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Table 1 : CRISPR/Cas9 Applications and Targets for Sustainable Coffee Production
	Target Category
	Target Gene(s)
	Approach
	Objective
	Status
	Reference

	Caffeine Modulation
	XMT1, MXMT1, DXMT1/DXMT2
	CRISPR/Cas9 knockout
	Development of decaffeinated coffee varieties; reduction of caffeine content
	Proof-of-concept in C. canephora
	[13,17,18]

	Caffeine Modulation
	DXMT (CCS1)
	Base editing / knockout
	Complete blockage of caffeine biosynthesis pathway
	Research phase
	[17,18]

	Disease Resistance
	Cc09g01890 (PPR gene)
	CRISPR/Cas9 knockout
	Evaluation of pentatricopeptide repeat protein role in pest defense
	In silico sgRNA design validated
	[19]

	Disease Resistance
	Susceptibility (S) genes
	CRISPR/Cas9 knockout
	Development of broad-spectrum and durable resistance to Hemileia vastatrix
	Research phase
	[20]

	Disease Resistance
	NLR genes (1,311 loci)
	Gene editing / knockout
	Enhancement of effector-triggered immunity against CLR, CBD
	Research phase
	[21]

	Disease Resistance
	RLK genes (634 genes)
	Gene editing
	Improvement of pattern-triggered immunity and pathogen recognition
	Research phase
	[22]



	Target Category
	Target Gene(s)
	Approach
	Objective
	Status
	Reference

	Disease Resistance
	MLP genes (miraculin-like proteins)
	Gene editing / overexpression
	Enhancement of resistance to root-knot nematodes (M. incognita)
	Research phase
	[23]

	Drought Tolerance
	DREB1D-F1
	CRISPR activation / base editing
	Enhancement of dehydration-responsive gene expression
	Research phase
	[24,25]

	Drought Tolerance
	PP2C phosphatases
	CRISPR/Cas9 knockout
	Removal of negative regulators of ABA signaling
	Research phase
	[24]

	Drought Tolerance
	DH1 (dehydrin), LEA genes
	Overexpression / gene editing
	Protection of cellular structures during desiccation
	Research phase
	[24,26]

	Heat Tolerance
	HSP70, CPN20, CPN60
	CRISPR activation / base editing
	Enhancement of protein folding and protection under heat stress
	Research phase
	[24,27]

	Heat Tolerance
	ELIP (early light-induced protein)
	CRISPR activation
	Protection of photosynthetic apparatus from photooxidative damage
	Research phase
	[24]

	Cold Tolerance
	ICE1, CBF, COR genes
	CRISPR activation / base editing
	Enhancement of freezing tolerance pathway
	Research phase
	[25,28]

	Cold Tolerance
	WOX genes (CaWOX2a, CaWOX2b, CaWOX8a, CaWOX8b)
	Gene editing
	Improvement of cold-stress response
	Research phase
	[28]

	
	
	
	
	
	



	Target Category
	Target Gene(s)
	Approach
	Objective
	Status
	Reference

	Oxidative Stress
	SOD, APX, CAT, GR
	CRISPR activation / overexpression
	Enhancement of ROS detoxification capacity
	Research phase
	[24,27]

	Metal Tolerance
	MATE transporters
	CRISPR activation / overexpression
	Enhancement of aluminium tolerance through citrate exudation
	Research phase
	[29]

	Metal Tolerance
	MT (metallothioneins), Ferritin
	Overexpression / gene editing
	Improvement of metal homeostasis and detoxification
	Research phase
	[30]

	Quality Traits
	CaTPS10-like (limonene synthase)
	CRISPR activation / overexpression
	Enhancement of citrus aroma in specialty coffee varieties
	Research phase
	[31]

	Quality Traits
	CcSPS1, CaInv3, CcInv4
	CRISPR/Cas9 knockout of invertases
	Enhancement of sucrose accumulation in coffee beans
	Research phase
	[32]

	Quality Traits
	CaCPS1, CaKS3
	CRISPR activation / overexpression
	Enhancement of diterpene (cafestol, kahweol) biosynthesis
	Research phase
	[33]

	Quality Traits
	CTgS1, CTgS2
	CRISPR activation
	Enhancement of trigonelline content for niacin production
	Research phase
	[34]

	Quality Traits
	PAL, C4H, 4CL, HCT, HQT
	Gene editing
	Modulation of chlorogenic acid content and profile
	Research phase
	[35]

	
	
	
	
	
	



