs (Bovine Genome
Sequencing & Analysis Consortium, 2009; Zimin et al., 2009).A very small subset of these,
though, has been evolved as genetic markers for population genetics, interaction study of
disequilibrium, and genome-wide association studies. During the past few decades, SNPs
were studied individually or a group of 10- 15, in a significant manner of studies to establish

some signature associations with an important trait present in different livestock species.
2.4. GENOMEWIDE SNPSIDENTIFICATION

Whole genome sequencing was conducted in different species of livestock
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Table2.1: SNPidentification in various species by Whole genome sequencing

S. Breed Sample  SNPs Genome Depth Reference

No coverage

1. Flekvieh 1 bull 2443637 98% 7.4X Ecketal. 2009

2. Holstein Friesian 1 bull 6239482 98.3% 14.8X Zhanetal.,2011

3.  Kuchinoshima-Ushi 1 cow 6303790 93% 15.8X Kwahara-Miki¢al., 2011
4.  Black Angus 1 bull 3200000 - 21.9X Stothard et al., 2011
5. Holstein 1 bull 3700000 - 18.6X

6. Gir 4bull 9990733  80-88%  2.8-4.4X Liaoetal., 2013

7.  Holstein 1 cow 5923230 - 36.7X Koksetal., 2013

8. Hanwoo 1 cow 6469804 98.6% 25.5X Choietal.,2014

9.  JejuHengu 1 cow 6484293 98.5% 29.6X

10. Korean Holstein 1 cow 5814990 98.5% 29.5X

11. Danish Jutland 1 bull 6812198 98.9% 264X Dasetal., 2014

12. Holstein Bull 1 bull 6362988 - 60X Koksetal., 2014

13. 1000 Bull genomes 234 bulls 1600000 - 8.3X Daetwyleretal., 2014

The whole genome has to be sequenced for genome-wide SNP detection, where
there will be a lot of uninformative, repeating sequence. It is complex, though, and the assembly

ofbioinformatics is very challenging.

Whole-genome sequencing for SNP genotyping is technologically impractical, as linkage
disequilibrium can be as high as 95%-100% across genetic markers within a gene or genomic
area, and the data analysis would pick labeled SNP (Jiang et al., 2009). In contrast with the
entire genome sequencing techniques of SNP exploration, a 35 fold decrease in costs by
RAD- seq approaches is feasible (Davey et al., 2011).

25. RAD SEQUENCING (RESTRICTION SITE ASSOCIATED DNA
SEQUENCING)

RAD sequencing approaches focused on NGS are an option to WGS, allowing
concurrent sampling, genotyping and multiplexing. SNP exploration was extensively conducted

in cattle, pig, chicken, buffalo, camel, sheep, etc. using RAD seq methods (Table 2.2).
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Table2.2: SNP detection using RAD seq techniques

Species M ethod SNPs Reference

Cattle GBS 52748 Donato et al., 2013
Buffalo GBS 49607 Imartino et al., 2013
Buffalo ddRAD 130688 Suryaetal., 2018
Chicken RAD 75587 Zhaietal., 2014
Pig GBS 185206 Yang et al., 2017
Sheep GBS 300000 Clarke et al., 2016
Camel GBS 310311 Holletal., 2016

This approach has the benefit of minimizing the repetitive sequences and thus reducing
the sequencing and genotyping costs. So in a matter of weeks, we will sequence thousands of
samples. There are different methods of sequencing RAD (Table 2.3) that have their own
upsides and downsides (Table 2.4).

Table2.3: RAD sequencing methods

S  Seguencing methods Refer ences

no.

1.  Complexity Reduction of Polymorphism Sequencing (CRoPS)  Osrow et al., 2007

2. Reduced Representation Libraries (RRL) Van-Tassel et al., 2008
3 Restriction Site associated DNA Sequencing(RAD seq) Baird et al., 2008

4.  Genotyping by Sequencing (GBS) Elshire etal., 2011

5. Double-digest RAD sequencing (dd RAD) Peterson et al., 2012

Table2.4: Comparison of RAD sequencing methods

Methods RAD GBS RRL DdRAD
Digestion by RE Yes Yes Yes Yes
Ligation Yes Yes Yes Yes
Pooling Yes Yes Yes Yes
Shearing Yes No No No

Size selection Yes No Yes Yes
Multiplexing Yes No No Yes
Remarks DNA loss No Size Selection No Multiplexing  Multiplexing with

Size Selection
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Donato et al. (2013) reported that Genotyping by Sequencing (GBS) method was a
novel, efficient, cost-effective method which allowed simultaneous SNP identification and
genotyping in multiple individuals. A total 0f40,725 SNPs were identified in that study using
Restriction digestion based methods with call rate of > 90%. He used the GBS approach for
genotyping 47 animals containing 7 taurine species and showing U.S. and African cattle breeds.
Barcodes can be used in a single lane for multiplexing DNA samples up to 384. The repetitive
sequence were discarded using methylation-sensitive restriction enzymes, which in effect reduces
the cost of sampling, improves 2-3 fold higher efficiency and also simplifies more downstream
data analysis by minimizing the data size of the series. A maximum 049,607 SNP with value
> 5 and 10,335 SNP with quality > 10 was reported by GBS (Reduced Representation

Approach) using the water buffalo genome comparison in the analysis of Imartino et al. (2013).
2.6. REFERENCE GENOME

For understanding the diversity within a species and for harnessing this diversity to
wards the genetic improvement of livestock, a reference assembly and a quality gene annotation
are important. A significantly enhanced water buffalo (Bubalus bubalis) assembly, UOA-WB-
1 (GCF-003121395.1), has been made available in the past year, replacing the fragmented
assembly, UMD-CASPUR-WB-2.0 (GCF-000471725.1). Gene models projected to be
more complete on the new assembly which are better supported by experimental evidence
and have higher coverage hits than models annotated on the old assembly on UniProtKB/
SwissProt proteins. Furthermore, compared to 1.6 billion for UMD-CASPUR-WB-2.0, the
15 billion RNA-Seq reads used in the UOA-WB-1 annotation provide a richer annotation by

increasing the number of genes with alternative splice variants by 40%.
2.7.GENOMEANNOTATION

Genome annotation analyzes a genome’s raw sequence and identifies important
biological and genomic properties such as mutations, mobile elements, repeat elements,

replication, and polymorphisms, which is a challenging aspect of genome sequence.

Patel et al. (2017) annotated the SNPs in Indian buffalo, which were collected using

the cattle reference genome using a directed sequencing process. A total 0£447996 SNPs are
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annotated from combined dairy production and fertility trait sets, 540414 SNPs from fertility
trait analysis sub-set and 383550 SNPs from milk production information. The number of

SNPs in the intronic region was comparatively higher in all the data set (44-55%).

The candidate genes responsible for the production trait, reproduction traits and other
Major genes were collected from various literature for annotation of SNPs present in the

buffalo genome.
2.8.GENETICDIVERSITY

In any culture, genetic diversity promotes the mechanism of adjustment to various
changes throughout environmental conditions and encourages genetic development (Notter,
1999). Genetic diversity legislation results in decreased inbreeding quality (Barczak etal.,
2009). Maintaining genetic diversity and knowing the species structure for a particular animal
community is important for enhancing breeding strategy(ies). Crossbreeding and selection can
have a significant impact on the genetic diversity and demographic composition of various
animal species (Visser et al., 2016; ligda et al., 2009). Studies involving human genetics and
epidemiology include researching genetic diversity and social composition of different
populations. (Novembre and peter, 2016; Elhaik et al., 2014; Brye etal., 2010; Shtir etal.,
2009; Tishkoffand Campbell, 2008; Wang et al., 2007). The SNPs as possible markers are
commonly used for genetic diversity research in various species of livestock (Periasamy et al.,
2014; Moradietal.,2012;Kijas et al., 2012). Some of the important parameters which are
critically studied include Heterozygosity (number of heterozygotes), Runs of homozygosity
(ROH), linkage disequilibrium (LD), ancestral effective population size (Ne), estimate of
haplotype blocks, principal component analysis, admixture analysis, phylogenetic analysis along

with neighbour joining tree, etc.
2.8.1. Runsof homozygosity

A ROH is known as a contiguous length of genotypes that are homozygous. A
appropriate length of ROH suggests that the two copies of the chromosome are identical-by-
descent (IBD) in this region (Purfield et al., 2012). The length and frequency of ROH is

helpful in gaining insights into an individual’s and the population’s history of inbreeding. The

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... 6



Review of Literature....

detection of ROH may also assist in identifying the footprints of genetic selection on the genome
(Marras et al., 2015; Peripolliet al., 2017; Purfield et al., 2012). ROH, however, is indicative,
yet not definitive, of natural or artificially selected genomic regions since several factors other
than ROH, such as recombination rate, population structure, mutation rate and inbreeding
rate, affect the frequency, degree and distribution of ROH throughout the genome (Peripolli &
al.,2017).

2.8.2. Linkagedisequilibrium

Genetic linkage is the propensity during the meiosis process of sexual reproduction to
pass DNA molecules on a chromosome together. T.H. Morgan gave the concept in 1911,
though in the early 1900s, Bateson and Punnett obtained 1* research on pea plants. The
purpose of the linkage analysis is to extract all available inheritance information from pedigrees
and to test the co-heritance of chromosome regions with a trait. Analysis of linkage was the
primary genetic mapping tool. Linkage disequilibrium is the measure of non-random allele
association at different loci as a function of recombining physical positions in the genome
(Barbato et al., 2015). Admixture and genetic drift (Wright, 1943; Wang, 2005) or systematic
sweeping (Smith et al., 1974) or background filtering (Charlesworth et al., 1997) by
‘Hitchhiking” may also derive LD signatures.” LD study leads us to find effective population
size (Barbato et al., 2015), LD maps and haplotype block structure characterization (Mokry
etal., 2014; villa-angulo et al., 2009) and many others.

2.8.3. Effectivepopulation size(N )

This is the amount of people who would give rise to the estimated variation in sampling
or inbreeding frequency if they were raised in the idealized population fashion (Falconer and
Mackay, 1996). An enhanced genetic drift caused by bottlenecks and founding effects is of
particular interest when deciphering the potential causes of speciation and diversity (Barton
and Charlesworth, 1984). In order to conserve livestock populations and ensure safe production,
early detection of population declines is important. Antao et al. (2011) tested the output of
two N E estimators to predict reductions in the population: the temporal two-sample model

and one Linkage Disequillibrium (LD) based sample process. The LD model outperformed
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the temporal approach by requiring less extreme population losses to be observed sooner.
Methods for estimating Ne from LD was developed-40 years ago, however, due to the lack
of significant amounts of information on genetic markers, the study was not quite impactful.
With the help of SNP marker knowledge, Ne study can help to identify the underlying cause of
genetic variation in this era of next-generation sequencing (Barbato et al., 2015). The LD
model is reliable and generally applicable to small populations utilizing genome-wide data,
both in overlapping and non-overlapping generations (Saura et al., 2015). It encourages the
use of the tool to predict Ne where pedigree information is available to track and control

populations efficiently and to identify early decreases in the population.
2.8.4. HaplotypeBlock structure

Haplotype block applies to a set of alleles that are inherited from a common ancestor
along a chromosome (Mokry et al., 2014). For buffalo, there are many reports of haplotype
block parameters that differ in many ways (breed of interest, marker shapes, marker density,
and chromosome regions), producing average haplotype block scales from a few kb in size,
i.e. 5.7 kb taking into account two or more SNPs (Villa-Angulo etal., 2009), 26.2 kb taking
into account four or more SNPs to hundreds of kb in size (Kim et al., 2009). Large LD
amounts up to ~100 kb and haplotype block range around 30 bases and 75 kb with an
average of 10.3 kb was observed in a cattle genome analysis (Villa-Angulo et al., 2009).
From the bovine HapMap Consortium’s SNP data, Villa-Angulo found new results like
haplotype block structure on the scale of 1-100 kb, revealing the similarity between cattle and
the human genome, as well as similarities between dairy and beef breeds They often grouped

various breeds based on the common haplotype proportion.
2.8.5. Inbreeding coefficient

Inbreeding coefficient (F) is the likelihood that the pair of alleles borne by the gametes
that generated it was equivalent by descent (Falconer and Mackay, 1996). Inbreeding in a
group contributes to the production of an increased number of homozygotes at the cost of
heterozygotes. Because of inbreeding, the deleterious alleles come with homozygous conditions

and thus, through the phenomenon ofinbreeding depression, affect the characteristics of fitness
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and viability. Reducing the characteristics of reproduction and lower inbred animal evolutionary
ability may have serious effects on community development (Iacolina et al., 2016). To devise
successful breeding strategies for a species, it is necessary to determine the rate of inbreeding
ina community. Conventionally, the inbreeding coefficient of individuals belonging to a specific
population is determined on the basis of pedigree data, using wright formulae, assuming the
inheritance is halving in nature. However, with the advent of genome-wide SNP and the
compilation of large genotypic results, which can sometimes be unreliable due to incomplete or
defective pedigree records, the genomic inbreeding coefficient can be estimated instead of
). Some notable methods are used, such as run ofhomozygosity

depending on pedigree (F

PED

(ROH)-based inbreeding coefficients (F_ ), excess homozygosity-dependent inbreeding

ROH

coeflicients (F_ ), method-based inbreeding coeficient (F, ), maximum likelihood estimate-

HOM MOM

based inbreeding coefficients (F,, ), inbreeding matrix-based inbreeding coefficients (F )

MLE

and comparison of uniting gametes (F_ ).

2851.F,,

Inbreeding dependent on excess homozygosity was estimated on the basis of the
calculation of excess homozygosity shown in the Wright (1948) model of genotypical SNP

results as; F O 1/1-E

HOM =[ (HOM)-E(HOM) (HOM)

Where O(HOM) and E(HOM) are the amount of homozygous genotypes observed

and expected in the study, respectively.
2852.F_,,

Homozygosity run (ROH) applies to homozygous genotypes contiguous sizes. Large
chunks of homozygous genotypes can be detected with the inclusion of genotypic evidence
from the SNP range (Zhang et al., 2015). The Runs of Homozygosity (ROH) is believed to be
a reliable approximation of genomic autozygosity and to differentiate regions that are identical
by descent (MeQuillan et al., 2008). ROH-based homozygosity measurements from genomic
data are defined as the total length of the genome covered by ROH divided by the total length
ofthe genome covered by SNPs;
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ROH ROH AUTO

Where the number of ROH lengths is L, and the maximum amount of autosomes

provided by reads is L ROH-based estimates are not affected by allele frequencies and

AUTO’

explicitly reflect homozygosity levels, but it is important to accurately classify short ROH (Zhang
etal., 2015).

2.8.6 Geneticadmixture

When individuals from two or more previously isolated populations interbreed and
produce a new viable hybrid animal population, genetic admixture occurs. An admixture of
different breeds has been prevalent throughout the history of animal breeding to exploit the
phenomenon of complementarity and heterosis of distinct traits. In a population, genetic admixture
analysis allows geneticists to classify individuals from a population into separate groups based

on certain genome-wide markers that are eventually linked to certain biological entities.

These levels of admixture can be studied at different levels from individual to population,
i.e. population, individual or chromosome-length specific regions (locus level). We can determine
the genetic composition of different breeds with the use of genomic tools and analyze if they
are purebred or graded or crossbred (Anderson, 2008). The advent of these breeds can also
be historically and geographically identified by recognizing their recent or distant admixture
(Larmer et al., 2014). Divergence and mixing can also be evaluated through genomic studies
there.
2.8.6.1 Approaches to the estimation of admixtures by using bioinformatics and

statistical methods

The goal of global ancestry is to estimate the ancestral contribution contributed by
each constituent population in crossbred populations. The study of the existence of marker
variants across the entire genome is based on these estimates. There are two major approaches
for the detection of admixture levels in any population, i.e. model based and non-parametric

method based approach (Shriner, 2013).
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2.8.6.2 M odel-based approach

The approaches based on the model, detect the chunks of chromosomes and segments
that remain unbroken from the base population along the ancestry after their origin. Quantification
of the proportions of different breeds in the present population is possible with the aid of the
recognition of these chunks (Falush et al., 2003). Based on various underlying models, these
models aim to estimate the ancestry of admixed populations. STRUCTURE (Pritchard et al.,
2000) and ADMIXTURE (Alexander et al., 2009) are the most widely used bioinformatics
methods. Both of these programmes operate on the model using the proportions of ancestry
and population allele frequencies from genotypic data assuming the presence of Hardy-Weinberg
Equilibrium and linkage disequilibrium among these loci (Liu et al., 2013; Skotte et al., 2013).

2.8.6.2.1 Admixture

ADMIXTURE is amodel-based ancestry estimation programme from large autosomal
SNP genotype datasets in a model-based manner, where individuals are unrelated (for example,
individuals in a case-control association study). ADMIXTURE’s input is binary PLINK (.bed),
ordinary PLINK (.ped), or EIGENSTRAT (.geno) formatted files and its output is simple space-

delimited files containing estimates of parameters.

