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Bio-fortification is an approach to combating widespread 
malnutrition by increasing the levels of essential nutrients like 
iron, zinc, and vitamin A in various food crops. In order to 
improve the nutritional quality of populations in developing 
nations, biofortified varieties of various crops, such as rice, 
wheat, maize, and legumes, have been produced. These 
varieties have shown promising results in increasing the 
nutritional status of these populations.  Despite this, the seed 
production and the multiplication of biofortified types 
necessitate certain considerations. These include the 
preservation of genetic purity, the guarantee of suitable 
pollination, and the implementation of appropriate agronomic 
methods to preserve the necessary nutrient content. To 
ensure the effective adoption of biofortified varieties and their 
influence on public health, objectives for future research 
should centre on the development of technologies for seed 
production that are more efficient and the investigation of the 
interactions between soil, weather, and biofortified varieties. 

Keywords: Bio-fortification; Seed production; Gene action, 
Sustainable Development Goals 

INTRODUCTION 

Bio-fortification is a process that involves improving 
the ambient density of crop varieties via the use of 
conventional breeding techniques and/or enhanced 
agronomic practices and current biotechnology 
(Bouis & Saltzman, 2017; Ashokkumar, et al., 2020; 
Ashoka et al., 2023). This is accomplished without 
compromising any characteristics that farmers or 
consumers find desirable (Talsma & Pachón, 2017; 

Yadhava et al., 2020). The human body needs a diet 
that is rich in nutrients to grow and develop normally 
(Chen et al., 2018). In addition to assisting in the 
prevention of diseases, it also helps to regulate the 
body's metabolism, which is beneficial to both bodily 
and mental health (Singh et al., 2016; Ofori et al., 
2022; Monika et al., 2023; Naik et al., 2024). On the 
other hand, malnutrition is brought on by the intake 
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of poorly balanced food. Beginning in childhood and 
continuing into old age, it is a condition that affects 
most of the world's population at some point in their 
lives (Figure 1).  

       Malnutrition is a global concern, impacting every 
country in some manner (WHO, 2006; Ofori et al., 
2022). In 2015, the United Nations outlined 17 
Sustainable Development Goals (SDGs) to address 
this. The SDGs aim to ensure a sustainable future for 
all by meeting present needs without compromising 
the ability of future generations to meet their own 
needs. The Sustainable Development Goals (SDGs) 
focus on eradicating extreme poverty, hunger, and 
malnutrition, while promoting environmental 
conservation and ensuring that all individuals 
experience peace and prosperity by the year 2030.  
Among the 17 SDGs set by the United Nations (UN) in 
2015, twelve of them are directly related to nutrition 
(Lee et al., 2016). The genetic process of 
biofortification increases the nutritional content of 
plant components that can be consumed, presents a 
potentially useful alternative (Smith, & Brown, 2024; 
Zulfiqar et al., 2024). For instance, biofortification 
results in the production of wheat grains that are 
abundant in iron and zinc (Welch, & Graham, 2004; 
Wessells, & Brown, 2014; Borrill et al., 2014; 
Johnson, & Davis, 2023)., rice grains that have a 
higher protein and zinc content (Bharath Prasad, & 
Shashidhar, 2017; Sanjeeva Rao et al., 2020; Wairich, 
et al., 2022) and maize grains that have been fortified 
with vitamin A (Sagare et al., 2014; WHO, 2016; 
Tripathi et al., 2022) 

       India has made significant achievements in 
agricultural biotechnology research. Through a 
collaborative research effort between the Indian 
Council of Agricultural Research (ICAR) and various 
institutes, a remarkable achievement has been 
realized: the release and notification of 87 
biofortified crop varieties by 2022. These biofortified 
varieties span sixteen important crops, including 
rice, wheat, maize, millets, lentils, groundnuts, 
oilseeds, vegetables, and fruits. This milestone 
signifies a promising future for India's food security 
and nutritional landscape. (Yadava et al., 2022; 
Venkatesh et al., 2024). In terms of pollination 
behavior in which bio-fortified varieties have been 
released 8 crops are self-pollinated, 5 are cross-
pollinated and 3 are often cross-pollinated. It is 
noteworthy that Maize and Bajra/ Pearl millet 
biofortified hybrids are released among the 87 
biofortified varieties while the remaining are pure-
line varieties (Table 1). On the other hand, among 87 

biofortified varieties in 39 varieties, only breeder 
seed production has been initiated. Hence, there is an 
urgent need to bring more biofortified varieties 
under the seed multiplication chain.  

