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Climate change threatens global agriculture, particularly in arid and semi-arid
regions, where water scarcity, heat stress, and poor soils undermine crop produc-
tivity. Millets, as resilient C, cereal crops, exhibit physiological and biochemical
traits that allow them to adapt to extreme environmental stresses. Their ef-
ficient photosynthetic mechanism enhances water and nitrogen use efficiency,
enabling them to produce biomass under limited resources. Stress tolerance
mechanisms such as deep rooting, osmotic adjustment, and the synthesis of
heat shock proteins and molecular chaperones enhance their survival under
drought, heat, and salinity. Millets also display cross-tolerance through shared
stress-signaling pathways. In addition to their resilience, millets are nutritionally
rich and health-promoting bioactive compounds, making them valuable for
combating malnutrition. Recent genomic advancements have further enabled
the identification of key genes and loci associated with stress responses and
nutrient efficiency, facilitating the development of improved cultivars through
marker-assisted selection.

1. Introduction

Climate change has become one of the most urgent global
challenges, posing a significant threat to food security and
agricultural sustainability worldwide. Altered weather patterns,
rising temperatures and an increase in extreme weather events
such as droughts and floods are all disrupting crop production and
yield consistency. Traditional crops like wheat, rice and maize are
especially vulnerable to these changes, particularly in arid and semi-
arid regions, where water scarcity, heat stress and soil degradation
are major concerns. Millets small-seeded grasses, including species
like sorghum (Sorghum bicolor), pearl millet (Pennisetum glaucum),
finger millet (Eleusine coracana) and foxtail millet (Sezaria italica)
have attracted considerable interest due to their exceptional
resilience and adaptability to challenging environmental conditions.
These crops are particularly suited for cultivation in environments
where other crops may not thrive, due to their natural ability to

053

Regional Agricultural Research Station, Acharya N. G. Ranga Agricultural University, Lam, Guntur, Andhra Pradesh (522 034), India
2ICAR-National Academy of Agricultural Research Management, Hyderabad, Telangana (500 030), India

Journal Home: https://ojs.pphouse.org/index.php/CBM



withstand drought, heat and salinity. Millets can grow in
regions characterized by low and unpredictable rainfall,
poor soil quality and high temperatures, making them a
viable option for promoting sustainable agriculture in a
changing climate. Beyond their environmental resilience,
millets hold immense nutritional significance, offering a
robust profile of health-promoting compounds. They are
particularly rich in dietary fiber, which supports digestive
health, regulates blood sugar levels and contributes
to satiety making them valuable in the prevention of
metabolic disorders. Millets also supply essential amino
acids that are often limited in other staple cereals, thereby
contributing to protein quality in predominantly plant-
based diets. Furthermore, they are abundant in vital
micronutrients such as iron, magnesium, phosphorus and
zinc, which play crucial roles in immune function, bone
health and cognitive development. Their natural gluten-
free composition makes them a safe and nutritious choice
for individuals with celiac disease or gluten intolerance,
expanding dietary options for a growing health-conscious
population. Importantly, the integration of millets into
regular diets can aid in addressing both undernutrition
and lifestyle-related diseases. Coupled with their ability
to thrive under marginal growing conditions, millets
emerge not only as a climate-resilient crop but also as
a cornerstone in strategies aimed at achieving food and
nutritional security in a sustainable and inclusive manner.

2. Photosynthetic Efficiency

Millets, like many other C, plants, primarily utilize
the C, photosynthetic pathway, a specialized process
that offers them distinct advantages in environments
with high temperatures and limited water availability.
The C, pathway works by concentrating CO, around
the enzyme RuBisCO, effectively reducing the impact
of photorespiration. In contrast, in typical C, plants,
RuBisCO can bind with oxygen instead of carbon
dioxide under high temperatures, leading to inefficient
photosynthesis and the loss of valuable energy. The
C, pathway mitigates this issue by capturing CO,
in specialized mesophyll cells and transporting it to
bundle sheath cells, where it is used in photosynthesis.
This process not only boosts carbon fixation but also
significantly enhances water-use efficiency (WUE),
making it an ideal adaptation for plants in hot and arid
climates (Sage and Zhu, 2011). The C, photosynthetic
mechanism is particularly advantageous in regions where
water is scarce, a characteristic of many areas where
millets are cultivated. Thanks to their improved WUE,
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millets require less water to produce the same amount
of dry biomass compared to crops like maize and wheat.
For example, foxtail millet (Setaria italica) uses just
257 grams of water to produce 1 gram of dry biomass,
while maize and wheat require 470 and 510 grams,
respectively (Lundgren et al., 2014). This increased
water efficiency enables millets to thrive in arid and
semi-arid regions with unpredictable rainfall, reducing
reliance on irrigation and helping to alleviate the impacts
of drought. Moreover, the C, pathway allows millets to
grow effectively in nutrient-poor soils, where nitrogen
availability is often limited. Traditional crops like wheat
and rice tend to be sensitive to nitrogen deficiencies,
but millets exhibit higher nitrogen use efficiency
(NUE), enabling them to grow well even in soils with
less nitrogen. Studies have shown that the C, pathway
improves NUE by optimizing nitrogen assimilation and
minimizing losses through leaching or volatilization
(Sage and Zhu, 2011). Consequently, millets are better
suited to grow in nutrient-deficient soils where other
crops may not perform as effectively. The benefits of
the C, pathway extend beyond water and nitrogen
efficiency. Millets enhanced photosynthetic capacity
under high temperatures also enables them to thrive as
global temperatures rise. With climate change expected
to increase the frequency and intensity of heatwaves,
millets’ ability to maintain high photosynthetic rates
even in extreme conditions makes them a valuable crop
for securing food production in a warming world.