You need an input file and an idea of K or your assumption about the number of

ancestral populations, to use ADMIXTURE.
2.8.6.3Non-parametricapproaches/ tests

Non-parametric tests do not need the modality of the data for inference of population
structure. Different elements of multivariate statistical analysis are used by non-parametric
experiments. The cluster analysis and the Principal component analysis (PCA) primarily include
these methods. These methods aim to stratify the population on the basis of the linearity of
multi-dimensional variability found in the genotypic data. These methods help to directly infer

the presence of subsets in the genotypical data comprising various populations/breeds.
2.8.6.3.1Cluster analysis

One of the key parts of non-parametric tests performed on genome-wide SNP data is

the clustering of individuals from the population into different clusters based on their respective
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allele frequencies at different SNP variant loci. The ultimate objective of cluster analysis is to
find data subsets and thus populations in the dataset representing various population groups

(Bouazizetal., 2011).
2.8.6.3.2 Principal component analyss

Principal Component Analysis (PCA) refers to a methodology that seeks to reduce
complex datasets in a linear dimension. For the original vector or associated variables, this
transformation of dimensionality is carried out to a vector of uncorrelated main components.
The major part of the variation between populations and between individuals is determined by
these Principal components (Menozzi et al., 1978). PCA helps to evaluate various key
components in population genetic studies for a set of markers in different populations of livestock.
PCA also helps to differentiate populations with various components that clarify substantial
parts of the existing variation. In population studies, PCA is a commonly used statistical method
for genetic structure analysis. PCA is now routinely applied to the processed data from different
animal species with the advent ofhigh density genome wide SNP marker panels. This is done

specifically in order to detect and measure the genetic makeup of livestock populations.

Most water buffalo populations have shown a steady reduction in population sizes in
recent decades (Borghese, 2011), which is generally correlated with biodiversity loss. In recent
years, the use of standardised single nucleotide polymorphism (SNP) marker panels for major
livestock species has been particularly useful in studying the genomic diversity of farm animals
both globally (Kijas et al., 2012; Decker et al., 2014) and locally (Ciani et al., 2014; Nicoloso

etal., 2015), allowing post-domestication evolution research to be carried out.

&5 2 2
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MATERIALSAND METHODS

3.1 Blood collection

About 10 ml of blood was collected from total 96 animals of 6 different breeds of
buffalo (30 Murrah, 15 Pandharpuri, 15 Bhadawari, 15 Mehsana, 15 Surti and 6 Toda
buffaloes) aseptically in a sterile vial containing 0.5% EDTA from Jugular vein puncture. The

blood samples were stored in the freezer at -20°C before the DNA isolation.
3.2 Extraction of genomic DNA from blood samples

The fundamental success of all molecular biology experiments is the quality and quantity
of DNA being used. The DNA collected for subsequent use must therefore be devoid of
proteins and other inhibitors. DNA may be isolated from fresh or frozen whole blood, blood
stains, sperm cells, hair tissue, bone and other biological specimens. As per the method defined
by Sambrook et al. (1989), genomic DNA was isolated with minor modifications. The phenol-
chloroform extraction accompanied by ethanol precipitation for DNA isolation is most widely
followed. Almost all DNA isolation protocols from mammalian tissues or any other material,

such as blood, hair, etc., involve four main steps:

° Cell lysis using SDS detergent.
° Digestion of cell lysis-released proteins with proteinase k
° DNA extraction with phenol.

° DNA sodium acetate precipitation with alcohol.
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3.2.1 DNA isolation Procedure

DNA blood samples were thawed before performing the isolation by storing them in
an ice-containing box and taking them to room temperature.

2 volumes of lysis buffer were added to 5 ml ofblood and blended well after that these
tubes were kept for 8 to 10 minutes in ice for incubation.

The samples were centrifuged for 10 min @ 12000 rpm at the temperature of 40°C,
the supernatant was discarded and the cell pellet was suspended in a lysis buffer and
incubated for 8 to 10 minutes in ice.

Again, the samples at 12000 rpm were centrifuged at 4°C for 10 minutes. The
supernatant had been discarded.

In 5 ml of extraction buffer, 25 pl of Proteinase-k and 125 plof 0.5% SDS, the pellet
was dissolved and the tubes were incubated overnight at 56°C.

After overnight incubation equal volume of phenol (pH 8.0) (normal pH of phenol-
4.0, Tris Clis added to adjust pH 8.0) was added to the samples and mixed gently.
These tubes were centrifuged at 12,000 rpm for 10 min at 25°C.

After centrifugation, with the aid of the Pasteur pipette, the upper aqueous layer was
collected without disrupting the organic layer and the aqueous solution was transferred
to a fresh tube.

Phenol: chloroform: isoamyl alcohol (25:24:1) was added to this aqueous layer and
the solution was gently blended. These samples were centrifuged at 12,000 rpm at
25°C for 10 minutes.

Without upsetting the organic layer, the upper aqueous layer was collected and then
chloroform: isoamyl alcohol (24:1) had been added in equal quantity to the aqueous
layer and blended gently.

These tubes were centrifuged at 12,000 rpmat 25°C for 10 min, collecting the upper

aqueous layer.

3.2.2DNA precipitation:

500ul of 3 M sodium acetate and 2 volumes of chilled ethanol were added to this
aqueous layer. Tubes have been inverted 3 to 4 times. At this stage, DNA will be

precipitated.
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° DNA with 70% ethanol was spooled and washed twice..
° The tubes were dried at room temperature until the alcohol evaporated.

° A suitable amount of TE buffer (500 ul) was applied to this DNA precipitate..

° The DNA pellet was dissolved for nuclease inactivation and at 65°c/30 min, the tubes
were incubated.
° Isolated DNA samples on agarose gels were checked.

3.2.3Quality of DNA

The quality of the genomic DNA was checked by electrophoresis of the agarose gel.
For this purpose, 0.8% agarose (0.24 gm) was mixed in a 1 X TAE buffer of 30 ml and heated
until the agarose was completely melted and dissolved, to obtain a transparent solution.
Afterwards, the solution was cooled to room temperature. At the rate of 1.7 pl per 30 ml of

gel, ethidium bromide (10 mg / ml stock solution) was added and mixed thoroughly.

The gel was then poured into the casting tray and allowed to solidify for at least 30
minutes before the gel became pure milky white in colour. After proper solidification, the gel

was removed and submerged in the buffer tank, which also contained 1X TAE buffer.

2 ul of DNA was mixed with 2 pl of 6X loading dye for loading the samples, and
placed into the wells. At 50 volts for one hour, electrophoresis was performed. Under the UV
transilluminator, the gel was then visualised. Good quality DN A samples were devoid of shearing

and smearing, which suggested low quality.
3.2.4 Quantity of DNA

Using the factor 50 LP 0.2 mm lid, the quantity of DNA was determined by the digital
nanophotometer. In each sample, optical density (OD) was also calculated as the ratio of

0D260 to OD280.

For ddRAD library preparation, samples meeting the necessary QC parameters were

considered.
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3.3 Library preparation

Using appropriate restriction enzymes (Sph I & MluC I), double digestion of Genomic
DNA (1 microgram) was performed. The digested product was cleaned-up using Ampure
beads. Using T4 DNA ligase, ligation of P1 (Barcoded) and P2 adaptors was performed,
followed by pooling and clean-up of the ligated product. Size selection of the product was
done after 2% agarose gel electrophoresis. PCR amplification was carried out to enrich and
add specific adapters and flow cell annealing sequences to the Illumina. Final pooling and

sequencing in 96 plex was carried out after QC test on bio-analyzer.

340BJECTIVE1
3.4.1 De-multiplexing:

The samples will be demultiplexed first to obtain reads for each sample. Up to one

mismatch will be allowed to demultiplex the sample data.
3.4.2Adapter trimming:

The Illumina 5’ and 3’ adapter sequences will be removed from the reads for final

analysis.
3.4.3 Quality control of reads:

NGS data has several sequence artifacts including poor quality reads, primer/adaptor
contamination, and base calling errors are quite common which will significantly affect the final
result interpretation. Hence, the sequence data generated from these technologies should be of
good quality through various quality control (QC) process to proceed further for the downstream

analysis.

The reads were quality checked using FastQC. Trimming of Tllumina universal adapters
and quality filtering was performed by the process_radtags function ofthe STACKS v2 software.
Reads were examined using a sliding window spanning 15% ofthe read length and the reads
which had an average phred score of < 15 were discarded. The first 15 bp ofthe reads were
trimmed using Cutadapt 2.10 as they contained barcoding sequences used for demultiplexing

the samples.
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3.4.4Alignment

The paired reads were aligned to the Bubalusbubalisassembly UOA WB 1 using
the Burrows-Wheeler Aligner’s (BWA) memfunction with default settings.

3.4.5Variant calling:

The resulted SAM file from the sequence alignment were then converted to BAM file
using samtools view followed by Sorting, Indexing and Merging of the reads using Samtools

program (Samtools version 1.6) for further downstream analysis.

Samtools program (Samtools version 1.6) was used to call variants fromthe BAM file

which resulted in the output of VCF file.

Variant calling was performed through the beftools mpileup utility of the Samtools suite
in a multi-sample mode. The minimum base (-m) and mapping quality (-M) were set to 30 as
recommended by Wright et al. (2019). The mapping quality of the reads containing excessive
mismatches was downgraded by a coefficient of 50 (-C) which is recommended for bwa
alignmemnts. The flag -E was used to recalculate the Base Alignment Quality score to reduce

false SNP calls.

The output of the mpileup utility was piped to beftools call function. Multi-allelic caller
was used through the flag -m and only the variant sites were called using the flag -v. The raw

variant calls were output as a bef file:

bcftools mpileup -f <reference genome> -b <bam files>-q 30 -Q 30 -C 50 -Ou -E |

bcftoolscall -mv -Ob -o raw.bcf

The raw variants with quality score greater than 30 and a read depth of 10 were

retained using the function beftools filter and the output VCF file was obtained:

bcftoolsfilter -1 ‘% QUAL>30& & DP>10'raw.bcf -ofiltered.vcf.gz
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Bioinformaticswor kflow for ddRAD sequenceanalyss

De-multiplexing
2
Enzyme cut site overhang trimming
2
Quality and base distribution trimming

2

Adapter sequence trimming
2

Denovo sequence assembly
2

Sequence alignment
2
Variant calling
3.50BJECTIVE 2

3.5.1Annotation

SnpEffv4.3T was used for structural and functional annotation of the discovered
variants. First, a reference database was built for annotation using the UOA WB 1 genome
sequence and its corresponding gene annotation file (. GTF) from NCBI. This database was
used to annotate the combined and breed-wise SNP sets using default settings.

Annotation wor kflow

Collection of genes from literature
2
Finding the location of gene from NCBI

For assigning the variants to each gene, the genes involved in different traits were
downloaded from CattleQTLdb. The Animal Quantitative Trait Loci(QTL) Database (Animal
QTLdD) strives to collect all publicly available trait mapping data, i.e. QTL (phenotype/
expression, €QTL), candidate gene and association data (GWAS), and copy number variations
(CNV) mapped to livestock animal genomes, in order to facilitate locating and comparing
discoveries within and between species. New data and database tools are continually developed

to align various trait mapping data to map-based genome features such as annotated genes.
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3.6.OBJECTIVE 3- GENETICDIVERS TYANALYS'S
3.6.1. Data preparation

The annotated variants were subjected to further filters before diversity analysis. Non-
autosomal and unmapped SNPs were removed. SNPs missing in more than 25% individuals

and below the MAF threshold of0.01 were also filtered out. Indels were removed.
(Plink command: —maf 0.01 —geno 0.25 —snps-only —chr-set 24 —autosome)

Genotype imputation has been suggeted for improving the genotype quality of low
coverage data. Beagle 4.1 was used for imputation of missing genotypes by applying the
genotype likelihood (-gl) input flag, resulting in a dataset containing 237,762 common SNPs

across all the breeds.
3.6.1.1 Population geneticsanalysis.

The parameters estimated to study the genomic diversity in buffalo populations included

estimates of heterozygosity and detection of runs of homozygosity (ROH).

The observed (Ho) and expected (He) heterozygosities, for buffalo populations were
estimated using PLINK1.9 sofware (Purcell et al., 2007). The F was estimated using PLINK
sofware, which uses method introduced by Weir and Cockerham (1984).

3.6.2. Detection of autozygodsty in genomicregion

To assess the degree of autozygosity in the buffalo populations, homozygosity (ROH)
runs were observed. A ROH is known as a contiguous length of genotypes of homozygotes
(Gibson et al., 2006). A appropriate length of ROH suggests that the two copies of the
chromosome are identical-by-descent (IBD) in this region (Purfield et al., 2012). The length
and frequency of ROH is helpful in gaining insight into the history of an individual’s inbreeding

and the population.

The combined dataset of the 96 animals was used for estimation of ROH using the —
homozyg function of PLINK v1.9. The best-practices guidelines for ROH estimation in PLINK
as specified by Meyermans et al. (2020) were followed. No further MAF or LD filtering was
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applied. The minimum ROH length (L) was calculated using the method proposed by Lencz et
al. (2007).

B log, 113&11-[
log,(1 —het)

where o is the false positive threshold (0.05), n_is the number of markers, n_is the
number of individuals, and het is the average heterozygosity over all loci. To be considered as
ROH, a genome segment had to consist of minimum 70 SNP and be 1000 kb in length. The
SNP density was 30 kb/SNP. 5 missing and 3 heterozygous genotypes were allowed in the
scanning window as suggested by Ceballos et al. (2018) for low coverage WGS data. All
other settings were set to default. A completely homozygous individual was simulated to ensure

that the above settings covered the entire genome length.

plink —bfileplink.imputed —homozyg —cow —homozyg-window-het 3—homozyg-
kb 1000—homozyg-snp 70—homozyg-density 30—homozyg-window-missing 5

In the present study, genomic autozygosity, F,,  of each individual was estimated as

the sum of length of autosomal ROH divided by the total length of the autosomes covered by
markers (McQuillan et al., 2008).

ZH L goi
FROH = L—

total

where L, .is the length of ROH,, and L is the total size of the autosomes covered

by markers.

For each animal F Feoi2 Mb, F,, 2-4 Mb, F

ROH ( ROH

4-8 Mb, F__ 816 Mb,
and F, > 16 Mb) was calculated based on ROH distribution of five minimum different
lengths (ROHj): 1-2, 24, 4-8, 8-16, and >16 Mb, respectively.

ROH ROH

Inbreeding based on the observed versus expected number ofhomozygous genotypes

(F,,0p) Was calculated using the —het flag on the same dataset in PLINK v1.90 by computing

observed and expected autosomal homozygous genotypes counts for each sample, as follows:

Observed hom count — Expected count

F =

HOM .
Total observation — Expected count

Pearson correlation coefficient was used to compare the two methods.
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3.6.3. Extent of Linkage Disequilibrium

For each breed, the pairwise LD for all pairs of SNP within a S00Kb sliding window
(-Id-window-kb 500) on each autosomal chromosome was calculated using the method specified

by Hill and Robertson (1968), as implemented in PLINK 1.9.

The LD between two SNPs was evaluated using the statistics r* and the absolute D-

value (|D’|) which were calculated as follows:

e

2 D~
" ERIE)
Where,
D =freq AB —freq A, freq B
And,
D ifD>0
D’= min ( freq A * freq b, freq B * freq a)
D ifD<0

min (freq A * freq B * freqa * freq b)
Where SNP pairs had alleles A and a at the first locus and B and b at the second
locus, freq A, freq a, freq B and freq.b denote frequencies of alleles A, a, B, and b,
respectively, and freq AB denote frequency of haplotype AB in the population. The r* and |D’|
were calculated between adjacent markers and SNP pairs with physical distances from 0 to

15 Mb for each population (Sargolzaei M, University of Guelph, Canada).

The interpretation of r*in terms of the power to detect an association leads to the
concept of useful LD (Kruglyak, 1999). Sample size is usually limiting in association studies
and large large increases in sample size to compensate for weak LD between a marker and the

susceptibility locus are impractical.

The min R2 (-1d-window-12) setting was set to 0. Alleles below a MAF of<0.01 and
significantly (p < 0.0001) deviating from the Hardy Weinberg Equilibrium were filtered out.
The 500 Kb estimation window was divided into 10 kb bins and average r* for each bin was

used to plot LD decay.
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3.6.4. Ancestral effective population size

The size of a hypothetical ideal population that will result in the same amount of genetic
drift as in the (actual) population (Wright, 1931) can be defined as the effective population size
(Ne) ofareal population X. It is an important population parameter that enables us to understand
the evolution of populations (Falconer and Mackay, 1996) and can be used to enhance the
understanding and modeling of the architecture underlying complex genetic traits (Hayes et
al.,2003).

The effective population size (Ne) for each generation was estimated on the basis of
the average linkage disequilibrium (r*) used to estimate patterns of ancestral effective population
size using SNeP 1.1 for each group. By using the formula defined by Sved,

1

E(rz):1+4N C

Where, c is the distance in Morgan between the SNPs and T is equal to 1/2c which

represents the age of Ne.

