Supplemantary Table S1. Candidate genes associated to adaptation traits in Bos indicus cattle

	Study No
	Study
	Gene
	Associated Traits

	1
	Dixit et al. 2020
	CCT4
	Stress tolerance (draft cattle)

	1
	Dixit et al. 2020
	GPX4
	Disease resistance / higher immunity (draft cattle)

	1
	Dixit et al. 2020
	LYZL1
	Disease resistance / higher immunity (draft cattle)

	1
	Dixit et al. 2020
	SVIL
	Disease resistance / higher immunity (draft cattle)

	2
	Carrara et al. 2023
	CORIN
	Temperature regulation in hot/dry environments

	2
	Carrara et al. 2023
	ITGB6
	Foot-and-mouth disease susceptibility/resistance

	2
	Carrara et al. 2023
	LY75
	Immune response and inflammatory processes

	2
	Carrara et al. 2023
	PLA2R1
	Stress response and oxidative stress

	4
	Liao et al. 2013
	CAMP
	Pathogen and parasite resistance (cathelicidin sweep)

	4
	Liao et al. 2013
	CATHL1
	Pathogen and parasite resistance

	4
	Liao et al. 2013
	CATHL2
	Pathogen and parasite resistance

	4
	Liao et al. 2013
	CATHL3
	Pathogen and parasite resistance

	5
	Naval-Sanchez et al. 2020
	HELB
	UV/DNA damage response; tropical adaptation

	6
	Peripolli et al. 2020
	ADAMTS17
	Body size; warmer/dry climate and scarce forage

	6
	Peripolli et al. 2020
	ANTXR1
	Temperament; environmental stress resilience

	6
	Peripolli et al. 2020
	EPHA6
	Temperament; stress response in tropical environments

	6
	Peripolli et al. 2020
	PRKN
	Adipose metabolism; energy balance under tropical stress

	7
	Mauki et al. 2022
	ATP1A1
	Feed efficiency; environmental heat tolerance

	7
	Mauki et al. 2022
	BOLA
	Resistance to tick infestation

	7
	Mauki et al. 2022
	DLG1
	Host immune response

	7
	Mauki et al. 2022
	IL12A
	Host immunity; African trypanosomiasis response

	7
	Mauki et al. 2022
	IL4
	Control of Plasmodium; tropical disease immunity

	7
	Mauki et al. 2022
	ITGB1BP1
	Convergent tropical adaptation; GTPase regulation

	7
	Mauki et al. 2022
	KIT
	Coat colour; tropical temperature regulation

	7
	Mauki et al. 2022
	KITLG
	Coat colour; tropical temperature regulation

	7
	Mauki et al. 2022
	LAMA4
	Immunity against African trypanosomiasis

	7
	Mauki et al. 2022
	MYD88
	Immune defense to tropical parasitic disease

	7
	Mauki et al. 2022
	PIK3CB
	Host immune response

	7
	Mauki et al. 2022
	ROBO2
	Immune response (tropical disease context)

	7
	Mauki et al. 2022
	SPAST
	Resistance to tick infestation

	7
	Mauki et al. 2022
	SPRY2
	Convergent tropical adaptation; GTPase regulation

	8
	Kim et al. 2017
	BOLA
	Tick resistance; MHC immunity in African cattle

	8
	Kim et al. 2017
	HSPA4
	Heat shock protein; heat tolerance in zebu

	8
	Kim et al. 2017
	PRLH
	Thermoregulation via prolactin pathway in zebu

	8
	Kim et al. 2017
	SOD1
	Heat tolerance; stronger signal in African zebu

	9
	Randhawa et al. 2016
	SLC25A33
	Immunity linked to tropical adaptation (zebu)

	9
	Randhawa et al. 2016
	SLC45A1
	Immunity linked to tropical adaptation (zebu)

	10
	Bahbahani et al. 2018
	HSF5
	Heat-stress response; activates heat-inducible genes

	10
	Bahbahani et al. 2018
	IL17B
	Cytokine immunity; immune response

	10
	Bahbahani et al. 2018
	IRAK3
	Inflammation control; innate immunity

	10
	Bahbahani et al. 2018
	PMEL
	Coat colour (eumelanin); Butana red phenotype

	11
	Maiorano et al. 2018
	IL1RN
	Health traits

	11
	Maiorano et al. 2018
	TOX
	Health; meat and carcass traits

	12
	Cortez et al. 2022
	HSP110
	Heat stress; lipogenesis/adipogenesis

	12
	Cortez et al. 2022
	HSPA4
	Heat stress response; lipogenesis

	12
	Cortez et al. 2022
	HSPA8
	Heat stress response

	12
	Cortez et al. 2022
	PCDH12
	Parasite resistance; cell-cell adhesion

	12
	Cortez et al. 2022
	PCDH9
	Parasite resistance; cell-cell adhesion

	12
	Cortez et al. 2022
	TCN2
	Cobalamin transport; metabolic efficiency

	13
	Braga et al. 2025
	DNAJC18
	Heat and cold thermogenesis adaptation

	13
	Braga et al. 2025
	HELB
	Tropical environmental adaptation

	13
	Braga et al. 2025
	HSPA12A
	Environmental stress adaptation

	13
	Braga et al. 2025
	HSPA4
	Heat shock response; spermatogenesis

	13
	Braga et al. 2025
	OR2AJ9
	Olfaction; behavioral environmental adaptation

	13
	Braga et al. 2025
	PLA2R1
	Heat tolerance; immune and oxidative stress

	13
	Braga et al. 2025
	TMEM164
	Mycobacterium infection; somatic cell score

	14
	Zavarez et al. 2015
	BRCA2
	Infectious disease resistance; DNA repair

	15
	Bahbahani et al. 2017
	CCR7
	Adaptive and innate immune response