3. Stress Tolerance Mechanisms

Millets, renowned for their remarkable climate resilience,
possess a range of physiological adaptations that allow
them to withstand harsh abiotic stresses like drought,
heat and salinity. These adaptive mechanisms are crucial
for millet survival and productivity, especially in areas
where other crops struggle to grow due to environmental
challenges. As global climate patterns continue to shift,
these stress-tolerant traits enhance the value of millets as
a key resource for sustainable agriculture in regions most
vulnerable to climate change.

3.1. Drought tolerance

A key feature of millet’s drought resilience is its deep
and extensive root system, which enables the plants to
access water from deeper soil layers, bypassing the shallow
topsoil that quickly dries out during periods of water
scarcity. This deep-rooted structure significantly reduces
the need for frequent irrigation, making millets well-
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suited for cultivation in water-limited areas. Additionally,
millets have developed the ability to accumulate
osmolytes, such as proline, sugars and other compatible
solutes, in response to drought stress. These compounds
help maintain cellular water potential, protecting cellular
structure and function during dehydration. Osmolytes
also serve as protective agents against oxidative stress,
which tends to increase under water-deficit conditions
(Ajithkumar and Panneerselvam, 2014). By regulating
water balance and shielding cells from damage, these
osmotic adjustments enable millets to remain productive
even in severe drought conditions.

3.2. Heat resistance

As global temperatures rise, heat resistance has become
a crucial trait for crops. Millets, especially those adapted
to hot climates, have evolved several strategies to endure
extreme heat. One of the key adaptations is their ability
to adjust their flowering phenology, timing flowering
to avoid the hottest periods of the growing season. By
synchronizing flowering with cooler conditions or when
moisture is more available, millets ensure successful
reproduction despite high temperatures (Bidinger et al.,
2007). Furthermore, millets produce heat shock proteins
and molecular chaperones that protect cellular proteins
and membranes from thermal damage. These proteins
help stabilize cellular structures, preventing denaturation
and ensuring proper protein folding under stress. This
molecular defense mechanism enables millets to thrive
in environments where other crops might fail due to the
damaging effects of prolonged heat exposure.

3.3. Salinity tolerance

Another important aspect of millet resilience is its
exceptional ability to tolerate salinity, a trait that is
especially valuable in regions where saline irrigation
water is used or were soil salinity limits crop production.
Among the various millet species, pearl millet (Pennisetum
glaucum) is particularly notable for its high salinity
tolerance. Pearl millet can endure both salt and heat stress
simultaneously, a phenomenon known as cross-tolerance
(Muthamilarasan and Prasad, 2015). This unique form
of tolerance is facilitated by the activation of shared
stress-signaling pathways that regulate cellular responses
to both osmotic stress and heat. Specific genes related
to ion transport, osmotic adjustment and antioxidative
defense play a key role in helping millets maintain
cellular balance under saline conditions (Zhang et al.,
2012). Through these genetic mechanisms, millets can
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effectively mitigate the negative effects of both salinity
and heat, allowing them to thrive and remain productive
even in harsh environments.

4. Nutritional Superiority

In addition to their remarkable climate resilience, millets
are also recognized for their exceptional nutritional value,
surpassing many major cereal crops. This makes them
an essential component in global efforts to address food
insecurity and malnutrition, especially in regions with
limited access to diverse and nutrient-dense food sources.
Millets are packed with vital nutrients that promote
human health and well-being. They are an excellent
source of dietary fiber, which is crucial for maintaining
gut health, preventing constipation and supporting overall
digestive function. The high fiber content in millets also
aids in regulating blood sugar levels, offering significant
benefits for individuals with diabetes or those at risk of
developing metabolic disorders (Bandyopadhyay et al.,
2017). Additionally, millets are rich in resistant starches,
a type of carbohydrate that resists digestion in the small
intestine and functions similarly to fiber. Resistant
starches have been shown to improve gut microbiota
composition, promote gut health and assist in weight
management by increasing feelings of fullness. Millets
are also a powerful source of essential amino acids, which
are crucial for tissue repair, immune function and muscle
growth. These amino acids are especially important in
areas where access to animal-based protein is limited,
making millets an affordable and sustainable alternative
to other protein-rich foods.

