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ABSTRACT 

Maize (Zea mays L) is a multi-purpose cereal used for both food and fodder purposes. Its fodder has many beneficial characteristics, 

such as palatability, silage quality, digestibility, and high energy density, making it a suitable option for dairy cows, but it has one 

major issue: low Zn content. Zn is one of the most essential micronutrients nutritionally for dairy animals as it is required for proper 

growth, development, and enzymatic activities. Current maize cultivars have very low Zn content; lower Zn content negatively 

affects dairy animals, causing diseases like parakeratosis and lameness, which also affect the animal's everyday life. To uplift Zn 

contents in maize fodder, biofortification is the most feasible option. The efficiency of Zn fortification is influenced by some factors, 

such as the technique used, genotype responses, soil properties, geographical parameters, and the requirements of farmers. 

Biofortification techniques, such as genetic and agronomic fortification, can be very helpful in enhancing the nutritional value of 

the fodder. Through these techniques, the Zn concentration in maize can be elevated according to the daily requirement of dairy 

cows. Future work should focus on the development of superior maize fodder varieties with increased Zn contents, along with their 

integration with proper agronomic practices specific to agro-ecological conditions. This review deals with the dietary importance 

of zinc in dairy cows, diseases caused by Zn deficiency in dairy cows, biofortification of maize with Zn, and methods used for 

biofortification of maize.  
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1. INTRODUCTION 

Maize (Zea mays L) is one of the most essential cereal crop around the world and has the highest genetic yield potential among all 

the cereals (Salman et al., 2022; Purwanto et al., 2025; Sharif et al., 2026). More than 130 countries cultivate the maize crop, as it 

can be easily grown in a wide range of environmental conditions. (Hossain et al., 2021; Mukhtiar et al., 2024; Ali et al., 2025). 

Maize is widely used as animal feed, as it has the best nutritional profile among the non-legume fodders when it cut in optimal size 

(Salman et al., 2022; Syamsu et al., 2025). Milk is a nutritious diet for human beings, and milk buffalo and cow nutrition balance 

is very important for its production (Raza et al., 2025). Maize forage, being high in energy and low in protein, can be given as a 

combination with alfalfa as a protein source and used as feed for dairy cattle (Blume et al., 2021;  Karnatam et al., 2023). Maize 

fodder is prioritized for silage, as it has properties, like greater starch contents, softness, and suitable soluble sugars for optimal 

forage preservation (Selim et al., 2024; Bashir and Mahmud, 2025; Wróbel et al., 2025). The worldwide maize silage market is 

expected to expand by 7.84% from 2021 to 2030. Maize contains many vital micronutrients, such as zinc, selenium, magnesium, 

and iron, which are required in small amounts (mg/kg), but are vital for the proper growth and development of farm animals, 
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including maintaining health, productivity, and reproduction rates (Bonou et al., 2024; Farooq et al., 2025). These are mainly 

enzyme activators, components of proteins, and regulate the physiological activities, i.e., digestion, lactation, reproduction, and 

metabolic efficiency (Fadlalla, 2022; Karnatam et al., 2023). 

Zn is a key enzyme activator, as more than 300 enzymes are catalyzed by it, including enzymes like RNA polymerase and carbonic 

anhydrase (Solanki, 2021).  It is important for muscle development as it activates satellite cells, which further promote proliferation 

and differentiation via ERK, and PI3K (Phosphoinositide 3-kinase)/Akt signaling, which results in myofiber and myotube 

formation (Hernández-Camacho et al., 2020). Proper development of the placenta and fetus is also associated with Zn concentration 

(Messersmith et al., 2021; Kumar et al., 2025). Optimum zinc levels have a beneficial effect on udder health, while Zn deficiency 

can ultimately lead to mastitis (Libera et al., 2021). Mastitis and general health problems form major indications of liver diseases 

that cause reduced milk production in dairy cows, which lowers productivity drastically (Muhammad and Ali, 2024; Kamal et al., 

2025). There are a lot of anti-microbial drugs used against mastitis, but their resistance is also a big issue (Widiastuti et al., 2025). 

One health approach to cure mastitis by management is essential (Hossain et al 2025). Healthy puberty, oestrus onset, management, 

and fertility rate are also affected by zinc content. Zn also has an integral role in the movement and protection of vitamins A and E; 

Vitamin A (retinol) requires a carrier named Retinol-Binding Protein (RBP) as it cannot move alone in blood serum. In the liver, 

Zn is required for the development of RBPs. Moreover, free radicals are removed or reduced by Zn-Superoxide dismutase (Zn-

SOD); this activity is also Zn-dependent and protects vitamin E from depletion. It takes part in cell division and cell repair, also 

sustains the function of deoxythymidine kinase by maintaining perfect amounts of adenosine (5′) tetraphosphate (5′)-adenosine for 

proper DNA synthesis in the cell (Keshri et al., 2021). Different enzymes like Alcohol dehydrogenase, Carbonic anhydrase, Cu/Zn 

Superoxide dismutase (SOD1), and Alkaline phosphatase are all catalyzed or influenced by Zn (Wang et al., 2022) 

The amount of zinc required for dairy cows depends on the physiological stage of the cow. Based on milk production, a dairy cow 

requires 6mg Zn per 100g of dry matter (Oconitrillo et al., 2024).  Maize fodder contains 0.46mg of zinc per 100g, which is 

drastically low compared to the required amount. Moreover, only around 15% of Zn in maize fodder is bioavailable for dairy cows. 

(Baseggio et al., 2021; Bakr et al., 2023). Global climate change is also a big issue for livestock (Naqvi  et al., 2025; Qamar et al., 

2025; Sarwar et al., 2025). Both hot and cold climate produce negative effect on all crops including maize (Chang, 2025). Feed 

rationing can be done to counter this issue, but it is not suitable for completing the zinc requirements of dairy cows due to its 

availability issue throughout the year (Daniel and Martín-Tereso, 2025). To elevate Zn contents, fortification of maize fodder with 

Zn can be done. Fortification can be defined as the process by which we enhance the nutritional value of a food by adding nutrients 

like vitamins or minerals, nutrients that are important to overcome dietary deficiencies and are required for the proper growth and 

development of the animal body. Several methods can be used for fortification of maize fodder, like Genetic (conventional breeding) 

biofortification, Transgenic biofortification (genetic engineering), Nano-fortification, Chemical fortification, Agronomic 

biofortification, Food fortification (post-harvest fortification), Microbial-assisted biofortification, and Metabolic engineering 

(Ammar et al., 2024; Azeem et al., 2025; Murtaza et al., 2025). Genetic biofortification is the type of fortification in which we use 

conventional breeding techniques to elevate the Zn content in the crop (Avnee et al., 2023; Imtaiz, 2025). Transgenic biofortification 

uses genetic engineering and modern biotechnology for the same purpose, while in agronomic biofortification, fertilizers or 

nutrient-rich amendments are mostly used to increase Zn contents (Hina et al., 2023). Due to the vast gap between requirement and 

supply, there is an urgent need for biofortification in maize through genetic improvement using conventional breeding or through 

biotechnology. In this regard, Guatemala was the first country to introduce biofortified maize varieties named ICTA HB-18 and 

ICTA B-15 with enhanced Zn content, developed by the International Maize and Wheat Improvement Center (CIMMYT) through 

the conventional breeding method. These varieties are highly renowned among local farmers due to their traits, including high 

protein content, early maturity, high zinc content, and larger kernel size. For example, tortillas made from ICTA B0-15 contain 60% 

more zinc compared to other tortillas made from other commercial varieties, and kernels of ICTA HB-18 have 15% more zinc than 

other commercial varieties (Boddupalli et al., 2025). Along with Guatemala, many other countries are also working on the 

development of biofortified maize cultivars. Artificial Intelligence (AI) also play its role in sustainable crop management through 

genetic interventions (Irfan, 2024; Ali et al., 2025; Muhammad Ahad, 2025; Tariq, 2025). Molecular techniques like CRIPRs Cas 

and other are also used for molecular evaluation of gene study in plants including maize (Fatima, 2025). This review discusses the 

dietary importance of zinc, its daily requirement in dairy cows,   low Zn concentration in maize fodder, metabolic diseases caused 

by the deficiency of Zn in dairy cows, biofortification of maize with Zn to resolve this issue, and methods used for biofortification 

of maize.   

 

2. Dietary importance of zinc in dairy cows   

In dairy cows, Zn is also crucial due to its role as a major enzymatic catalyst; enzymes like Alkaline Phosphatase (ALP) and Lactate 

Dehydrogenase (LDH) are Zn-dependent for their activation (Solanki, 2021). It improves resistance against diseases as it is required 

for the production and activation of necessary defensive cells like neutrophils and T-lymphocytes. Zinc aids these cells in 

identifying and eliminating harmful disease-causing agents like bacteria. After vaccination, it helps T-lymphocytes in the production 

of antibodies, strengthens wound healing, and promotes overall health. T cells require thymulin hormone for their differentiation 

and adaptive responses; thymulin is also regulated by zinc (Majumdar et al., 2025). For the protection of intestinal mucosa from 

oxidative damage, the enzyme Cu/Zn-SOD promotes the disproportionation reaction of superoxide anions through the copper-zinc 

active center, which inhibits the peroxidation of lipids and retains the intestinal mucosal barrier (Yousif et al., 2024; Yang and Lui, 

2025). With enough zinc, the antioxidant enzymes work properly and effectively remove harmful free radicals that further decrease 

the oxidative stress in cows during transition and early lactation, which is elevated during this time (Abuelo et al., 2019). Enhanced 

zinc content or zinc supplementation improves pregnancy rates and strengthens ovarian operations by improving early embryonic 

survival in dairy cows (Anam et al., 2021; Vallejos-Fernández  et al., 2025). Normal zinc levels improve wound healing due to the 
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high expression of proteins responsible for healing, like Vascular Endothelial Growth Factor (VEGF) and Fms-like tyrosine kinase 

1 (FLT1) (Kamrani et al., 2024). Two more important enzymes catalyzed by Zn are carboxypeptidase and Carbonic anhydrase. 

Carbonic anhydrase regulates the carbon dioxide level in the blood, the conversion of CO2 into bicarbonates, and the bicarbonates 

back to CO2, while the carboxypeptidase enzyme is responsible for breaking down proteins in the animal body. In the 

Carboxypeptidase enzyme, the carbonyl group (C=O) binds with Zn, and by creating a coordinate covalent bond with the peptide 

terminus, it gives a positive charge to carbon. The protein's polar portion is attracted to the hydrophobic pocket of the enzyme 

during digestion, which is present near the zinc site (Keshri et al., 2021). Feed quality enormously affects the productivity of dairy 

cow’s notable percentage occupied by essential macro and micronutrients like Zn (Silvi et al., 2024) 

 

3. Metabolic Consequences of Zinc Augmentation in Cattle 

Experimental evidence has shown that elevated Zn levels have multiple positive outcomes on the health, growth, productivity, and 

metabolism of dairy cows. For example, during study, when pre-ruminant calves were supplemented with zinc (up to 80 mg/kg) of 

dry matter in the form of zinc hydroxychloride or zinc sulfate, these supplementations resulted in significant improvements in the 

feed intake, body weight, average daily body mass gain, insulin-like growth factor, and thyroxin concentrations in supplemented 

calves after 90 days. Plasma zinc, as well as zinc retention, also increased upon supplementation, which validated the enhanced 

metabolic status (Pal et al., 2021; Oconitrillo et al., 2024).  Dietary zinc (54 to 174 mg/kg DM) caused a linear improvement in 

plasma zinc, and a quicker recovery of the dry matter intake after transport stress (by day 2) in beef steers. The post-transit average 

daily gain (ADG) and muscle energy were better in supplemented steers (Heiderscheit & Hansen, 2022). Increasing the dietary 

zinc-methionine levels of the high-producing dairy cow by 76-97 mg/kg DM enhanced post-peak milk and milk protein yields and 

decreased the somatic cell count (SCC), indicating improved dairy cows' udder health and metabolic performance. This was linked 

to better antioxidant signs and a reduction in oxidative stress (Hidalgo, 2021; Mesgaran et al., 2022; Oconitrillo et al., 2024). In 

ruminant research, zinc supplementation always enhanced average daily gain (17.4 g/day), dry matter intake, and feed ratio (by 

1.56 g/ g). On the other hand, the effect of the organic sources of Zn, like zinc proteinate and zinc-methionine, depends on the dose 

size (Ángeles-Hernández et al., 2021; Kusuma et al., 2024; Darabi et al., 2025). ZIP transporters are responsible for Zn influx into 

the cytoplasm from the extracellular space in the form of Zn+2, from the cytosol. Excess Zn is controlled by metallothioneins, 

which buffer and release. Zn+2 when needed. Zn is then distributed to organelles, where it acts as an enzyme cofactor, supports the 

DNA process, and regulates signaling pathways involved in metabolism and cell growth. This whole process has been discussed in 

Figure 1 

 
Figure 1: cellular zinc metabolism and signaling pathway 
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4. Disease caused by zinc deficiency in dairy cows  

Zinc shortage can lead to a range of different diseases, such as parakeratosis, lameness, and hoof horn deformation. Parakeratosis 

is a skin disease characterized by symptoms such as harsh, dense, and crusty skin, deformed hoof horn, joint swelling and 

malformation, and reduced reproductive rates (Nikulin et al., 2021; Abed et al., 2024). Zn is crucial for antioxidant defense as it is 

vital for maintaining enzymes like superoxide dismutase and metallothionein. Lower Zn contents impair spermatogenesis in dairy 

animals primarily by disrupting antioxidant defense (Sun et al.,2023; Zeng et al., 2023). This disruption results in reduced 

reproductive capacity and maturity, sperm density, testis size, and mating interest in bulls (Nair et al., 2025).  

Zn deficiency in dairy cows can directly or indirectly cause a number of issues, like small litter size, reduced fertility rates, ovulatory 

issues, delayed puberty, and embryo implantation failure (Kumar et al., 2025). It disturbs mitochondrial function, which alters the 

development of ovarian follicles. This causes autophagy inhibition, oxidative stress, and elevated apoptosis in ovarian cells, 

ultimately decreasing the number of mature follicles and reducing anti-Mullerian hormone (AMH) levels, which are essential for 

follicle maturation (Liu et al., 2024). Truthful egg activation post-fertilization is also influenced by Zn, which also helps in 

maintaining meiotic arrest of the oocyte. Lower Zn contents can negatively affect these stages by lowering fertilization efficiency 

(Garner et al.,2021). Zn deficiency before fertilization lowers placental growth and trophoblast differentiation, resulting in high 

pregnancy failure rates, stunted embryo, and poor embryo implantation (Liu et al., 2024). Synthesis of collagen, a crucial 

component of the extracellular supportive matrix of the dermis, is also regulated by Zn contents. Induction of type I collagen gene 

expression and matrix deposition are both controlled by Zn; on the other hand, low Zn levels can decrease the level of procollagen 

I and extracellular collagen. Zn also authorities prolyl and lysyl hydroxylases enzyme important for collagen maturation (Molenda 

and Kolmas, 2023; Kiouri et al., 2024).  