	15
	Bahbahani et al. 2017
	CSF3
	Innate immunity; macrophage antimicrobial activity

	15
	Bahbahani et al. 2017
	DNAJC18
	Heat stress response

	15
	Bahbahani et al. 2017
	DNAJC8
	Heat stress response

	15
	Bahbahani et al. 2017
	HSPA9
	Heat stress response

	15
	Bahbahani et al. 2017
	HSPB9
	Heat stress response

	16
	Alshawi et al. 2019
	ABCC2
	Gastrointestinal nematode resistance

	16
	Alshawi et al. 2019
	ATG7
	Autophagy; innate immune response

	16
	Alshawi et al. 2019
	CBFA2T3
	Mammary gland inflammation response

	16
	Alshawi et al. 2019
	EPHA5
	Feed conversion; local feed adaptation

	16
	Alshawi et al. 2019
	FOCAD
	Immune homeostasis; tumor suppression

	16
	Alshawi et al. 2019
	IRF8
	Immune response to bacterial/protozoan infection

	16
	Alshawi et al. 2019
	OSGIN1
	Mammary gland inflammation response

	16
	Alshawi et al. 2019
	PARM1
	Innate immune response; fertility

	16
	Alshawi et al. 2019
	PRKG1
	Tick resistance

	16
	Alshawi et al. 2019
	TNFAIP8
	Immune homeostasis

	16
	Alshawi et al. 2019
	UCN3
	Heat tolerance; oxidative stress

	17
	Taye et al. 2017
	ATRN
	Coat color; feed intake/energy homeostasis

	17
	Taye et al. 2017
	BHMT2
	Osmotic stress; heat stress protection

	17
	Taye et al. 2017
	CFTR
	Sweating; sweat gland ion transport

	17
	Taye et al. 2017
	FTO
	Feed intake; energy homeostasis under heat

	17
	Taye et al. 2017
	GPX7
	Oxidative stress; ROS scavenging

	17
	Taye et al. 2017
	GSTM2
	Oxidative stress response

	17
	Taye et al. 2017
	GSTM4
	Oxidative stress response

	17
	Taye et al. 2017
	HOXC12
	Hair follicle development; skin thickness

	17
	Taye et al. 2017
	HOXC13
	Hair follicle development; skin thickness

	17
	Taye et al. 2017
	HSF5
	Heat shock transcription factor

	17
	Taye et al. 2017
	IGF1
	Heat shock response; embryo thermoprotection

	17
	Taye et al. 2017
	ITPR2
	Sweat production; thermal sweating

	17
	Taye et al. 2017
	MC5R
	Sebum secretion; thermoregulation

	17
	Taye et al. 2017
	MLPH
	Coat color; thermoregulation via pigmentation

	17
	Taye et al. 2017
	NFATC2
	Energy homeostasis under heat stress

	17
	Taye et al. 2017
	PLCB1
	Osmotic stress; arid environment adaptation

	17
	Taye et al. 2017
	PRLH
	Osmotic/heat stress; prolactin regulation

	17
	Taye et al. 2017
	RAB17
	Coat color; melanosome trafficking

	17
	Taye et al. 2017
	RAB37
	Coat color; melanosome trafficking

	17
	Taye et al. 2017
	SCNN1D
	Sweat gland sodium absorption

	17
	Taye et al. 2017
	SGK1
	Sweat gland ion transport regulation

	17
	Taye et al. 2017
	SLC23A1
	Vitamin C transport; oxidative stress

	17
	Taye et al. 2017
	SLC23A2
	Vitamin C transport; oxidative stress

	17
	Taye et al. 2017
	SLC45A2
	Coat color; melanin synthesis

	17
	Taye et al. 2017
	SLC9A4
	Sweat gland Na+/H+ exchange

	17
	Taye et al. 2017
	SOD1
	Oxidative stress response; thermotolerance

	18
	Liu et al. 2020
	ALCAM
	T-cell activation; inflammation

	18
	Liu et al. 2020
	BCAR3
	Immune response to Mycobacterium infection

	18
	Liu et al. 2020
	CDH5
	Immune/endothelial barrier; infection

	18
	Liu et al. 2020
	DNAJC2
	Heat stress response; hot-humid climate

	18
	Liu et al. 2020
	LTF
	Antibacterial innate immunity

	18
	Liu et al. 2020
	PRNP
	BSE susceptibility regulation

	18
	Liu et al. 2020
	TGM3
	Tick infestation host response

	18
	Liu et al. 2020
	TMSB4X
	Immune system development

	18
	Liu et al. 2020
	TRAPPC9
	Mastitis susceptibility

	19
	Illa et al. 2021
	DNAJB4
	Heat tolerance; heat shock response

	19
	Illa et al. 2021
	GIPC2
	Environmental adaptation

	19
	Illa et al. 2021
	KDR
	Coat color

	19
	Illa et al. 2021
	KIT
	Coat color

	19
	Illa et al. 2021
	LEF1
	Eye area/facial pigmentation

	19
	Illa et al. 2021
	PAPSS1
	Johne's disease/Mycobacterium resistance

	19
	Illa et al. 2021
	PDGFRA
	Coat color

	19
	Illa et al. 2021
	RNF144B
	Bovine tuberculosis susceptibility

	20
	Zhang et al. 2021
	SDS
	Heat resistance; inflammasome/immune function

	21
	Naji et al. 2022
	RUVBL1
	Heat and parasite tolerance

	22
	Ayalew et al. 2023
	ASIP
	Heat tolerance via white coat color

	22
	Ayalew et al. 2023
	DNAJC18
	Heat tolerance; protein folding under stress

	22
	Ayalew et al. 2023
	FAAP20
	Dryland adaptation; scarce feed/water

	22
	Ayalew et al. 2023
	GRIP1
	Anti-inflammatory immune response

	22
	Ayalew et al. 2023
	HOXC12
	Heat tolerance; hair follicle development

	22
	Ayalew et al. 2023
	HOXC13
	Heat tolerance; skin thickness