Beyond their macro- and micronutrient content,
millets contain bioactive compounds like phenolic
acids, flavonoids and antioxidants, contributing to
their health-promoting properties. These compounds
have been shown to exhibit anti-inflammatory, anti-
cancer and antioxidant effects, which help protect the
body from oxidative stress a factor associated with
chronic diseases such as heart disease, cancer and
neurodegenerative disorders (Amadou et al., 2013). Thus,
regular consumption of millets provides a natural defence
against various health issues and can significantly enhance
public health. Millets are also naturally gluten-free,
making them an ideal dietary choice for individuals with
celiac disease or gluten sensitivity. As gluten intolerance
and allergies become more common, millets provide a safe
and nutritious alternative to traditional gluten-containing
grains like wheat, barley and rye. Furthermore, millets
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are an excellent source of essential micronutrients such
as magnesium, iron and zinc, which are often deficient
in the diets of populations that rely heavily on staple
grains like rice and wheat. These minerals are crucial
for maintaining bone health, supporting immune
function and promoting proper cognitive development,
particularly in children and pregnant women. One of the
most significant advantages of millets is their ability to
thrive in harsh environmental conditions, such as low soil
fertility, drought and high temperatures, making them
ideal for cultivation in regions with limited agricultural
resources. This natural resilience allows millets to be
grown in areas where other crops struggle to survive, thus
increasing their availability in regions where food security
is a major concern. As the world grapples with the dual
challenges of climate change and rising malnutrition,
millets offer an affordable, sustainable and nutrient-rich
food source that can be incorporated into various diets,
ranging from traditional culinary practices to modern
health-conscious meal plans.

5. Genetic and Genomic Resources

Recent advancements in genomic research have greatly
expanded our understanding of the genetic mechanisms
behind millet resilience to various abiotic stresses, such
as drought, heat and salinity. The availability of high-
quality genomic resources has provided deeper insights
into the molecular basis of stress tolerance, paving the
way for the development of improved millet varieties with
enhanced climate resilience. A key milestone in this area
has been the whole-genome sequencing of foxtail millet
(Setaria italica), which has provided a comprehensive
understanding of the genetic architecture of this
important crop. This sequencing project has revealed
several critical genetic pathways involved in drought
resistance, nitrogen use efficiency (NUE) and water use
efficiency (WUE). For instance, genes associated with
osmotic stress regulation, which help maintain cellular
integrity during drought conditions, have been identified
(Bennetzen et al., 2012). Furthermore, genes related to
water transport, such as aquaporins and antioxidative
responses that protect cells from oxidative damage under
stress, have been characterized in foxtail millet (Zhang et
al., 2012). These findings are crucial for developing new
millet varieties with improved stress tolerance and higher
productivity in challenging environments. Similarly,
finger millet (Eleusine coracana), another important millet
species, has become the focus of genetic studies aimed at
identifying candidate genes for drought tolerance. These
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studies have pinpointed specific genetic loci associated
with drought resistance mechanisms, including deep root
systems, osmotic regulation and delayed leaf senescence
(Muthamilarasan and Prasad, 2015). The identification
and characterization of these genes hold great potential
for developing drought-tolerant millet varieties that
can thrive even in water-scarce regions. The increasing
availability of genomic resources for millets is also
driving more targeted breeding strategies. Molecular
breeding techniques, such as marker-assisted selection
(MAS), have become invaluable tools in accelerating
the development of climate-resilient millet varieties.
Through MAS, breeders can efficiently identify and
select plants with desirable traits such as improved
drought tolerance, salinity resistance and enhanced
nutrient uptake early in the breeding process. This
approach not only reduces breeding time but also ensures
that newly developed varieties are better suited to specific
environmental conditions.

Moreover, the integration of genomic insights with
traditional breeding methods offers new opportunities to
design millet varieties that are not only resilient to abiotic
stresses but also have enhanced nutritional profiles. By
selecting for both stress tolerance and improved nutrient
content, breeders can contribute to the dual goals of
improving food security and promoting sustainable
agriculture in regions vulnerable to climate change.

6. Conclusion

Millets are climate-resilient crops thriving under drought,
heat and salinity, offering key nutritional benefits for
food security, especially in low-income areas. Advances
in genomics and stress-responsive gene identification
support breeding of resilient, nutrient-rich varieties. As
climate challenges grow, millets emerge as a sustainable
farming solution. Promoting them through research,
policy and awareness can strengthen climate-resilient
tfood systems. Harnessing their physiological and
genetic potential is vital for ensuring food security and
environmental sustainability in a changing climate.
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