	Target Category
	Target Gene(s)
	Approach
	Objective
	Status
	Reference

	Delivery Method
	Agrobacterium tumefaciens
	Stable transformation
	Delivery of CRISPR/Cas9 constructs into embryogenic calli
	Established
	[13,17]

	Delivery Method
	Protoplasts
	RNP delivery
	DNA-free editing without transgene integration
	Emerging
	[18,36]

	
	
	
	
	
	

	Target Category
	Target Gene(s)
	Approach
	Objective
	Status
	Reference

	Delivery Method
	Polyamines (putrescine, spermidine, spermine)
	Supplement for protoplast culture
	Enhancement of cell division and microcallus formation
	Research phase
	[18]

	Challenge
	Polyploidy (2n = 4x = 44)
	Multi-allelic editing
	Simultaneous targeting of multiple homeologs
	Bottleneck
	[18,37]

	Challenge
	Regeneration
	Protoplast-to-plant
	Efficient regeneration of whole plants from protoplasts
	Bottleneck
	[18,36]

	Regulatory
	Gene editing regulations
	Country-specific frameworks
	Compliance with GMO/gene editing regulations
	Variable
	[38,39]

	Consumer Acceptance
	Transparency and communication
	Public engagement
	Building trust and acceptance of gene-edited coffee
	Ongoing
	[40,41]






Table 2: Coffee By-Products and Valorization
	By-Product
	Source
	Current Use
	Biotechnological Application
	Key Compounds / Products
	Reference

	Spent Coffee Grounds (SCGs)
	Brewing
	Landfill, compost, incineration
	Bioenergy production; organic fertilizers; nanomaterials; bioactive compounds
	Bio-oil, biochar, biodiesel, antioxidants (chlorogenic acids, melanoidins), cellulose nanofibers
	[8,42]

	Coffee Husk
	Processing (dry milling)
	Fuel, compost, animal feed
	Biogas production; organic fertilizer; bioactive extracts; adsorbents
	Biogas (methane), potassium-rich fertilizer, polyphenols, xylooligosaccharides
	[8,43]

	Coffee Pulp
	Processing (wet milling)
	Compost, animal feed, landfill
	Bioactive compounds; enzymes; bioethanol; pectin extraction
	Pectin, sugars, bioethanol, cellulases, hemicellulases, antioxidants
	[8,43]

	Coffee Silverskin
	Roasting
	Waste, low-value animal feed
	Antioxidants; dietary fiber; prebiotics; cosmetic ingredients
	Dietary fiber, chlorogenic acids, caffeine, melanoidins, prebiotic oligosaccharides
	[8,44]

	Coffee Mucilage
	Processing (wet milling)
	Waste, occasionally compost
	Pectin; sugars; bioethanol; hydrocolloids
	Pectin, glucose, fructose, sucrose, bioethanol, food hydrocolloids
	[8,43]





	By-Product
	Source
	Current Use
	Biotechnological Application
	Key Compounds / Products
	Reference

	Coffee Wastewater
	Processing (wet milling)
	Environmental burden
	Bioremediation; nutrient recovery; bioenergy; irrigation
	Bioremediated water, recovered nutrients (N, P, K), biogas, biomass
	[8,45]

	Coffee Cherry Skin
	Processing
	Waste
	Bioactive compounds; animal feed; fertilizer
	Anthocyanins, flavonoids, dietary fiber, potassium
	[8]

	Coffee Wood / Pruning Residues
	Plantation management
	Fuel, compost
	Bioenergy; biochar; activated carbon
	Biochar, activated carbon, heat energy
	[8,46]

	Defective Beans
	Processing (sorting)
	Waste, low-value products
	Bioactive compounds; oil extraction; bioenergy
	Coffee oil, antioxidants, bioenergy
	[8]

	Coffee Leaf
	Plantation management
	Waste, occasionally tea
	Bioactive compounds; functional food ingredients
	Antioxidants, chlorogenic acids, caffeine, flavonoids
	[8]









Table 3: Summary of Key Coffee Gene Families, Functions, and Applications for Sustainable Production
	Gene Family
	Representative Genes
	Gene Count in C. arabica
	Function
	Pathway / Process
	Breeding / Biotech Application
	Reference

	N-Methyltransferase (NMT)
	CaXMT1, CaXMT2, CaMXMT1, CaMXMT2, CaDXMT1, CaDXMT2
	27 (14 Cc + 13 Ce)
	Catalyze sequential SAM-dependent N-methylation steps in caffeine biosynthesis
	Purine alkaloid biosynthesis
	Decaffeinated coffee via CRISPR knockout of XMT or DXMT; modulation of caffeine content
	[1,2,3]