Zn also plays a key role in wound healing by initiating the formation of new blood vessels at the affected (wounded) site (Hassan 

et al., 2021). Moreover, it is also involved in cellular migration to the injury site for further assistance in wound healing. Cells like 

fibroblasts, epithelial cells, and immune cells proliferate and migrate under the influence of Zn in collaboration with enzymes such 

as metalloproteinases. For example, the fibroblast movement and growth are facilitated by matrix metalloproteinases (MMPs), 

which degrade the extracellular matrix barriers and liberate growth factors bound to the matrix, which not only creates a physical 

route to move but also activates the proliferation process (Chen et al., 2023). It also participates in the process of breaking down, 

remolding injured tissue, and developing new healthy tissue to attain delayed wound healing by low Zn contents (Shi et al., 2024; 

Ding et al., 2025). Zn deficiency also affects the immune system by compromising the cell-mediated and humoral immune system, 

making animals more susceptible to disease-causing agents (Yao et al., 2025). It acts as a building block of the organic extracellular 

matrix of the bone called the ossein. Moreover, it acts as a catalyst for many enzymes that produce other components of ossein, and 

it also maintains the process of bone catabolism. Extreme Zn deficiency can cause abnormalities in bone development and growth, 

and can lead to weak bones, swollen joints, stiffness, and higher fracture risk (Ciosek et al., 2023; Sadri et al., 2025).   

 

Dietary enzymes influenced by Zn 

The importance of Zn as an enzymatic activator is mentioned above; it not only has a very pivotal role in activation, but also in 

proper working, structural stabilization, and protection of enzymes. These enzymes are involved in metabolic and physiological 

processes in dairy animals. Some of these enzymes that play important dietary roles in dairy cows and are affected by Zn have been 

mentioned in Table 1, with their class, specific role in the cows, physiological importance, mode of action, and location.
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Table 1 Dietary Enzymes influenced by Zinc in dairy cows 

Enzyme name Class Location Mode of action Role of 

zinc 

Function in 

dairy cows 

 

Physiological 

importance 

References 

Zn 

superoxide dismutase (Sod1) 

Oxidoreductase Mammary gland, live Through the 

intercellular 

antioxidant 

defense system 

 

Serves as a 

cofactor 

Plays an 

important role in 

the Regulation of 

GCs apoptosis 

under heat stress, 

Regulates cell 

cycle progression 

and plays an 

important role in 

hormonal 

regulation. 

Udder protection and 

resistance against 

mastitis 

 

(Khan et al., 

2021; Ateya et 

al., 2022; 

Saxena et al., 

2022; Lokesha 

et al., 2025; 

Purwantiningsih 

et al., 2025; 

Wang et al., 

2025) 

 

MMP2 (Matrix 

Metalloproteinase 2), MMP9 

(Matrix Metalloproteinase 9) 

Hydrolase Blood serum, ovarian 

tissue 

 

Releases matrix-

bound growth 

factors through 

ECM 

(extracellular 

matrix) 

degradation, 

involved in 

exposing cryptic 

binding sites, 

which further 

help in 

angiogenesis, cell 

signaling, and 

migration 

Catalyst Helps in the 

structural 

remolding of the 

uterus during 

uterine 

involution 

 

Degrades structural 

scaffolds like 

collagen and other 

proteins. 

 

(Cabral-

Pacheco et al., 

2020; Ghosh et 

al., 2024; 

Grötter et al., 

2025) 
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ALP (Alkaline Phosphatase) Hydrolase Cell surface and 

matrix vesicles 

 

Hydrolyses 

phosphate ester 

and releases 

inorganic 

phosphate at an 

acidic pH. 

 

Cofactor Bone 

mineralization, 

liver function, 

and nutrient 

absorption 

Related to 

osteoblastic activities, 

the level of ALP 

represents the rate of 

bone calcification. 

(Lowe et al., 

2023; Dhal et 

al., 2025; 

Phanrungsuwa 

et al., 2025; 

Swetha et al., 

2025) 

Lactate Dehydrogenase 

(LDH) 

Oxidoreductase Present in almost all 

tissues, but abundant 

in muscle tissue, 

liver, and kidney 

 

Interconversion 

of pyruvic acid 

into lactic acid 

 

It 

modulates 

the activity 

of LDH. 

Cellular energy 

production, 

especially under 

low oxygen 

levels 

An important 

biomarker to detect 

mastitis 

(Camacho et al., 

2020; Farhana 

and Lappin., 

2023; Adnan & 

Al-Abady, 

2024; Barrak et 

al., 2024; 

Hernández- 

Novac et al., 

2025) 

Carbonic Anhydrase Lyase Mammary glands, 

epithelial cells 

 

Catalyzes the 

reversible 

reaction of the 

conversion of 

carbon dioxide 

and bicarbonates 

 

Catalyst Electrolyte 

transport, pH 

regulation, 

respiration, bone 

resorption, and 

strengthening 

Plays a vital role in 

vascular functions 

(Wong et al., 

2020; Hirakawa 

et al., 2021; 

Yrjänäinen et 

al., 2022; 

Lionetto, 2023; 

García-Llorca 

et al., 2024) 

 

Glutamate Dehydrogenase 

(GDH) 

oxidoreductase In neuroendocrine 

cells, 

 

Relates the 

multifunctional 

amino acid 

glutamate, which 

is closely 

associated with 

glutamate 

metabolism, to 

the Krebs cycle. 

Modulatory Maintains the 

synthesis and 

uptake of 

glutamate 

Plays a vital role in 

protein and 

carbohydrate 

metabolism 

(Gazioglu et al., 

2021;  Zhou et 

al., 2025) 

DNA polymerase Polymerase Nucleus and 

mitochondria 

 

Reads existing 

DNA strand and 

adds 

complementary 

nucleotides to the 

template strand in 

the 5 to 3 

direction 

Stabilizes 

the 

structure of 

the enzyme 

Adds nucleotides 

to the template 

strand for DNA 

synthesis during 

DNA replication 

Important for DNA 

replication, it 

transfers genetic 

information from the 

parent to the 

offspring. 

(Nikoomanzar 

et al., 2020; Wu 

& Wu, 2023; 

Tian et al., 

2024) 
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RNA polymerase Polymerase Nucleus and 

mitochondria 

 

Transcribes DNA 

into tRNA, 

mRNA, and 

rRNA 

Stabilizes 

the enzyme 

and can 

regulate 

degradation 

and 

recycling 

Initiates gene 

expression 

Transcribes DNA into 

RNA 

(Kornienko et 

al., 2024; Wang 

et al., 2026) 

 

Fructose-1,6-Bisphosphatase Hydrolase Liver and kidney 

 

Converts 

Fructose-1,6-

Bisphosphate into 

Fructose-1,6-

phosphate 

Acts as a 

cofactor 

Key enzyme in 

gluconeogenesis, 

Glucose 

formation in 

early lactation 

Helps maintain blood 

glucose levels during 

starvation 

(Liu et al., 

2025; Chang & 

wang, 2026; 

Kumar et al., 

2026) 

 

Alcohol Dehydrogenase 

(ADH) 

Oxidoreductase Cytoplasm 

 

Catalyzes the 

oxidation of 

alcohols to 

aldehydes/ketones 

 

Acts as a 

catalyst 

Through 

metabolism, 

Detoxifies 

ethanol and other 

aldehydes from 

animal feed 

Helps in the 

metabolism of 

alcohols and 

aldehydes 

(Habte & 

Beyene, 2020; 

Gyaneshwari et 

al., 2023; Zhang 

et al.,2023; 

Alberto et al., 

2026) 

 

Carboxypeptidase A Hydrolase Pancreas/ small 

intestine 

 

Acts by 

hydrolyzing 

peptide bonds at 

the carboxy 

terminal 

 

Acts as a 

catalyst 

 

Releases C-

terminal 

aromatic amino 

acids from 

peptides to 

catalyze protein 

digestion  
 

Helps in protein 

digestion 

(Auld, 2025;  

Kumari and 

Sharma, 2025; 

Li et al., 2025) 

 

Carboxypeptidase B Hydrolase Pancreas/ small 

intestine 

 

Hydrolyzes 

peptide bonds at 

the C-terminal of 

Arg/Lys 

 

Stabilizes 

the enzyme 

Releases C-

terminal basic 

amino acids from 

peptides 

Helps in protein 

digestion 

(Adeluola et al., 

2025; Li et al., 

2025; Shukla, 

2025) 

 

Δ5-Desaturase Oxidoreductase Endoplasmic 

Reticulum (ER) 

membrane 

 

Introduces double 

bonds into fatty 

acids 

 

Zn 

stabilizes 

enzyme 

structure 

and 

activity. 

Convert fatty 

acids to 

polyunsaturated 

fatty acids for 

milk fat 

PUFA( 

Polyunsaturated Fatty 

Acid) synthesis 

(Banaszak & 

Górna, 2025; 

Mansilla et al., 

2025) 

Δ6-Desaturase Oxidoreductase ER membrane 

 

Catalyzes the 

insertion of 

double bonds into 

fatty acids 

Zn require 

for proper 

enzyme 

activity 

Converts linoleic 

and linolenic 

acids to GLA and 

SDA for milk fat 

PUFA synthesis (Du et al., 2025; 

Shetty & 

Shetty, 2025) 
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5.  Zn biofortification in maize   

Currently, there is a huge gap between the requirement and availability of Zn levels in the maize plant in accordance to dairy cows. To overcome this issue, fortification practices, 

involves improving the nutritional value of foods by adding essential vitamins and minerals, are considered the most effective way of enhancing Zn levels in maize (ÇÖVEN, 2024). 

This practice is typically implemented to combat widespread deficiencies of these nutrients. Fortification can be achieved through various methods, such as coating with zinc (Yadav 

et al., 2023; Prajapati & Sharma, 2024; Ahmad et al., 2025). The simplest method of biofortification is genetic biofortification, as many Biofortified Varieties with enhanced Zn 

levels have been developed, such as BIO-MZN01 in Colombia, created by CIMMYT in collaboration with Harvest Plus, International Center for Tropical Agriculture (CIAT), and 

the Consultative Group on International Agricultural Research (CGIAR) through their maize research program (Komolafe et al., 2025). BIO-MZN01 contains 36% more it in the 

kernel compared to other varieties, along with improved Zn content, it also possesses many other desirable traits, such as high yield potential (up to 8 tons per hectare), resistance to 

major maize diseases (rust, gray leaf spot, and northern leaf blight), and consistent yields across various farming systems and even at high altitudes from sea level, making it a 

comprehensive package for farmers (Gashu et al., 2021; Nazli and  Zahra, 2024; Ali, 2025). CIMMYT also released varieties such as ICTA HB-18 and ICTA B-15 in Guatemala, 

which have enhanced Zn content; both were developed through conventional breeding (Boddupalli et al., 2025). 

Along with this, in countries such as India, Pakistan, and Bangladesh, work on zinc-fortified varieties is ongoing, with many fortified lines developed by research institutes in 

collaboration with CIMMYT (Tanveer et al., 2024). Biofortified maize usually attains 30 to 34mg Zn concentrations in kernels, whereas in traditional maize varieties, the 

concentration is 20 to 22mg (Goredema-Matongera et al., 2021). This is accomplished by using conventional plant breeding techniques. There is greater bioavailability of organic 

sources of Zn, like zinc-amino acid chelates, zinc-methionine, compared to inorganic sources. The organic Zn is used to increase levels of Zn in the blood and milk of dairy cows for 

better immune and antioxidant responses, along with increased digestibility of Zn and other nutrients (Hidalgo, 2021; Dresler et al., 2023; Klein et al., 2025; Li et al., 2025). Organic 

Zn supplementation is a significant way to increase the Zn concentration in the milk and blood serum, implying better absorption and transfer of Zn in body tissues and milk (Cai et 

al., 2021; Xu et al., 2021; Kusuma et al., 2024). Zn oxide in the nano-size also demonstrates great bioavailability and remains at approximately the same or even higher concentrations 

of Zn in plasma and milk than organic zinc, and has no detrimental effects on health or milk production (Bakhshizadeh et al., 2019; Al-Gheffari et al., 2024; Iqbal et al., 2024). 

Histone Deacetylase 

(HDAC) 

Transferase Nucleus 

 

Deacetylation of 

histones, which 

suppresses 

transcription. 

 

stabilizes 

the 

catalytic 

domain 

Alters the gene 

expression in 

mammary and 

liver cells. 

Regulation of Gene 

Expression 

 

 

(Kumar et al., 

2022; Bozdemir 

& Uysal, 2023; 

Aybek et al., 

2025) 

 

Matrix Metalloproteinase 1 

(MMP-1) 

Hydrolase 

(metalloprotease) 

Extracellular/Secreted 

 

Cleaves collagen 

and ECM proteins 

 

for 

proteolytic 

activity 

ECM turnover in 

the udder and 

connective tissue 

Tissue remodeling 

 

(Dalton, 2023; 

Fu et al., 2023; 

Dewangan et 

al., 2025) 

 

Thymidine Kinase Transferase Cytoplasm/nucleus Phosphorylates 

thymidine to 

TMP for DNA 

replication 

 

stabilizes 

enzyme 

structure 

Supports the 

proliferation of 

immune and 

mammary gland 

cells 

DNA synthesis and 

repair 

 

(Costa 

Syedman et al., 

2022; Lee et al., 

2022) 

 

Carboxyl Esterase Hydrolase Cytoplasm/Liver 

 

Hydrolyzes ester 

bonds in lipids 

 

Acts as a 

catalyst 

Hydrolysis of 

esterified lipids 

and 

detoxification of 

compounds 

Lipid metabolism (Rafeeq et al., 

2022; Sachet-

Fernandez et 

al., 2024) 
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6. Biofortification of maize through conventional breeding  

There are several strategies used for fortification, and among these, breeding maize to develop Zn-fortified varieties is one of the 

most innovative techniques to achieve this goal (Iqbal et al., 2024; Matumba et al., 2025). For example, in conventional breeding 

programs, the first step is to acquire desired germplasm, which is evaluated to discover genetic diversity that helps identify parent 

plants for crossing (Ebert et al., 2023). Genetic diversity across the germplasm aids in developing a fortified variety with superior 

agronomic traits that appeal to farmers (Gupta and Lowe., 2025). Maize shows high genetic divergence for Zn accumulation. 