	22
	Ayalew et al. 2023
	HSF4
	Heat tolerance; heat shock response

	22
	Ayalew et al. 2023
	HSPA9
	Immune response; heat shock protein

	22
	Ayalew et al. 2023
	IRAK3
	Immune response; TLR signaling

	22
	Ayalew et al. 2023
	MZB1
	Immune response; B-cell function

	22
	Ayalew et al. 2023
	RXFP2
	Heat tolerance via horn thermoregulation

	22
	Ayalew et al. 2023
	SKI
	Dryland adaptation; metabolic homeostasis

	22
	Ayalew et al. 2023
	SLC23A1
	Oxidative stress; vitamin C; immunity

	22
	Ayalew et al. 2023
	STING1
	Innate immune response to infection

	22
	Ayalew et al. 2023
	WIF1
	Immune response

	23
	Wang et al. 2024
	AHCYL2
	Heat tolerance; anti-inflammatory response

	23
	Wang et al. 2024
	CD53
	Heat stress; inflammation/apoptosis control

	23
	Wang et al. 2024
	DNAJC3
	Heat tolerance; chaperone; anti-inflammatory

	23
	Wang et al. 2024
	HSPA1A
	Heat shock protein; cellular heat protection

	23
	Wang et al. 2024
	ZBTB12
	Heat stress; inflammation/coagulation

	24
	Dominguez et al. 2026
	ATF7
	Heat/immune robustness; milk yield linked

	24
	Dominguez et al. 2026
	ATP5MC2
	Heat tolerance; hypoxia/oxidative stress

	24
	Dominguez et al. 2026
	CALCOCO1
	Heat/stress; meat quality metabolism

	24
	Dominguez et al. 2026
	HOXC12
	Metabolic homeostasis; heat adaptation

	24
	Dominguez et al. 2026
	HOXC13
	Metabolic homeostasis; heat adaptation

	24
	Dominguez et al. 2026
	NDUFA4L2
	Heat tolerance; hypoxia/oxidative stress

	24
	Dominguez et al. 2026
	R3HDM2
	Heat tolerance; metabolic homeostasis

	24
	Dominguez et al. 2026
	RTN1
	Hypoxia/heat stress; oxygen transport

	24
	Dominguez et al. 2026
	SHMT2
	Heat tolerance; hypoxia/oxidative stress

	25
	Luo et al. 2022
	ABHD6
	Heat tolerance; adaptive thermogenesis

	25
	Luo et al. 2022
	FILIP1L
	Heat tolerance

	25
	Luo et al. 2022
	GZMM
	Immune response

	25
	Luo et al. 2022
	LRBA
	Immune effector molecule secretion

	25
	Luo et al. 2022
	LYN
	Innate/adaptive immune response

	25
	Luo et al. 2022
	NCKAP1L
	Immune/lymphocyte homeostasis

	25
	Luo et al. 2022
	PIK3CD
	Immune response

	25
	Luo et al. 2022
	PRKCZ
	Immune response

	25
	Luo et al. 2022
	STOML2
	Immune response

	26
	Terefe et al. 2023
	BAG6
	Heat stress; misfolded protein response

	26
	Terefe et al. 2023
	CTNNA1
	Common selection; tropical adaptation

	26
	Terefe et al. 2023
	DNAJC18
	Heat stress; misfolded protein response

	26
	Terefe et al. 2023
	IL18
	Immune response

	26
	Terefe et al. 2023
	ITPR2
	Circulatory homeostasis; hypoxia; water balance

	26
	Terefe et al. 2023
	KIT
	Coat color; skeletal/immune; spermatogenesis

	26
	Terefe et al. 2023
	MZB1
	Immune response; B-cell activation

	26
	Terefe et al. 2023
	NR1D1
	Reproduction; hypoxia/stress response

	26
	Terefe et al. 2023
	PLA2G2A
	Lipid/immune pathways; tropical adaptation

	26
	Terefe et al. 2023
	PRKCZ
	Immune response

	26
	Terefe et al. 2023
	STING1
	Innate immune response to infection

	27
	Senczuk et al. 2022
	CHCHD7
	Coat colour selection signature region

	27
	Senczuk et al. 2022
	LYN
	Grey coat colour; melanogenesis; KIT signaling

	27
	Senczuk et al. 2022
	PENK
	Grey coat colour; melanocyte/keratinocyte

	27
	Senczuk et al. 2022
	SDR16C5
	Grey coat colour; melanocyte differentiation

	27
	Senczuk et al. 2022
	TGS1
	Coat colour selection signature region

	27
	Senczuk et al. 2022
	TMEM68
	Coat colour differential selection

	27
	Senczuk et al. 2022
	XKR4
	Coat colour differential selection

	28
	Neumann et al. 2025
	CHADL
	Immune signaling; cellular defense

	28
	Neumann et al. 2025
	COL6A5
	Heat adaptation; coat/skin thermoregulation

	28
	Neumann et al. 2025
	FAM3A
	Insulin signaling; energy metabolism

	28
	Neumann et al. 2025
	G6PD
	Oxidative stress; metabolic resilience

	28
	Neumann et al. 2025
	HSPA1L
	Heat shock protein; thermal resilience

	28
	Neumann et al. 2025
	IKBKG
	NF-kB immune/stress response

	28
	Neumann et al. 2025
	IL18RAP
	Immune signaling; inflammatory response

	28
	Neumann et al. 2025
	IRAK3
	Immune signaling; disease resistance

	28
	Neumann et al. 2025
	POLR3B
	Immune signaling; cellular defense

	28
	Neumann et al. 2025
	RAB11FIP2
	Immune signaling; cellular defense

	28
	Neumann et al. 2025
	TBK1
	IFN response; microbial infection

	28
	Neumann et al. 2025
	TUBA8
	Cellular integrity under heat stress

	28
	Neumann et al. 2025
	XPOT
	Heat/cellular stress response

	30
	King et al. 2022
	KCNK5
	Adaptation and production metabolic processes