	NLR (Nucleotide-Binding Leucine-Rich Repeat)
	TIR-NLR (TNL); non-TNL (CC-NBS-LRR)
	1,311 loci (809 complete)
	Mediate effector-triggered immunity (ETI) against pathogens
	Plant innate immunity
	Disease resistance breeding; functional markers for CLR, CBD, and other pathogens
	[4]

	Receptor-Like Kinase (RLK)
	CaRLK family; HdT_LRR_RLK1, HdT_LRR_RLK2
	634 (LRR-RLK: 249; RLCK-RLK: 145)
	Signal perception and transduction; pathogen recognition
	PTI and defense signaling
	Resistance to Hemileia vastatrix; candidate genes for MAS
	[5,6]

	Terpene Synthase (TPS)
	CaTPS10-like (limonene synthase); TPS-a, TPS-b, TPS-g subfamilies
	~69
	Catalyze formation of terpenoid aroma compounds
	Terpenoid biosynthesis (MVA/MEP)
	Aroma and flavor improvement; limonene enhancement in specialty varieties
	[7,8]

	Gene Family
	Representative Genes
	Gene Count in C. arabica
	Function
	Pathway / Process
	Breeding / Biotech Application
	Reference

	AP2/ERF
	Subgroup IX (disease resistance); CaERF1–7
	47+ DEGs (24 in Cc subgenome)
	Regulate development and stress responses
	Ethylene signaling; defense
	Stress tolerance; disease resistance; expansion in Cc subgenome
	[9]

	NAC
	NAC25-like; CaNAC family
	161
	Regulate senescence, development, and stress responses
	Transcriptional regulation
	Cold tolerance; fruit development; senescence regulation
	[10,11,12]

	Lipoxygenase (LOX)
	CaLOX family
	18
	Catalyze oxygenation of polyunsaturated fatty acids
	Oxylipin pathway; JA biosynthesis
	Defense signaling; aroma precursor formation; hypersensitive response
	[13]

	Aquaporin
	CcPIP2, CcTIP2
	9 (PIP + TIP)
	Facilitate water transport across membranes
	Water transport; drought response
	Drought tolerance; water use efficiency
	[14,15]

	Sucrose Phosphate Synthase (SPS) / Invertase
	CcSPS1, CaInv3, CcInv4, CcInvI2, CcInvI3
	Multiple isoforms
	Control sucrose synthesis and breakdown
	Sucrose metabolism
	Flavor precursor enhancement; sucrose accumulation in Arabica
	[16]

	
	
	
	
	
	
	




	Gene Family
	Representative Genes
	Gene Count in C. arabica
	Function
	Pathway / Process
	Breeding / Biotech Application
	Reference

	Oleosin / Steroleosin
	CcOLE-1 to CcOLE-5; CcSTO-1
	6
	Stabilize oil bodies in seeds
	Lipid storage
	Mouthfeel and aroma; oil body engineering
	[17]

	WRKY
	CaWRKY1a, CaWRKY1b; WRKY family
	31+ DEGs
	Regulate defense, senescence, and development
	Transcriptional regulation
	Disease resistance; senescence regulation
	[18]

	MYB
	CaMYB family
	56+ DEGs
	Regulate anthocyanin, carotenoid, and phenylpropanoid biosynthesis
	Transcriptional regulation
	Fruit color; quality traits; stress response
	[19]

	bHLH
	CabHLH family
	43+ DEGs
	Regulate secondary metabolism and development
	Transcriptional regulation
	Anthocyanin biosynthesis; fruit coloration
	[19]

	MADS-box
	CaAP1/CAL, CaAP3, CaPI, CaAG, CaMADS7, CaMADS39
	21+ DEGs
	Control floral organ identity and development
	Flower development
	Flowering time; reproductive development
	[20]

	HSF (Heat Shock Factor)
	CaHSF family; CaHSFA9
	Genome-wide
	Regulate heat shock protein expression
	Heat stress response
	Heat tolerance; chaperone regulation
	[21]



	Gene Family
	Representative Genes
	Gene Count in C. arabica
	Function
	Pathway / Process
	Breeding / Biotech Application
	Reference

	DREB
	DREB1D-F1
	Multiple
	Regulate dehydration-responsive gene expression
	ABA-dependent stress signaling
	Drought tolerance; cold tolerance
	[15,22]

	HSP70 / Chaperonin
	HSP70, CPN20, CPN60, ELIP
	Multiple
	Protein folding and protection under stress
	Chaperone system
	Heat and drought tolerance; protein homeostasis
	[15,22]