CIMMYT screened 1,400 genotypes and 400 landraces, revealing significant genetic variation in kernel Zn content (Shariatipour 

Variety Origin Year of 

release 

Targeted 

nutrient 

Technique 

used 

Developed 

by 

Key features References 

ICTA HB-

18 

Guatemala 2018 Zinc Conventional 

breeding 

CIMMYT High Zn 

concentration, 

15% more 

kernel Zn than 

other 

commercial 

varieties 

(Goredema et al., 

2021; Botoman et 

al., 2022) 

 

 

ICTA B-

15 

Guatemala 2019 Zn Conventional 

breeding 

CIMMYT Enhanced zinc, 

along with good 

agronomic 

traits, 36% 

more kernel 

zinc 

(Goredema et al., 

2021; Botoman et 

al., 2022; Khan et 

al., 2023) 

BIO-

MZN01 

Columbia 2018 Zn Pedigree 

selection 

CIMMYT, 

Harvest Plus, 

CIAT, and 

CIGAR 

Elevated Zn 

contents, high-

yielding, and 

disease 

resistance 

(Goredema et al., 

2021) 

Obatanpa Ghana 1992 Quality 

protein, high 

lysine & 

tryptophan 

Recurrent 

selection and 

backcross 

breeding 

Crop 

Research 

Institute 

(CRI), Ghana 

Biofortified, 

Higher yield 

than other  local 

maize, good 

productivity 

under scarce 

input conditions 

(Tandzi et al., 

2017; Adu et al., 

2021; Abdul 

Rahman et al., 

2022; Pimpong, 

2022; Ummer  et 

al., 2024) 

 

GV662A Zambia 2012 Pro-vitamin Conventional 

Hybrid 

breeding 

CIMMYT Pest resistance, 

biofortified 

(Johnmark et al., 

2022; Mingramm 

et al., 2024) 

 

HQPM-5 India 2007 QPM (Quality 

protein in 

maize) 

Hybrid 

breeding 

Indian 

Agricultural 

Research 

Institute 

(IARI) 

High-yielding, 

biofortified for 

quality protein 

in  maize 

(Zunjare et al., 

2018; Goredema 

et al., 2021) 

(Mingramm et al., 

2024) 

ZS261 Zimbabwe 2006 QPM (Quality 

protein in 

maize) 

Conventional 

Hybrid 

breeding 

CIMMYT Biofortified for 

QPM, high-

yielding, and 

yield stability 

under a 

different set of 

environments 

(Goredema-

Matongera et al., 

2021;   Mebratu et 

al., 2019; Engida 

et al., 2024; 

Mebratu et al., 

2024; Xiao et al., 

2024) 

Sammaz 

52(PVA  

SYN  13) 

Nigeria 2017 Pro-vitamins 

A 

(provitamin-A 

carotenoids 

like β-

carotene) 

Conventional 

breeding along 

with MAS 

IITA, in 

partnership 

with the 

Institute of 

Agricultural 

Research 

Orange  maize, 

maturity in 110 

to 120 days, 

and resistant to 

major maize 

diseases 

(Iseghohi et al., 

2020; Are et al., 

2023; Sirajo et al., 

2024; Akintunde 

et al., 2025) 

HKZM-1 Sub-saharan 

Africa 

Under 

trials 

Zinc Conventional 

breeding 

IITA and 

CIMMYT 

High kernel zn (Taleon et al., 

2023; Taleon et 

al., 2024) 
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et al., 2020; Djalovic et al., 2024). Some inbred lines from the International Institute of Tropical Agriculture (IITA, Nigeria) 

displayed remarkably high Zn levels, ranging from 14 to 180% above the trial average (Gupta and Lowe., 2025). Modern maize 

genotypes tend to have lower Zn contents compared to landraces (Cetiner et al., 2023). Currently, plant breeding focuses on 

increasing grain yield, and an increase in yield often correlates with a decline in quality (Boddupalli et al., 2025).  

Landraces generally have larger grains and better soil adaptation, resulting in higher grain quality. Conversely, fortified varieties 

need to have high yield potential to be attractive to farmers (Vázquez-Carrillo et al., 2024; Azeem et al., 2025). Therefore, selecting 

the most suitable germplasm for the breeding program is crucial for parent selection (Mujtaba and Firdous, 2025). In addition to 

evaluating variation, understanding the molecular and genetic basis of Zn accumulation in maize aids in selecting parents and 

improving the chances of developing superior plants. After parent selection, germplasm is crossed, and the F1 generation is grown 

to verify successful hybridization. Subsequently, in the F2 generation, superior plants are selected, focusing on the best fortified 

lines. Superior lines are selected and are subjected to further generational advancements. To check the Zn levels, early selection 

techniques like Absorption Spectroscopy (AAS) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) can 

be used to obtain high-throughput analysis, as they use chemical or microwave-assisted sample digestion (Rawat et al., 2024).  

 

7.Biofortified varieties approved around the globe 

Development of biofortified varieties is one of the primary objectives for breeders around the world to tackle malnutrition, hidden 

hunger, and attain global food security. In this regard many biofortified varieties are developed and approved throughout the world. 

These varieties have enhanced micronutrient contents along with improved agronomic traits. These varieties are mentioned in Table 

2 along with their origin, year of release, targeted nutrient, breeding method used, and other key features of the varieties.   

Table 2 Biofortified Varieties developed around the world 

 

 

8.Biotech, Omics, MAS, and mutation-based Maize fortification   

If the required diversity is not found, then we can move towards biotechnology or mutation breeding, and more advanced concepts 

like omics. In biotechnology, the desired gene can be injected into maize by using tools like CRISPR-CAS without any species 

barrier. CRISPR works in a very systematic way to perform genome editing using two domains of Cas-9 endonucleases, the HNH 

domain incises one strand of DNA, while the RuvC-like domain is responsible for cutting the other strand of DNA, causing a 

double-stranded break. Following these DNA injuries, the internal repair system of the plant, by default, repairs DSBs in vivo, 

using error-prone non-homologous end-joining. As a result, huge insertions or fragment replacements can be made (Kumar et al., 

2024), and in mutation breeding, seed or plants are exposed to mutagens like Ethyl Methane sulfonate (EMS) to cause mutation 

(Shamshad et al., 2023; Rupasinghe, 2024). Then, after securing the desired mutant, the plant with the mutant is propagated and 

multiplied (Spinoso-Castillo et al., 2025).  

Advanced techniques, such as Omics, can be employed by conducting large-scale studies at the molecular level by integrating 

genomics, phenomics, transcriptomics, proteomics, metabolomics, and epigenomics (Azeem et al., 2025). Marker-assisted selection 

(MAS) can also be beneficial for maize biofortification; there are approximately 17 QTLs, and 10 meta-QTLs are associated with 

Zn concentration in maize. Along with these, 17 genes across contrasting families are responsible for endosperm Zn-Fe 

accumulation, 26 SNPs, and 12 SNPs are present on 9 different chromosomes, which play a vital role in Zn contents of the parental 

population of maize. The effectiveness of MAS heavily relies on the germplasm, the distance between the marker and the gene of 

interest, selection based on the marker in each generation, and gene-environment interaction, which still need to be studied 

thoroughly to manage Zn fortification more efficiently (Basnet et al., 2022). Both conventional and biotech-driven varietal 

development techniques, along with their complete pathway and key features, are demonstrated in Figure 2 

 

9. Agronomic fortification of maize  

The genetic range of Zn concentration in maize is very low, due to limiting breeding-based fortification, the other option for 

biofortification is agronomic fortification, which improves the nutritional profile through targeted agronomic practices (Xue et al., 

2023). These practices include the incorporation of fertilizers, such as Zn sulphate (ZnSO₄·7H₂O), into the soil before sowing, as 

well as the foliar application of ZnSO₄ on the standing crop (Kumar et al., 2024), but ZnSO₄ has low efficiency as plants only 

absorb 4-8% of applied zinc (Farooq et al., 2025). Foliar application up to 2000 mg ZnSO₄.7H₂O per kg or 425 mg of actual Zn 

per kg of spray solution is believed to be beneficial and safe for maize leaves. However, maize is not markedly receptive to the use 

of foliar fertilization and, therefore, foliar spray can be observed as incomplete in addressing the crop's Zn requirement (Xue et al., 

2023).  

When Zn is applied in soils, it can easily be chemically transformed into sparingly soluble and unavailable forms depending on the 

soil type, chemical, and physical traits of the soil (Sethi et al., 2025). Nevertheless, these immobilized Zn forms can be transformed 

back into plant-available forms by bioaugmentation with zinc-solubilizing bacteria, which release Zn because of a biological 

reaction (Yadav et al., 2021). Similarly, vesicular-arbuscular mycorrhizal (VAM) biofertilizers improve the availability and uptake 

of Zn by acidifying the rhizosphere and allowing external mycelium access to tightly bound zinc, making it available to plants. 

(Singh et al., 2024; Mohan et al., 2025). Soil application of Zn sulphate, Foliar application through using ZnSO4-7H2O, seed 

priming with Zn sulphate, and vesicular arbuscular mycorrhizal biofertilizers, all these techniques are shown and explained in 

Figure 3 
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Figure 3 Methods for agronomic biofortification of Maize 

 

Figure 2: conventional and transgenic variety development program 
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10. Effect of biofortified maize fodder on the productivity of dairy cows  

Agronomic Biofortified maize grown on adequately fertile soil can partially meet the dietary needs of dairy cows. Milking cows 

require 63mg/kg DM Zn, on the other hand, heifers require 31mg/kg DM Zn, and the value for dry cows is 22.8 mg/kg DM as per 

these values, agronomic biofortified maize can meet the dietary requirements of dry cows and heifers, as average maize shoot DM 

Zn lies between 7 and 24 mg/kg. (Sinclair et al., 2015; Grujcic et al., 2021; Mthi et al., 2021). To meet the Zn requirements of 

milking cows, the genetic potential for Zn concentration in maize can be enhanced through genetic biofortification (Kaya, 2025). 

As Zn is associated with keratin production, enhanced Zn in fodder can result in improved hoof and skin health. If Zn levels are 

low in fodder, it can lead to growth retardation, compromised immunity, and decreased milk production (Oconitrillo et al., 2024). 

Milk Zn concentration is greatly influenced by forage quality. Biofortified maize with enriched Zn increases milk production in 

cows, improves reproductive efficiency, and reduces susceptibility to infectious diseases such as metritis and mastitis (Kumar and 

Ram, 2021; Altaf et al., 2025; Sadi et al., 2025).   

Zn-enriched maize fodder can minimize the chances of mastitis incidences, as metabolic diseases like ketosis and hypercalcemia 

indirectly increase the risk of mastitis; these are maximized by compromised immunity and physical injuries. Adequate Zn results 

in lower somatic cell count and declined milk amyloid A levels. Elevated Zn in fodder improves the stability of mammary 

epithelium, enhances immunity, and protects intestinal mucosa from oxidative harm (Khan et al., 2024; Majumdar et al., 2025; 

Yang and Lui, 2025). Proper Zn in fodder improves efficiency, maximizing productivity (Angeles-Hernandez et al., 2021; Ogbuewu 

et al., 2023; Zarghami et al., 2025). Zn fortified feed has a good influence on immunity, antioxidant defense, and biochemicals 

associated with inflammatory reactions. An improved Zn profile positively correlates with feed efficiency. Dietary Zn profile was 

also enhanced, leading to a significant improvement in the efficiency of the diet. Animal milk that contained organic concentrations 

of Zn exhibited higher levels of zinc, which indicated a high bioavailability of the mineral. Besides, alterations in the milk fatty 

acidation that may help in human nutrition were also observed (Amriani et al., 2025; Klein et al., 2025). Organic forms of zinc, 

such as zinc-methionine, enhance antioxidant activity, improve immune markers, and reduce inflammation in cows by promoting 

leukocytes and antibodies (Mesgaran et al., 2022). The mechanistic association of zinc deficiency with epidermal diseases like 

parakeratosis, and the high predisposition to bacterial mastitis in dairy cows, along with the protective physiological functions of 

zinc in the maintenance of epithelial integrity, antioxidant protection, and immunity, and also the ability of zinc-biofortified maize 

to enhance zinc nutrition and the incidence of epidermal diseases, is discussed in Figure 4. 

 
Figure 4 Effect of zinc deficiency on skin integrity, immune function, and mastitis susceptibility in dairy cows 

 
11. Challenges and future prospects 

Although maize is an essential crop, it faces different climate and nutritional deficiency challenges continuously (Tariq et al., 2022). 

Single-nutrient biofortification, such as Zn in maize, faces several major challenges that undermine its effectiveness. Agricultural 

soils worldwide, especially in arid and tropical areas, are extremely low in naturally available Zn, which limits the impact of Zn 



Genetics and Molecular Research 25 (10s): 2026 

13 

fortification efforts (Goredema-Matongera et al., 2021; Gedil et al., 2024). Mycotoxins also poison maize crops which ultimately 

compromises animal health (Khatoon et al., 2025). Moreover, Zn uptake by maize plant is also retarded by soil properties like High 

pH, low soil organic matter, and soil compaction and aeration, and presence of silicates, phosphatase, and oxides due to excess 

fertilization which reacts with Zn and make it unavailable for maize plant (Suganya et al., 2020; Jalal et al.,2022; Van Eynde et 

al.,2023). Most of the time, Zn fertilization does not affect maize yield; it only increases Zn concentration, which is a drawback 

from a farmer's perspective (Mutambu et al., 2023). Usually, maize varieties have very low Zn concentration, and breeding for Zn 

fortification in maize is a very complex process (Jalal et al., 2022). The grain yield has a negative relationship with the Zn 

concentration, the dilution effect: the higher the yield, the lower the Zn concentration in the grain can be, and thus it is hard to get 

both high yield and high Zn at the same time (Matongera et al., 2023; Mutambu et al., 2023). Drought stress and salinity are also 

big issues for maize production (Hussnain et al., 2025; Tariq et al., 2025; Tariq et al., 2026). So, farmers awareness for all crop 

production and nutritional balance is essential (Haider et al., 2025). 