	30
	King et al. 2022
	KLHL29
	Adaptation and production metabolic processes

	30
	King et al. 2022
	LAMC1
	Parasite (H. contortus) resistance

	31
	Genuino et al. 2025
	AGO3
	bovine respiratory disease; immune system

	31
	Genuino et al. 2025
	CCPG1
	mastitis

	31
	Genuino et al. 2025
	CLDN10
	mastitis resistance

	31
	Genuino et al. 2025
	EIF2AK4
	thermotolerance; stress response

	31
	Genuino et al. 2025
	FCGRT
	neonatal immunoglobulin concentration; immunity

	31
	Genuino et al. 2025
	FILIP1L
	heat stress

	31
	Genuino et al. 2025
	HDHD3
	body temperature control under heat stress

	31
	Genuino et al. 2025
	ITGA6
	immune system biological processes

	31
	Genuino et al. 2025
	MEIS1
	immune system biological processes

	31
	Genuino et al. 2025
	MMP25
	immune system-related traits

	31
	Genuino et al. 2025
	NAALADL2
	immune system

	31
	Genuino et al. 2025
	RAP1GAP
	heat stress

	31
	Genuino et al. 2025
	RPS11
	estrus behavior

	31
	Genuino et al. 2025
	RRAS
	adaptation to tropical conditions

	31
	Genuino et al. 2025
	SHANK2
	heat stress; temperament

	31
	Genuino et al. 2025
	TREM2
	tick resistance

	31
	Genuino et al. 2025
	TREML1
	tick resistance

	32
	Nayak et al. 2025
	AGER
	regulation of inflammatory response

	32
	Nayak et al. 2025
	BOLA-DMA
	adaptive immune response

	32
	Nayak et al. 2025
	BOLA-DMB
	adaptive immune response

	32
	Nayak et al. 2025
	BOLA-DOA
	adaptive immune response

	32
	Nayak et al. 2025
	BOLA-DOB
	adaptive immune response

	32
	Nayak et al. 2025
	BOLA-DYA
	adaptive immune response

	32
	Nayak et al. 2025
	BOLA-DYB
	adaptive immune response

	32
	Nayak et al. 2025
	C4A
	innate immune response

	32
	Nayak et al. 2025
	CCR6
	immune response

	32
	Nayak et al. 2025
	CD40
	B cell activation; immune response

	32
	Nayak et al. 2025
	CDC16
	adaptive immune system

	32
	Nayak et al. 2025
	COX19
	heat adaptation

	32
	Nayak et al. 2025
	GCLC
	response to heat

	32
	Nayak et al. 2025
	HSF5
	heat shock transcription factor; heat adaptation

	32
	Nayak et al. 2025
	HSPA14
	heat shock response; heat stress adaptation

	32
	Nayak et al. 2025
	IL20RA
	cytokine signaling in immune system

	32
	Nayak et al. 2025
	IL6ST
	interleukin-6 receptor complex

	32
	Nayak et al. 2025
	IL9R
	immunoglobulin-mediated immune response

	32
	Nayak et al. 2025
	LPO
	antibacterial humoral response

	32
	Nayak et al. 2025
	MPO
	defense response respiratory burst

	32
	Nayak et al. 2025
	NOD2
	innate immune response in mucosa; heat stress adaptation

	32
	Nayak et al. 2025
	PIN1
	response to hypoxia

	32
	Nayak et al. 2025
	RPS19BP1
	regulation of HSF1-mediated heat shock response

	32
	Nayak et al. 2025
	STYK1
	positive regulation of immune effector process

	32
	Nayak et al. 2025
	TLR2
	toll-like receptor signaling; milk stearic acid content

	32
	Nayak et al. 2025
	TRIML1
	innate immune response

	32
	Nayak et al. 2025
	TRIML2
	innate immune response

	33
	Okwasiimire et al. 2026
	AGBL1
	vector-borne infection resistance; leukocyte telomere length

	33
	Okwasiimire et al. 2026
	ANKFN1
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	ASXL3
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	CCDC178
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	CHCHD3
	bovine coronavirus and respiratory disease susceptibility

	33
	Okwasiimire et al. 2026
	COA1
	adaptation to tropical environment

	33
	Okwasiimire et al. 2026
	CPVL
	tick infestation resistance; tropical adaptation

	33
	Okwasiimire et al. 2026
	EIF2AK3
	adaptation to tropical environment

	33
	Okwasiimire et al. 2026
	FBXL2
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	FBXL7
	clinical mastitis; clinical ketosis

	33
	Okwasiimire et al. 2026
	GABRG1
	adaptation to tropical environment; temperament

	33
	Okwasiimire et al. 2026
	GRIP1
	adaptation to tropical environment

	33
	Okwasiimire et al. 2026
	HSPA9
	trypanotolerance; heat shock

	33
	Okwasiimire et al. 2026
	IL26
	mastitis resistance; Mycoplasma bovis; health status

	33
	Okwasiimire et al. 2026
	IL6R
	mastitis

	33
	Okwasiimire et al. 2026
	ITPR2
	adaptation to tropical environment

	33
	Okwasiimire et al. 2026
	KHDRBS2
	adaptation to harsh environments

	33
	Okwasiimire et al. 2026
	KLHL25
	resistance to vector-borne infections

	33
	Okwasiimire et al. 2026
	LMNTD1
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	LOC107131273
	health traits; E. coli mastitis; MCHC/tick-related anemia