NATURE OF GENE ACTION OF THE BIOFORTIFIED 
TRAITS 

The seed production principles and practices are 
governed by the genetic nature of the trait(s), floral 
biology, mating system, pollination control etc. of the 
plant species. In mono/oligogenic traits variety 
maintenance and seed multiplication become 
relatively easy by minimizing natural out-crossing 
and avoiding physical admixture of other variety 
seeds. However, when the specific trait is controlled 
by many genes with small effects and influenced by 
plant growing conditions stringent care and 
precautions are needed for its maintenance and 
production in large areas and quantities. It has been 
reported that most of the targeted traits in 
biofortified varieties are controlled by polygenes and 
quantitative trait loci (QTL).  Therefore, to achieve a 
high-quality seed with the desired level of 
biofortified constituents in the final commercial 
produce, utmost care must be taken in the nucleus 
seed class and the later stages. 

       When the trait is monogenic /Oligogenic then 
care should be taken for minimum natural crossing 
and mechanical mixture during the seed production 
chain. Whereas if the trait is polygene and QTL 
controlled then seed production should be done 
where the trait expression is towards positive G X E 
interaction for the desirable biofortified traits and 
negative G X E interaction for the anti-nutritional 
traits. Interestingly, in most of the cases, the 
biofortified genes are polygenic and controlled by 
quantitative trait loci. The nature of gene action and 
genes associated with higher grain nutrients of 
biofortified crops were summarized in Table 2. 

SEED PRODUCTION STAGE: POINTS TO BE 
CONSIDERED 

In the case of pure line varieties purity of breeder 
seed for the trait of concern should be confirmed. 
Proper evaluation of nucleus and breeder seed 
samples concerning biofortified traits prior to 
entering into the seed multiplication chain should be 
established. In the case of cross-pollinated crops 
where a hybrid has to be developed; the purity of the 
male/female parents should meet the prescribed 
standard of the biofortified trait of concern (Figure 
2).  
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Figure 1. Schematic representation of crop bio-fortification and it’s benefits 

 

 

Figure 2. Schematic diagram representing major considerations during seed production of biofortified crops 
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Table 1. List of released biofortified crop varieties, quality parameters and major states of seed production in 
India 

S.
N. 

   Crop 

Number of 
biofortified 
variety 
(type) 

  Improved quality trait  
Pollination 
behavior 

Season of 
seed 
production 

Predominant seed 
production states   

1. Rice 8 (Pure line) 
Protein (>10%), Zn 
(>20ppm) 

Self-
Pollination 

Kharif 
West Bengal, Uttar 
Pradesh, & Punjab 

2. Wheat 
28 (Pure 
line) 

Protein (>12%), Fe 
(>38ppm Zn (>37 ppm) 

Self-
Pollination 

Rabi 
Uttar Pradesh, Punjab, 
Haryana, & Madhya 
Pradesh 

3. Maize 14 (Hybrid) 
Pro-vitamin A (>5ppm), 
Lysine (>2.5%), 
Tryptophan (>0.6%) 

Cross- 
Pollination 

Kharif & 
Rabi 

Madhya Pradesh, 
Karnataka, Bihar, & Tamil 
Nadu 

4. Bajra 9 (Hybrid) 
Protein (>15%), Fe (>70 
ppm Zn (>39 ppm) 

Cross- 
Pollination 

Kharif 
Uttar Pradesh, Haryana, 
Maharashtra, & Gujarat 

5. 
Finger 
Millet 

3(Pure line) 
Fe (>38 ppm), Zn (>24 
ppm), Ca 
(>400mg/100g) 