If somehow biofortification is achieved against all odds, then maintaining high nutrient composition along with high yielding and 

pest resistance to make it attractive to farmers is even more challenging and complex (Arif et al., 2025; Paul et al., 2024; Sen et al., 

2024). Zn is needed by dairy cows to be healthy and produce milk, but when consumed in excess amounts, it causes toxicity, 

decreased feed consumption, and metabolic disorders. The majority of the studies demonstrate that supplementing at levels below 

100 mg/kg dry matter (DM) has benefits, but supplementing beyond that range has the potential of reducing the intake of dry matter 

and causing a reduction in milk production in the short term. High Zn supplementation has a short-term effect of reducing feed 

intake and milk production, particularly during the initial stages of feeding, but long-term supplementation may increase milk 

production and udder health (Oconitrillo et al., 2024). When there is excess zinc, it may affect the absorption of other trace minerals, 

especially copper, and cause deficiencies unless it is corrected. Maize also has phytic acid that can bind Zn and make it less 

bioavailable to cows, but it is less important to ruminants because microbial phytases are present. Excessive supplementation can 

cause Zn to be expelled into manure, potentially causing environmental pollution if not used appropriately. The farmers may have 

to spend more money on feeds that have been fortified and also on zinc-specific sources (Kumar et al., 2021; Mesgaran et al., 

2022). 

Zn is a crucial micronutrient required by dairy cows at different stages of their life cycle, and present-day fodder does not fulfill 

the requirement of Zn for dairy cows. To tackle this problem of concern, efforts should be made in a direction to make fodders rich 

with Zn through biofortification. More varieties with high Zn concentration should be developed using modern techniques like 

QTL mapping, GWAS (Genome-Wide Association Studies), genome selection, speed breeding, phenomics, omics, MAS, and 

genetic engineering (Suthar, 2025). Breeding programs should be based on developing high-yielding, highly palatable Zn 

biofortified varieties that can be cultivated in a vast range of climatic conditions, having the potential to attract farmers. Along with 

biofortified varieties, soil degradation should be controlled, and degraded soils should be recovered. To enhance Zn contents, the 

best agronomic practices should be used. In this way, the metabolic disease caused by Zn deficiency in dairy cows can be controlled.  

 

12. CONCLUSION  

Maize is the most important cereal fodder, but it has some major shortcomings in its nutritional profile, as it is low in important 

micronutrients like Zn. It is one of the most influential enzymatic activators with more than 300 important enzymes dependent on 

it directly or indirectly. With low Zn contents, maize fails to provide a balanced diet to dairy cows, to maintain proper growth and 

high productivity, which is why there is a need of the time to enhance the nutritional profile of maize through biofortification. 

Genetic, agronomic, and other approaches can be used to achieve the goal of enhancing Zn contents in maize. Through genetic 

approaches, breeding programs can be designed to enhance Zn contents, and modern biotechnological tools like CRISPR-CAS9 

can be used to achieve genetic biofortification. Another way to go is agronomic fortification, which can be done through better 

agronomic practices, like fertilization, along with fortification. These varieties must have good agronomic characteristics to attract 

farmers. Some varieties have been developed that have high Zn contents, but those varieties are area-specific. To tackle this issue 

effectively, a widely adoptable maize variety that can be cultivated in different sets of environmental conditions should be 

developed. Research institutes like CIMMYT are working on this topic, which can lead to a suitable solution for this problem. 
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10.9775/kvfd.2023.30306  

47. Dalton, C. (2023). Quantifying fibronectin mechanical properties using antibody mediated optical tweezing (AMOT). 

Doctoral dissertation, Virginia Commonwealth University. https://doi.org/10.25772/GQW8-2S2 

48. Daniel, J., & Martín Tereso, J. (2025). Review: Homeostatic boundaries to dietary Zn, Cu and Mn supply in cattle. Animal, 

19, 101532. https://doi.org/10.1016/j.animal.2025.101532 

https://doi.org/10.1007/s44165-025-00185-2
https://doi.org/10.4314/sajas.v49i5.11
https://doi.org/10.2478/aoas-2023-0019
https://doi.org/10.3390/metabo15090595
https://doi.org/10.58806/ijhmr.2024.v3i07n02
https://doi.org/10.1093/g3journal/jkab186
https://doi.org/10.65822/j.pcl/2025.21
https://doi.org/10.1016/j.heliyon.2022.e12593
https://doi.org/10.3220/LBF1615894157000
https://doi.org/10.1007/978-3-031-84342-6_3
https://doi.org/10.47278/journal.abr/2024.039
https://doi.org/10.1038/s41598-022-12014-w
https://doi.org/10.1002/dvg.23518
https://doi.org/10.3390/ijms21249739
https://doi.org/10.1016/j.aninu.2021.06.003
https://doi.org/10.1007/s00217-022-04187-9
https://doi.org/10.65822/j.mpl/2025.001
https://doi.org/10.1210/endrev/bnaf030
https://doi.org/10.1007/s13770-023-00536-x
https://doi.org/10.3390/ijerph20032197
https://doi.org/10.1080/0284186X.2022.2084542
https://doi.org/10.25772/GQW8-2S2
https://doi.org/10.1016/j.animal.2025.101532


Genetics and Molecular Research 25 (10s): 2026 

16 

49. Darabi, M., Hozhabri, F., Piray, A., & Foroutanifar, S. (2025). Zinc supplementation on growth performance, mineral 

metabolism and nutrient digestibility in lambs: A systematic review and dose response meta-analysis. Biological Trace 

Element Research. https://doi.org/10.1007/s12011-025-04669-z 

50. Dewangan, A., Nandy, S. K., Das, A. K., Sharma, A., & Sharma, L. (2026). Enzymatic biomarkers for early diagnosis of 

Alzheimer's disease: Uncovering key targets and mechanisms. CNS Neurological Disorders Drug Targets. 

https://doi.org/10.2174/1871527325666260112123456 

51. Dhal, A., Aviña, A. E., Chang, C. J., Chen, C. I., & Yang, T. S. (2025). SERS based miniaturized biosensors for alkaline 

phosphatase detection: Towards intelligent, real time diagnostics in precision medicine. Biosensors and Bioelectronics, 

117793. https://doi.org/10.1016/j.bios.2025.117793 

52. Ding, T., Zang, G., Ding, S., Ding, M., & Xiong, X. (2025). Role of iron in atherosclerosis: A narrative review. Journal of 

Xiangya Medicine, 10. https://doi.org/10.21037/jxym-24-57 

53. Djalovic, I., Prasad, P. V. V., Akhtar, K., et al. (2024). Nitrogen fertilization and cultivar interactions determine maize yield 

and grain mineral composition in calcareous soil under semiarid conditions. Plants, 13, 844. 

https://doi.org/10.3390/plants13060844 

54. Dresler, S., Illek, J., Cebulska, K., & Šoch, M. (2023). Effect of organic zinc supplementation on hematological, mineral, 

and metabolic profile in dairy cows in early lactation. Polish Journal of Veterinary Sciences, 26, 675–686. 

https://doi.org/10.24425/pjvs.2023.148287 

55. Du, Z., Sun, K., Xu, S., & Qiu, X. (2025). Structural analysis of a membrane associated delta 6 fatty acid desaturase from 

Prorocentrum micans. Journal of Phycology, 61, 161–171. https://doi.org/10.1111/jpy.13540 

56. Ebert, A. W., Engels, J. M. M., Schafleitner, R., van Hintum, T., & Mwila, G. (2023). Critical review of the increasing 

complexity of access and benefit sharing policies of genetic resources for genebank curators and plant breeders—A public and 

private sector perspective. Plants, 12, 2992. https://doi.org/10.3390/plants12162992 

57. Engida, B. T., Tarekegne, A., Wegary, D., Van Biljon, A., & Labuschagne, M. T. (2024). Genotype × environment interaction 

and grain yield stability of quality protein maize hybrids under stress and non stress environments. Cogent Food & Agriculture, 

10, 2324537. https://doi.org/10.1080/23311932.2024.2324537 

58. Fadlalla, I. M. (2022). The interactions of some mineral elements in health and reproductive performance of dairy cows. In 

New advances in the dairy industry. IntechOpen. https://doi.org/10.5772/intechopen.101626 

59. Farhana, A., & Lappin, S. L. (2023). Biochemistry, lactate dehydrogenase. In StatPearls. StatPearls Publishing, Treasure 

Island. https://www.ncbi.nlm.nih.gov/books/NBK557536/ 

60. Farooq M, Zulfiqar A, Rsool G, Khan UU, Hassan S, Azhar A, Aslam P, Ali AN, Misbah F, Ghaffor A, Imran A, Babar H, 

Amin N, Malik B, Rida SM, Shehzad S, Wahab A and Razzaq A, 2025. Impact of zinc solubilizing bacteria on growth and 

yield of maize and tomato plants. International Journal of Agriculture and Biosciences 14(3): 342-349. 

https://doi.org/10.47278/journal.ijab/2025.012  

61. Farooq, M., Zulfiqar, A., Rsool, G., et al. (2025). Impact of zinc solubilizing bacteria on growth and yield of maize and tomato 

plants. International Journal of Agriculture and Biosciences, 14, 342–349. https://doi.org/10.47278/journal.ijab/2025.012 

62. Fatima W, 2025. CRISPR beyond yield: editing for climate resilience in crops. Sci Soc Insights. 2: 25-38. 

https://doi.org/10.65822/j.sasi/2025.08  

63. Fatima, G., Dzupina, A., Mahdi, A. A., Fedacko, J., Magomedova, A., & Yousif, N. G. (2025). Role of vitamin E as a vital 

nutrient in health and diseases. Indian Journal of Clinical Biochemistry. https://doi.org/10.1007/s12291-025-01309-0 

64. Fu, Y., Zhou, Y., Wang, K., Li, Z., & Kong, W. (2024). Extracellular matrix interactome in modulating vascular homeostasis 

and remodeling. Circulation Research, 134, 931–949. https://doi.org/10.1161/CIRCRESAHA.123.323456 

65. García Llorca, A., Carta, F., Supuran, C. T., & Eysteinsson, T. (2024). Carbonic anhydrase, its inhibitors and vascular function. 

Frontiers in Molecular Biosciences, 11, 1338528. https://doi.org/10.3389/fmolb.2024.1338528 

66. Garner, T., Hester, J., Carothers, A., & Diaz, F. (2021). Role of zinc in female reproduction. Biology of Reproduction, 104, 

976–994. https://doi.org/10.1093/biolre/ioab023 

67. Gashu, D., Nalivata, P. C., Amede, T., Ander, E. L., Bailey, E. H., Botoman, L., & Broadley, M. R. (2021). The nutritional 

quality of cereals varies geospatially in Ethiopia and Malawi. Nature, 594, 71–76. https://doi.org/10.1038/s41586-021-03559-

3 

68. Gazioglu, O., et al. (2021). Glutamate dehydrogenase (GdhA) of Streptococcus is a member of a group of oxidoreductase 

enzymes. Infection and Immunity, 89, e00400-21. https://doi.org/10.1128/IAI.00400-21 

69. Gedil, M., Mengesha, W., Ilesanmi, O., & Menkir, A. (2024). Advances in genetic enhancement of nutritional quality of 

tropical maize in West and Central Africa. Agriculture. https://doi.org/10.3390/agriculture14040577 

70. Ghosh, S., Baltussen, M. G., Ivanov, N. M., Haije, R., Jakstaite, M., Zhou, T., & Huck, W. T. (2024). Exploring emergent 

properties in enzymatic reaction networks: Design and control of dynamic functional systems. Chemical Reviews, 124, 2553–

2582. https://doi.org/10.1021/acs.chemrev.3c00456 

71. Goredema Matongera, N., Ndhlela, T., Magorokosho, C., Kamutando, C. N., van Biljon, A., & Labuschagne, M. (2021). 

Multinutrient biofortification of maize (Zea mays L.) in Africa: Current status, opportunities and limitations. Nutrients, 13, 

1039. https://doi.org/10.3390/nu13031039 

72. Grötter, L. G., Cainelli, S., Peralta, M. B., Angeli, E., Belotti, E. M., Ortega, H. H., Salvetti, N. R., & Gareis, N. C. (2025). 

Metalloproteases and their inhibitors in the postpartum endometrial remodeling in dairy cows: Their relationship with days to 

conception after parturition. Veterinary Research Communications, 49, 53. https://doi.org/10.1007/s11259-024-10123-9 

https://doi.org/10.1007/s12011-025-04669-z
https://doi.org/10.2174/1871527325666260112123456
https://doi.org/10.1016/j.bios.2025.117793
https://doi.org/10.21037/jxym-24-57
https://doi.org/10.3390/plants13060844
https://doi.org/10.24425/pjvs.2023.148287
https://doi.org/10.1111/jpy.13540
https://doi.org/10.3390/plants12162992
https://doi.org/10.1080/23311932.2024.2324537
https://doi.org/10.5772/intechopen.101626
https://www.ncbi.nlm.nih.gov/books/NBK557536/
https://doi.org/10.47278/journal.ijab/2025.012
https://doi.org/10.47278/journal.ijab/2025.012
https://doi.org/10.65822/j.sasi/2025.08
https://doi.org/10.1007/s12291-025-01309-0
https://doi.org/10.1161/CIRCRESAHA.123.323456
https://doi.org/10.3389/fmolb.2024.1338528
https://doi.org/10.1093/biolre/ioab023
https://doi.org/10.1038/s41586-021-03559-3
https://doi.org/10.1038/s41586-021-03559-3
https://doi.org/10.1128/IAI.00400-21
https://doi.org/10.3390/agriculture14040577
https://doi.org/10.1021/acs.chemrev.3c00456
https://doi.org/10.3390/nu13031039
https://doi.org/10.1007/s11259-024-10123-9


Genetics and Molecular Research 25 (10s): 2026 

17 

73. Grujcic, D., Yazici, A. M., Tutus, Y., Cakmak, I., & Singh, B. R. (2021). Biofortification of silage maize with zinc, iron and 

selenium as affected by nitrogen fertilization. Plants, 10, 391. https://doi.org/10.3390/plants10020391 

74. Gupta, S., & Lowe, N. M. (2025). Biofortified cereals increase dietary zinc intake: Wheat and maize as case studies. In 

Breeding zinc crops for better human health (pp. 123–152). Springer, Cham. https://doi.org/10.1007/978-3-031-84342-6_7 

75. Gyaneshwari, U., Swati, K., Singh, A. K., Prakash, A., Pal, P., Kumari, B., & Pandey, B. (2023). Alcohol dehydrogenase: 

Structural and functional diversity. In Integrative approaches to biotechnology (pp. 249–265). CRC Press, Boca Raton. 