In the absence of a linkage map for Buffalo genome, the genetic distance was
approximated as 1 cM ~ 1 Mb and (Sved and Feldman, 1973) recombination rate modifier
was applied. The Ne was estimated for different generations using the average of ¢ and r2at
every 0.10 Mbp for distance between 0.05 Mbp and 10 Mbp & 0.5 Mbp for distance
between 10 and 20 Mbp. The plots were generated using the R package ggplot2.

3.6.5. Identification of Haplotypeblocksand tag SNPs

Haplotype block refers to a combination of alleles linked along a chromosome, which

are inherited together from a common ancestor (Hapmap, 2005).

The dataset of individual breeds were phased using Beagle 4.1. Haplotype blocks were
identified through the PLINK function—blocks, which is based on Gabriel et al. (2002) haplotype
block definition, as implemented in Haploview. Since no Haplotype blocks could be identified in
Toda at default settings, the confidence interval thresholds were relaxed as mentioned in Seefied,

(2016) and Pritchard et al. (2018) using the following settings for all the breeds.
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-blocks no-pheno-req no-small-max-span —blocks-max-kb 5000 —blocks-recomb-

highci 0.8 —blocks-strong-highci 0.905 —blocks-strong-lowci 0.505

For each breed, the Tag SNPs were identified chromosome-wise using the Tagger
algorithm in Haploview (Bakker et al. 2005). Pairwise-tagging was performed to identify a
minimum panel of SNPs which were in strong LD (r>>= 0.8) with all other SNPs on the
chromosome. The results for Haploblock identification and tagging were summarized and

plotted using R.

For PCA, Treemix and Admixture analysis, additional filtering for markers in linkage
disequilibrium was performed using PLINK. Each chromosome was scanned through a 50 kb

sliding window with a step size of 5 variants. SNPs above r*> 0.2 were removed, resulting in

a dataset 0f 67,798 SNPs.
(Plink command —indep-pairwise5050.2).
3.6.6. PCA

The population structure was categorized by: (1) phylogenetic distance-based analysis,
(2) model-based clustering, and (3) principal component analysis (PCA) that is assumption-
free. The -indep command in PLINK was used to prune the SNPs that passed the initial
filtering stage in order to ensure that studies would not be skewed by the existence of SNPs in

a strong linkage disequilibrium ( LD).

First, a genomic relationship matrix was prepared (-make-grm) by GCTAv1.93 using
the LD pruned dataset. 10 principal components were extracted from the matrix using —pca
10, and the eigenvectors of the first 3 PC were plotted in R and two dimensional graphical
representations of the dataset were visualized in graphical output. The graphical output was
designated by corresponding breed/population names after confirming with the corresponding

coordinates ofthe plot.
3.6.7Admixtureanalyss

A model-based population structure estimation with the software ADMIXTURE ver.
1.3 (Alexander et al., 2009) was obtained via a maximum likelihood method. Unlike the
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EigenStrat format that we used for Principal Component Analysis, ADMIXTURE includes
PLINK bed format input data. Fortunately, using Eigensoft’s tool convertf, we can simply
convert Eigenstrat to bed. Now we can run Admixture. The basic syntax is dead-easy: admixture
$INPUT.bed $K. Here, $K is a number that indicates the number of clusters you want to infer
by. ADMIXTURE 1.3 was run on the LD pruned dataset for K values ranging from 2 — 6. Each
run was repeated 10 times with a random seed to gain accurate estimates. The results were

visualized using PONG.
3.6.7.1 Choosingthecorrect valuefor K

For it, use ADMIXTURE? s cross validation procedures. Compared with other K
values, a successful value of K should exhibit a low cross-validation error. By simply adding
the —cv flag to the ADMIXTURE command line, cross-validation is enabled. The cross-
validation method performs 5-fold CV- in this default setting. So can get 10-fold CV for

example, using —cv=10. The cross-validation error is documented in the output.
3.6.8 Phylogenetic analysis

The branching diagrams which showing the evolutionary relationships between
organisms are the phylogenetic trees. Typically, such trees are built on the basis of the sequence
similarity between the highly conserved 16S rRNA genes or a collection of several organism’s

housekeeping genes. This constraint on a small set of input sequences can be problematic.

Since the phylogeny of single genes does not necessarily reflect the phylogeny ofthe
complete organisms. Therefore, it is highly beneficial to use all core genome genes as an input

for tree computation, which improves its reliability significantly (Gontcharov et al., 2004).

The Identity by State matrix (IBS) prepared using PLINK’s —distance flag was used
to construct the phylogenetic tree including each individual using the UPGMA algorithm in
Phylip v3.697. Visuation was done by FigTree v1.1.

PHYLIP is a comprehensive collection of software tools that apply various algorithm

to create the Phylogenetic trees. Four of the most notable algorithms are:

+ UPGMA
+ Neighbour-joining (NJ)

Genetic diversity analysis using identified Genome-wide SNPs in Riverine Buffaloes... @



Materialsand Methods....

+ Maximum parsimony (MP)
+ Maximum-likelihood (ML)

UPGMA: UPGMA is the simplest method of the distance matrix which uses sequential
methods. Clustering to create a rooted phylogenetic tree. To measure the distance matrix,
firstly all sequences are compared by pairwise alignment. The two sequences with the least
distance are identified and clustered as a single pair using this matrix. Then, to construct a new
matrix, the distance between this pair and all other sequences is recalculated. Using this new
matrix, the sequence that is nearest to the first pair is marked and clustered. This process is

repeated until all the sequences in the cluster have been incorporated.

Using TreeMix software version 1.12, the frequency of migration events was evaluated
(Pickrell and Pritchard, 2012). TreeMix estimates the relationships between the studied
populations, models a user-defined number of migrations (mi) within the tree-like graph by
relying on a drift-based evolutionary model, and estimates the proportion of admixture exhibited
by the receiving groups. So the Treemix software was used to make a phylogram by maximum-

likelihood method to infer the ancestral relationships and migration patterns between the breeds.

&S S 2
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RESULTS

4.1 ldentification of SNPs

4.1.1 Raw reads:

Total 397.8 million paired end reads of 150 bp length were generated by the sequencer,
averaging 2.07 million reads per sample. The libraries were constructed based on restriction

digestion methods using Sph I & MIuC I restriction enzymes.
4.1.2 Quality control of raw reads:

After the quality control steps, a total of 367.2 million reads (92.3% of total reads) of
135 bp length were used for downstream processing (Table 4.1) and the remaining poor

quality reads were discarded.
4.1.3Alignment:

The paired reads were aligned to the Bubalusbubalisassembly UOA WB 1 using
the Burrows-Wheeler Aligner’s memfunction (BWA-MEM) with default settings. 99.82% of

the reads aligned to the reference genome.
4.1.4Variant calling:

The variants identified using SAMTOOLS software program were quality filtered at
read depth of 10 along with phred-like consensus quality score of > 15 and the reads which
had an average phred score of < 15 were discarded. In this study, Total 569,535 variants
were discovered, out of which 502,476 were SNP and 67,059 were indels. 551,458 variants

were present on autosomes, 15315 on the X chromosome and 12 on the mtDNA
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(NC_006295.1) and 2750 variants were located on unmapped contigs. A variant was

discovered for every 4,637 bp of the genome length.

Table4.1Variantsdiscovered per chromosome (all breeds)

S.  Chromosome_code Chr. L ength Discovered Bp_per_
no. Name (bp) variants variant
1. NC_006295.1 Mitochondria 16359 12 1363
2. NC_037545.1 1 202105980 45310 4460
3. NC_037546.1 2 188952477 39315 4806
4. NC_037547.1 3 175630833 38378 4576
5. NC_037548.1 4 165345888 34549 4785
6. NC_037549.1 5 127681980 28003 4559
7. NC_037550.1 6 120641659 26282 4590
8. NC_037551.1 7 117219835 26192 4475
9. NC_037552.1 8 119769348 25544 4688
10. NC_037553.1 9 110236936 23679 4655
11.  NC_037554.1 10 104521508 22648 4615
12. NC_037555.1 11 102258935 21968 4656
13.  NC_037556.1 12 106433551 22999 4627
14. NC_037557.1 13 90503546 21296 4249
15. NC_037558.1 14 83509883 18118 4609
16. NC_037559.1 15 82162863 19975 4113
17.  NC_037560.1 16 84651441 19740 4288
18. NC_037561.1 17 73313739 16455 4455
19. NC_037562.1 18 65927732 14885 4429
20. NC_037563.1 19 71842292 18040 3982
21. NC_037564.1 20 68863396 15933 4322
22. NC_037565.1 21 60877646 13838 4399
23.  NC_037566.1 22 62062344 15114 4106
24. NC_037567.1 23 51760919 12621 4101
25. NC_037568.1 24 42448106 10576 4013
26. NC_037569.1 X 143533794 15315 9372
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FastQC: Mean Quality Scores
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Fig. 4.1: Fastqc report showing mean quality scores for all the samples



Ragion

Type

Type (alphabetical order)
3_prime_UTR_wariant
5_prime_UTR_premature_start_codon_gain_variant
5_prime_UTR_wariant
conservative_inframe_deletion
conservative_inframe_insertion
disruptive_inframe_deletion

Type (alphabetical order) Count Parcent

disruptive_inframe_insartion DOWNSTREAM
downstream_gene_variant EXON
frameshift_variant INTERGENIC
intergenic_region INTRON

intragenic_variant
intron_variant
missense_variant
non_coding_transcript_exon_variant
splice_acceptor_variant
splice_donor_variant
splice_region_wvariant
start_lost

srop_gained

stop_lost
stop_retained_variant
BYNONYMous_variant
upstream_gene_variant

SPLICE_SITE_ACCEPTOR
SPLICE_SITE_DONOR
SPLICE_SITE_REGION
TRANSCRIPT

UPSTREAM
UTR_3_PRIME
UTR_5_PRIME

Fig. 4.2: Number of effectsby typeand region

Type (alphabetical order) Count  Percent
HIGH

LOW
MODERATE
MODIFIER

Table4.3: Number of effectsby impact

Type (alphabetical order)  Count Percent
MISSENSE
NONSENSE
SILENT

Table 4.4: Number of effectsby functional class
Missense/ Silent ratio: 0.6247

Table 4.5: Base changes (SNPs)

Transitions | 11,967.236
Transversions | 4678732
Ts/Tv ratio 2.5578

Table4.6: T9/Tv (transitions/ transversions)

TS/Tv iscalculated by using SNPsonly. The value of thisratio ismorein targeted
sequencing methodsand lessin whole genome sequencing method
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Table. 4.7: Changes in Amino acid due to SNPs

How to read this table:

- Rows are Here the reference amino acids are presented in rows and the
changed amino acids are in column. E.g. Row ‘E’ column ‘A’ indicates how
many ‘E’ amino acids have been replaced by ‘A’ amino acids.

- Grey background color in the table indicate diagonal.
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Table 4.2 Breed-wise SNPs, Insertions and Deletions at Read Depth =10

Murrah Bhadawari Mehsana Pandharpuri  Surti Toda
SNPs 484449 473909 489738 469311 470603 448714
INS 26518 25815 26714 25565 25783 24452
DEL 32510 31843 32594 31444 31104 29407

In this study, Highest number of SNPs was found for Mehsana followed by Murrah,
while least number of SNPs for Toda breed of Buffalo.

4.2 Annotation

4.2.1 Genomewideannotation of SNPs:

The high quality SNPs identified against Water buffalo reference genome at read depth
> 10 and quality > 30 were annotated using the SNPEFF software. Based on the sequence
ontology terms, 66.57% SNPs present in intron region, 22.133% SNPs present in intergenic
region, and 0.341% SNPs present in transcript region. The highest number of identified SNPs
were present in the intron region and the lowest number of SNPs were present in the
SPLICE SITE DONOR region. Identification of SNPs in the non-coding region may also
help to find significant markers (Guo et al., 2012).

4.2.2 Genewiseannotation of Variants:

The genes involved in different traits were downloaded from CattleQTLdb. SNPeff

results were used to assign the variants to each gene.

4221  Genewiseannotation of Variantsfor thecandidategenesresponsiblefor
Calvinginterval.

In this study, total 9 genes are annotated for calving interval.
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S. Gene Genename Gene Variants Variants Variants Variants
No. symbadl Description L ocation impact impact impact impact
High Lov  moderate modifier
. GHR Growth hormone Chromosome
receptor 19-NC 037563.1 0 2 1 59
2. GNRHR Gonadotropin Chromosome 0 0 0 9
releasing hormone 7-NC 037551.1
receptor
3. LENG8 Leukocyte receptor ~ Chromosome 0 0 0 4
cluster member 8 18-NC 037562.1
4. LEP Leptin Chromosome 0 0 0 2
8-NC 037552.1
5. LRWDI leucine rich repeats ~ Chromosome 0 0 0 2
and WD repeat 24-NC 037568.1
domain containing 1
6. LIF Lactotransferrin Chromosome 0 0 0 1
21-NC 037565.1
7. RECQLS RecQlike helicase 5  Chromosome 0 0 0 5
3-NC 037547.1
8 SELP Selectin P Chromosome 0 0 0 6
5-NC 0375549.1
9. TLR4 Toll like receptor 4 Chromosome 0 0 0 9

3-NC_037547.1

4.2.2.2 Genewiseannotation of Variantsfor the candidate genesresponsiblefor 305
DMY (305DAILY MILK YIELD).

In this study, total 13 genes are annotated for 305 DMY.

S. Gene Genename Gene Variants Variants Variants Variants
No. symbadl Description L ocation impact impact impact impact
High Lov  moderate modifier
1. ABCG2 ATP binding cassette Chromosome 0 0 0 16
subfamily G member 2 7-NC 037551.1
(Junior blood group)
2. ACACB acetyl-CoA Chromosome 0 2 0 36

carboxylase beta

17-NC_037561.1
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3. ARLIAA ADP ribosylation Chromosome 0 0
factor like GTPase 4A 8-NC 037552.1
4. DGATI diacylglycerol O- Chromosome 0 0
acyltransferase 1 15-NC 037559.1
5. 1IGF1 insulin like growth Chromosome 0 0
factor 1 4-NC 037548.1
6. LEP Leptin Chromosome 0 0
8-NC _037552.1
7. LPINI lipin 1 Chromosome 0 0
12-NC 037556.1
8 LIF Lactotransferrin Chromosome 0 0
21-NC 037565.1
9. MAP4K4  mitogen-activated Chromosome 0 0
protein kinase kinase 12 -NC 037556.1
kinasekinase 4
10. NPY neuropeptide Y Chromosome 0 0
8-NC _037552.1
11. PRLR prolactin receptor Chromosome 0 0
19-NC _037563.1
12. SELE selectin E Chromosome 0 0
5-NC_037549.1
13. SRC SRC proto-oncogene, Chromosome 0 0

non-receptor tyrosine 14-NC 037558.1

kinase

51

59

14

11

4.2.2.3 Genewiseannotation of Variantsfor the candidate genesresponsiblefor Age

at first calving (AFC).

In this study, total 6 genes are annotated for Age at First calving.

S. Gene Genename Gene Variants Variants Variants Variants

No. symbadl Description L ocation impact  impact

impact

High Lov  moderate modifier
1. APP amyloid beta Chromosome 0 0 97
precursor protein 1-NC 037545.1
2. ARHGEF3 Rho guanine Chromosome 0 0 30
nucleotide exchange 21-NC 037565.1
factor 3
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3. EXOC4 exocyst complex Chromosome 0 0 0 157
component 4 8-NC 037552.1
4. LEP Leptin Chromosome 0 0 0 2
8-NC 037552.1
5. SELP Selectin P Chromosome 0 0 0 6
5-NC 0375549.1
6. SETD3 SET domain Chromosome 0 0 0 4
containing 3, actin 20-NC 037564.1
histidine
methyltransferase

4.2.2.4 Gene wise annotation of Variants for the candidate genes responsible for
Conception Rate.

In this study, total 190 genes are annotated for Conception rate.