	33
	Okwasiimire et al. 2026
	LRP8
	immune system function

	33
	Okwasiimire et al. 2026
	MED12L
	mastitis

	33
	Okwasiimire et al. 2026
	OR2AV11
	olfaction

	33
	Okwasiimire et al. 2026
	OSBPL6
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	POSTN
	subclinical endometritis

	33
	Okwasiimire et al. 2026
	PTPRD
	adaptation to tropical environment

	33
	Okwasiimire et al. 2026
	PTPRO
	M. bovis and BVDV infection

	33
	Okwasiimire et al. 2026
	RAB31
	adaptation to tropical environment

	33
	Okwasiimire et al. 2026
	RAB3GAP1
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	RSU1
	mastitis resistance

	33
	Okwasiimire et al. 2026
	SCN1A
	trypanotolerance

	33
	Okwasiimire et al. 2026
	SEZ6L
	foot-and-mouth disease resistance

	33
	Okwasiimire et al. 2026
	SHANK2
	tropical environmental adaptation; temperament

	33
	Okwasiimire et al. 2026
	SLC37A1
	fat metabolism; mammary gland development; tropical adaptation

	33
	Okwasiimire et al. 2026
	SPATA17
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	TBC1D4
	health traits

	33
	Okwasiimire et al. 2026
	TECRL
	bovine respiratory disease

	33
	Okwasiimire et al. 2026
	TIAM2
	mastitis

	33
	Okwasiimire et al. 2026
	USP46
	farmer preferences and temperament

	33
	Okwasiimire et al. 2026
	ZZZ3
	farmer preferences and temperament

	34
	Chavan et al. 2025
	DNAJB13
	heat shock; stress-related protein folding

	34
	Chavan et al. 2025
	DNAJB4
	heat shock; environmental stress adaptation

	34
	Chavan et al. 2025
	DNAJB5
	heat shock; environmental stress adaptation

	34
	Chavan et al. 2025
	HSPA1L
	heat shock; environmental stress adaptation

	34
	Chavan et al. 2025
	IFNG
	cell-mediated immunity; inflammatory response

	34
	Chavan et al. 2025
	IL12RB2
	Th17 immune response

	34
	Chavan et al. 2025
	IL15
	T lymphocyte and NK cell immunity

	34
	Chavan et al. 2025
	IL2
	innate and adaptive immunity; tick resistance QTL

	34
	Chavan et al. 2025
	IL21
	innate and adaptive immunity

	34
	Chavan et al. 2025
	IL22
	Th1 immune response; granuloma integrity

	34
	Chavan et al. 2025
	IL23R
	Th17 immune response

	34
	Chavan et al. 2025
	IL2RA
	innate and adaptive immunity

	34
	Chavan et al. 2025
	JAK1
	JAK-STAT immune regulation

	34
	Chavan et al. 2025
	STAT6
	immune modulation; parasitic immunity

	34
	Chavan et al. 2025
	TLR2
	innate immune pathogen recognition

	34
	Chavan et al. 2025
	TNF
	cell-mediated immunity; inflammatory response

	34
	Chavan et al. 2025
	TRIM59
	antiviral immune response

	35
	Vani et al. 2026
	CDH15
	immune response

	35
	Vani et al. 2026
	CHMP1A
	immune response

	35
	Vani et al. 2026
	GABRA4
	behavioural control

	35
	Vani et al. 2026
	GABRG1
	behavioural control

	35
	Vani et al. 2026
	GALNTL6
	susceptibility to bovine tuberculosis

	35
	Vani et al. 2026
	KDR
	skin pigmentation

	35
	Vani et al. 2026
	KIT
	patterned pigmentation

	35
	Vani et al. 2026
	MC1R
	skin pigmentation/coat colour

	35
	Vani et al. 2026
	NETO1
	behavioural traits

	35
	Vani et al. 2026
	PDGFRA
	coat colour; reddening phenotype

	35
	Vani et al. 2026
	SLC22A31
	adaptation to tropical climates

	35
	Vani et al. 2026
	SPG7
	adaptation; lipid metabolism; nervous system development

	35
	Vani et al. 2026
	SPIRE2
	immune response

	35
	Vani et al. 2026
	TCF25
	immune response

	36
	Nayak et al. 2024
	CLOCK
	circadian regulation of gene expression

	36
	Nayak et al. 2024
	DNAJC21
	hair length and thermotolerance (HSP70 chaperone)

	36
	Nayak et al. 2024
	GBP4
	defense response to Gram-positive bacterium

	36
	Nayak et al. 2024
	KIT
	B-cell differentiation; eye area pigmentation; somatic cell count

	36
	Nayak et al. 2024
	LOC513659
	defense response to Gram-positive bacterium

	36
	Nayak et al. 2024
	LRRC32
	immune response

	36
	Nayak et al. 2024
	MITF
	white spotting; degree of spotting; eye area pigmentation

	36
	Nayak et al. 2024
	RAG1
	V(D)J recombination; adaptive immunity

	36
	Nayak et al. 2024
	RAG2
	V(D)J recombination; adaptive immunity

	36
	Nayak et al. 2024
	ZBTB17
	regulation of immune system; hair follicle morphogenesis

	38
	Venkatesan et al. 2026
	DLG2
	cellular signaling and metabolism

	38
	Venkatesan et al. 2026
	GRIK3
	glutamate receptor signaling; nervous system adaptation

	38
	Venkatesan et al. 2026
	HS3ST4
	blood clotting

	38
	Venkatesan et al. 2026
	PHACTR1
	high-altitude pulmonary adaptation; subclinical ketosis

	39
	Bhardwaj et al. 2021
	BAG2
	heat stress

	39
	Bhardwaj et al. 2021
	CS