	LEA (Late Embryogenesis Abundant)
	CaLEA family; DH1 (dehydrin)
	Multiple
	Protect cellular structures during desiccation
	Desiccation tolerance
	Seed vigor; drought tolerance
	[15]

	PAL / C4H / 4CL / HCT / HQT
	PAL, C4H, 4CL, HCT, HQT
	Multiple isoforms
	Catalyze chlorogenic acid biosynthesis
	Phenylpropanoid pathway
	Quality traits; antioxidant capacity; astringency modulation
	[16]

	CCoAOMT
	CCoAOMT
	Multiple
	Methylate caffeoyl-CoA to feruloyl-CoA
	Phenylpropanoid pathway
	Lignin biosynthesis; FQA production
	[16]

	FUS3 / WRI1 / LEC1 / BBM
	FUS3, WRI1, LEC1, BBM
	Multiple
	Regulate seed maturation and storage compound accumulation
	Seed development
	Oil and galactomannan accumulation; seed quality
	[23]

	Gene Family
	Representative Genes
	Gene Count in C. arabica
	Function
	Pathway / Process
	Breeding / Biotech Application
	Reference

	SWEET
	SWEET15
	Multiple
	Mediate sugar efflux during senescence
	Sugar transport
	Nutrient remobilization; senescence
	[23]

	ATG8 / ATG12
	ATG8C, ATG12
	Multiple
	Regulate autophagy and protein degradation
	Autophagy
	Stress tolerance; nutrient recycling
	[23]

	PEX
	CaPEX16, CaPEX11
	Multiple
	Regulate peroxisome biogenesis and proliferation
	Peroxisome function
	ROS homeostasis; stress response
	[23]

	CRISPR-associated
	Cas9, Cas12
	N/A (tool)
	RNA-guided endonuclease for genome editing
	Genome editing
	Targeted mutagenesis; DNA-free editing
	[24,25]













Table 4 : Carbon Footprint of Coffee Products and Emission Reduction Strategies
	Product / Stage
	Carbon Footprint (kg CO₂e)
	Main Contributors
	Contribution (%)
	Emission Reduction Strategy
	Reference

	300 mL Latte
	0.967
	Consumption stage
	52.88% (0.511 kg CO₂e)
	Energy-efficient brewing; renewable electricity; reduced milk waste
	[1]

	300 mL Americano
	0.878
	Consumption stage
	48.07% (0.422 kg CO₂e)
	Energy-efficient brewing; renewable electricity; reduced water waste
	[1]

	Cultivation Stage
	~70–75% of total
	Fertilizers, energy, land use
	70–75%
	Organic fertilizers; precision agriculture; agroforestry; cover crops
	[1,2]

	Roasting / Hulling
	>90% of ecotoxicity
	Energy, emissions
	>90% (ecotoxicity)
	Efficient roasting machinery; heat recovery; renewable energy
	[1,3]

	Processing (Drying)
	2.1 MJ/kg
	Energy for drying
	—
	Solar drying (reduces to 1.5 MJ/kg; 28% reduction)
	[1]

	Packaging
	~4% of total
	Materials, transport
	~4%
	Recyclable/biodegradable packaging; local sourcing
	[1]

	Distribution / Transport
	Variable
	Fuel, logistics
	Variable
	Local roasting; optimized logistics; electric vehicles
	[1]

	Waste Management
	Variable
	Landfill, decomposition
	Variable
	Biogas production (1.2 MJ/kg); composting; valorization
	[1,4]

	Whole Value Chain
	Variable
	Cultivation dominant
	70–75% (cultivation)
	Net Energy Ratio (NER) improvement from 0.82 to 2.2
	[1]

	Carbon-Neutral Coffee
	Certified
	All stages
	—
	Certification schemes; carbon offsets; regenerative practices
	[1,5]



Table 6: Coffee Biotechnology Applications by Sector for Sustainable Production
	Sector
	Application
	Technology
	Status
	Sustainability Benefit
	Reference

	Agriculture
	Improved varieties
	MAS, GS, gene editing
	Commercial / Research
	Higher productivity; reduced land pressure
	[1,2]

	Agriculture
	Stress tolerance
	Transgenics, gene editing (DREB1D, HSP70)
	Research
	Climate resilience; reduced crop losses
	[3,4]

	Agriculture
	Disease resistance
	NLR, S-genes, MAS, gene pyramiding
	Research / Commercial
	Reduced fungicide use; stable yields
	[2,5]

	Agriculture
	F1 hybrids
	Somatic embryogenesis, male sterility
	Commercial / Pilot
	+30–40% yield; climate resilience
	[6,7]