https://doi.org/10.1201/9781003342345-18 

76. Habte, M. L., & Beyene, E. A. (2020). Biological application and disease of oxidoreductase enzymes. IntechOpen. 

https://doi.org/10.5772/intechopen.91234 

77. Haider L, Nawaz A and Bulbul R, 2025. Assessment of Maize Farmers’ Knowledge, Perception, and Management Practices 

Against Fall Armyworm (Spodoptera frugiperda) in Punjab, Pakistan. Sci Soc Insights. 3: 11-19. 

https://doi.org/10.65822/j.sasi/2025.15  

78. Hassan, A., Elebeedy, D., Matar, E. R., Elsayed, A. F. M., & AbdElMaksoud, A. I. (2021). Investigation of angiogenesis and 

wound healing potential mechanisms of zinc oxide nanorods. Frontiers in Pharmacology, 12, 661217. 

https://doi.org/10.3389/fphar.2021.661217 

79. Heiderscheit, K., & Hansen, S. (2022). Effect of increasing zinc supplementation on post transit performance, behavior, blood 

and muscle metabolites, and gene expression in growing beef feedlot steers. Journal of Animal Science, 100, skac246. 

https://doi.org/10.1093/jas/skac246 

80. Hernández Camacho, J. D., Vicente García, C., Parsons, D. S., & Navas Enamorado, I. (2020). Zinc at the crossroads of 

exercise and proteostasis. Redox Biology, 35, 101529. https://doi.org/10.1016/j.redox.2020.101529 

81. Hidalgo, M. (2021). The effects of organic zinc supplementation on production performance and health of high producing 

dairy cows. Doctoral dissertation. https://doi.org/10.31274/td-20240329-748 

82. Hina, A., Abbasi, A., Imtiaz, S., Ul Haq, I., Ul Hassan, A., & Chaudhry, A. (2023). General aspects of genetic improvement 

(traditional and transgenic methods) aiming to food biofortification. In Legumes biofortification (pp. 73–109). Springer, 

Cham. https://doi.org/10.1007/978-3-031-36397-9_4 

83. Hirakawa, Y., Senda, M., Fukuda, K., Yu, H. Y., Ishida, M., Taira, M., Nakagawa, A., & Senda, T. (2021). Characterization of 

a novel type of carbonic anhydrase that acts without metal cofactors. BMC Biology, 19, 105. https://doi.org/10.1186/s12915-

021-01048-9 

84. Hossain H, Chowdhury MDSR, Khan S, Ahmad T, Brishty KA, Rahman M, Rahman MN, Akter S, Nitu AS, Koly JS, Haque 

MDS, Mashrur MDN, Imranuzzaman MD, Akhtar T, Mahmud MS, Alam MDS, Rahman MDM, Rahman MDM, 2025. 

Emerging Zoonotic Diseases: Epidemiology, Public Health Impact, and the Urgent Need for a Unified “One Health” Approach. 

Pak Vet J, 45(1): 36-47. http://dx.doi.org/10.29261/pakvetj/2025.115  

85. Hossain, A., Pramanick, B., Bhutia, K. L., Ahmad, Z., Moulick, D., Maitra, S., & Aftab, T. (2021). Emerging roles of 

osmoprotectant glycine betaine against salt induced oxidative stress in plants: A major outlook of maize (Zea mays L.). In 

Frontiers in plant–soil interaction (pp. 567–587). Academic Press, London. https://doi.org/10.1016/B978-0-323-90943-

3.00015-8 

86. Imtaiz A, 2025. Breeding at the Speed of Climate Change: Accelerated Generation Technologies for Climate-Resilient 

Agriculture. Plant Crop Letters (2025), 1: 21-35. https://doi.org/10.65822/j.pcl/2025.04  

87. Iqbal J, Kamran M, Shafique MM, Arshad MJ, Noor Z, Raza F and Nawaz MS, 2024. Harnessing genetic diversity for 

sustainable maize production: a contemporary perspective. Trends in Animal and Plant Sciences 3: 10-19. 

https://doi.org/10.62324/TAPS/2024.022  

88. Iqbal R, Irfan M, Bibi A, Batool E, Ahmad R, Ammat-u-Salam and Afzal M, 2024. Impacts of ZnO nanoparticles on brain and 

spleen in male albino rats, A comprehensive exploration of diverse exposure routes. Continental Vet J, 4(1):92-100. 

http://dx.doi.org/10.71081/cvj/2024.012  

89. Irfan M, 2024. Role of artificial intelligence in the production of cotton for sustainable agriculture. Scientific Records 1(1): 

33-51. https://doi.org/10.62324/SR/2025.005  

90. Iseghohi, I., Abe, A., Meseka, S., Mengesha, W., & Gedil, M. (2020). Assessing effect of marker based improvement of maize 

synthetics on agronomic performance, carotenoid content, combining ability and heterosis. Agronomy, 10, 1625. 

https://doi.org/10.3390/agronomy10111625 

91. Jalal, A., Oliveira, C., Fernandes, H., Galindo, F., Da Silva, E., Fernandes, G., Nogueira, T., De Carvalho, P., Balbino, V., 

Lima, B., & Filho, M. (2022). Diazotrophic bacteria as an alternative strategy for increasing grain biofortification, yield and 

nutrient use efficiency of maize. Plants, 11, 91125. https://doi.org/10.3390/plants11091125 

92. Johnmark, O., Indieka, S., Liu, G., Gowda, M., Suresh, L. M., Zhang, W., & Gao, X. (2022). Fighting death for living: Recent 

advances in molecular and genetic mechanisms underlying maize lethal necrosis disease resistance. Viruses, 14, 2765. 

https://doi.org/10.3390/v14122765 

93. Kamal, M., Martinez Boggio, G., Rafiq, N., Yu, Y., Peñagaricano, F., & Usman, T. (2025). Genetic association of candidate 

genes with milk and mastitis resistance traits using SNP Chip array in Holstein Friesian and Pakistani indigenous dairy cattle 

breeds. Pakistan Veterinary Journal, 45, 402–408. https://doi.org/10.29261/pakvetj/2025.119 

94. Kamrani, A., Nasrabadi, M. H., Halabian, R., & Ghorbani, M. (2024). Comparative effects of bioglass and zinc doped 

bioglass on VEGF and FLT1 gene expression in wound healing. Life Science Studies Journal, 2, 1–9. 

https://doi.org/10.22034/LSSJ.2024.118 

https://doi.org/10.3390/plants10020391
https://doi.org/10.1007/978-3-031-84342-6_7
https://doi.org/10.1201/9781003342345-18
https://doi.org/10.5772/intechopen.91234
https://doi.org/10.65822/j.sasi/2025.15
https://doi.org/10.3389/fphar.2021.661217
https://doi.org/10.1093/jas/skac246
https://doi.org/10.1016/j.redox.2020.101529
https://doi.org/10.31274/td-20240329-748
https://doi.org/10.1007/978-3-031-36397-9_4
https://doi.org/10.1186/s12915-021-01048-9
https://doi.org/10.1186/s12915-021-01048-9
http://dx.doi.org/10.29261/pakvetj/2025.115
https://doi.org/10.1016/B978-0-323-90943-3.00015-8
https://doi.org/10.1016/B978-0-323-90943-3.00015-8
https://doi.org/10.65822/j.pcl/2025.04
https://doi.org/10.62324/TAPS/2024.022
http://dx.doi.org/10.71081/cvj/2024.012
https://doi.org/10.62324/SR/2025.005
https://doi.org/10.3390/agronomy10111625
https://doi.org/10.3390/plants11091125
https://doi.org/10.3390/v14122765
https://doi.org/10.29261/pakvetj/2025.119
https://doi.org/10.22034/LSSJ.2024.118


Genetics and Molecular Research 25 (10s): 2026 

18 

95. Karnatam, K. S., Mythri, B., Un Nisa, W., Sharma, H., Meena, T. K., Rana, P., & Sandhu, S. (2023). Silage maize as a potent 

candidate for sustainable animal husbandry development—Perspectives and strategies for genetic enhancement. Frontiers in 

Genetics, 14, 1150132. https://doi.org/10.3389/fgene.2023.1150132 

96. Kaya, C. (2025). Plant metabolic engineering for enhanced nutrition and food security during climate uncertainty. Food and 

Energy Security, 14, e70060. https://doi.org/10.1002/fes3.70060 

97. Keshri, A., Bashir, Z., Kumari, V., Prasad, K., Joysowal, M., Singh, M., & Shukla, S. (2021). Role of micronutrients during 

peri parturient period of dairy animals—A review. Biological Rhythm Research, 52, 1018–1030. 

https://doi.org/10.1080/09291016.2019.1613793 

98. Khan, A., Khan, M. Z., Dou, J., Xu, H., Liu, L., Zhu, H., & Wang, Y. (2021). SOD1 gene silencing promotes apoptosis and 

suppresses proliferation of heat stressed bovine granulosa cells via induction of oxidative stress. Veterinary Sciences, 8, 326. 

https://doi.org/10.3390/vetsci8120326 

99. Khan, M. Z., Huang, B., Kou, X., Chen, Y., Liang, H., Ullah, Q., Zhang, Y., & Wang, C. (2024). Enhancing bovine immune, 

antioxidant, and anti-inflammatory responses with vitamins, rumen-protected amino acids, and trace minerals to prevent 

periparturient mastitis. Frontiers in Immunology, 14, 1290044. https://doi.org/10.3389/fimmu.2023.1290044 

100. Khan, S. H., Aslam, M., Bibi, A., & Khan, H. Z. (2023). GGE biplot analysis for zinc quality and yield stability of exotic 

maize hybrids. SABRAO Journal of Breeding and Genetics, 55, 268–278. https://doi.org/10.54910/sabrao2023.55.1.25 

101. Khatoon, A., ul ABIDIN, Z., Ali, A., Saleemi, M. K., Abbas, R. Z., Ijaz, M. U., ... & Murtaza, B. (2025). Managing Mycotoxins 

in Animal/Poultry Feed Through Innovative Control Strategies: A Review. Volume: 31 Issue: 5 (September-November), 

581.DOI: 10.9775/kvfd.2025.34700  

102. Kiouri, D., Chasapis, C., Mavromoustakos, T., Spiliopoulou, C., & Stefanidou, M. (2024). Zinc and its binding proteins: 

Essential roles and therapeutic potential. Archives of Toxicology, 99, 23–41. https://doi.org/10.1007/s00204-024-03891-3 

103. Klein, G. S., Leal, K. W., Rodrigues, C. A., Draszevski, T. M. R., Brunetto, A. L. R., Vitt, M. G., Klein, M. S., Cauduro, V. H., 

Flores, E. M. M., da Silva, G. B., Bagatini, M. D., Chitolina, A. B. M., Baldissera, M. D., & Da Silva, A. S. (2025). Organic 

zinc and selenium supplementation of late lactation dairy cows: Effects on milk and serum minerals bioavailability, animal 

health and milk quality. Animals, 15, Article 499. https://doi.org/10.3390/ani15040499 

104. Komolafe JO, Okeke NK, Adejoh SO and Emeka AS, 2025. Determinants of snail farmers willingness to use climate-smart 

agricultural practices in Awka south local government area of Anambra state, Nigeria. Sci Soc Insights, 4: 71-78. 

https://doi.org/10.65822/  

105. Kornienko, I. V., Aramova, O. Y., Tishchenko, A. A., Rudoy, D. V., & Chikindas, M. L. (2024). RNA stability: A review of 

the role of structural features and environmental conditions. Molecules, 29, Article 5978. 

https://doi.org/10.3390/molecules29245978 

106. Kumar, B., & Ram, H. (2021). Biofortification of maize fodder with zinc improves forage productivity and nutritive value for 

livestock. Journal of Animal and Feed Sciences, 30, 149–158. https://doi.org/10.22358/jafs/135932/2021 

107. Kumar, B., Ram, H., & Schoenau, J. (2024). Agronomic biofortification of fodder maize (Zea mays L.) with Zn for improving 

herbage productivity and its quality. Agronomy, 14, Article 912. https://doi.org/10.3390/agronomy14050912 

108. Kumar, D., Gupta, V., Tanwar, R., Jaiswal, N. K., & Gupta, S. (2026). Phosphofructokinase 1: A crucial regulator in glycolysis 

and therapeutic target in cancer progression. In Enzyme based approaches in cancer healthcare management (pp. 57–70). 

Springer Nature. https://doi.org/10.1007/978-981-99-9919-0_4 

109. Kumar, D., Yadav, A., Ahmad, R., Dwivedi, U. N., & Yadav, K. (2022). CRISPR based genome editing for nutrient 

enrichment in crops: A promising approach toward global food security. Frontiers in Genetics, 13, Article 932859. 

https://doi.org/10.3389/fgene.2022.932859 

110. Kumar, N. V. P., Aneesha, V. A., Durom, E. G., Remya, M., Karikalan, M., Raguvaran, R., & Singh, T. U. (2025). Protective 

role of green synthesized oxide nanoparticles against prenatal ethion toxicity in rats. Biological Trace Element Research. 