	energy regulation; cold thermogenesis

	39
	Bhardwaj et al. 2021
	EGLN1
	high-altitude hypoxia adaptation

	39
	Bhardwaj et al. 2021
	GATM
	energy regulation; cold thermogenesis

	39
	Bhardwaj et al. 2021
	H6PD
	energy regulation; cold thermogenesis

	39
	Bhardwaj et al. 2021
	HIF1AN
	high-altitude hypoxia adaptation

	39
	Bhardwaj et al. 2021
	HMOX1
	oxidative stress; hypoxic survival

	39
	Bhardwaj et al. 2021
	HSPH1
	heat stress thermo-tolerance

	39
	Bhardwaj et al. 2021
	KIT
	coat colour

	39
	Bhardwaj et al. 2021
	MB
	high-altitude adaptation (myoglobin)

	39
	Bhardwaj et al. 2021
	MC1R
	coat colour

	39
	Bhardwaj et al. 2021
	PDGFRA
	coat colour

	39
	Bhardwaj et al. 2021
	TBK1
	immunity

	40
	Mengistie et al. 2023
	IKBKE
	pro-inflammatory TLR immune signaling

	40
	Mengistie et al. 2023
	RRAS
	tropical adaptation (Rap1 signaling)

	40
	Mengistie et al. 2023
	SOD1
	heat tolerance

	41
	Montes et al. 2019
	HEXB
	lipid metabolism; immune/inflammatory response

	41
	Montes et al. 2019
	NIT2
	innate immune system

	41
	Montes et al. 2019
	SPTBN1
	MAPK signaling

	41
	Montes et al. 2019
	TBC1D23
	inflammatory response; immune system

	42
	Goyache et al. 2021
	ARHGAP15
	trypanotolerance candidate

	42
	Goyache et al. 2021
	BoLA
	adaptive immune response; trypanotolerance

	42
	Goyache et al. 2021
	CMTM7
	trypanotolerance-related QTL (sanga)

	42
	Goyache et al. 2021
	CMTM8
	trypanotolerance-related QTL (sanga)

	42
	Goyache et al. 2021
	CTNNB1
	glycosylation; immune response; trypanotolerance QTL

	42
	Goyache et al. 2021
	DDX39B
	trypanotolerance QTL; innate immune system

	42
	Goyache et al. 2021
	FAT1
	trypanotolerance QTL region

	42
	Goyache et al. 2021
	GALNT3
	glycosylation; immune response; trypanotolerance QTL

	42
	Goyache et al. 2021
	IL1R1
	innate immunity

	42
	Goyache et al. 2021
	IL1R2
	innate immunity

	42
	Goyache et al. 2021
	IRAK2
	trypanotolerance QTL region

	42
	Goyache et al. 2021
	LTA
	immune response; trypanotolerance QTL

	42
	Goyache et al. 2021
	MLH1
	trypanotolerance QTL region

	42
	Goyache et al. 2021
	MTNR1A
	trypanotolerance QTL region

	42
	Goyache et al. 2021
	NRP1
	trypanotolerance-related QTL (sanga)

	42
	Goyache et al. 2021
	TLR3
	innate immunity; trypanotolerance QTL

	42
	Goyache et al. 2021
	TNF
	immune response; trypanotolerance QTL

	43
	Rajawat et al. 2024
	ADAMTS18
	response to stress

	43
	Rajawat et al. 2024
	BLK
	innate immune response

	43
	Rajawat et al. 2024
	BPI
	innate immune response; antibacterial

	43
	Rajawat et al. 2024
	CRTAM
	response to stress

	43
	Rajawat et al. 2024
	DDIT4
	response to hypoxia

	43
	Rajawat et al. 2024
	DNAJB12
	heat shock protein response

	43
	Rajawat et al. 2024
	HSPA8
	heat stress response

	43
	Rajawat et al. 2024
	IFNL3
	innate immune response; defense response to virus; JAK-STAT

	43
	Rajawat et al. 2024
	IL2
	tick resistance; lactation persistency

	43
	Rajawat et al. 2024
	IRF8
	defense response to virus

	43
	Rajawat et al. 2024
	LBP
	innate immune response; antibacterial

	43
	Rajawat et al. 2024
	PDGFRA
	coat colour

	43
	Rajawat et al. 2024
	RARRES2
	innate immune response; defense to Gram-negative bacteria

	43
	Rajawat et al. 2024
	SAMHD1
	viral immune response; leukosis

	43
	Rajawat et al. 2024
	UBASH3B
	response to stress

	43
	Rajawat et al. 2024
	WFDC10A
	antibacterial humoral response

	43
	Rajawat et al. 2024
	WFDC11
	antibacterial humoral response

	43
	Rajawat et al. 2024
	WFDC2
	antibacterial humoral response

	43
	Rajawat et al. 2024
	WFDC3
	antibacterial humoral response

	44
	Tiwari et al. 2025
	ADAM15
	cellular integrity under hypoxia

	44
	Tiwari et al. 2025
	ADAM9
	cellular integrity under hypoxia

	44
	Tiwari et al. 2025
	ADAMTSL4
	high-altitude adaptation

	44
	Tiwari et al. 2025
	AK4
	HIF1A signaling pathway

	44
	Tiwari et al. 2025
	BMP4
	cardiac muscle cell differentiation

	44
	Tiwari et al. 2025
	BRCA1
	DNA repair under UV/high-altitude stress

	44
	Tiwari et al. 2025
	CAV3
	muscle function; high-altitude adaptation

	44
	Tiwari et al. 2025
	CDK2
	high-altitude hypoxia adaptation

	44
	Tiwari et al. 2025
	DYSF
	angiogenesis under hypoxia

	44
	Tiwari et al. 2025
	EGLN3
	hypoxia adaptation; erythropoiesis

	44
	Tiwari et al. 2025
	EPAS1
	haemoglobin concentration; oxygen transport at high altitude

	44
	Tiwari et al. 2025
	EPHB1
	tissue development; immune response; high-altitude adaptation

	44
	Tiwari et al. 2025
	EYA1
	lung epithelial cell differentiation

	44