S. Gene Genename Gene Variants Variants Variants Variants
No. symbal Description L ocation impact impact impact impact
High Lov  moderate modifier

1. ABCC9 ATP binding cassette Chromosome 0 0 0 46
subfamily C member 9 4-NC 037548.1

2. ACAP2 ArfGAP with coiled-  Chromosome 0 0 0 2
coil, ankyrin repeat 1-NC 037545.1
and PH domains 2

3. ACAT2 acetyl-CoA Chromosome 0 0 0 7
acetyltransferase 2 10-NC 037554.1

4.  ACCSL 1-aminocyclopropane- Chromosome 0 0 1 28
1-carboxylate synthase 16-NC 037560.1
homolog (inactive)
like

5. ACERI alkaline ceramidase I ~ Chromosome 0 0 0 18

9-NC 037553.1

6. ADGRE3  adhesion G protein-  Chromosome 0 0 0 27
coupled receptor E3 ~ 9-NC 037553.1

7. AFF1 AF4/FMR?2 family Chromosome 0 0 0 57
member 1 7-NC 037551.1

8 AGPAT4 1-acylglycerol-3- Chromosome 0 0 0 21
phosphate O- 10-NC 037554.1
acyltransferase 4
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9. AKT2 AKT serine/threonine Chromosome 0 0 0 7
kinase 2 18-NC_037562.1

10. AKTIP AKT interacting Chromosome 0 0 0 1
protein 18-NC 037562.1

11. AMNI1 antagonist of mitotic ~ Chromosome 0 0 0 14
exit network 1 homolog 4-NC 037548.1

12 ANKRDI17 ankyrin repeat Chromosome 0 0 0 7
domain 17 7-NC_037551.1

13. AP3BI1 adaptor related protein Chromosome 0 0 0 39
complex 3 subunit 11 -NC _037555.1
beta 1

14. ASBI8 ankyrin repeat and Chromosome 0 2 2 61
SOCS box containing 18 6-NC_037550.1

15. ATF6 activating transcription Chromosome 0 0 0 40
factor 6 6-NC_037550.1

16. AXL AXL receptor tyrosine Chromosome 0 0 0 5
kinase 18-NC_037562.1

17. BCASI1 brain enriched myelin  Chromosome 0 0 0 31
associated protein 1 14-NC _037558.1

18. BCKDHA branched chain keto =~ Chromosome 0 0 0 3

acid dehydrogenase  18-NC 037562.1
E1 subunit alpha

19. BRF1 BRF1 RNA polymerase Chromosome 0 1 0 4
[T transcription 6-NC 037550.1
initiation factor
subunit

20. BRINP3 BMP/retinoic acid Chromosome 0 1 0 124
inducible neural 5-NC 037549.1
specific 3

21. C1QB complement C1q B Chromosome 0 0 0 2
chain 2-NC 037546.1

22. C2CDS5 C2 calcium dependent Chromosome 0 0 0 10
domain containing 5 4-NC 037548.1

23. CACNAID calcium voltage-gated Chromosome 0 0 0 62
channel subunit 21-NC 037565.1
alphal D

24. CACNAIH calcium voltage-gated Chromosome 0 0 0 13
channel subunit 24 -NC 037568.1
alphal H
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25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

CAMK2D

CAST

CCDCIT1

CCDC86

CCT8

CD109

CD40

CDH23

CENPC

CEP128

CEP152

CHD9

CHIBL2

CHSTS

CIT

CKAPS5

CLASP2

C0Q9

calcium/calmodulin
dependent protein
kinase II delta
Calpastatin

coiled-coil domain
containing 171
coiled-coil domain
containing 86
chaperonin containing
TCP1 subunit 8
CD109 molecule

CD40 molecule

cadherin related 23

centromere protein C

centrosomal

protein 128
centrosomal

protein 152
chromodomain
helicase DNA binding
protein

chitinase 3 like 2

carbohydrate
sulfotransferase 8§
citron rho-interacting
serine/threonine
kinase

cytoskeleton
associated protein 5
cytoplasmic linker

associated protein 2

coenzyme Q9

Chromosome
7-NC 037551.1

Chromosome

9-NC 037553.1
Chromosome

3-NC 037547.1
Chromosome
5-NC 037549.1
Chromosome
1-NC 037545.1
Chromosome
10-NC 037554.1
Chromosome
14-NC 037558.1
Chromosome
4-NC 037548.1
Chromosome
7-NC 037551.1
Chromosome
11-NC 037555.1
Chromosome
11-NC 037555.1
Chromosome

18-NC 037562.1

Chromosome

6-NC 037550.1
Chromosome
18-NC 037562.1
Chromosome
17-NC 037561.1

Chromosome
16-NC 037560.1
Chromosome
21-NC 037565.1
Chromosome
18-NC 037562.1

38

39

31

13

95

11

17

16

45

29

14

15
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43. CSPP1 centrosome and Chromosome 0 0 0 23
spindle pole associated 15-NC 037559.1
protein 1
44. CYTH4 cytohesin 4 Chromosome 0 0 0 12
4-NC 037548.1
45. DCK deoxycytidine kinase ~ Chromosome 0 0 0 3
7-NC 037551.1
46. DCP1A decapping mRNA 1A Chromosome 0 0 0 21
21-NC 037565.1
47. DDX55 DEAD-box helicase 55 Chromosome 0 0 0 6
17-NC 037561.1
48. DEPDCS DEP domain Chromosome 0 0 0 12

containing 5, GATOR1 17-NC 037561.1

subcomplex subunit

49. DERA deoxyribose-phosphate Chromosome 0 0 0 20
aldolase 4-NC 037548.1

50. DGAT1 diacylglycerol Chromosome 0 0 0 3
O-acyltransferase 1 15-NC 037559.1

51. DHX57 DExH-box helicase 57 Chromosome 0 0 0 11

12-NC 037556.1
52. DHX9 DExH-box helicase 9 ~ Chromosome 0 0 0 9
5-NC 037549.1

53. DIP2B disco interacting Chromosome 0 1 0 42
protein 2 homolog B 4-NC 037548.1

54. DNMBP dynamin binding Chromosome 0 0 0 20
protein 23-NC 037567.1

55. DYNCI2  dyneincytoplasmic 1 Chromosome 0 0 0 4
intermediatechain2 ~ 2-NC _037546.1

56. DZIP3 DAZ interacting zinc ~ Chromosome 0 0 0 11
finger protein 3 1-NC 037545.1

57. EFCAB3  EF-hand calcium Chromosome 0 0 0 17
binding domain 3 3-NC 037547.1

58. ELP4 elongator Chromosome 0 0 0 22
acetyltransferase 16-NC 037560.1
complex subunit 4

59. EPASI] endothelial PAS Chromosome 0 0 0 5
domain protein 1 12-NC 037556.1

60. EPB41L5  erythrocyte membrane Chromosome 0 0 0 13
protein band 4.1 like5 2-NC 037546.1

61. EPHAS EPH receptor A5 Chromosome 0 0 0 63

7-NC_037551.1
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62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

EXOC2

EXOC6B

EYA4

FAR2

FETUB

FGD4

FNIP2

GADD4

5GIP1

GALK2

GBX1

GHR

GMPR

GOLGA4

GPLD1

GRIA4

HIP1

exocyst complex
component 2
exocyst complex
component 6B
EYA transcriptional
coactivator and
phosphatase 4
fatty acyl-CoA
reductase 2

fetuin B

FYVE, RhoGEF and pH
domain containing 4
folliculin interacting
protein 2

GADDA45G interacting
protein 1

galactokinase 2

gastrulation brain
homeobox 1

GC vitamin D binding
protein

glucosaminyl (N-acetyl)
transferase 3, mucin
type

Growth hormone
receptor

guanosine
monophosphate
reductase

golgin A4

glycosylphosphatidy-
linositol specific
phospholipase D1
glutamate ionotropic
receptor AMPA type
subunit 4

huntingtin interacting

protein 1

Chromosome

2-NC 037546.1
Chromosome
12-NC 037556.1
Chromosome
10-NC 037554.1

Chromosome
4-NC 037548.1
Chromosome

1-NC 037545.1
Chromosome
4-NC 037548.1
Chromosome
17-NC 037561.1
Chromosome

9-NC 037553.1
Chromosome
11-NC 037555.1
Chromosome
8-NC 037552.1
Chromosome

7-NC 037556.1
Chromosome
11-NC 037555.1

Chromosome
19-NC 037563.1
Chromosome

2-NC 037546.1

Chromosome
21-NC 037565.1
Chromosome
2-NC 037546.1

Chromosome
16-NC _037560.1

Chromosome
24-NC 037568.1

11

52

115

27

20

21

17

10

41

59

14

18

20

112
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80. HSD17B7  hydroxysteroid 17-f  Chromosome 0 0 1 40
dehydrogenase 7 6-NC 037550.1

81. HSDI17BI12 hydroxysteroid 17-f  Chromosome 0 0 0 14
dehydrogenase 12 16-NC _037560.1

82. IBSP integrin binding Chromosome 0 0 0 6
sialoprotein 7-NC 037551.1

83. IGF2BP2 insulin like growth Chromosome 0 0 0 16
factor 2 mRNA binding 1-NC 037545.1
protein 2

&4. IL20RA interleukin 20 receptor Chromosome 0 0 0 11
subunit alpha 10-NC 037554.1

85. ILDRI1 immunoglobulinlike ~ Chromosome 0 0 0 5
domain containing 1-NC 037545.1
receptor 1

86. IQGAP1 1Q motif containing Chromosome 0 0 0 17
GTPase activating 20-NC 037564.1
protein 1

87. ITGBS integrin subunit beta 5 Chromosome 0 0 0 9

1-NC 037545.1

88. ITPR2 inositol 1,4,5-tris- Chromosome 0 3 0 134
phosphate receptor 4-NC 037548.1
type 2

89. KALRN kalirin RhoGEF kinase Chromosome 0 0 0 76

1-NC 037545.1

90. KATS lysine Chromosome 0 0 0 1
acetyltransferase 8 24-NC 037568.1

91. KCNIP4 potassium voltage- Chromosome 0 0 0 182
gated channel 7-NC 037551.1
interacting protein 4

92. KCNMB2 potassium calcium- Chromosome 0 0 0 55
activated channel 1-NC 037545.1
subfamily M regulatory
beta subunit 2

93. KCNN2 potassium calcium- Chromosome 0 0 0 90
activated channel 11-NC 037555.1
subfamily N member 2

94. KLHLI1 kelch like family Chromosome 0 0 0 70
member 1 13-NC 037557.1

95. KPNA3 karyopherin subunit ~ Chromosome 0 0 0 7
alpha 3 13-NC 037557.1
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96. 1DB3 LIM domain binding3 Chromosome 0 1 0 4
4-NC 037548.1
97. LPIN2 lipin 2 Chromosome 0 0 0 16
22-NC 037566.1

98. LRBA LPS responsive beige- Chromosome 0 0 0 11
like anchor protein 17-NC 037561.1

99. LSGl large 60S subunit Chromosome 0 0 0 91
nuclear export 1-NC 037545.1
GTPase 1

100. MAP1B microtubule associated Chromosome 0 0 0 14
protein 1B 19-NC 037563.1

101. KPNAG6 karyopherin subunit ~ Chromosome 0 0 0 3
alpha 6 2-NC 037546.1

102. MAP3K3  mitogen-activated Chromosome 0 0 0 3
protein kinase kinase  3-NC 037547.1
kinase 3

103. MAP6 microtubule Chromosome 0 0 0 20
associated protein 6  16-NC _037560.1

104. MAPKAP1 MAPK associated Chromosome 0 0 0 35
protein 1 12-NC 037556.1

105. MCF2L2 ~ MCEF.2 cell line derived Chromosome 0 0 0 59
transforming sequence- 1-NC 037545.1
like 2

106. MOG myelin oligodendrocyte Chromosome 0 0 0 14
glycoprotein 2-NC 037546.1

107. MON1B MONT1 homolog B, Chromosome 0 0 0 10
secretory trafficking  18-NC 037562.1
associated

108. MOXD1 monooxygenase Chromosome 0 0 0 18
DBH like 1 10-NC 037554.1

109. MRPLA8  mitochondrial ribosomal Chromosome 0 0 0 19
protein [.48 16-NC _037560.1

110. MRPS35  mitochondrial ribosomal Chromosome 0 0 0 14
protein S35 4-NC 037548.1

111. MS4A8 membrane spanning  Chromosome 0 1 0 14
4-domains A8 5-NC 037549.1

112. MTMR7  myotubularinrelated = Chromosome 0 1 0 26
protein 7 1-NC 037545.1

113. MUC19 mucin 19, oligomeric ~ Chromosome 0 0 1 23

4-NC_037548.1
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114. MYEF2 myelin expression Chromosome 0 0 0 4
factor 2 11-NC 037555.1
115. MYO10 myosin X Chromosome 0 0 0 80
19-NC 037563.1
116. MYO16 myosin XVI Chromosome 0 2 0 165
13-NC 037557.1
117.MYO5A  myosin VA Chromosome 0 0 0 14
11-NC 037555.1
118. NBAS NBAS subunit of Chromosome 0 1 2 91
NRZ tethering 12-NC 037556.1
complex
119. NCAM2 neural cell adhesion =~ Chromosome 0 0 0 148
molecule 2 1-NC 037545.1
120. NEU3 neuraminidase 3 Chromosome 0 0 0 6
16-NC 037560.1
121. NOLA nucleolar protein 4 Chromosome 0 1 0 60
22-NC 037566.1
122. NTRK2 neurotrophic receptor Chromosome 0 0 0 80
tyrosine kinase 2 3-NC 037547.1
123. OCLN Occluding Chromosome 0 0 0 13
19-NC 037563.1
124. PAFAHI1BI1 platelet activating Chromosome 0 0 0 1

factor acetylhydrolase 13-NC 037547.1

1b regulatory subunit

125. PAK2 p21 (RACI) activated Chromosome 0 0 0 15
kinase 2 1-NC 037545.1

126. PARM1 prostate androgen- Chromosome 0 0 1 37
regulated mucin-like ~ 7-NC 037551.1
protein 1

127. PARN poly(A)-specific Chromosome 0 1 0 57
ribonuclease 24—-NC 037568.1

128. PCCB propionyl-CoA Chromosome 0 0 0 11
carboxylase subunit  1-NC 037545.1
beta

129. PCEDIB ~ PC-esterase domain =~ Chromosome 0 0 0 35
containing 1B 4-NC 037548.1

130. PDEI0A  phosphodiesterase Chromosome 0 0 0 65
10A 10-NC 037554.1

131. PELI2 pellino E3 ubiquitin Chromosome 0 0 0 24
protein ligase family ~ 11-NC _037555.1
member 2
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132. PGAP1

133. PITRM1

134. PIWIL3

135. PKHD1

136. PKIA

137. PLA2G12B

138. PLA2R1

139. PLCB1

140. PLSCR5

141. PMM2

142. POLD3

143. PPFIBP1

144. PRKG1

145. PROP1

146. PTPRD

147. QK1

148. RABEP2

149. RABGAP1

post-GPI attachment to Chromosome

proteins inositol
deacylase 1
pitrilysin metallo

peptidase 1

2-NC _037546.1

Chromosome
14-NC 037558.1

piwi like RNA-mediated Chromosome

gene silencing 3
PKHDI ciliary IPT

domain containing

fibrocystin/polyductin

cAMP-dependent

17-NC _037561.1
Chromosome
2—NC 037546.1

Chromosome

protein kinase inhibitor 15-NC 037559.1

alpha
phospholipase A2
group XIIB
phospholipase A2
receptor 1
phospholipase C
beta 1

Chromosome

4-NC 037548.1
Chromosome
2-NC 037546.1
Chromosome
14-NC 037558.1

phospholipid scramblase Chromosome

family member 5

1-NC 037545.1

phosphomannomutase 2 Chromosome

DNA polymerase
delta 3, accessory
subunit

PPFIA binding
protein 1

protein kinase
c¢GMP-dependent 1
PROP paired-like
homeobox 1
protein tyrosine
phosphatase
receptor type D
QKI, KH domain
containing RNA
binding

rabaptin, RAB GTPase

binding effector
protein 2

RAB GTPase activating

protein 1

24-NC 037568.1
Chromosome
16-NC _037560.1

Chromosome
4-NC 037548.1
Chromosome
4—-NC 037567.1
Chromosome
9-NC 037553.1
Chromosome
3-NC 037547.1

Chromosome
10-NC 037554.1

Chromosome
24-NC 037568.1

Chromosome
12-NC 037556.1

10

15

184

13

12

27

285

31

453

15

451

39

10
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150. RECQLS RecQlike helicase 5 ~ Chromosome 0 0 0 5
3-NC_037547.1
151. RIMS1 regulating synaptic Chromosome 0 0 0 116
membrane exocytosis 1 10-NC 037554.1
152. RNF17 ring finger protein 17 ~ Chromosome 0 0 0 10
13-NC 037557.1
153. ROPN1 rhophilin associated ~ Chromosome 0 0 0 10
tail protein 1 1-NC 037545.1
154. RPE65 Retinoid Chromosome 0 0 0 7
isomerohydrolase 6—NC 037550.1
155. SEC14L1  SECI14 like lipid Chromosome 0 0 0 8
binding 1 3-NC 037547.1
156. SGCD sarcoglycan delta Chromosome 0 0 0 171
9-NC_037553.1
157. SIN3B SIN3 transcription Chromosome 0 0 0 23
regulator family 9-NC 037553.1
member B
158. SIPA1L3  signal induced Chromosome 0 0 0 49
proliferation 18-NC 037562.1
associated 1 like 3
159. SLAIN2 SLAIN motif family Chromosome 0 0 0 12
member 2 7-NC 037551.1
160. SLC18A2  solutecarrier family =~ Chromosome 0 0 0 10
18 member A2 23-NC_037567.1
161. SLC25A48 solutecarrier family =~ Chromosome 0 0 0 32
25 member 48 9-NC_037553.1
162. SLC4A4 solute carrier family =~ Chromosome 0 0 0 65
4 member 4 7-NC 037551.1
163. SLC9A9 solute carrier family ~ Chromosome 0 0 0 205
9 member A9 1-NC 037545.1
164. SPATA16  spermatogenesis Chromosome 0 2 0 9
associated 16 1-NC 037545.1
165. SPOCK1 SPARC (osteonectin), Chromosome 0 1 0 153

cwev and kazal like 9-NC 037553.1
domains proteoglycan 1

166. STAP1 signal transducing Chromosome 0 0 0 7
adaptor family 7-NC 037551.1
member 1

167. SV2C synaptic vesicle Chromosome 0 1 0 102
glycoprotein 2C 11-NC _037555.1

168. SYNE1 spectrin repeat Chromosome 0 11 4 128

containing nuclear 10-NC 037554.1
envelope protein 1
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169. TANGO2  transport and golgi Chromosome 0 0 0 3
organization 2 homolog 17-NC 037561.1

170. TBC1D24  TBCI domain family =~ Chromosome 0 0 0 4
member 24 24-NC 037568.1

171. TDRKH tudor and KH domain Chromosome 0 0 0 2
containing 6-NC _037550.1

172. TESK2 testis associated actin Chromosome 0 0 0 21
remodellingkinase2  6-NC 037550.1

173. TIAM1 TIAM Racl associated Chromosome 0 1 0 69
GEF1 1-NC 037545.1

174. TMTC1 transmembrane O- Chromosome 0 2 2 94

mannosyltransferase  4-NC 037548.1

targeting cadherins 1

175. TOX3 TOX high mobility Chromosome 0 0 0 2
group box family 18-NC 037562.1
member 3
176. TRPM7 transient receptor Chromosome 0 0 0 11
potential cation 11-NC 037555.1
channel subfamily
M member 7
177. TSGAIOIP testis specific 10 Chromosome 0 0 0 4
interacting protein 5-NC 037549.1
178. UBR1 ubiquitin protein ligase Chromosome 0 0 0 11
E3 component n- 11-NC 037555.1
recognin 1
179. UBXN7 UBX domain protein 7 Chromosome 0 0 0 4
1-NC_037545.1
180. UPK1B uroplakin 1B Chromosome 0 0 0 3
1-NC_037545.1
181. USH2A usherin Chromosome 0 0 0 72
5-NC_037549.1
182. UTRN utrophin Chromosome 0 0 1 88
10-NC_037554.1
183. VITIA vesicle transport Chromosome 0 0 0 41

through interaction 23-NC 037567.1
with t-SNAREs 1A
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4.2.2.5 Gene wise annotation of Variants for the candidate genes responsible for
Milk Fat Percentage.