	Agriculture
	Speed breeding
	Genomics tools, controlled environments
	Implementation
	8-year variety development
	[8]

	Food Industry
	Decaffeinated coffee
	RNAi, gene knockout (XMT, DXMT)
	Research
	Solvent-free decaffeination; preserved flavor
	[9,10]

	Food Industry
	Quality enhancement
	Metabolic engineering (sucrose, lipids, CGA)
	Research
	Enhanced flavor; consistent quality
	[11,12]

	Food Industry
	Flavor improvement
	Terpene synthases (CaTPS10-like)
	Research
	Enhanced aroma; specialty market value
	[13]

	Food Industry
	Fermentation
	Starter cultures; controlled fermentation
	Implementation
	Consistent quality; reduced processing time
	[14]

	Health / Nutrition
	Bioactive compounds
	Metabolic engineering (CGA, diterpenes)
	Research
	Antioxidant, anti-inflammatory benefits
	[15,16]

	Health / Nutrition
	Antioxidants
	Phenylpropanoid pathway enhancement
	Research
	Health-promoting properties
	[17]

	Health / Nutrition
	Vitamins (niacin)
	Trigonelline modulation (CTgS1, CTgS2)
	Research
	Enhanced nutritional value
	[18]

	Environment
	Carbon sequestration
	Agroforestry, perennial cropping
	Implementation
	Carbon storage; climate mitigation
	[19,20]

	Environment
	Waste valorization
	Circular bioeconomy (SCGs, husk, pulp)
	Emerging
	Reduced landfill; value creation
	[21,22]

	Environment
	Bioremediation
	Microbial consortia; coffee wastewater
	Research
	Clean water; nutrient recovery
	[21]

	Environment
	Soil health
	Mycorrhizal symbiosis; organic fertilizers
	Implementation
	Improved nutrient uptake; reduced inputs
	[23]

	Industry
	Nanomaterials
	Coffee-derived (SCGs)
	Emerging
	High-value biomedical/environmental applications
	[21]

	Industry
	Bioenergy
	Biogas, biodiesel from coffee waste
	Emerging
	Renewable energy; positive NER
	[22]

	Industry
	Bioplastics
	Coffee by-products
	Emerging
	Reduced plastic pollution
	[21]

	Industry
	Adsorbents
	Activated carbon from husk
	Emerging
	Water treatment; environmental remediation
	[21]



Table 7: Global Coffee Production and Economic Significance for Sustainable Production
	Parameter
	Value / Projection
	Relevance to Sustainability
	Reference

	Global Production (2025/26)
	178.8 – 183.6 million bags
	Record production levels place pressure on natural resources
	[1,2]

	Production Increase
	4.4% from previous year
	Rising demand requires sustainable intensification
	[2]

	Global Consumption (2025/26)
	173.9 million bags (record)
	Increasing demand drives need for resource-efficient production
	[1]

	Arabica Share
	60–70% of global production
	Arabica's narrow genetic base increases vulnerability
	[3,4]

	Robusta Share
	30–40% of global production
	Robusta's greater stress tolerance offers climate resilience
	[3,4]

	Smallholder Contribution
	>95% in some regions
	Smallholder livelihoods central to sustainability agenda
	[5]

	Average Farm Size
	~1 hectare
	Limited resources require low-input sustainable practices
	[5]

	Major Exporters
	Brazil, Vietnam, Colombia
	Concentration of production affects supply chain sustainability
	[1]

	Robusta Production Growth (Indonesia)
	+1.7 million bags to 11.0 million bags
	Expansion requires sustainable land management
	[1]

	Water Footprint
	Higher unit water footprint than other crops
	Water use efficiency critical for sustainability
	[6]

	Market Concentration
	Top 15 companies command 55% of roasted coffee water footprint
	Equity concerns in value chain sustainability
	[6]

	Carbon Footprint (Cultivation)
	70–75% of total
	Cultivation practices dominate environmental impact
	[7]

	Carbon Footprint (Consumption)
	48–53% (Latte/Americano)
	Consumption stage is major contributor to emissions
	[7]

	Net Energy Ratio (NER)
	0.82 (current) → 2.2 (potential)
	Sustainable practices can achieve positive energy balance
	[7]

	R&D Funding Gap
	$452 million annually
	Investment gap constrains sustainability innovation
	[8]

	Climate Vulnerability
	50% of coffee lands unsuitable by 2050
	Urgent need for climate-resilient varieties
	[9]

	Tree Replacement Need
	Half of world's coffee trees by 2030
	Massive scale of replanting requires sustainable seed systems
	[10]