Self-
Pollination 

Kharif 
Karnataka, Tamil Nadu, 
Maharashtra, & Odisha 

6. Small Millet 1 (Pure line) 
Fe (>55 ppm), Zn (>33 
ppm) 

Self-
Pollination 

Kharif 
Odisha, Gujarat, 
Maharashtra, Madhya 
Pradesh, & Andhra Pradesh 

7. Lentil 2 (Pure line) 
Fe (>62 ppm), Zn (>50 
ppm) 

Self-
Pollination 

Rabi 
Uttar Pradesh, Madhya 
Pradesh, West Bengal, & 
Bihar 

8. Groundnut 2 (Pure line) Oleic acid (>70%) 
Self-
Pollination 

Kharif 
Gujarat, Rajasthan, Tamil 
Nadu, & Andhra Pradesh 

9. Linseed 1 (Pure line) Linoleic acid (>58%) 
Often Cross-
Pollination 

Rabi 
Madhya Pradesh, 
Jharkhand, Uttar Pradesh, 
& Chhattisgarh 

10. Mustard 6 (Pure line) 
Erusic acid (<2%), 
Glucosinolates (<30 
ppm) 

Self-
Pollination 

Rabi 
Rajasthan, Uttar Pradesh, 
Madhya Pradesh, Punjab & 
Haryana 

11. Soybean 5 (Pure line) 

Oleic acid (>40%), 
Lyposigenase (below 
beany flavor), Trypsin 
inhibitor (negligible) 

Self-
Pollination 

Kharif 
Madhya Pradesh, 
Maharashtra, & Rajasthan 

12. Cauliflower 1 (Pure line) Pro-vitamin A (>8ppm) 
Cross- 
Pollination 

Rabi 
Uttar Pradesh, West 
Bengal, Bihar 

13. Potato 2 (Variety) Anthocyanin (>0.60ppm) 
Often Cross-
Pollination 

Rabi 
Uttar Pradesh, West 
Bengal, & Bihar 

14. 
Sweet 
Potato 

2 (Variety) 
Pro-vitamin A 
(>13mg/100g) 

Cross- 
Pollination 

Kharif & 
Rabi 

Odisha, Uttar Pradesh, & 
West Bengal 

15. 
Greater 
Yam 

2 (Variety) 

Anthocyanin 
(>45mg/100g), Fe (>135 
ppm), Zn (>48 ppm), Ca 
(>1800 ppm), protein 
(>15%) 

Cross- 
Pollination 

Kharif & 
Rabi 

Andhra Pradesh, Kerala, & 
West Bengal 

16. 
Pome-
granate 

1 (Variety) 
Fe (>5mg/100g), Zn (>06 
mg/100g), Vit-C 
(>19mg/100g) 

Often Cross-
Pollination 

Rabi 
Maharashtra, Gujarat, & 
Karnataka 
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Table 2. Nature of gene action of the biofortified traits 

S.N. Crop Trait of concern Nature of gene action / genes Reference 

1. Rice Higher protein and zinc  

Polygenic/non-additive and 

additive gene action; 

QTLs 

Saini et al. (2020); 

Mahender et al. 

(2016) 

2. Wheat 
Higher protein, iron and 

zinc 

QTLs Roy et al. (2022) 

3. Maize 
Higher pro-vitamin A, 

lysine and tryptophan  

Additive gene action with partial 

dominance; Recessive genes 

Hussain et al. (2015); 

Saini et al. (2020) 

4 Sorghum Higher pro-vitamin A 
Bc -1.1; Bc-2.1; Bc- 2.2; Bc- 2.3; 

Bc-10b 

Kudapa et al. (2023) 

5. Pearl millet 
Higher protein, iron and 

zinc 

Additive gene action Are et al. (2019) 

6. Pearl millet Higher iron 
QFe1.1; QFe2.1; QFe3.1; QFe5.1; 

QFe7.1 

Singhal et al. (2021) 

7 Pearl millet Higher zinc QZn2.1; QZn3.1; QZn3.2; QZn6.1 Singhal et al. (2021) 

8. Finger Millet 
Higher calcium, iron and 

zinc 

QTLs; Additive gene action Srivastava et al. 

(2021) 

9. Small Millet Higher iron and zinc Additive gene action Patil et al. (2018) 

10. Lentil Higher iron and zinc 
QTLs, genotype X environment 

interaction 

Singh et al. (2017) 

11. Groundnut Higher oleic acid  
Two recessive genes in additive 

manner (ol1 and ol2) 

Saini et al. (2020) 

12. Linseed Rich in linoleic acid  Double recessive genes Saini et al. (2020) 

13. Mustard 
Lesser erusic acid and 

glucosinolate  

Multiple alleles at two genes 

acting in an additive manner 

Saini et al. (2020) 

14. Soybean 

Rich in oleic acid, low 

lyposigenase activity 

(below beany flavor), low 

trypsin inhibitor 

(negligible) activity 

Additive > dominance gene 

action, Oligogenic 

Saini et al. (2020) 

15. Cauliflower Rich in pro-vitamin A  Semi-dominant gene Babu et al. (2021) 

16. Potato 
Higher anthocyanin 

(>0.60ppm) 

QTLs, Multiple genes Li et al. (2014) 

17. Sweet Potato 
Pro-vitamin A 

(>13mg/100g) 

QTLs Mattoo et al. (2022) 

18. Greater Yam 
Higher anthocyanin, iron, 

zinc and calcium  

QTLs Ehounou et al. 