Advance online publication. https://doi.org/10.1007/s12011-025-04743-6 

111. Kumar, R., Singh, K. D., Chauhan, S. S., Verma, M. K., Verma, A. K., Singh, J., & Kumar, P. (2025). Trace minerals in 

growth, production and reproduction in farm animals. Indian Journal of Animal Reproduction, 46(1), 1–12. 

https://doi.org/10.48165/ijar.2025.46.01.1 

112. Kumar, V., Kundu, S., Singh, A., & Singh, S. (2022). Understanding the role of histone deacetylase and their inhibitors in 

neurodegenerative disorders: Current targets and future perspective. Current Neuropharmacology, 20, 158–178. 

https://doi.org/10.2174/1570159X19666211229154730 

113. Kumari, A., & Sharma, M. (2025). Novel (R)-hydroxynitrile lyase enzyme of Pyrus communis: Purification and 

characterization of its physicochemical and kinetic properties. Protein Expression and Purification. Advance online 

publication. https://doi.org/10.1016/j.pep.2025.106785 

114. Kusuma, R., Wijayanti, I., Retnani, Y., Jayanegara, A., & Risyahadi, S. (2024). Effect of dietary zinc supplementation on 

production performance, milk quality, immunity, and blood plasma of dairy cows: A meta-analysis. Veterinary Integrative 

Sciences. Advance online publication. https://doi.org/10.12982/vis.2025.044 

115. Lee, Y. J., Dai, N., Müller, S. I., Guan, C., Parker, M. J., Fraser, M. E., & Weigele, P. R. (2022). Pathways of thymidine 

hypermodification. Nucleic Acids Research, 50, 3001–3017. https://doi.org/10.1093/nar/gkac162 

116. Li, H., Lin, H., Yang, H., Ren, C., He, Y., Jiang, X., & Hu, C. (2025). Molecular characterization, recombinant expression, 

and functional analysis of carboxypeptidase B in Litopenaeus vannamei. Genes, 16, Article 69. 

https://doi.org/10.3390/genes16010069 

https://doi.org/10.3389/fgene.2023.1150132
https://doi.org/10.1002/fes3.70060
https://doi.org/10.1080/09291016.2019.1613793
https://doi.org/10.3390/vetsci8120326
https://doi.org/10.3389/fimmu.2023.1290044
https://doi.org/10.54910/sabrao2023.55.1.25
https://doi.org/10.1007/s00204-024-03891-3
https://doi.org/10.3390/ani15040499
https://doi.org/10.65822/
https://doi.org/10.3390/molecules29245978
https://doi.org/10.22358/jafs/135932/2021
https://doi.org/10.3390/agronomy14050912
https://doi.org/10.1007/978-981-99-9919-0_4
https://doi.org/10.3389/fgene.2022.932859
https://doi.org/10.1007/s12011-025-04743-6
https://doi.org/10.48165/ijar.2025.46.01.1
https://doi.org/10.2174/1570159X19666211229154730
https://doi.org/10.1016/j.pep.2025.106785
https://doi.org/10.12982/vis.2025.044
https://doi.org/10.1093/nar/gkac162
https://doi.org/10.3390/genes16010069


Genetics and Molecular Research 25 (10s): 2026 

19 

117. Li, X., Wang, J., Jiang, M., Huo, Y., & Zhan, K. (2025). Effects of zinc from different sources on production performance, 

health status, antioxidant properties and immune regulation of dairy cows in early lactation. Veterinary Sciences, 12. 

https://doi.org/10.3390/vetsci12060545 

118. Libera, K., Konieczny, K., Witkowska, K., Żurek, K., Szumacher-Strabel, M., Cieślak, A., & Smulski, S. (2021). The 

association between selected dietary minerals and mastitis in dairy cows: A review. Animals, 11, Article 2330. 

https://doi.org/10.3390/ani11082330 

119. Lionetto, M. G. (2023). Carbonic anhydrase and biomarker research: New insights. International Journal of Molecular 

Sciences, 24, Article 9687. https://doi.org/10.3390/ijms24119687 

120. Liu, W., Li, L., Lan, M., Shang, J., Zhang, J., Xiong, W., Lai, X., & Duan, X. (2024). Zinc deficiency deteriorates ovarian 

follicle development and function by inhibiting mitochondrial function. Journal of Ovarian Research, 17. 

https://doi.org/10.1186/s13048-024-01442-z 

121. Liu, X., Gao, Y., Tang, S., Ben, L., Zhang, X., Dong, G., & Yao, Y. (2025). A dual localized fructose bisphosphate aldolase is 

essential for chloroplast development and carbon metabolism in rice. Rice, 18, Article 28. https://doi.org/10.1186/s12284-025-

00828-2 

122. Lokesha, E., Jadhav, S. E., Aderao, G. N., Chaudhary, P., Gupta, S. K., Dutta, N., & Singh, G. (2025). High dietary zinc 

promotes its optimal absorption through modulation of key transporter genes, SOD1, and HSP70 expression in heat-stressed 

rats. Biological Trace Element Research, 203, 3779–3792. https://doi.org/10.1007/s12011-024-04447-3 

123. Lowe, D., Sanvictores, T., Zubair, M., & John, S. (2023). Alkaline phosphatase. In StatPearls. StatPearls Publishing. 

https://www.ncbi.nlm.nih.gov/books/NBK459201/ 

124. Majumdar, A., Saraf, S. K., Sahu, C., Pathak, P., & Baghel, M. (2025). Iron deficiency: Impact on growth, immunity, and the 

role of plant-based nutritional strategies. Chemistry & Biodiversity, e202500325. https://doi.org/10.1002/cbdv.202500325 

125. Mansilla, M. C., & de Mendoza, D. (2025). Fatty acid synthesis and utilization in Gram-positive bacteria: Insights from 

Bacillus subtilis. Microbiology and Molecular Biology Reviews, 89, e00069-23. https://doi.org/10.1128/mmbr.00069-23 

126. Martin Ask, N., Leung, M., Radhakrishnan, R., & Lobo, G. P. (2021). Vitamin A transporters in visual function: A mini review 

on membrane receptors for dietary vitamin A uptake, storage, and transport to the eye. Nutrients, 13, Article 3987. 

https://doi.org/10.3390/nu13113987 

127. Matongera, N., Ndhlela, T., Van Biljon, A., & Labuschagne, M. (2023). Predicting zinc-enhanced maize hybrid performance 

under stress conditions. Food and Energy Security. Advance online publication. https://doi.org/10.1002/fes3.479 

128. Matumba, A., Nalivata, P. C., Bailey, E. H., Lark, R. M., Broadley, M. R., & Ander, E. L. (2025). Biofortification of common 

bean: Critical analysis of genetic and agronomic strategies as viable alternatives to tackling zinc deficiency in developing 

countries. Sustainability, 17, Article 8510. https://doi.org/10.3390/su17188510 

129. Mebratu, A., Wegary, D., Teklewold, A., & Tarekegne, A. (2024). Testcross performance and combining ability of early 

medium-maturing quality protein maize inbred lines in Eastern and Southern Africa. Scientific Reports, 14, Article 9151. 

https://doi.org/10.1038/s41598-024-29151-7 

130. Mesgaran, D., Kargar, H., Janssen, R., Ghesmati, A., & Vatankhah, A. (2022). Rumen-protected zinc–methionine dietary 

inclusion alters dairy cow performances, and oxidative and inflammatory status under long-term environmental heat stress. 

Frontiers in Veterinary Science, 9, Article 935939. https://doi.org/10.3389/fvets.2022.935939 

131. Messersmith, E. M., Niedermayer, E. K., Thornton, K. J., Crawford, G. I., & Hansen, S. L. (2021). Supplementation strategies 

in feedlot heifers receiving an extended-release implant or an aggressive re-implant program. Journal of Animal Science, 99, 

skab212. https://doi.org/10.1093/jas/skab212 

132. Mingramm, G. Y., Mohd, K. S., Khandaker, M. M., Chua, K. A., & Fatihah, H. N. N. (2024). Combining ability for grain yield 

and nutritional quality of maize grown in Malaysia: A review. SABRAO Journal of Breeding and Genetics, 56, 534–546. 

https://doi.org/10.54910/sabrao2024.56.2.7 

133. MK, Hussnain MU, Asad, Khan M and Rehman FU, 2025. Physiological and biochemical responses of maize genotypes under 

saline soil with potassium supplementation. Med Plant Lett, 1: 47-53. https://doi.org/10.65822/j.mpl/2025.005  

134. Mohan, V. K., & Joshi, S. R. (2025). Geobiomineralization at the interface of plant–microbe interaction and the role of 

mycorrhizal fungi. In Mineral transformation and bioremediation by geo microbes (pp. 369–391). Springer. 

https://doi.org/10.1007/978-981-99-0509-7_16 

135. Molenda, M., & Kolmas, J. (2023). The role of zinc in bone tissue health and regeneration: A review. Biological Trace Element 

Research, 201, 5640–5651. https://doi.org/10.1007/s12011-023-03631-1 

136. Muhammad Ahad, 2025. Accelerating Genetic Gain through Speed Breeding: Integrating Controlled Environments, Molecular 

Tools, and Digital Innovations. Plant Crop Letters (2025), 1: 9-20. https://doi.org/10.65822/j.pcl/2025.03  

137. Muhammad G, and A Ali, 2024. Epistaxis (nasal bleeding) in cows and buffaloes – an evidence-medicine based clinical review. 

Continental Vet J, 4(1):85-91. http://dx.doi.org/10.71081/cvj/2024.011 

138. Mujtaba M, Firdous H, 2025. Genomic selection and predictive breeding: revolutionizing crop improvement programs. 

Scientific Records 2(2): 114-134. https://doi.org/10.62324/SR/2025.039  

139. Mukhtiar, A., Zia, M. A., Alawadi, H. F., Naqve, M., Seleiman, M. F., Mahmood, A., Majeed, M. I., Hafeez, M. B., Khan, B. 

A., & Khan, N. (2024). Role of iron oxide nanoparticles in maize (Zea mays L.) to enhance salinity stress tolerance. Notulae 

Botanicae Horti Agrobotanici Cluj-Napoca, 52, Article 13695. https://doi.org/10.15835/nbha52313695 

140. Murtaza G, Kausar R, Sial S, Hameed A, Rehan S, Kanwal A and Sharif MU, 2025. Targeting diabetic wound healing through 

tissue regeneration with silver, copper, and zinc nanoparticles in streptozotocin-induced diabetic albino rat model. Pak Vet J, 

45(3): 1244-1252. http://dx.doi.org/10.29261/pakvetj/2025.223  

https://doi.org/10.3390/vetsci12060545
https://doi.org/10.3390/ani11082330
https://doi.org/10.3390/ijms24119687
https://doi.org/10.1186/s13048-024-01442-z
https://doi.org/10.1186/s12284-025-00828-2
https://doi.org/10.1186/s12284-025-00828-2
https://doi.org/10.1007/s12011-024-04447-3
https://www.ncbi.nlm.nih.gov/books/NBK459201/
https://doi.org/10.1002/cbdv.202500325
https://doi.org/10.1128/mmbr.00069-23
https://doi.org/10.3390/nu13113987
https://doi.org/10.1002/fes3.479
https://doi.org/10.3390/su17188510
https://doi.org/10.1038/s41598-024-29151-7
https://doi.org/10.3389/fvets.2022.935939
https://doi.org/10.1093/jas/skab212
https://doi.org/10.54910/sabrao2024.56.2.7
https://doi.org/10.65822/j.mpl/2025.005
https://doi.org/10.1007/978-981-99-0509-7_16
https://doi.org/10.1007/s12011-023-03631-1
https://doi.org/10.65822/j.pcl/2025.03
http://dx.doi.org/10.71081/cvj/2024.011
https://doi.org/10.62324/SR/2025.039
https://doi.org/10.15835/nbha52313695
http://dx.doi.org/10.29261/pakvetj/2025.223


Genetics and Molecular Research 25 (10s): 2026 

20 

141. Mutambu, D., Kihara, J., Mucheru-Muna, P., Bolo, P., & Kinyua, M. (2023). Maize grain yield and grain zinc concentration 

response to zinc fertilization: A meta-analysis. Heliyon, 9, e16040. https://doi.org/10.1016/j.heliyon.2023.e16040 

142. Nair, P. M., Srivastava, R., Mani, V., Arulkumar, S., Tyagi, N., & Mondal, G. (2025). The importance of zinc, copper and 

manganese and their impact on growth, immunity and fertility of male cattle: A review. Biometals, 38, 763–784. 

https://doi.org/10.1007/s10534-025-00692-8 

143. Naqvi SZH, Maqbool B, Arshad MI, Aderibigbe A and Gul ST, 2025. Food security and livestock: a comprehensive review 

of sustainability, challenges and innovative solutions. Agrobiological Records 20: 50-58. 

https://doi.org/10.47278/journal.abr/2025.019  

144. Nazli Z and Zahra T, 2024. Unveılıng the tapestry of ınnovatıon ın plant breedıng and genetıcs for sustaınable agrıculture. 

Trends in Animal and Plant Sciences 3: 31-34. https://doi.org/10.62324/TAPS/2024.024  

145. Nikoomanzar, A., Chim, N., Yik, E. J., & Chaput, J. C. (2020). Engineering polymerases for applications in synthetic biology. 

Quarterly Reviews of Biophysics, 53, e8. https://doi.org/10.1017/S0033583520000050 

146. Nikulin, I., & Kalyuzhny, I. (2021). Clinical symptoms of iodine and iron deficiency in dairy cows. BIO Web of Conferences, 

32, 04005. https://doi.org/10.1051/bioconf/20213204005 

147. Novac, C. S., Nadăș, G. C., Matei, I. A., Bouari, C. M., Kalmár, Z., Crăciun, S., Fiț, N. I., Dan, S. D., & Andrei, S. (2022). 

Milk pathogens in correlation with inflammatory, oxidative and nitrosative stress markers in goat subclinical mastitis. Animals, 

12, Article 3245. https://doi.org/10.3390/ani12233245 

148. Oconitrillo, M., Wickramasinghe, J., Omale, S., Beitz, D., & Appuhamy, R. (2024). Effects of elevating zinc 

supplementation on the health and production parameters of high-producing dairy cows. Animals, 14, Article 30395. 

https://doi.org/10.3390/ani14030395 

149. Ogbuewu, I. P., Modisaojang Mojanaga, M. M. C., Mokolopi, B. G., & Mbajiorgu, C. A. (2023). A meta-analysis of responses 

of broiler chickens to dietary supplementation: Feed intake, feed conversion ratio, and average daily gain. Biological Trace 

Element Research, 201, 2491–2502. https://doi.org/10.1007/s12011-022-03291-0 

150. Pal, R., Mani, V., Mir, S., Sharma, A., & Sarkar, S. (2021). Comparative effect of zinc supplementation by hydroxy and 

inorganic sources on nutrient utilisation, mineral balance, growth performance and growth biomarkers in pre-ruminant calves. 

Archives of Animal Nutrition, 75, 435–449. https://doi.org/10.1080/1745039X.2021.2007692 

151. Paul, M., Thriveni, V., Niharika, M., Upadhyay, D. K., Kiro, D., Verma, A., & Patil, S. (2024). A review on biofortification of 

crops: A nutritional strategy for combating malnutrition. European Journal of Nutrition & Food Safety, 16, 63–77. 

https://doi.org/10.9734/ejnfs/2024/v16i116407 

152. Pecoraro, B. M., Leal, D. F., Frias De Diego, A., Browning, M., Odle, J., & Crisci, E. (2022). The health benefits of selenium 

in food animals: A review. Journal of Animal Science and Biotechnology, 13, Article 58. https://doi.org/10.1186/s40104-022-

00706-2 

153. Perrone, S., Caporilli, C., Grassi, F., Ferrocino, M., Biagi, E., Dell'Orto, V., & Esposito, S. (2023). Prenatal and neonatal bone 

health: Updated review on early identification of newborns at high risk for osteopenia. Nutrients, 15, Article 3515. 

https://doi.org/10.3390/nu15163515 

154. Phanrungsuwan, A., Donnelly, B., Millán, J. L., & Foster, B. L. (2025). Targeted alkaline phosphatase therapy enhances 

alveolar bone healing in X-linked hypophosphatemia in mice. Journal of Periodontal Research. Advance online publication. 

https://doi.org/10.1111/jre.13025 

155. Pimpong, C. A. (2022). Effects of regular maize and different certified maize varieties on the growth and carcass traits of 

broiler chickens (Doctoral dissertation, University of Education, Winneba). 