In this study, total 219 genes are annotated for Milk fat percentage.

S. Gene Genename Gene Variants Variants Variants Variants
No. symbadl Description L ocation impact impact impact impact
High Lov  moderate modifier

1. A2MLI1 alpha-2-macroglobulin Chromosome 0 0 0 3
like 1 4-NC 037548.1

2. AASDHPP aminoadipate- Chromosome 0 0 0 3
semialdehyde 16-NC 037560.1
dehydrogenase-
phosphopantetheinyl
transferase

3. ABCC9 ATP binding cassette Chromosome 0 0 0 46

subfamily C member 9 4-NC_037548.1

4. ABCG2 ATP binding cassette Chromosome 0 0 0 16
subfamily Gmember2 7-NC 037551.1
(Junior blood group)

5. ACACB acetyl-CoA Chromosome 0 2 0 36
carboxylase beta 17-NC 037561.1

6. ACO2 aconitase 2 Chromosome 0 0 0 5

4-NC_037548.1
7. ADAMTS1 ADAM
metallopeptidase Chromosome 0 0 0 129
with thrombospondin  1-NC 037545.1
type 1 motif'l

8 ADGRB1 adhesion G protein-  Chromosome 0 0 0 4
coupled receptor Bl 15-NC _037559.1

9. AGO2 argonaute RISC Chromosome 0 0 0 10
catalytic component 2 15-NC 037559.1

10. ANKRDI17 ankyrin repeat Chromosome 0 0 0 7
domain 17 7-NC 037551.1

11. APBAIl amyloid beta precursor Chromosome 0 0 0 51
protein binding family 3-NC 037547.1
A member 1

12. APBB2 amyloid beta precursor Chromosome 0 0 0 60

protein binding family 7-NC 037551.1
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

B member 2

ARHGAP39 Rho GTPase activating Chromosome

ARID5B

ARRBI1

BAIAP2

BCAT1

BCI2L14

BRINP3

BTN1Al

BYSL

CIR

CACHDI1

CCDCs7

CCDC91

CCL28

CCND3

protein 39
AT-rich interaction
domain 5B

arrestin beta 1

BAR/IMD domain
containing adaptor

protein 2

branched chain amino

acid transaminase 1

BCL2like 14

BMP/retinoic acid
inducible neural

specific 3

butyrophilin
subfamily 1
member Al
bystin like

complement Clr

Complement C6

Complement C7

cache domain
containing 1
coiled-coil domain
containing 57
coiled-coil domain

containing 91

C-C motif chemokine

ligand 28
cyclin D3

15-NC 037559.1
Chromosome

4-NC 037548.1
Chromosome
16-NC 037560.1
Chromosome
3-NC 037547.1

Chromosome
4-NC 037548.1
Chromosome
4-NC 037548.1
Chromosome

5-NC_037549.1

Chromosome

2-NC _037546.1

Chromosome
2-NC 037546.1
Chromosome
4-NC 037548.1
Chromosome
19-NC 037563.1
Chromosome
19-NC 037563.1
Chromosome
6-NC 037550.1
Chromosome

3-NC 037547.1
Chromosome
4-NC 037548.1
Chromosome

19-NC 037563.1
Chromosome

2-NC _037546.1

17

11

21

124

20

25

102

10
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30.

31

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

45.

D4

CDC42BPA

CDH2

CDKNIA

CLEC2B

CLU

CNIN5

COL22A1

CPQ

CRACR2A

CREBL2

CSAD

CSNI1S1

CSN2

CSTF3

DAB2

CD2 molecule

CD4 molecule

CDC42 binding
protein kinase alpha

cadherin 2

cyclin dependent
kinase inhibitor 1A
C-type lectin domain
family 2 member B

clusterin

contactin 5

collagen type XXII
alpha 1 chain
carboxypeptidase Q

calcium release
activated channel
regulator 2A

cAMP responsive
element binding
protein like 2
cysteine sulfinic acid
decarboxylase

casein alpha sl

casein beta

cleavage stimulation
factor subunit 3
DAB adaptor

protein 2

Chromosome

6-NC 037550.1
Chromosome
4-NC 037548.1
Chromosome

5-NC 037549.1
Chromosome
22-NC 037566.1
Chromosome
23-NC 037546.1
Chromosome
4-NC 037548.1
Chromosome

3NC 037547.1
Chromosome
16-NC 037560.1

Chromosome
15-NC 037559.1
Chromosome
15-NC 037559.1
Chromosome

4-NC _037548.1

Chromosome

4-NC _037548.1

Chromosome
4-NC 037548.1
Chromosome
7-NC 037551.1
Chromosome
7-NC 037551.1
Chromosome
16-NC 037560.1
Chromosome

19-NC _037563.1

52

330

166

39

12

12
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47.

48.

49.

50.

51

52.

53.

54.

5.

56.

57.

38.

9.

60.

61.

62.

63.

DDIT3

DENND3

DERA

DGAT1

DGKG

DOCKS5

DPP10

EEFID

EFNA1

EFR3A

EGFLAM

ELOVL6

EMB

EMP1

EPS8

ERBB2

ERCCOL2

DNA damage inducible Chromosome

transcript 3

DENN domain
containing 3
deoxyribose-
phosphate aldolase
diacylglycerol O-
acyltransferase 1
diacylglycerol kinase
gamma

dedicator of
cytokinesis 5
dipeptidyl peptidase
like 10

eukaryotic translation

elongation factor 1

delta

ephrin A1l

EFR3 homolog A

EGF like, fibronectin
type Il and laminin
G domains

ELOVL fatty acid
elongase 6

Embigin

epithelial membrane
protein 1

epidermal growth
factor receptor
pathway substrate 8§
erb-b2 receptor
tyrosine kinase 2
ERCC excision repair
6like2

4-NC 037548.1
Chromosome

15-NC 037559.1
Chromosome
4-NC 037548.1
Chromosome

15-NC 037559.1
Chromosome
1-NC 037545.1
Chromosome

3-NC 037547.1
Chromosome

2-NC 037546.1
Chromosome

15-NC_037559.1

Chromosome

6-NC 037550.1
Chromosome
15-NC 037559.1
Chromosome

19-NC _037563.1

Chromosome
7-NC 037551.1
Chromosome
19-NC 037563.1
Chromosome
4-NC 037548.1
Chromosome

4-NC 037548.1

Chromosome
3-NC 037547.1
Chromosome

3-NC 037547.1

20

25

206

17

R

18

16

16

14
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65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

ETS2

ETV6

FABP4

FAM135B

FAMI13A

FBLNS

FHIT

GABAR

APL1

GBA

GDNF

GHR

GINS4

GPIHBP1

GRHL2

GRHL3

GRIA4

ETS proto-oncogene
2, transcription factor
ETS variant
transcription factor 6
fatty acid binding
protein 4

family with sequence

Chromosome
1-NC 037545.1
Chromosome

4-NC 037548.1
Chromosome
15-NC 037559.1

Chromosome

similarity 135 member B 15-NC 037559.1

family with sequence
similarity 13 member A
fibulin 5

fragile histidine triad
diadenosine
triphosphatase
GABA type A receptor

associated protein like 1

glucosylceramidase
beta
glial cell derived

neurotrophic factor

growth hormone
receptor

GINS complex
subunit 4
glycosylphosphatidy

linositol anchored

high density lipoprotein

binding protein 1
grainyhead like
transcription factor 2
grainyhead like
transcription factor 3
glutamate ionotropic
receptor AMPA type

subunit 4

Chromosome
7-NC 037551.1
Chromosome
20-NC 037564.1
Chromosome

21-NC _037565.1

Chromosome

4-NC 037548.1

Chromosome
6-NC 037550.1
Chromosome

19-NC _037563.1

Chromosome
19-NC 037563.1
Chromosome

1-NC 037545.1
Chromosome

15-NC _037559.1

Chromosome
15-NC 037559.1
Chromosome
2-NC 037546.1
Chromosome

16-NC _037560.1

59

114

41

10

306

59

12

112
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80. GRIN2B glutamate ionotropic ~ Chromosome 0 0 0 146
receptor NMDA type 4-NC 037548.1
subunit 2B
81. GSGI germ cell associated I Chromosome 0 0 0 9
4-NC 037548.1
82. GUCY2C  guanylate cyclase 2C Chromosome 0 1 0 31
4-NC 037548.1
83. HCNI hyperpolarization Chromosome 0 0 0 73
activated cyclic 19-NC 037563.1

nucleotide gated

potassium channel 1

84. HPSE2 heparanase 2 (inactive) Chromosome 0 0 0 159
23-NC 037567.1

85. HSF1 heat shock Chromosome 0 0 0 2
transcription factor I 15-NC 037559.1

86. HSPAS heat shock protein Chromosome 0 1 0 |
family A (Hsp70) 16-NC 037560.1
member 8

87. IDHI isocitrate dehydroge- Chromosome 0 0 0 5
nase (NADP(+)) 1 2-NC 037546.1

88. IFIH1 interferon induced with Chromosome 0 0 0 2
helicase C domain 1 2-NC 037546.1

89. IGF1 insulin like growth Chromosome 0 0 0 6
factor 1 4-NC 037548.1

90. IGFIR insulin like growth Chromosome 0 0 0 35
factor 1 receptor 20-NC 037564.1

91. IGF2 insulin like growth Chromosome 0 0 0 3
factor 2 5-NC 037549.1

92. 1GFBP2 insulin like growth Chromosome 0 0 0 16
factor binding protein 2 2-NC 037546.1

93. IGFBP7 insulin like growth Chromosome 0 0 0 5
factor binding protein 7 7-NC _037551.1

94. TLIRAPL2 interleukin 1 receptor Chromosome 0 0 0 127
accessory protein X-NC 037569.1
like 2

95. IQANKI  IQmotifandankyrin =~ Chromosome 0 1 1 0

repeat containing 1 15-NC 037559.1
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96. IRF9 interferon regulatory  Chromosome 0 0 0 3
factor 9 11-NC 037555.1

97. ITPR2 inositol 1,4,5-tris Chromosome 0 3 0 134
phosphate receptor 4-NC 037548.1
type 2

98. KCNIP4 potassium voltage- Chromosome 0 0 0 182
gated channel 7-NC 037551.1
interacting protein 4

99. KCNK9 potassium two pore ~ Chromosome 0 0 0 21
domain channel 15-NC _037559.1
subfamily K member 9

100. KCNQ3 potassium voltage- Chromosome 0 0 0 115
gated channel 15-NC 037559.1
subfamily Q member 3

101. KHDRBS3 KHRNA binding Chromosome 0 0 0 41

domain containing, 15-NC 037559.1
signal transduction

associated 3

102. KLHLAL kelch like family Chromosome 0 0 0 3
member 41 2-NC 037546.1
103. KSR2 kinase suppressor Chromosome 0 0 0 138
ofras 2 17-NC 037561.1
104. LAP3 leucine amino Chromosome 0 0 0 14
peptidase 3 7-NC 037551.1
105. LEP leptin Chromosome 0 0 0 2
8-NC 037552.1
106. LGMN Legumain Chromosome 0 0 0 6
20-NC 037564.1
107. LIPA lipase A, lysosomal Chromosome 0 0 0 13
acid type 23-NC 037567.1
108. LPIN1 lipin 1 Chromosome 0 0 0 51
12-NC 037556.1
109. LPL lipoprotein lipase Chromosome 0 0 0 12
3-NC 037547.1
110. LRP6 LDL receptor related ~ Chromosome 0 0 0 11
protein 6 4-NC 037548.1
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111. LTF

112. MANSC1

113. MAP4K4

114. MATN2

115. MFGE8

116. MGST1

117. MOCS1

118. MROH1

119. MRPL32

120. MRPS30

121. MS4A8

122. MTMR12

123. MTMR3

124. MYO16

125. NALCN

126. NBAS

127. NCKAP5

128. NFIB

lactotransferrin

MANSC domain
containing 1
mitogen-activated
protein kinase kinase
kinasekinase 4

matrilin 2

milk fat globule EGF
and factor V/VIII

domain containing

Chromosome
21-NC 037565.1
Chromosome
4-NC 037548.1
Chromosome

12-NC_037556.1

Chromosome
15-NC _037559.1
Chromosome

20-NC_037564.1

microsomal glutathione Chromosome

S-transferase 1

4-NC _037548.1

molybdenum cofactor Chromosome

synthesis 1

2-NC _037546.1

maestro heat like repeat Chromosome

family member 1
mitochondrial
ribosomal protein L.32
mitochondrial
ribosomal protein S30
membrane spanning
4-domains A8
myotubularin related
protein 12
myotubularin related
protein 3

myosin XVI

sodium leak channel,
non-selective

NBAS subunit of

NRZ tethering complex

NCK associated
protein 5

nuclear factor I B

15-NC 037559.1
Chromosome
8-NC 037552.1
Chromosome
19-NC 037563.1
Chromosome

5-NC 037549.1
Chromosome
19-NC 037563.1
Chromosome
17-NC 037561.1
Chromosome
13-NC 037557.1
Chromosome
12-NC 037557.1
Chromosome
12-NC 037556.1
Chromosome

2-NC 037546.1
Chromosome

3-NC_037547.1

27

59

12

16

14

165

72

91

273
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129. NIPBL

130. NNT

131. NPC1

132. NPR3

133. NR4Al

134. NT5DC3

135. NT5E

136. NUCB2

137. NUP98

138. OCIAD2

139. OCLN

140. OLR1

141. OPLAH

142. OSMR

143. OXCT1

144. PAHA3

145. PAH

146. PARD3

NIPBL cohesin loading Chromosome

factor

nicotinamide nucleotide

transhydrogenase
NPC intracellular
cholesterol
transporter 1
natriuretic peptide
receptor 3

nuclear receptor
subfamily 4 group
A member 1
5'-nucleotidase
domain containing 3

5'-nucleotidase ecto

nucleobindin 2

nucleoporin 98 and
96 precursor

OCIA domain
containing 2

occludin

oxidized low density
lipoprotein receptor 1
5-oxoprolinase,

ATP-hydrolysing

oncostatin M receptor

3-oxoacid CoA-
transferase 1

prolyl 4-hydroxylase
subunit alpha 3
phenylalanine
hydroxylase

par-3 family cell

polarity regulator

19-NC 037563.1
Chromosome
19-NC 037563.1
Chromosome

22-NC _037566.1

Chromosome
19—NC 037563.1
Chromosome

4-NC _037548.1

Chromosome
4-NC 037548.1
Chromosome
10-NC 037554.1
Chromosome
16-NC 037560.1
Chromosome
16—NC 037560.1
Chromosome
7-NC 037551.1
Chromosome
19-NC 037563.1
Chromosome
4-NC 037548.1
Chromosome

15-NC 037559.1
Chromosome
19-NC 037563.1
Chromosome

19-NC 037563.1
Chromosome

16-NC 037560.1
Chromosome

4—-NC 037548.1
Chromosome

14-NC _037558.1

21

24
20

12

15

10

13

1

11

16

69
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147. PARP12 poly(ADP-ribose) Chromosome 0 0 0 5
polymerase family 8-NC 037552.1
member 12