	Tiwari et al. 2025
	FOXP1
	cardiac muscle cell differentiation

	44
	Tiwari et al. 2025
	GATA6
	cardiac muscle differentiation; HIF1A signaling

	44
	Tiwari et al. 2025
	GRHL2
	lung epithelial cell differentiation

	44
	Tiwari et al. 2025
	HIF1A
	high-altitude hypoxia adaptation; angiogenesis

	44
	Tiwari et al. 2025
	MLH1
	DNA repair under UV/high-altitude stress

	44
	Tiwari et al. 2025
	MMP16
	high-altitude adaptation

	44
	Tiwari et al. 2025
	NUMB
	lung epithelial cell differentiation

	44
	Tiwari et al. 2025
	RAD51
	DNA repair under UV/high-altitude stress

	44
	Tiwari et al. 2025
	SAV1
	lung epithelial cell differentiation

	44
	Tiwari et al. 2025
	SENP2
	erythropoiesis; high-altitude adaptation

	44
	Tiwari et al. 2025
	SOD1
	high-altitude adaptation

	44
	Tiwari et al. 2025
	TEK
	vascular development; angiogenesis; HIF1A signaling

	44
	Tiwari et al. 2025
	VAV3
	high-altitude adaptation

	44
	Tiwari et al. 2025
	VEGFA
	high-altitude hypoxia adaptation

	44
	Tiwari et al. 2025
	VEGFC
	high-altitude adaptation; angiogenesis

	44
	Tiwari et al. 2025
	ZEB1
	angiogenesis under hypoxia

	45
	Nayak et al. 2023
	AHSA1
	positive regulation of molecular function; heat stress

	45
	Nayak et al. 2023
	C4BPA
	complement activation; immune response

	45
	Nayak et al. 2023
	CD28
	immune response; T cell proliferation

	45
	Nayak et al. 2023
	CLPB
	cellular response to heat

	45
	Nayak et al. 2023
	CSF2
	immune response; chemokine receptor binding

	45
	Nayak et al. 2023
	FER
	immune response

	45
	Nayak et al. 2023
	HSP90AB1
	cellular sensitivity to heat; protein folding

	45
	Nayak et al. 2023
	IL5RA
	cytokine binding; immune response

	45
	Nayak et al. 2023
	NOD2
	immune/adaptation related selection

	46
	Maiorano et al. 2022
	BOLA-DQA1
	MHC Class II immune response; tropical adaptation

	46
	Maiorano et al. 2022
	BOLA-DQA2
	MHC Class II immune response; tropical adaptation

	46
	Maiorano et al. 2022
	BOLA-DQA5
	MHC Class II immune response; tropical adaptation

	46
	Maiorano et al. 2022
	BOLA-DQB
	MHC Class II immune response; tropical adaptation

	46
	Maiorano et al. 2022
	BOLA-DRB3
	MHC Class II immune response; tropical adaptation

	46
	Maiorano et al. 2022
	CNPY3
	Nelore tropical adaptation

	46
	Maiorano et al. 2022
	HELB
	tropical/harsh environment adaptation; yearling weight

	46
	Maiorano et al. 2022
	ZDBF2
	thermal stress; mineral content / meat quality

	47
	Tijjani et al. 2022
	ARHGAP26
	Sudanese zebu-specific selective sweep (drylands)

	47
	Tijjani et al. 2022
	DNAJC18
	heat shock protein; heat stress response

	47
	Tijjani et al. 2022
	HOXC
	developmental gene cluster under drylands selection

	47
	Tijjani et al. 2022
	HSPA9
	heat shock protein; heat stress response

	47
	Tijjani et al. 2022
	MARCO
	innate immune response

	47
	Tijjani et al. 2022
	MSRB3
	shared zebu selective sweep (drylands adaptation)

	47
	Tijjani et al. 2022
	NR3C1
	Sudanese zebu-specific selective sweep (drylands)

	47
	Tijjani et al. 2022
	PEX10
	insulin signalling; glucose homeostasis; fat metabolism

	47
	Tijjani et al. 2022
	PLCH2
	insulin signalling; glucose homeostasis; fat metabolism

	47
	Tijjani et al. 2022
	PRKCZ
	insulin signalling; glucose homeostasis; fat metabolism

	47
	Tijjani et al. 2022
	SKI
	insulin signalling; glucose/fat metabolism; body composition

	48
	Dixit et al. 2021
	FAM19A2
	immune response (draft vs dairy selection)

	49
	Mavunga et al. 2025
	CHMP4A
	stress signaling; inflammation; viral response

	49
	Mavunga et al. 2025
	HSP90AA1
	heat tolerance / thermotolerance

	49
	Mavunga et al. 2025
	IFNAR1
	antiviral / type I interferon immune response

	49
	Mavunga et al. 2025
	IFNAR2
	antiviral / type I interferon immune response

	49
	Mavunga et al. 2025
	IFNGR2
	cytokine signaling; immune response

	49
	Mavunga et al. 2025
	IL10RB
	cytokine signaling; immune modulation

	49
	Mavunga et al. 2025
	RIPK3
	immunity; inflammation / viral response

	49
	Mavunga et al. 2025
	SERPINB1
	wound healing; immune proteolysis regulation

	49
	Mavunga et al. 2025
	SERPINB6
	wound healing; immune proteolysis regulation

	49
	Mavunga et al. 2025
	SERPINB9
	wound healing; immune proteolysis regulation

	50
	Bitew et al. 2026
	AKAP6
	stress mitigation; AAT-related selection

	50
	Bitew et al. 2026
	ATF4
	stress response; immune / trypanosome challenge

	50
	Bitew et al. 2026
	DNAJB7
	heat shock / cellular stress; trypanosome response

	50
	Bitew et al. 2026
	DNAJC18