156. Prajapati, P., & Sharma, R. (2024). Advances in food fortification: Ensuring a healthier humanity, types, and analytical 

methods. Current Trends in Pharmacy and Pharmaceutical Chemistry, 6, 76–83. https://doi.org/10.18231/j.ctppc.2024.021 

157. Purwantiningsih TI, Widyobroto BP, Suranindyah YY and Artama WT, 2025. Metagenomic analysis of bacterial diversity in 

milk of mastitis cows from farms with different milking management. International Journal of Veterinary Science 14(2): 374-

379. https://doi.org/10.47278/journal.ijvs/2024.245  

158. Purwanto, Leana NWA, Kamilia FN and Sari AAL, 2025. Agronomic efficiency of sweet corn (Zea mays saccharata Sturt) 

under treatments of nitrogen rate and maggot frass enrichment with zeolite. International Journal of Agriculture and 

Biosciences 14(6): 1358-1362. https://doi.org/10.47278/journal.ijab/2025.128  

159. Qamar SW, Shahzad I, Irshad MA, Nasim I and Nawaz R, 2025. A review on climate change and occupational health: adapting 

workplaces to extreme weather events. Med Plant Lett, 1: 14-25. https://doi.org/10.65822/j.mpl/2025.002  

160. Rafeeq, H., Hussain, A., Safdar, A., Shabbir, S., Bilal, M., Sher, F., & Iqbal, H. M. N. (2022). Esterases and their industrial 

applications. In H. M. N. Iqbal (Ed.), Industrial applications of microbial enzymes (pp. 169–190). Elsevier. 

https://doi.org/10.1016/B978-0-323-89847-4.00011-6 

161. Rawat, H., Bhat, S., Dhanjal, D., Singh, R., Gandhi, Y., Mishra, S., Kumar, V., Shakya, S., Narasimhaji, C., Singh, A., Singh, 

R., & Acharya, R. (2024). Emerging techniques for the trace elemental analysis of plants and food-based extracts: A 

comprehensive review. Talanta Open. Advance online publication. https://doi.org/10.1016/j.talo.2024.100341 

162. Raza MZ, Nasir MH, Abbas M, Batool I, Shah SKA, Jan AW, Shareef U, Saeed MU, Hussain MT, Aziz MA and Ullah N, 

2025. Sero-prevalence of paratuberculosis in cattle and buffalo population at abattoir in District Jhang, Pakistan. Continental 

Vet J, 5(1): 49-54 http://dx.doi.org/10.71081/cvj/2024.034  

163. Rupasinghe S, 2024. Innovative sowing and seedbed management for resilient maize, rice, and wheat production in arid zones. 

Trends in Animal and Plant Sciences 4: 106-111. https://doi.org/10.62324/TAPS/2024.052  

https://doi.org/10.1016/j.heliyon.2023.e16040
https://doi.org/10.1007/s10534-025-00692-8
https://doi.org/10.47278/journal.abr/2025.019
https://doi.org/10.62324/TAPS/2024.024
https://doi.org/10.1017/S0033583520000050
https://doi.org/10.1051/bioconf/20213204005
https://doi.org/10.3390/ani12233245
https://doi.org/10.3390/ani14030395
https://doi.org/10.1007/s12011-022-03291-0
https://doi.org/10.1080/1745039X.2021.2007692
https://doi.org/10.9734/ejnfs/2024/v16i116407
https://doi.org/10.1186/s40104-022-00706-2
https://doi.org/10.1186/s40104-022-00706-2
https://doi.org/10.3390/nu15163515
https://doi.org/10.1111/jre.13025
https://doi.org/10.18231/j.ctppc.2024.021
https://doi.org/10.47278/journal.ijvs/2024.245
https://doi.org/10.47278/journal.ijab/2025.128
https://doi.org/10.65822/j.mpl/2025.002
https://doi.org/10.1016/B978-0-323-89847-4.00011-6
https://doi.org/10.1016/j.talo.2024.100341
http://dx.doi.org/10.71081/cvj/2024.034
https://doi.org/10.62324/TAPS/2024.052


Genetics and Molecular Research 25 (10s): 2026 

21 

164. Sachet Fernandez, G., Hindley, J. W., Ces, O., & Woscholski, R. (2024). Imidazole headgroup phospholipid shows 

asymmetric distribution in vesicles and zinc-dependent esterase activity. Biomolecules, 14, Article 1363. 

https://doi.org/10.3390/biom14111363 

165. Sadi, M., Akkou, M., Martínez-Álvarez, S., Carvalho, I., Fernández-Fernández, R., Abdullahi, I. N., ... & Torres, C. (2024). 

Antimicrobial resistance of Escherichia coli involved in Algerian bovine carriage, ESBL detection, integron characterization 

and genetic lineages. Kafkas Univ Vet Fak Derg, 30(2), 191-199.DOI: 10.9775/kvfd.2023.30670 

166. Sadri, H., Khordadmehr, M., Akbari, H., Shirazi, J., Jafari Khataylou, Y., Eskandari, S., & Abdolmaleki, A. (2025). Nutritional 

deficiencies and abortions in sheep and goats: An in-depth study from East Azerbaijan Province, Northwest Iran. PLoS ONE, 

20, e0327768. https://doi.org/10.1371/journal.pone.0327768 

167. Salman, M., Javed, M. R., Ali, H., Mustafa, G., Tariq, A., Sahar, T., ... & Tawab, A. (2022). Bioprotection of Zea mays L. from 

aflatoxigenic Aspergillus flavus by Loigolactobacillus coryniformis BCH-4. PloS one, 17(8), e0271269. 

168. Salman, M., Tariq, A., Mustafa, G., Javed, M. R., Naheed, S., & Qamar, S. A. (2022). Cyclo (L-Leucyl-L-Prolyl) from 

Lactobacillus coryniformis BCH-4 inhibits the proliferation of Aspergillus flavus: an in vitro to in silico approach. Archives 

of microbiology, 204(5), 267. 

169. Sarwar MZ, Nomi ZA, Awais M, Shahbakht RM, Jamil M, Mussawar M, Yasin I, Hafsa, Quratulain, Abbas Q and Yousuf H, 

2025. Effect of climate change on transmission of livestock diseases. Agrobiological Records 19: 1-11. 

https://doi.org/10.47278/journal.abr/2025.001  

170. Saxena, P., Selvaraj, K., Khare, S. K., et al. (2022). Superoxide dismutase as multipotent therapeutic antioxidant enzyme: Role 

in human diseases. Biotechnology Letters, 44, 1–22. https://doi.org/10.1007/s10529-021-03200-3 

171. Selim L, Ataku K and Tharwat M, 2024. Ensilage characteristics of corn silage treated with fermented green juice prepared 

from corn, alfalfa or timothy. International Journal of Agriculture and Biosciences 13(3): 276-279. 

https://doi.org/10.47278/journal.ijab/2024.109  

172. Sen, H., Kumar, A., & Janeja, H. (2024). Biofortification of major crops through conventional and modern biotechnological 

approaches to fight hidden hunger: An overview. Journal of Advances in Biology & Biotechnology. Advance online 

publication. https://doi.org/10.9734/jabb/2024/v27i7970 

173. Sethi, G., Behera, K. K., Sayyed, R., Adarsh, V., Sipra, B. S., Singh, L., & Behera, M. (2025). Enhancing soil health and crop 

productivity: The role of zinc-solubilizing bacteria in sustainable agriculture. Plant Growth Regulation. Advance online 

publication. https://doi.org/10.1007/s10725-025-00912-4 

174. Shamshad, A., Rashid, M., Jankuloski, L., Ashraf, K., Sultan, K., Alamri, S., Siddiqui, M. H., Munir, T., & uz Zaman, Q. 

(2023). Effect of ethyl methanesulfonate-mediated mutation for enhancing morpho-physio-biochemical and yield-contributing 

traits of fragrant rice. PeerJ, 11, e15821. https://doi.org/10.7717/peerj.15821 

175. Shariatipour, N., & Heidari, B. (2020). Genetic-based biofortification of staple food crops to meet zinc and iron deficiency-

related challenges. In T. Aftab, K. R. Hakeem, & M. S. Khan (Eds.), Plant micronutrients: Deficiency and toxicity management 

(pp. 173–223). Springer. https://doi.org/10.1007/978-3-030-49856-6_8 

176. Sharif, M., Bukhari, S. A., Ansari, M. U. R., Salman, M., Tariq, A., Fatima, R., & Mehmood, A. (2026). Providencia vermicola 

Alleviates Cadmium Phytotoxic Effects in Maize by Regulating Redox Balance and Antioxidant System. Journal of Plant 

Growth Regulation, 1-17. 

177. Shetty, V. V., & Shetty, S. S. (2025). Fatty acid desaturase: The yin or yang of disease pathology. Molecular Diagnosis & 

Therapy, 29, 1–18. https://doi.org/10.1007/s40291-024-00737-2 

178. Shi, Y., Hao, R., Ji, H., Gao, L., & Yang, J. (2024). Dietary iron supplements: Beneficial health effects and application in food, 

medicine and animals. Journal of the Science of Food and Agriculture, 104, 5660–5674. https://doi.org/10.1002/jsfa.13325 

179. Silvi, S., Ako, A., Utamy, R. F., Maruddin, F., Gustina, S., & Umpuch, K. (2024). Production performance and milk quality of 

Holstein Friesian dairy cow with the utilization of eggshell meal extract as a source of minerals. International Journal of 

Agriculture and Biosciences, 13, 626–631. https://doi.org/10.47278/journal.ijab/2024.164 

180. Sinclair, L. A., & Atkins, N. E. (2015). Intake of selected minerals on commercial dairy herds in central and northern 

England in comparison with requirements. The Journal of Agricultural Science, 153, 743–752. 

https://doi.org/10.1017/S0021859614001026 

181. Singh, A., Singh, A., & Gill, H. K. (2024). Zinc biofortification through biofertilizers, foliar and soil application in maize (Zea 

mays L.). Journal of Experimental Agriculture International, 46, 119–127. https://doi.org/10.9734/JEAI/2024/v46i52363 

182. Singh, S. B., & Lin, H. C. (2021). Role of intestinal alkaline phosphatase in innate immunity. Biomolecules, 11, Article 1784. 

https://doi.org/10.3390/biom11121784 

183. Sirajo, S. A., Kwon Ndung, E. H., Mshelmbula, B. P., Mustafa, Y. S., Ilyas, S. D., Hudu, M. A., & Musa, H. A. (2024). Yield 

variability studies and proximate analysis of two varieties of maize (Zea mays L.) exposed to iron oxide nanoparticles. In 

Proceedings of the Faculty of Science Conferences (Vol. 1, pp. 52–54). https://doi.org/10.62050/fscp2024.465 

184. Solanki, M. (2021). The Zn as a vital micronutrient in plants. Journal of Microbiology, Biotechnology and Food Sciences, 11, 

e4026. https://doi.org/10.15414/jmbfs.4026 

185. Sorrenti, S., Baldini, E., Pironi, D., Lauro, A., D'Orazi, V., Tartaglia, F., & Ulisse, S. (2021). Iodine: Its role in thyroid hormone 

biosynthesis and beyond. Nutrients, 13, Article 4469. https://doi.org/10.3390/nu13124469 

186. Spinoso Castillo, J. L., & Baltazar Bernal, O. (2025). Mini review: Prospects of in vitro mutagenesis for genetic improvement 

of vanilla. Plant Cell, Tissue and Organ Culture, 163, Article 18. https://doi.org/10.1007/s11240-025-03229-6 

187. Stiles, L. I., Ferrao, K., & Mehta, K. J. (2024). Role of zinc in health and disease. Clinical and Experimental Medicine, 24, 

Article 38. https://doi.org/10.1007/s10238-024-01302-6 

https://doi.org/10.3390/biom14111363
https://doi.org/10.1371/journal.pone.0327768
https://doi.org/10.47278/journal.abr/2025.001
https://doi.org/10.1007/s10529-021-03200-3
https://doi.org/10.47278/journal.ijab/2024.109
https://doi.org/10.9734/jabb/2024/v27i7970
https://doi.org/10.1007/s10725-025-00912-4
https://doi.org/10.7717/peerj.15821
https://doi.org/10.1007/978-3-030-49856-6_8
https://doi.org/10.1007/s40291-024-00737-2
https://doi.org/10.1002/jsfa.13325
https://doi.org/10.47278/journal.ijab/2024.164
https://doi.org/10.1017/S0021859614001026
https://doi.org/10.9734/JEAI/2024/v46i52363
https://doi.org/10.3390/biom11121784
https://doi.org/10.62050/fscp2024.465
https://doi.org/10.15414/jmbfs.4026
https://doi.org/10.3390/nu13124469
https://doi.org/10.1007/s11240-025-03229-6
https://doi.org/10.1007/s10238-024-01302-6


Genetics and Molecular Research 25 (10s): 2026 

22 

188. Suganya, A., Saravanan, A., & Manivannan, N. (2020). Role of zinc nutrition for increasing zinc availability, uptake, yield, 

and quality of maize (Zea mays L.) grains: An overview. Communications in Soil Science and Plant Analysis, 51, 2001–2021. 

https://doi.org/10.1080/00103624.2020.1820030 

189. Sun, B., Liu, J., Li, Y., Bi, J., Te, L., Zuo, X., & Wang, S. (2023). Mechanisms of damage to sperm structure in mice on the 

zinc-deficient diet. Journal of Trace Elements in Medicine and Biology, 79, Article 127251. 

https://doi.org/10.1016/j.jtemb.2023.127251 

190. Suthar V, 2025. Research Review on Genetic Engineering of Probiotics in Biotechnology. Med Plant Lett, 1: 54-69. 

https://doi.org/10.65822/j.mpl/2025.006 

191. Swetha, S., Rao, G. N., Mahalakshmi, V., & Sathya, R. (2025). Alkaline phosphatase and acid phosphatase in health and 

disease: A systematic review. Journal of Oral and Maxillofacial Pathology, 29, 324–334. 

https://doi.org/10.4103/jomfp.jomfp_304_24 

192. Syamsu JA, Amal I, Wijaya A, Amas AF, Walinono AMFA, Yamin AA and Purwanti S, 2025. Optimization of ground corn 

particle size in the diet to improve physical pellet quality in native chicken feed production. International Journal of Agriculture 

and Biosciences 14(6): 1438-1445. https://doi.org/10.47278/journal.ijab/2025.166  

193. Taleon, V., Kalejaiye, O., Dollah, Y., Menkir, A., & Palacios-Rojas, N. (2023). Iron concentration in structural components 

of low- and high-kernel maize and its retention after milling. Food Chemistry, 405, Article 134967. 

https://doi.org/10.1016/j.foodchem.2022.134967 

194. Taleon, V., Palacios-Rojas, N., Dollah, Y., Rosales, A., Kalejaiye, O., & Menkir, A. (2025). Zinc distribution in structural 

components of high-kernel zinc maize and its retention after milling. Food Research International, 217, Article 116830. 

https://doi.org/10.1016/j.foodres.2025.116830 

195. Tan, J., Wang, Z., Yang, M., Zhang, R., Xue, Z., Zhou, D., & Jin, Y. (2025). Oxidative stress mediates the dual regulatory 

effects of bovine uterine ECM remodeling through the TGF-β1/Smad3 pathway: Molecular mechanisms of MMPs and COL 

IV imbalances. Animals, 15, Article 1847. https://doi.org/10.3390/ani15131847 

196. Tandzi, N. L., Mutengwa, C. S., Ngonkeu, L. M., Woïn, N., & Gracen, V. (2017). Breeding for quality protein maize (QPM) 

varieties: A review. Agronomy, 7, Article 80. https://doi.org/10.3390/agronomy7040080 

197. Tanveer, S. K., Ali, M. Y., Khan, R. U., & Rashid, M. H. (2024). Status of development and dissemination of biofortified 

varieties of different crops in SAARC member states. SAARC Agriculture Centre. 