148. PARPS poly(ADP-ribose) Chromosome 0 0 0 31
polymerase family 19-NC 037563.1
member 8

149. PDE1B phosphodiesterase 1B Chromosome 0 0 0 3

4-NC 037548.1

150. PDGFRB  platelet derived Chromosome 0 0 0 4
growth factor receptor 9-NC 037553.1
beta

151. PHF20L1  PHD finger protein Chromosome 0 0 0 9
20 like 1 15-NC_037559.1

152. PIK3C2G  phosphatidylinositol- Chromosome 0 0 0 118

4-phosphate 3-kinase 4-NC 037548.1
catalytic subunit type
2 gamma
153. PKD2 polycystin 2, transient Chromosome 0 0 0 16
receptor potential 7-NC 037551.1

cation channel

154. PLBD1 phospholipase B Chromosome 0 0 0 12
domain containing 1 ~ 4-NC 037548.1

155. PLCE1 phospholipase C Chromosome 0 0 0 131
epsilon 1 23-NC 037567.1

156. PLCXD3 phosphatidylinositol ~Chromosome 0 0 0 40

specific phospholipase 19-NC 037563.1

C X domain containing 3

157. PLEC plectin Chromosome 0 0 0 3
15—-NC 037559.1

158. PLEKHAS pleckstrin homology =~ Chromosome 0 0 0 33
domain containing AS 4-NC 037548.1

159. PPARGC1A PPARG coactivator Chromosome 0 0 0 19
1 alpha 7-NC 037551.1

160. PRKDC protein kinase, DNA- Chromosome 0 2 2 22
activated, catalytic 15-NC 037559.1
subunit

161. PRLR prolactin receptor Chromosome 0 0 0 4

19-NC_037563.1
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162. PRNP prion protein Chromosome 0 0 0 6
14-NC 037558.1
163. PTK2 protein tyrosine Chromosome 0 0 0 15
kinase 2 15-NC 037559.1
164. PTPRO protein tyrosine Chromosome 0 0 0 85
phosphatase receptor 4-NC 037548.1
type O
165. RAI1 retinoic acid induced 1 Chromosome 0 0 0 8
3—NC 037547.1
166. RAI14 retinoic acid induced = Chromosome 0 1 0 26
14 19-NC 037563.1
167. RERG RAS like estrogen Chromosome 0 0 0 49
regulated growth 4—-NC 037548.1
inhibitor
168. RFX4 regulatory factor X4  Chromosome 0 0 0 36
4-NC 037548.1
169. RGS22 regulator of G protein  Chromosome 2 1 1 32
signaling 22 15-NC 037559.1
170. RICTOR ~ RPTOR independent = Chromosome 0 0 0 11
companion of MTOR  19-NC 037563.1
complex 2
171. RNFI9A  ring finger protein 19A, Chromosome 0 0 0 4
RBR E3 ubiquitin 15—-NC 037559.1
protein ligase
172. RPL23A ribosomal protein L23a Chromosome 0 0 0 1
3-NC 037547.1
173. RUNX2 RUNX family Chromosome 0 0 0 50
transcription factor 2 2-NC 037546.1
174. SCARBI1 scavenger receptor Chromosome 0 0 0 34
class B member 1 17-NC 037561.1
175. SCRN1 secernin 1 Chromosome 0 0 0 7
8-NC 037552.1
176. SDC2 syndecan 2 Chromosome 0 0 0 18
15-NC 037559.1
177. SDR16C5  short chain Chromosome 0 0 0 10
dehydrogenase/ 15-NC 037559.1

reductase family 16C
member 5
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178. SERPINAI serpin family Chromosome 0 0 0 13
A member 1 20-NC 037564.1

179. SESN2 sestrin 2 Chromosome 0 0 0 3

2-NC 037546.1

180. SLC15A5  solutecarrier family =~ Chromosome 0 0 0 59
15 member 5 4-NC 037548.1

181. SLC1A3 solute carrier family ~ Chromosome 0 0 0 17
1 member 3 19-NC 037563.1

182. SLC35F6  solutecarrier family ~ Chromosome 0 0 0 12
35 member F6 12-NC 037556.1

183. SLC45A4  solutecarrier family =~ Chromosome 0 0 0 6
45 member 4 15-NC 037559.1

184. SLC8A1 solute carrier family Chromosome 0 0 1 104
8 member A1l 12-NC 037556.1

185. SLC8A3 solute carrier family ~ Chromosome 0 1 1 39
8 member A3 11-NC 037555.1

186. SMCO3 single-pass membrane Chromosome 0 0 0 17
protein with coiled-coil 4-NC 037548.1
domains 3

187. SMPD5 sphingomyelin Chromosome 0 0 0 5
phosphodiesterase 5 15-NC _037559.1

188. SOX5 SRY-box transcription Chromosome 0 0 0 167
factor 5 4-NC 037548.1

189. SPEF2 sperm flagellar 2 Chromosome 0 0 0 34

19-NC 037563.1
190. SPOCK1 SPARC (osteonectin), Chromosome 0 1 0 153

cwev and kazal like 9-NC 037553.1
domains proteoglycan 1

191. ST3GAL1  ST3 beta-galactoside ~Chromosome 0 0 0 2
alpha-2,3- 15-NC_037559.1
sialyltransferase 1

192. ST8SIA1  ST8alpha-N-acetyl-  Chromosome 0 0 0 49
neuraminide alpha-2, 4-NC 037548.1
8-sialyltransferase 1

193. STAT1 signal transducer and Chromosome 0 0 0 5
activator of 2-NC 037546.1

transcription 1
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194. SUPT3H

195. SWT1

197. SYN3

198. TBC1D1

199. TBCD

200. TDRKH

201. TG

202. TGM2

203. TLR4

204. TNFSF10

205. TPCN1

206. TRAPPC9

207. TSHB

208. TSNAREI1

209. TSPAN32

210. TTC33

211. UGDH

signal transducer
and activator of
transcription 1
SWTI1RNA
endoribonuclease
homolog

synapsin I1I

TBCI domain family

member 1
tubulin folding

cofactor D

tudor and KH domain

containing

thyroglobulin

transglutaminase 2

toll like receptor 4

TNF superfamily
member 10

two pore segment
channel 1
trafficking protein
particle complex 9

thyroid stimulating

hormone subunit beta

t-SNARE domain
containing 1

tetraspanin 32

Chromosome

2-NC _037546.1

Chromosome

5-NC_037549.1

Chromosome
4-NC 037548.1
Chromosome
7—-NC 037551.1
Chromosome

3-NC 037547.1
Chromosome
6-NC 037550.1
Chromosome
15-NC 037559.1
Chromosome
14-NC 037558.1
Chromosome

3—NC 037547.1
Chromosome
1-NC 037545.1
Chromosome
17-NC 037561.1
Chromosome
15-NC 037559.1
Chromosome
6-NC 037550.1
Chromosome

15-NC 037559.1
Chromosome

5-NC_037549.1

tetratricopeptide repeat Chromosome

domain 33
UDP-glucose 6-
dehydrogenase

19-NC _037563.1

Chromosome

7-NC_037551.1

14

122

19

38

12

14

95
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212. VIPR2

213. VPS13B

214. VPS28

215. ZC3H3

216. ZDHHC17

217. ZMYND11

218. ZNF484

219. ZNF696

vasoactive intestinal

peptide receptor 2

vacuolar protein

sorting 13 homolog B

VPS28 subunit of
ESCRT-I

Chromosome
8-NC 037552.1

Chromosome

15-NC_037559.1

Chromosome

15-NC _037559.1

zinc finger CCCH-type Chromosome

containing 3

15-NC _037559.1

zinc finger DHHC-type Chromosome
palmitoyltransferase 17 4-NC 037548.1

zinc finger MYND-

type containing 11

Chromosome

14-NC _037558.1

zinc finger protein 484 Chromosome

3-NC_037547.1

zinc finger protein 696 Chromosome

15-NC_037559.1

0 0
2 0
1 0
0 0
0 0
0 0
0 0
1 0

27

74

16

4.3 Genetic diversity
4.3.1 Population diversity parameters

Table4.8 Observed (Ho) and expected (He) Heter ozygosity estimated in theIndian
buffalo population

Breeds Observed. Het Expected. Het
Bhadawari 0.2343 0.2366
Mehsana 0.2314 0.2239
Murrah 0.2372 0.2462
Pandharpuri 0.2366 0.2390
Surti 0.2361 0.2255
Toda 0.2150 0.2111

The observed heterozygosity (Ho) and expected heterozygosity (He) was found highest
in Murrah breed (0.2372 and 0.2462) followed by Pandharpuri breed (0.2366 and 0.2390),

while lowest was observed in Toda breed (0.2150 and 0.2111) respectively.
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4.3.2 F-datistics(FST)
Table4.9F_ in buffalo breeds

Bhadawari M ehsana Murrah  Pandharpuri Surti Toda
Bhadawari

Mehsana 0.155

Murrah 0.111 0.167

Pandharpuri 0.136 0.199 0.154

Surti 0.072 0.13 0.085 0.117

Toda 0.121 0.176 0.134 0.166 0.095

F, values showed lowest genetic distance between Bhadawari and Surti (0.072)
followed by Murrah and Surti (0.085) while highest genetic distance was found in Mehsana
and Pandharpuri (0.199) followed by Mehsana and Toda (0.176).

4.3.3 Runsof homozygosity

Runs ofhomozygosity (ROH) in the autosomes o' 96 buffalo animals were determined
using PLINK1.9 and consisted 0£237,762 SNPs across all the breeds after quality control.
The average total length of ROH per animal were 2, 3, 1, 2, 2 & 2 mb and Average numbers
of ROH per animal were 107, 111, 114, 118, 124 & 180 in the Bhadawari, Mehsana, Murrah,
Pandharpuri, Surti and Toda breeds of Buffalo, respectively. The average total length of ROH
per animal was 239, 337, 187, 277, 254, 371 Mb respectively in Bhadawari, Mehsana,
Murrah, Pandharpuri, Surti and Toda. The average ROH length per chromosome was shown
in figure 4.3. Individuals with an almost equal portion ofthe genome covered by ROH had
different numbers and lengths of ROH, which could be an indication of different combinations

ofrecent and distant inbreeding events in the samples.

Among F,_estimates, it can be observed an increase in variation with ROH lengths,

ROH

being evidenced by the coefficient of variation (CV). Inthis study F,_ is highly correlated

HOM

with F,  withthe value of 0.833 (Fig. 4.4). Mean Genome length covered by ROH is more
in Toda and less in Murrah (fig. 4.5).
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Table4.10 Breed-wise summary statisticsof ROH observed

Bhadawari Mehsana  Murrah Pandharpuri  Surti Tada
Total No. of ROH 1610 1662 3411 1769 1865 1078
Avg. No. of ROH 107 111 114 118 124 180
Std.Deviation 20.64 13.34 27.53 16.15 44.09 2147
Min. No.ROH 86 2 4 104 45 152
Max. No. ROH 157 134 162 158 180 206
Total ROH Length (Mb) 239 337 187 277 254 371
Avg. ROH Length (Mb) 2 3 1 2 2 2
Foon 0.0965 0.1360 0.0754 0.1119 0.1028 0.1498
Std.deviation 0.06 0.07 0.02 0.04 0.05 0.16
Fom 0.0853 0.0966 0.0740 0.0763 0.0781 0.1603
Std.deviation 0.07 0.06 0.05 0.05 0.08 0.02
Correlation_F, 0.93%4 0.9745 0.7060 0.8775 0.9268 0.6174

F

HOM

4.3.4 LinkageDisequillibrium

Genome-wide average LD (r?) decreased with increasing genomic distance for all

breeds. The maximum average r2 0£0.32, 0.35, 0.25, 0.32, 0.33, 0.46 obtained for Bhadawari,

Mehsana, Murrah, Pandharpuri, Surti, Toda, respectively at a distance of <10 kb while the

average minimum r* values obtained in this study for Bhadawari and Mehsana after 280 Kb,

Murrah and Pandharpuri after 310 Kb, Surti after 330 Kb and Toda after 390 Kb (Table

4.11). In this study, the LD values are generally larger in Toda and making major differences

with other breeds. We note that Pandharpuri, Surti and Bhadawari had a roughly similar LD

decay pattern (fig 4.6). Murrah had lower LD which rapidly decayed with increasing distance

between markers compared to Toda.
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Table4.11 Genome-wideaverageLinkageDisequillibrium (r?) in Buffalo breeds

S Digance  Bhadawari Mehsana Murrah  Pandharpuri Surti Tada
no. (Kb)

L. 0-10 032 0.35 0.25 032 0.33 0.46

2. 1020 022 0.25 0.16 022 0.23 0.36

3. 20-30 0.19 0.23 0.13 0.20 0.20 0.33

4, 3040 0.18 021 0.12 0.18 0.19 032

5. 40-50 0.17 0.20 0.11 0.17 0.18 0.30

6. 50-60 0.16 0.19 0.11 0.17 0.17 0.30

7. 60-70 0.16 0.19 0.10 0.16 0.16 029

8. 70-80 0.15 0.18 0.09 0.15 0.16 029
9. 80-90 0.15 0.18 0.09 0.15 0.16 029
10. 90-100 0.14 0.17 0.09 0.15 0.15 0.28

11. 100-110 0.14 0.17 0.08 0.14 0.15 0.28

12. 110-120 0.14 0.17 0.08 0.14 0.14 027
13. 120-130 0.13 0.17 0.08 0.14 0.14 027
14. 130-140 0.13 0.16 0.07 0.13 0.14 0.26
15. 140-150 0.13 0.16 0.07 0.13 0.14 0.26
16. 150-160 0.13 0.16 0.07 0.13 0.13 0.26
17. 160-170 0.13 0.16 0.07 0.13 0.13 0.26
18. 170-180 0.13 0.16 0.07 0.13 0.13 0.26
19. 180-190 0.12 0.16 0.07 0.13 0.13 0.25

20. 190-200 0.12 0.15 0.07 0.13 0.13 0.25

21. 200-210 0.12 0.15 0.06 0.12 0.13 0.25

22, 210-220 0.12 0.15 0.06 0.12 0.12 0.25

23. 220-230 0.12 0.15 0.06 0.12 0.12 0.25

24. 230-240 0.12 0.15 0.06 0.12 0.12 0.25

25. 240-250 0.12 0.15 0.06 0.12 0.12 0.25

26. 250-260 0.12 0.15 0.06 0.12 0.12 0.25
27. 260-270 0.12 0.15 0.06 0.12 0.12 0.25
28. 270-280 0.11 0.15 0.06 0.12 0.12 0.25
29. 280-290 0.11 0.14 0.06 0.12 0.12 024
30. 290-300 0.11 0.14 0.05 0.12 0.12 0.24
31 300-310 0.11 0.14 0.06 0.11 0.12 024
32. 310-320 0.11 0.14 0.05 0.11 0.12 024
33. 320-330 0.11 0.14 0.05 0.11 0.12 0.24
34. 330-340 0.11 0.14 0.05 0.11 0.11 024
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35. 340-350 0.11 0.14 0.05 0.11 0.11 0.24
36. 350-360 0.11 0.14 0.05 0.11 0.11 0.24
37. 360-370 0.11 0.14 0.05 0.11 0.11 0.24
38. 370-380 0.11 0.14 0.05 0.11 0.11 0.24
39. 380-390 0.11 0.14 0.05 0.11 0.11 0.24
40. 390-400 0.11 0.14 0.05 0.11 0.11 0.23
41. 400410 0.11 0.14 0.05 0.11 0.11 0.23
42. 410420 0.11 0.14 0.05 0.11 0.11 0.23
43. 420430 0.11 0.14 0.05 0.11 0.11 0.23
4. 430440 0.11 0.14 0.05 0.11 0.11 0.23
45. 440450 0.11 0.14 0.05 0.11 0.11 0.23
46. 450-460 0.11 0.14 0.05 0.11 0.11 0.23
47. 460470 0.11 0.13 0.05 0.11 0.11 0.23
48. 470480 0.11 0.13 0.05 0.11 0.11 0.23
49. 480-490 0.11 0.13 0.05 0.11 0.11 0.23
50. 490-500 0.11 0.14 0.05 0.11 0.11 0.23

4.3.5 Effective population size (Ne)

Past and recent effective population sizes were estimated from the average r? for
markers separated by various genomic distances. The extent of LD over greater recombinational
distances indicated more recent Ne while that over shorter distances provided ancestral Ne
(Hayes etal., 2003). The Ne values for the different breeds of buffalo are listed in Table-4.12
with their generations ago. In figure 4.8 ancestral Ne i.e., upto 1000 generations presents
while more recent Ne presents in figure 4.9. In general, Ne declined over time from larger to
smaller Ne across the breeds (Makina et al., 2015), we can see it in this study (Table 4.12).
Result shows that Murrah has had the greatest genetic diversity over the generations among all
the sampled populations, while Toda had the least. When we see the ancient plot ofNe, it can
easily observed that there is some deviation in the curve of all different breeds at 250 generations
ago except Toda which follows a constant curve in Ne throughout (fig. 4.8). The purebred
breed had higher estimates of Ne than the crossbred breed, and vice versa. Bhadawari and

Surti follows roughly similar effective population size (Ne) after 65 generations ago.
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Table 4.12 Effective population size (Ne) for different breed of buffaloes

Generation  Bhadawari Murrah  Pandharpuri Surti Toda
ago
5 26 68 30 26 11
6 30 77 33 29 12
7 34 87 38 33 14
8 38 100 43 37 16
9 44 115 48 43 19
11 51 134 56 49 22
13 59 156 o4 57 25
15 69 183 75 67 30
18 82 216 88 79 36
22 98 257 103 94 43
27 117 309 123 114 52
33 143 372 147 138 63
41 175 448 177 169 76
52 216 548 216 208 95
65 267 666 268 258 118
84 332 809 333 320 149
108 418 975 411 401 189
142 524 1154 515 498 241
187 660 1380 650 623 312
248 820 1605 808 780 405
329 1031 1876 1004 964 522
433 1266 2168 1238 1178 671
556 1535 2510 1492 1408 842
687 1792 2845 1785 1682 1016
809 2051 3141 2000 1907 1172
903 2216 3325 2200 2036 1269
960 2331 3411 2260 2117 1376
988 2336 3567 2209 2178 1435
998 2322 3351 2334 2163 1449

4.3.5 Haplotype Blocksand Tag SNPs

The quality control filtering for the haplotype block study was performed using the
PLINK software (Purcell et al., 2007). Haplotype blocks formed by only two SNPs were

discarded to avoid spurious block formation.
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In this study, the total number of blocks identified was 7615, 8379, 11642, 7792,
7747, 1363 in Bhadawari, Mehsana, Murrah, Pandharpuri, Surti and Toda, respectively (Table
4.13). The highest number of blocks (11642) in Murrah and lowest number ofblocks (1363)
in Toda were found. Total number of SNPs (63444) in blocks was found highest in Mehsana
and lowest (11967) in Toda. Chromosome 1 showed the most number of SNPs (5190) in
Mehsana Buffalo and most number ofblocks (938) in Murrah Buffalo, while Chromosome 19
showed the least number of SNPs (181) and Chromosome 24 showed the least number of
blocks (27) in Toda Buffalo.