	protein folding; cellular stress response

	50
	Bitew et al. 2026
	HOXC13
	developmental regulation under disease selection

	50
	Bitew et al. 2026
	HSPH1
	heat shock / stress adaptation; immune modulation

	50
	Bitew et al. 2026
	NFE2
	stress response and cell signaling

	50
	Bitew et al. 2026
	PDS5A
	stress mitigation; AAT-related selection

	50
	Bitew et al. 2026
	PKNOX2
	immune-modulatory; trypanotolerance (Namchi)

	50
	Bitew et al. 2026
	SPINK13
	immune response modulation; epithelial integrity

	50
	Bitew et al. 2026
	SPINK6
	immune response modulation; epithelial integrity

	50
	Bitew et al. 2026
	SPINK7
	immune response modulation; epithelial integrity

	50
	Bitew et al. 2026
	TEF
	stress response and cell signaling

	50
	Bitew et al. 2026
	UBE2K
	stress mitigation; AAT-related selection

	51
	Bahbahani et al. 2015
	ACLY
	energy production linking glucose to lipid synthesis

	51
	Bahbahani et al. 2015
	DNAJC14
	heat shock protein family; heat stress

	51
	Bahbahani et al. 2015
	DNAJC18
	heat shock protein family; heat stress

	51
	Bahbahani et al. 2015
	DNAJC7
	protein folding and heat shock response

	51
	Bahbahani et al. 2015
	DNAJC8
	heat shock protein family; heat stress

	51
	Bahbahani et al. 2015
	HSPB9
	heat shock protein family; heat stress

	51
	Bahbahani et al. 2015
	KRT
	hair structure and coat colour

	51
	Bahbahani et al. 2015
	PMEL17
	hair structure and coat colour / thermoregulation

	51
	Bahbahani et al. 2015
	PPP1R10
	heat stress response

	52
	Taye et al. 2018
	ATP2A2
	tick resistance; calcium signaling

	52
	Taye et al. 2018
	ATRN
	tick barrier; melanocyte / coat pigmentation

	52
	Taye et al. 2018
	BoLA
	MHC; tick and parasite resistance

	52
	Taye et al. 2018
	COL12A1
	skin structural integrity; tick resistance

	52
	Taye et al. 2018
	COL8A1
	skin structural integrity; tick resistance

	52
	Taye et al. 2018
	DMBT1
	GI parasite resistance; mucosal immune defense

	52
	Taye et al. 2018
	KRT33A
	skin/hair barrier; tick resistance

	52
	Taye et al. 2018
	MAPK12
	thermotolerance

	52
	Taye et al. 2018
	MC5R
	sebum secretion; skin integrity / antimicrobial

	52
	Taye et al. 2018
	MLPH
	coat pigmentation / light coat; tick resistance

	52
	Taye et al. 2018
	PLCB1
	thermotolerance / heat tolerance

	52
	Taye et al. 2018
	PRG3
	tick resistance; extracellular matrix barrier

	52
	Taye et al. 2018
	RAB17
	coat pigmentation / melanocyte biology

	52
	Taye et al. 2018
	RAB37
	coat pigmentation / melanocyte biology

	52
	Taye et al. 2018
	SGPL1
	thermotolerance / sphingolipid heat response

	52
	Taye et al. 2018
	SLC25A48
	tick resistance; antigen recognition

	52
	Taye et al. 2018
	SLC45A2
	coat pigmentation; light coat / tick resistance

	52
	Taye et al. 2018
	TGM1
	calcium signaling; host response to tick challenge

	52
	Taye et al. 2018
	TGM3
	calcium signaling; tick challenge response

	52
	Taye et al. 2018
	TNFAIP8L3
	tick resistance; antigen recognition

	53
	Kumar et al. 2024
	CADM1
	autoimmunity

	53
	Kumar et al. 2024
	RELB
	autoimmunity

	53
	Kumar et al. 2024
	SP110
	bovine paratuberculosis susceptibility

	54
	Ge et al. 2026
	ADCY4
	ion channel/metabolism; heat-humid adaptation

	54
	Ge et al. 2026
	CFDP2
	disease resistance QTLs; tropical adaptation/immunity

	54
	Ge et al. 2026
	TRPC4
	thermoregulation; tropical/humid environment adaptation

	55
	Mei et al. 2017
	ERCC2
	coat color

	55
	Mei et al. 2017
	MAP2K1
	coat color

	55
	Mei et al. 2017
	MC1R
	coat color

	55
	Mei et al. 2017
	ZBTB17
	coat color

	57
	Edea et al. 2018
	AKIRIN2
	immune response

	57
	Edea et al. 2018
	CMPK1
	thermo-tolerance; DNA damage repair

	57
	Edea et al. 2018
	EIF2AK4
	thermo-tolerance; DNA damage repair / stress

	57
	Edea et al. 2018
	ERBB3
	coat color / pigmentation

	57
	Edea et al. 2018
	HSF1
	thermo-tolerance; cellular integrity under stress

	57
	Edea et al. 2018
	HSPA4
	thermo-tolerance; cellular stress response

	57
	Edea et al. 2018
	MYO1A
	coat color / pigmentation

	57
	Edea et al. 2018
	PIK3CD
	immune regulation

	58
	Li et al. 2019
	CBFA2T3
	immunity / disease resistance

	58
	Li et al. 2019
	HSF1
	heat shock response

	58
	Li et al. 2019
	LIPH
	immunity / disease resistance

	58
	Li et al. 2019
	PLCB1
	oxidative stress response; heat tolerance

	58
	Li et al. 2019
	PLCB4
	oxidative stress response; heat tolerance

	58
	Li et al. 2019
	RAB31
	coat color

	58
	Li et al. 2019
	TP63
	reproduction; immunity


* Study number based on the order in Table 2.