198. Tariq S, 2025. Artificial Intelligence in Phytomicrobiome Analysis: A New Frontier for Crop Improvement. Plant Crop Letters 

(2025), 1: 46-57. https://doi.org/10.65822/j.pcl/2025.06  

199. Tariq, A., Salman, M., Ashraf, M. A., Bukhari, S. A., & Mustafa, G. (2025). Exploring synergistic effects of Pantoea 

agglomerans BCH-1 and Bacillus pseudomycoides BCH-3 to enhance maize adaptations under drought condition. Journal of 

Soil Science and Plant Nutrition, 25(2), 4747-4766. 

200. Tariq, A., Salman, M., Ashraf, M. A., Javed, M. R., & Tawab, A. (2025). Unveiling the potential of Loigolactobacillus 

coryniformis BCH-4 to ameliorate drought stress in Zea mays L. World Journal of Microbiology and Biotechnology, 41(2), 

49. 

201. Tariq, A., Salman, M., Ashraf, S. R., Al-Majmaie, S., Bashir, S., & Avazmetova, I. (2026). Exogenous Application of Cyclo 

(Leu-Pro) Enhances Drought Tolerance in Maize (Zea mays L.) by Regulating Physiological Responses, Osmotic 

Homeostasis, and Oxidative Defense System. Russian Journal of Plant Physiology, 73(2), 70. 

202. Tian, C., Zhang, Q., Jia, J., Zhou, J., Zhang, Z., Karri, S., Li, Y., & Gan, H. (2024). DNA polymerase delta governs parental 

histone transfer to DNA replication lagging strand. Proceedings of the National Academy of Sciences of the United States of 

America, 121, e2400610121. https://doi.org/10.1073/pnas.2400610121 

203. Ummer K, Ali L, Hafeez HT, Ahmed F, Nisar I, Iqbal MA, Zaib H, Rashid S and Waqas M, 2024. Impact of Zn-lysine 

chelation foliar application in wheat plants under drought stress. Agrobiological Records 16: 19-32. 

https://doi.org/10.47278/journal.abr/2024.008  

204. Vallejos-Fernández L, Perinango J, Gamarra J, Cáceres R, Tapia A, Paredes M, Piedra J, Florián R, Abanto M, Roque O, 

Villanueva A and Alvarez-García W, 2025. Productive behavior, hematological values, and blood metabolites in dairy cows 

supplemented with Hermetia illucens L. larvae meal as a protein source. International Journal of Veterinary Science 14(6): 

1170-1175. https://doi.org/10.47278/journal.ijvs/2025.065  

205. Van Eynde, E., Chikowo, R., Njoroge, S., Comans, R., & Hoffland, E. (2023). Soil zinc fertilisation does not increase maize 

yields in 17 out of 19 sites in Sub-Saharan Africa but improves nutritional maize quality in most sites. Plant and Soil, 490, 

67–91. https://doi.org/10.1007/s11104-023-06050-2 

206. Vázquez Carrillo, M. G., Hernández Montes, A., Palacios-Rojas, N., García Cruz, L., Rosales Nolasco, A., Molina, A., & 

Palacios Pola, G. (2024). Comparing traditional and commercial nixtamalization of three maize landraces: Impact on pozole 

quality and consumer acceptance. Journal of Ethnic Foods, 11, Article 11. https://doi.org/10.1186/s42779-024-00227-5 

207. Walsh, S., Delaby, L., Kennedy, M., Galvin, N., McKay, Z. C., & Egan, M. (2024). Intake profile, milk production, and energy 

balance of early lactation spring-calving Holstein Friesian and Jersey × Holstein Friesian dairy cows in high-utilization 

pasture-based systems. Journal of Dairy Science, 107, 8058–8071. https://doi.org/10.3168/jds.2023-24517 

208. Wang, H., Zhang, J., Meng, Z., Sun, Z., Liu, D., Li, B., Yan, F., Jia, C., Zhou, H., & Zhao, M. (2025). Cu/Zn superoxide 

dismutase (SOD1) homologs participate in Nicotiana benthamiana antiviral responses. Frontiers in Microbiology, 16, Article 

1561731. https://doi.org/10.3389/fmicb.2025.1561731 

https://doi.org/10.1080/00103624.2020.1820030
https://doi.org/10.1016/j.jtemb.2023.127251
https://doi.org/10.4103/jomfp.jomfp_304_24
https://doi.org/10.47278/journal.ijab/2025.166
https://doi.org/10.1016/j.foodchem.2022.134967
https://doi.org/10.1016/j.foodres.2025.116830
https://doi.org/10.3390/ani15131847
https://doi.org/10.3390/agronomy7040080
https://doi.org/10.65822/j.pcl/2025.06
https://doi.org/10.1073/pnas.2400610121
https://doi.org/10.47278/journal.abr/2024.008
https://doi.org/10.47278/journal.ijvs/2025.065
https://doi.org/10.1007/s11104-023-06050-2
https://doi.org/10.1186/s42779-024-00227-5
https://doi.org/10.3168/jds.2023-24517
https://doi.org/10.3389/fmicb.2025.1561731


Genetics and Molecular Research 25 (10s): 2026 

23 

209. Wang, R., Ren, Y., Javad, H. U., Luo, J., Zhou, M., & Shu, X. (2022). Effect of different dietary zinc sources on growth, 

element deposition, antioxidation, lipid metabolism, and related gene expression in hybrid grouper (♀ Epinephelus 

fuscoguttatus × ♂ E. lanceolatus). Aquaculture Nutrition, 2022, Article 8371440. https://doi.org/10.1155/2022/8371440 

210. Wang, Y. H., Hertz, H. L., & Tang, W. (2026). Dynamic RNA polymerase compartments organize the transcription of gene 

clusters. bioRxiv. https://doi.org/10.1101/2026.01.05.123456 

211. Widiastuti R, Martindah E, Widiyanti PM, Anastasia Y, Maryam R and Wahyuwardani S, 2025. Farmers’ knowledge, attitudes, 

and practices on antibiotics usage and antibiotic residues in dairy milk in districts of Boyolali and Malang, Indonesia. 

International Journal of Veterinary Science 14(3): 520-526. https://doi.org/10.47278/journal.ijvs/2024.260  

212. Wong, D. L., Yuan, A. T., Korkola, N. C., & Stillman, M. J. (2020). Interplay between carbonic anhydrases and 

metallothioneins: Structural control of metalation. International Journal of Molecular Sciences, 21, Article 5697. 

https://doi.org/10.3390/ijms21165697 

213. Wróbel, B., Waldemar, Z., & Anna, P. J. (2025). Improving forage quality from permanent grasslands to enhance ruminant 

productivity. Agriculture, 15, Article 1438. https://doi.org/10.3390/agriculture15131438 

214. Wu, F. Y. H., & Wu, C. W. (2023). The role of zinc in DNA and RNA polymerases. In H. Sigel, A. Sigel, & R. K. O. Sigel 

(Eds.), Metal ions in biological systems (pp. 157–192). CRC Press. https://doi.org/10.1201/9781003223195-7 

215. Xiao, N., Ma, H., Wang, W., Sun, Z., Li, P., & Xia, T. (2024). Overexpression of ZmSUS1 increased drought resistance of 

maize (Zea mays L.) by regulating sucrose metabolism and soluble sugar content. Planta, 259, Article 43. 

https://doi.org/10.1007/s00425-024-04321-7 

216. Xu, N., Yang, D., Miao, C., Valencak, T., Liu, J., & Ren, D. (2021). Organic zinc supplementation in early lactation dairy cows 

and its effects on zinc content and distribution in milk and cheese. JDS Communications, 2, 110–113. 

https://doi.org/10.3168/jdsc.2020-0070 

217. Xue, Y. F., Li, X. J., Yan, W., Miao, Q., Zhang, C. Y., Huang, M., & Cui, Z. L. (2023). Biofortification of different maize 

cultivars with zinc, iron and selenium by foliar fertilizer applications. Frontiers in Plant Science, 14, Article 1144514. 

https://doi.org/10.3389/fpls.2023.1144514 

218. Yadav, A. K., Seth, A., Kumar, V., & Datta, A. (2023). Agronomic biofortification of wheat through proper fertilizer 

management to alleviate iron malnutrition: A review. Communications in Soil Science and Plant Analysis, 54, 154–177. 

https://doi.org/10.1080/00103624.2022.2110892 

219. Yadav, R. C., Sharma, S. K., Ramesh, A., Sharma, K., Sharma, P. K., & Varma, A. (2021). Contribution of zinc-solubilizing 

and mobilizing microorganisms (ZSMM) to enhance bioavailability for better soil, plant, and human health. In Rhizosphere 

microbes: Soil and plant functions (pp. 357–386). Springer. https://doi.org/10.1007/978-981-16-2368-6_15 

220. Yang, L., Wu, X., & Liu, D. (2025). Mechanism and application of yeast and its culture in regulating intestinal antioxidant 

defense in ruminants. Frontiers in Veterinary Science, 12, Article 1657244. https://doi.org/10.3389/fvets.2025.1657244 

221. Yao, J. H., Ortega, E. F., & Panda, A. (2025). Impact of zinc on immunometabolism and its putative role on respiratory 

diseases. Immunometabolism, 7, e00057. https://doi.org/10.1097/IN9.0000000000000057 

222. Yousif, H. M., El Mahdy, A. M., Hassan, M. F., & Mansour, M. K. (2024). Overview on Antioxidant and Oxidative Stress 

Markers after Garlic Oil Supplement in Suckling Buffalo Calves. Kafkas Universitesi Veteriner Fakultesi Dergisi, 30, 73-80. 

DOI: 10.9775/kvfd.2023.30499  

223. Yrjänäinen, A., Patrikainen, M. S., Azizi, L., Tolvanen, M. E., Laitaoja, M., Jänis, J., Väänänen, T., & Parkkila, S. (2022). 

Biochemical and biophysical characterization of carbonic anhydrase VI from human milk and saliva. Protein Journal, 41, 489–

503. https://doi.org/10.1007/s10930-022-10088-2 

224. Zarghami, A., Ganjkhanlou, M., Zali, A., Fekri, A., & Palangi, V. (2025). Effects of nano-oxide supplementation on milk yield, 

rumen fermentation, nutrient digestibility, and blood indices of high-yielding dairy cows. Frontiers in Veterinary Science, 12, 

Article 1720270. https://doi.org/10.3389/fvets.2025.1720270 

225. Zeng, X., Wang, Z., Yu, L., Wang, L., Liu, Y., Chen, Y., & Wang, C. (2023). Zinc supplementation reduces testicular cell 

apoptosis in mice and improves spermatogenic dysfunction caused by marginal zinc deficiency. Biological Trace Element 

Research, 202, 1656–1668. https://doi.org/10.1007/s12011-023-03789-8 

226. Zhang, R., Xuan, L., Ni, L., Yang, Y., Zhang, Y., Wang, Z., & Hua, J. (2023). ADH gene cloning and identification of flooding-

responsive genes in Taxodium distichum (L.) Rich. Plants, 12, Article 678. https://doi.org/10.3390/plants12030678 

227. Zhou, T., & Wang, H. (2025). The role of glutamate dehydrogenase in the ageing brain. Frontiers in Pharmacology, 16, Article 

1586655. https://doi.org/10.3389/fphar.2025.1586655 

228. Zunjare, R. U., Hossain, F., Muthusamy, V., Baveja, A., Chauhan, H. S., Bhat, J. S., Thirunavukkarasu, N., Saha, S., & Gupta, 

H. S. (2018). Development of biofortified maize hybrids through marker-assisted stacking of β-carotene hydroxylase, lycopene 

ε-cyclase and opaque2 genes. Frontiers in Plant Science, 9, Article 178. https://doi.org/10.3389/fpls.2018.00178 

https://doi.org/10.1155/2022/8371440
https://doi.org/10.1101/2026.01.05.123456
https://doi.org/10.47278/journal.ijvs/2024.260
https://doi.org/10.3390/ijms21165697
https://doi.org/10.3390/agriculture15131438
https://doi.org/10.1201/9781003223195-7
https://doi.org/10.1007/s00425-024-04321-7
https://doi.org/10.3168/jdsc.2020-0070
https://doi.org/10.3389/fpls.2023.1144514
https://doi.org/10.1080/00103624.2022.2110892
https://doi.org/10.1007/978-981-16-2368-6_15
https://doi.org/10.3389/fvets.2025.1657244
https://doi.org/10.1097/IN9.0000000000000057
https://doi.org/10.1007/s10930-022-10088-2
https://doi.org/10.3389/fvets.2025.1720270
https://doi.org/10.1007/s12011-023-03789-8
https://doi.org/10.3390/plants12030678
https://doi.org/10.3389/fphar.2025.1586655
https://doi.org/10.3389/fpls.2018.00178