Table4.13 Summarized Table of Haplotypein different breeds

Total No. Total SNPs Highest No. of L owest No. of Total Avg.

of Blocks in Blocks SNPs& Blocks SNPs& Blocks  Block Chromasome
length  coverage
coverage byblock

(Mb) (%)

Bhadawari 7615 44359  Chr-1 (4086 SNPs) Chr-24 (989 SNPs)  400.26 15.82
(617 Blocks) (150 Blocks)

Mehsana 8379 63444  Chr-1(5190SNPs) Chr-23 (1196 SNPs) 672.17 26.84
(668 Blocks) Chr-24 (150 Blocks)

Murrah 11642 62773 Chr-1 (5163 SNPs)  Chr-24 (1252 SNPs) 392.20 15.40
(938 Blocks) Chr-18 (296 Blocks)

Pandharpuri 7792 51934 Chr-1(4243 SNPs) Chr-24 (945 SNPs) 429.33 16.93
(611 Blocks) (157 Blocks)

Surti 7747 52526 Chr-1(4456 SNPs) Chr-24 (952 SNPs) 473.93 18.65
(625 Blocks) (144 Blocks)

Toda 1363 11967  Chr-1(1269 SNPs) Chr-19 (181 SNPs) 125.07 4.95
(126 Blocks) Chr-24 (27 Blocks)

4.3.6 Principal Component Analysis

The first and second PCs explain 3.4% and 2.86% of'the total variance, respectively
(Fig. 4.15). The PCA plot separated the individuals of the six breeds. PC1 clearly separated

Mehsana from the rest of the breeds. Murrah and Bhadawari were found to be closer in
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cluster. Some of'the animals from Surti buffalo were found closer to Murrah and distant to
Mehsana buffalo while PC2 separated Mehsana, Pandharpuri, Toda and Bhadawari from
Murrah, and Surti. PC3 explains the 2.71% of the total variance, there is a clearer separation

between Murrah and Surti unlike the PC2 (Fig. 4.16).
4.3.7 PhylogeneticAnalysis

The phylogenetic tree constructed using the IBS matrix showed that the animals clustered
among their respective breed groups (Fig. 4.17). Pandharpuri formed a separate lineage to the

rest of the breeds.

The maximum likelihood phylogram constructed with Treemix also displayed similar
tree topology (Fig. 4.18). The addition of one migration path in Treemix revealed the
introgression of Murrah inheritance in Mehsana buffaloes. This tree explained 99.6% ofthe
covariance observed between populations, whereas the tree without any migration events

explained only 98.3% of'the covariance.

4.3.8 AdmixtureAnalyss

According to ADMIXTURE software analysis, the first subdivision highlighted at K =
2 (Fig. 4.19). As with PC1, Mehsana was separated from the rest of the breeds at K=2. It
became evident from the Admixture plot that Mehsana animals had varying levels of shared
ancestry with the Murrah cluster, which also explains their spread along the PC2 axis in the
PCA plot. K =3 clearly separated Pandharpuri, which gives credence to the results of the
phylogenetic analyses. Toda showed a mixture of Pandharpuri and Murrah inheritance. At K=
6, all the breeds were assigned to their own clusters, with varying levels of Murrah ancestry

appearing in other breeds which may be due to use of Murrah buffalo in every region of India.

&S S 2
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DISCUSSION

5.1 SNP Genotyping

The phenotypic and genotypic characterization of livestock forms an integral part of
any breeding programme. The phenotypic characterization, on the one hand, includes only the
phenotypic features of a breed/population; while, on the other hand, the genotypic
characterization strives to analyze the population’s patterns of genetic uniformity, admixture,
subdivisions, inbreeding and introgression. In addition, genetic characterization seeks to provide
useful insights into the development of breeds/strains that may be equally applicable in crossbred
populations. SNP markers are third generation markers that have a cutting edge over other
markers, including mitochondrial DNA or other single locus markers, although there are different
markers that have commonly been used. They have much greater resolution of population
histories and coalescent nature of animal populations (McTavish et al., 2013). In recent studies
on admixture, population composition and tracing discrete domestication and divergence trends,

these types of markers have been recommended for use.

The ddRAD-seq method, even in the absence of an available genome sequence, is a
powerful and cost-effective means of SNP discovery, producing thousands of high-quality
SNPs (Peterson et al., 2012). Through this technique, 397.8 million paired end reads (pre-
QC) and total 367.2 million reads after QC were generated in 6 different Buffalo breeds

having 96 samples selected from 6 different farms located in different states in India.
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5.2 ldentification of SNPs
5.2.1 Raw reads

In this study, we found total 397.8 million paired end reads for 96 Buffalo samples

averaging 2.07 million reads per sample.

In the study by Imartino et al. (2013), anaverage of2.12 million reads per sample for
48 water buffalo were obtained by GBS using the reference of water buffalo genome which is
similar to the present study. Furthermore, in the current analysis, the double digestion approach
was used instead of GBS. The study done by Surya et al. (2018) revealed total 0f21.2 million
raw reads from4 pooled female Murrah buffalo samples using ddRAD approach. In the study
by Mishra et al. (2020), A total of 683580 putative SNPs were obtained from 85 animals

based on variations in genomic regions with respect to four buffalo traits.
5.2.3 Quality control of raw reads:

After QC, total 367.2 million reads (92.3% of total reads) of 135 bp length were used
for downstream processing. The raw reads were filtered using the PRINSEQ software program
previous studies (Upadhyay etal., 2015; Patel et al., 2017) for SNP identification in buffalo
via targeted sequencing, which resulted in further loss of reads at filtration stage. STACKS
software program was used in the current analysis, which is comparatively better than PRINSEQ
for Reduced Representation approach since STACKS will check the mean quality score at
the window level (default window size is 15 bp), while PRINSEQ software takes into account
the mean quality score of the reads that may result in more reads being lost. Besides providing
the basic QC functions, the Restriction Enzyme (RE) sites and rad-tags are also tested by
STACKS.

5.2.4Alignment:

99.82% ofthe reads aligned to the reference genome (UOA_ WB_1). The mapping
rate was comparatively higher than targeted sequencing method used in previos studies
(Upadhyay et al., 2015; Menon et al., 2016; Patel et al., 2017). This may have been due to
the ddRAD sequencing and the newest version of Buffalo reference assembly used in this

study.
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5.2.5Variant calling:

A greater number of high quality SNPs were identified through reduced representation
approach in the present study compared to the study of Immartino et al., (2013), where an
average of2.12 million reads per sample for 48 water buffalo were used to identify the SNPs
at minimum base quality score of 30. A total 0f49,607 SNP with quality > 5 and 10,335 SNP

with quality > 10 through GBS using the water buffalo reference genome.

In Indian buffalo, Upadhyay et al. (2015) studied 23 buffalo through targeted
sequencing method which were separated into three groups viz., Fertility trait group (8 animals),
General Health trait group (8 animals), Production trait group (7 animals) for identifying SNVs.
A total 0of 2838 SN'Vs from general health trait group, 36743 SNVs from the fertility trait
group and 56996 SN'Vs from the production trait group were identified using Bostaurus

reference genome.

Menon et al. (2016), studied a total of 12 water buffalo from three breeds viz., Banni,
Mehsani, and Jaffarabadi through targeted sequencing method for identification and annotation
of SNPs responsible for high and low milk producing buffalo groups. They reported 1.203
million SNPs in high milk yield group and 1.315 million SNPs in low milk yield group using Bos

taurusreference genome at read depth > 5 and quality score > 30.

Pateletal., (2017), reported a total 0f477996 SNPs at read depth > 5 and quality >
25 in 24 samples from three breeds viz., Banni, Mehsani and Jaffarabadi through targeted
genome sequencing method using the reference genome of Bostaurus genome build 4.6.1.
The authors reported that high number of SNPs identified in regulatory regions, which may
lead to conformational changes in transcription factor-binding sites, which play crucial role in

gene expression in low milk producing animals.

The reduction in the number of SNPs in the present study compared to Patel et al.

(2017) may be due to the stringent minimum read depth (>10) used in this study.

The T /T, ratio was applied to check the potential false identification of the SNPs

which was found to be 2.5578 in the present study. The T /T, ratio for whole genome sequencing
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ranging from 2.0 - 2.1 (1000 genome project) and for exome target regions ranges from 2.6 -
3.5 (http://www.1000genomes.org). When the genome targeted methods were applied, the
T /T, ratio was more than the whole genome sequencing method (Upadhyay etal., 2015;
Menon et al., 2016; Patel etal., 2017). In the present study the genome was reduced using
restriction enzyme digestion method to exclude the repetitive sequences which resulted in

mcrease of TS/TV ratio.

From the above comparisons, using ddRAD method was found to be more efficient
resulting in more number of high quality SNPs. Since buffalo and cattle were closely related
before 5-10 million years ago (Upadhyay et al., 2015) they might have developed high difference

at genome level during the course of time.
5.3 Annotation

In this study, the genes involved in different traits were downloaded from CattleQTLdb.
SNPeffresults were used to assign the variants to each gene. Total number of genes was 9,
13, 6, 190 and 213 that were annotated for calving interval, 305 days daily milk yield, age at
first calving, conception rate and milk fat percentage, respectively. Using ddRAD, several
variants with various impact like high, low, moderate and modifier were identified in genes
involved in economic traits, which may be used in association studies with phenotypes or to

discover selection signatures in future.
5.4 Genetic Diversity Analysis

Among the different purebred and crossbred buffalo populations, genetic diversity
and population structure are two essential aspects. These assist in genetic improvement by
optimizing existing diversity-based breeding plans; enhancing local environmental adaptation
ofthese populations; maximizing and optimizing production performance; and conservation of
these breeds (Groenebeld etal., 2010). Initially, the genetic diversity studies performed in
India for buffalo have depended mainly on the use of microsatellite markers (Kataria etal.,
2009; Tantia et al., 2006). Recently, high-density genotype markers have successfully been
used to reveal the genetic architecture and diversity of Indian cattle and buffalo (Dash et al.

2017; Suryaetal., 2018).
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5.4.1 Population Diversity parameters

The observed (Ho) and expected heterozygosity (He) was found highest in Murrah
breed (0.2372 and 0.2462), respectively (Table 4.2). These results were as Murrah is the
best breed of buffalo for milk production in India and present in large numbers in the field. In
Toda breed ( Ho; 0.2150 and He; 0.2111), the lowest value of this parameter was observed,
suggesting that inbreeding in conjunction with a small population size resulted in loss of variation
within the breed. The study done by Shokrollahi et al. (2009) using microsatellites, reported
that the expected heterozygosity in the population of Iranian buffalo varied from 0.69 (Guilani)
to 0.78 (Khuzestani). Colli et al. (2018) recently did one of the most comprehensive studies
on genomic diversity in buffalo by integrating the buffalo populations around the world. In their
analysis, the average heterozygosity found for different buffalo populations ranged from 0.302
(swamp buffalo) to 0.481 (Aza-Kheli), high heterozygosity (0.386) and low to medium
inbreeding (0.045) for the Khuzestani river buffalo.

5.4.2 Runsof Homozygosity (ROH)

The lengths of homozygous genotypes that were > 1000 kb and contained only one
heterozygous genotype were classified as ROH. In view of'the strong linkage imbalance (LD)
between SNPs with a distance of up to 100 Kb (Mokhber etal., 2019), short homozygous
haplotypes in the buffalo genome are expected to be prevalent. Thus, to be considered as
ROH, a genome segment had to consist of minimum 70 SNP and be 1000 kb in length (as
described in materials and methods) to avoid detecting small and prevalent haplotypes as
ROH. In comparison to human populations, livestock species typically have higher autozygosity
levels and longer ROHs (Peripolli et al., 2018, McQuillan et al., 2008, Mastrangelo et al .,
2016). Genotyping errors, however, can still affect the quality of ROH calling (Ceballos et al.,
2018). Therefore, we allowed one heterozygous SNP in ROH to avoid losing particularly long
ROH because of'a single genotyping error (Szmatola et al., 2016; Ghozeishifar et al., 2019).

As presented in Table 4.5, The average ROH length detected in Bhadawari,
Pandharpuri, Surti and Toda was 2 Mb whereas 1 Mb in Murrah and 3 Mb in Mehsana. The

proportion of different ROH lengths may be used as an measure ofthe amount of past generations
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in which inbreeding has occurred, since the chromosomes may be rearranged through
recombination events and the ROH length can be decreased. Thus, recent inbreeding results in
longer ROH because oflong IBD stretches. In contrast, as a result of ancient inbreeding, short
ROHs occur because the long IBD segments are broken down in meiosis through generations.
We detected ROH with an average length from 1 to 3 Mb from all of the samples, which might
indicate that some inbreeding events occurred about 20-25 generations ago (Howrigan etal.,
2011). However, because of the smaller number of samples from Toda, our findings should be

viewed with caution.

Due to their varying distances from the last common ancestor, animals with the same
cumulative length of ROH presented different numbers of ROH with distinct lengths
(Mastrangelo et al., 2017). The total genomic length (Mb) covered by ROH per individual
was roughly proportional to the average number of ROH per individual; the total number of
ROHs increased synchronously with an increase in the total length of individual ROHs (Except
in Toda, the total number of ROH decreases with an increase in the total length of individual
ROH, may be due to the very small sample size as compared to the sample size of other
breeds. So, we took average number of ROH for comparison) (fig. 4.3). To some degree,
these findings could reflect the level of inbreeding or the variations between different populations
in population history, where the higher the level of inbreeding, the greater the number of ROH
in the genome, and the longer the total length of ROH. Some extreme individuals with ROH
lengths exceeding 500 Mb were identified among the Bhadawari, Mehsana and Pandharpuri
with the longest total ROH length in an individual was 621.34 Mb (Bhadawari) (Table 4.4).
This outcome represented the lack of effective management of inbreeding in the population.
Murrah and Mehsana are dairy breeds that have been subjected to systematic breeding; Toda
Buffaloes are a local breed that has not been subjected to systematic breeding. Generally, the
F ., ©f Toda should be smaller than those of Murrah and Mehsana but the results of this study
indicated that the F_, of Toda was high (0.15) to that of other breeds (Table 4.5). This
outcome may be due to the small effective population size, such that recent generations may
have resulted in a high degree of inbreeding from the small effective population (Curik et al.,

2014). The inbreeding coeflicient of the few animals measured as F, | was negative, which
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may have been due to the limited number of animal samples in our research, and random

sampling errors may also have resulted in a negative result (Purcell et al., 2007) (Fig. 4.2).
5.4.3LinkageDisequilibrium (L D) and Effectivepopulation size (Ne)

The decision to use r? instead of ‘D’ to test LD measurements was due to the fact that
in a finite population size, it is less influenced by allele frequencies compared to ‘D’, which
appears to overestimate LD in small samples and low frequency alleles (Lu et al., 2012,
Hedrick., 1987, Ardlie et al., 2002). Mean r?values above 0.30 can be considered as a
strong LD and useful for QTL mapping, according to the literature (Ardlie et al., 2002), while
mean r* values above 0.20 are considered adequate for genomic breeding value (GBV)
estimation to achieve an accuracy of0.85 (Meuwissen et al., 2001). Mean values of r*’=0.30
and above were found in all the breeds taken in our study at a genomic distance of 10 Kb

except Murrah.