(2022) 

19. Pomegranate 
Higher iron and zinc, rich 

in Vit-C  

Additive gene action Peerajade et al. 

(2020) 

To maintain the standard of biofortified traits during 
seed multiplication, several key considerations are 
crucial. Rapid seed quality testing tools are essential 
for promptly identifying and removing off-
type/rogue plants. Stringent isolation measures, 
tailored to the crop's pollination behavior, are 

necessary to prevent cross-pollination. Nutrient 
management, particularly phosphorus and zinc 
levels, should be optimized to support the expression 
of biofortified zinc-rich traits. For iron-rich varieties, 
calcareous soils should be avoided due to reduced 
iron availability. Adhering to recommended seed 
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production seasons is vital to mitigate the adverse 
effects of climate on nutritional quality (Table 1). In 
the context of farmer-participatory seed production 
and seed production under non-traditional areas, 
rigorous field inspections and seed quality testing 
are important to ensure the maintenance of desired 
trait standards. 

HARVESTING AND POST-HARVESTING STAGE: 
POINTS TO BE CONSIDERED 

When harvesting seeds, it is crucial to do so at the 
right time to prevent any decline in the bio-fortified 
quality caused by unfavorable weather conditions. 
Once harvested, care must be taken during the drying 
and preserving processes to avoid nutritional quality 
loss. This means being cautious with artificial drying 
methods and ensuring proper storage conditions. 
Improper post-harvesting and storage techniques 
could degrade the seeds' nutritional value, which is 
definitely want to avoid. Essentially, timing and 
handling are key to maintaining the seeds' quality 
and nutritional benefits. 

FUTURE PROSPECTS 

The interactions among soil, weather parameters 
and biofortified variety should be investigated so 
that a package of practice for each variety is 
recommended. Research programmes on the 
selection of suitable areas for seed production of 
biofortified crop varieties should be undertaken. 
Seed certification standards should be developed for 
biofortified varieties for the concerned trait and may 
be mentioned in the certification tags. To accelerate 
the time-to-market for biofortified crops, countries 
like the USA have implemented two key strategies. 
Firstly, they prioritize the immediate release and 
dissemination of existing, well-adapted varieties that 
already exhibit significant micronutrient content, 
even while continuing the development of varieties 
specifically bred for target micronutrient levels. 
Secondly, they conduct extensive multi-location 
Regional Trials each growing season, evaluating elite 
breeding materials, including already released 
varieties, across a diverse range of countries and 
sites. This approach allows for rapid assessment of 
crop performance and adaptation in various 
environments, ultimately speeding up the process of 
identifying and releasing the most suitable 
biofortified varieties (Andersson et al. 2017). These 
regional or transcontinental nurseries serve in 
germplasm dissemination as well as a testing tool. 

CONCLUSION 

The production of biofortified crop varieties 
demands meticulous attention to several key factors 

to ensure successful outcomes. First, genetic purity 
must be maintained throughout the production 
process, safeguarding the nutritional benefits of 
these enhanced varieties. Second, proper isolation 
techniques are essential to prevent cross-
contamination with non-biofortified crops, which 
can dilute the micronutrient content. Third, rigorous 
seed testing and quality control measures are 
necessary to verify the nutrient levels and 
germination rates. Fourth, understanding and 
addressing the environmental factors, such as soil 
health and climatic conditions, that influence seed 
production is crucial. Lastly, engaging farmers 
through training and extension services ensures the 
adoption of best practices, maximizing the impact of 
biofortified crops in combating micronutrient 
deficiencies. In summary, a holistic approach 
encompassing genetic integrity, isolation practices, 
quality control, environmental considerations, and 
farmer engagement is vital for the successful seed 
production of biofortified crop varieties. These 
efforts will significantly contribute to improving the 
nutritional status of populations, particularly in 
regions plagued by micronutrient malnutrition. 
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