Ne is one of the most important criteria for the management of genetic resource
conservation, the performance of breeding programmes and the improvement of artificial
selection design. The minimum level recommended by FAO (2007) for the effective population
size of at least 50 animals is sufficient to retain genetic variation and to prevent inbreeding
depression in different populations. In addition, in order to preserve initial evolutionary potential
in perpetuity, the Ne should be over 1000. It is assumed that the breed Mehsana was developed
from Murrah and Surti buffalo a few centuries ago (less than 100 generations may have finished).
So, we did not indicate the Ne value for the Mehsana buffalo in the table 4.7. Therefore, the

findings should be interpreted in the context of theoretical assumptions.

A downward trend for Ne over the generations was observed for all the breeds in this
study, where Murrah (68) had the highest, and Toda had the least recent (11) Ne. The majority
of research on Ne estimates in livestock have concentrated on cattle, in particular dairy cattle.
Biegelmeyer et al. (2016) found that in the Herford and Braford breeds, the Ne was 153 and
220, respectively. Zhu et al. (2013) demonstrated that in the Chinese Simmental breed, the
Ne was 73. Qanbari et al. (2010) recorded that four generations ago, in the German Holstein
breed, the Ne was close to 103. Karimi et al. (2016) stated that this value ranged from 13
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(Sarabi) to 107 (Mazandarani) in order to estimate the Ne in indigenous cattle breeds of Iran.
Deng et al. (2019) recorded the decreased Ne trend across the purebred and crossbred
buffalo population from 1,000 to 100 generations ago, demonstrating the impact of historical
domestication, breed development and artificial selection process. In comparison, Fallahi et
al. (2019) showed Ne 0f 422 in the Azerbaijani river buffalo population, suggesting adequate
population diversity. In the study completed on the Khuzestani River buffalo, Davoudi et al.
(2020) found a Ne value of 240. Using pedigree data, Santana et al. (2011) studied Ne on
milk buffalo in Brazil (Murrah buffalo) and reported a very low amount of Ne (n = 40).
Despite this small amount in the Ne in the Murrah buffalo, Malhado et al. (2013) stated that in
the other Brazilian buffalo breeds (Jafarabadi buffalo), the Ne is 10. In order to avoid high
inbreeding in these populations, it appears that a specific mating system should be strictly

considered.

The disparity in Ne describes the incidents that have happened in the history ofthe
population. Therefore, the Ne provides valuable conservation information, especially for
indigenous breeds. Although the Ne in this study was found higher for Murrah (n= 68), it is the
only breed in our study which had more number of population than prescribed by the FAO
(2007). Rest of the breeds in our study had a value lower than the FAO recommended measure.
Due to the demand for high yield of milk and meat production in recent years. The Buffalo
population has increasingly being brought under selective breeding. Therefore, Ne has shown
a more serious decline in recent years. For this purpose, various strategies, such as designing

suitable mating systems and developing gene pools, need to be considered.
5.4.4Haplotypeblocks

The magnitude ofhaplotype blocks between different autosomes differed significantly.
In this study, the average Chromosome coverage by block (%) in the Bhadawari, Mehsana,
Murrah, Pandharpuri, Surti was 15.82, 26.84, 15.40, 16.93, 18.65 respectively, which was
higher than the Khuzestani river buffalo (8.2/ %) studied by Davoudi et al. (2020) except
Toda which had a coverage of 4.95%. In this research, the average block coverage of the

genome was higher than that of many cattle studies, which corresponds to the lower genetic
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diversity in the Buffalo breeds under study. For example, Qanbari et al. (2010) found that
haplotype blocks in the German Holstein cattle breed covered 4.7 % of the genome; Salem et
al. (2018) recorded that this rate in the Portuguese Holstein cattle breed was 6.2 %.

The total number of blocks identified in this study for Bhadawari, Mehsana, Murrah,
Pandharpuri, Surti, Toda was 7615, 8379, 11642, 7792, 7747, 1363 respectively, which was
higher than in Khuzestani river buffalo (n=1726) (Doudani et al., 2020), the Azerbaijani
buffalo (n=1693) (Fallahietal., 2019), the Portuguese Holstein (n/ =/969) (Salem et al.,
2018), and German Holstein (n/ =/ 712) (Qanbari et al., 2010).

There are many factors influencing the characteristics of the haplotype blocks, including
breed, marker types, marker density, chromosome region and the haplotype block definition
process, according to previous findings. Since the haplotypes have a stronger LD with
Quantitative Trait Loci (QTL) compared to individual SNPs, the use ofhaplotype blocks in
genomic and GWAS studies has always been recognised as useful techniques (Sun et al.,
2016). By understanding the structure of haplotypes, the GWAS and GS studies can be
successfully planned and interpreted in livestock populations. The GWAS studies showed that
the haplotype association test rather than the single SNPs analysis model could increase the
accuracy of detecting candidate genes. The prediction accuracy in the GS could be increased
using suitable covariates for haplotype alleles compared to the SNPs, according to a report by
Hess et al. (2017), which can be result in improved genetic advantage by changing the ranking

of selection candidates.
5.4.5PCA, Phylogeneticand AdmixtureAnalysis.

The results ofthe PCA (PC1 & PC2) revealed the higher amount of genetic similarities
among Murrah and Bhadawari forming a separate cluster with few samples of Surti and Toda
buffalo near this cluster, while Surti, Pandharpuri and Mehsana showed greater genetic
differentiations with three distinct clusters (fig. 4.15 & fig. 4.16). PC3 separated Murrah and
Bhadawari individuals. Also, the crossbred Mehsana was clustered between its parent breeds
Murrah and Surtialong PC3. In this study, Mehsana, Surti and Pandharpuri grouped in separate
clusters, likewise the study done by Thakor et al. (2018) also kept Surti and Pandharpuri in

different clusters. However, it was shown in single cluster by Kumar et al. (2006).
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In the Admixture analysis, at K = 2, Mehsana was separated from the rest of the
breeds and showed introgression of Murrah inheritance. Mehsana also showed small amount
of admixture with Surti when the K value was increased beyond 3. Pandharpuri clearly separated
at K =3 and showed very little admixture of Murrah and Surti in further K values. It is also
supported by the Principal component analysis and Tree mix analysis where Pandharpuri formed
a separate lineage. At the value of K = 6, each breed separated into their own clusters with the
varying level of Murrah ancestry in these breeds which may be due to use of Murrah buffalo in
every region of India. Same result had been found by the study of Thakor et al. (2018) in
which they found that Surti and Pandharpuri were forming a separate cluster while Murrah and
Mehsana were showing admixture. The reason behind is that these two breeds have been
most popular amongst the buffalo breeds in terms of high milk yield. Murrah semen has been
extensively and indiscriminately used for artificial insemination (Al) across the country while
Toda, Bhadawari, Surti and Pandharpuri are less in number and been less or not utilized for
insemination throughout the country, which has led to a steady decline in the genetic diversity

present in the less characterized populations.

There is a hypothesis that Mehsana breed has been developed using Murrah bulls on
local Surti buffaloes (Pundhir et al., 2000). Although the Admixture software could not separate
the Murrah and Surti inheritance in Mehsana, the PCA (along PC3) results and the Treemix
analysis where Mehsana is in the same branch as Surti, and shows Murrah introgression,

supports this hypothesis.
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EI SUMMARY AND CONCLUSIONS

A total 0£ 397800000 raw reads of 150 bp length were generated by the sequencer
were obtained from the 96 samples of the 6 different breeds in 96 plex libraries obtained from
restriction digestion based methods using Sph I & MluC I restriction enzymes. After the QC,
a total 0367200000 reads were obtained (92.3% of total raw reads). 99.82% of'the reads
aligned to the reference genome (Bubalus bubalis assembly UOA WB 1). Total 569,535
variants were discovered, out of which 502,476 were SNP and 67,059 were indels. 551,458
variants were present on autosomes, 15315 on the X chromosome and 12 on the mtDNA
(NC _006295.1). 2750 variants were located on unmapped contigs. A variant was discovered
for every 4,637 bp ofthe genome length. When compared to the reference genome, a total of
484449, 473909, 489738, 469311, 470603 and 448714 SNPs; 59028, 57658, 59308,
57009, 56887 and 53859 INDELSs were identified at RD10 in Murrah, Bhadawari, Mehsana,

Pandharpuri, Surti and Toda, respectively.

The genome wide SNPs identified by Reduced Representation Approach in Buffalo
breeds using Bubalus bubalis assembly UOA_WB 1. The high-quality SNPs identified against
Water buffalo reference genome at read depth > 10 and quality > 30 were annotated using the
SNPEFF software. The variants of different genes affecting the different traits were identified
across the genome of Water buffalo. The Ts/Tv ratio was 2.5578 in this study. The genes
involved in different traits were downloaded from CattleQTLdb and SNPeffresults were used
to assign the variants to each gene. Gene wise annotation of Variants for the candidate genes

was done in which total 9 genes for Calving interval, 13 genes for 305 days milk yield, 6 genes



Summary and Conclusions...

for Age at first calving, 190 genes for Conception rate and 219 genes for Milk fat (%) was
annotated. The SNPs found in this study was further use in the genetic diversity study and for

the phylogeny analysis.

The annotated variants were subjected to further filters before diversity analysis. Non-
autosomal and unmapped SNPs were removed. SNPs missing in more than 25% individuals and
below the MAF threshold of 0.01 were also filtered out. Indels were removed. Runs of
homozygosity (ROH) in the autosomes 0f 96 buffalo animals were determined using PLINK1.9
and consisted of 237,762 SNPs across all the breeds after quality control. The average total
length of ROH per animal were 2, 3, 1, 2, 2 & 2 Mb and Average numbers of ROH per animal
were 107, 111, 114, 118, 124 & 180 in the Bhadawari, Mehsana, Murrah, Pandharpuri, Surti
and Toda breeds of Buffalo, respectively. The results of distribution of ROH revealed that ancient
and recent inbreeding have had an influence on the genome ofthe buffalo breeds taken in our
study. In this study, the LD values are generally larger in Toda and making major differences with
other breeds. We found higher Ne for Murrah at 5 generation ago (Ne = 68) which was more
than the recommended value of FAO (Ne = 50). We note that Pandharpuri, Surti and Bhadawari
had aroughly similar LD decay pattern. Result shows that Murrah has had the greatest genetic
diversity over the generations among all the sampled populations, while Toda had the least. This

study has reported the characterization of haplotype blocks and tagged SNPs.

For PCA, Treemix and Admixture analysis, additional filtering for markers in linkage
disequilibrium was performed using PLINK. Each chromosome was scanned through a 50 kb
sliding window with a step size of 5 variants. SNPs above 1r*> 0.2 were removed, resulting in
a dataset of 67,798 SNPs. In PCA, Mehsana is separated from the Murrah and Surti. In
PC2, few samples of Mehsana are nearby to the cluster of Murrah. In Admixture analysis, at
K =3, Pandharpuri forms a separate cluster showing some part of the introgression of Murrah
and no introgression of Surti was shown in Mehsana at any K value. The formation of separate
cluster was also supported by Tree mix analysis in which Pandharpuri forming a separate

lineage from the other breeds taken in the study.
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MINI ABSTRACT

Next Generation Sequencing (NGS) based Restriction-site Associated DNA
sequencing (RAD Seq) methods are an alternative to Whole Genome Sequencing (WGS),
wherein simultaneous sequencing, genotyping and multiplexing are facilitated. WGS for SNP
genotyping is more expensive and a reduction of about 35 fold in cost is possible through RAD
seq methods as compared to WGS method. The present study was carried out to identify the
genome wide SNPs and INDELSs, to annotate the SNPs related to Production and Reproduction
traits and genetic diversity analysis in Genome of Riverine buffaloes (Murrah, Mehsana,
Bhadawari, Pandharpuri, Surti and Toda). A total of 397.8 million raw reads from 96 buffalo
samples were obtained using restriction enzyme digestion and sequencing with [llumina Hiseq
2000. The raw reads were quality filtered which yielded a total of 367.2 million good quality
reads (92.3%) and were aligned with Bubalus bubalis assembly (UOA_WB_ 1) which resulted
in 99.82% alignment. The candidate genes affecting Milk production (305 Days Milk yield,
Milk Fat Percentage) and Reproduction (Age at first calving, Conception Rate, Calving interval)
were annotated. A total of 9 genes affecting Calving interval; 13 genes affecting 305 DMY; 6
genes affecting AFC, 123 genes affecting conception rate and 129 genes affecting Milk fat
percentage were annotated. The observed (Ho) and expected heterozygosity (He) was found
highest in Murrah breed (0.2372 and 0.2462). The results of distribution of ROH revealed
that ancient and recent inbreeding have had an influence on the genome of the buffalo breeds
taken in our study. All the breeds except Murrah showing the strong LD at a distance of <10
Kb. We found higher Ne for Murrahat 5 generation ago (Ne = 68) which was more than the
recommended value of FAO (Ne = 50). This study has reported the characterization ofhaplotype
blocks and tagged SNPs. According to PCA and Admixture analysis, Mehsana showing the
introgression of Murrah not of Surti as per the hypothesis. Pandharpuri forming a separate
lineage in phylogenetic analysis which was strongly supported by PCA and Admixture analysis.
The SNPs identified and annotated in the present study may be used for genotyping in larger

number of samples for further association studies.
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Tl UIGT T BT (NGS) IR ufcideg—dTge TANUCS SIUAY gshH0T
(RAD Seq) fafeRil Q¥ STHM AT (WGS) &1 Ush fddhed 8, FTH Udh AT AT,
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APPENDI X

Prepar ation of Reagents
Tris(1 M) pH 8.0

Dissolve 121.10 gm of Tris base in 800 ml of double distilled water and adjust the pH
to 8.0 by adding concentrated HCl (around 40 ml). Allow the solution to coolto room

temperature before making final volume to 1 litre and store at 4 °C.
Sodium chloride(5M)

Dissolve 29.40 gm of Sodium chloride in 80 ml of double distilled water and make the
final volume up to 100 ml. Sterilize by autoclaving and stored at 4 °C.

Sodium acetate(3 M)

Dissolve 24.60 gm of Sodium acetate (anhydrous) in 80 ml of double distilled
water. Adjust the pH to 5.2 with glacial acetic acid and make up the finalto 100 ml.

Sterilize by autoclaving and store at room temperature.

EDTA (0.5M)

Dissolve 18.60 gm of Disodium salt of EDTA in 80 ml of double distilled water by
adding NaOH pellets. Adjust the pH to 8.0 and make up the final volume to 100 ml.

Sterilize by autoclaving and store at 4 °C.
Ammonium chloride(1M)

Dissolve 5.35 gm ammonium chloride in 80 ml of double distilled water and make

the final volume up to 100 ml. Sterilize by autoclaving and Store at 4 °C.
Potassium bicarbonate (1 M)

Dissolve 10.00 gm of sodium bicarbonate in 80 ml of double distilled water and mak
up to a final volume of 100 ml. Sterilize by autoclaving.

Sodium dodecyl sulphate (SDS) 10 %

Dissolve 10.00 gm of Sodium dodecyl sulphate in 80 mlof autoclaved double

distilled water and make up to a final volume of 100 ml. No autoclaving needed.



Proteinase-K
Dissolve Proteinase-k (20 mg) in Iml of double distilled water. Store at -20 °C.

Ethanol 70 %
FEthanol 99.9 % 70 ml
Distilled water 30 ml

RBC Lysisbuffer (1 X prepared freshly every time)

NH,CI (155 mM) 155.0 ml
KHCO, (10 mM) 10.0 ml
EDTA (0.1 mM) 2.0ml

Make up to 1000 ml by double distilled water. Sterilize by autoclaving and store at
4°C.

Phenol equilibration (Trissaturation)

Liquify Phenol crystals (500 gm) stored at —20 °C by keeping in a water bath maintained
at 65 °C for 1 hour. Add 8-hydroxyquinoline to liquefied phenol at a final concentration
0f0.1 %. Add equal volume (500 ml) of 0.5 M Tris (pH 8.0) and stir for 4 hours on
magnetic stirrer, acheck pH repeatedly till it reached 8.0. Finally, 0.1 M Tris was

added to an equilibrated phenol and stirred well and stored in amber colored bottles

at (4 °C).

TE buffer (10 mM)
Tris (1M, pH 8.0) 1.00 ml
EDTA (0.5M, pH 8.0) 200 ul
Final volume made up to 100 ml

Sterilize by autoclaving and store the buffer at room temperature.

Double distilled water 90 ml
TAE buffer (50X)

Tris base 242.0 gm

Glacial acetic acid 57.1ml

EDTA (0.5 M, pH 8.0) 100 ml

Add double distilled water to make the final volume 1000ml, filter and autoclave.
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