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ABSTRACT

Fodder crops provide vital nutrients for animal growth and milk production, these are critical to sustained livestock
production. Because of its high biomass yield, excellent nutritional content, and broad adaptability, Pearl millet x
Napier hybrid grass is a significant perennial fodder crop. However, the productivity and quality of fodder are
severely limited by growing abiotic stresses like heat, salinity, and drought, due to climatic changes. These stresses
have a negative impact on plant growth as well as physiological and biochemical processes. As a result, there is a
decrease in crude protein content, change in the composition of fibre, decrease in digestibility, and accumulation
of anti-nutritional factors, all of which have an impact on animal performance. Reduced biomass and protein
content result from drought stress's disruption of water relations, photosynthesis, and nitrogen assimilation. Heat
stress promotes leaf senescence, oxidative damage, and metabolic disruptions, lowering the quality of forage,
whereas salinity stress results in osmotic imbalance and ion toxicity, which compromise nutrient uptake and
membrane stability. Osmotic adjustment, the buildup of compatible solutes, antioxidant defense mechanisms, and
morphological changes are how forage crops react. The review also covers both traditional and cutting-edge
breeding techniques, such as germplasm screening, direct and indirect selection, introgression of stress-tolerant
genes, molecular breeding, and biotechnological methods, for enhancing abiotic stress tolerance in Pearl millet x
Napier hybrids. These tactics can promote year-round fodder production and increase climate resilience.
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1. INTRODUCTION

The backbone of Asian agriculture is crop-livestock systems. Beyond food production, livestock rearing is an
important component of Asian agriculture (1). Livestock is the second largest sector and an essential part of
nation’s agriculture (2). Animal products such as milk and meat can be produced year-round and are important
sources of protein and essential amino acids. Livestock production also increases income, improves economic
stability, creates employment, supports rural livelihoods, and contributes to poverty reduction (1). Among the
different livestock production systems, mixed crop-livestock systems are particularly important because they
sustain a large proportion of the world's poor population and produce a major share of global ruminant livestock
(3). Grazing fields account for up to 40% of India's total land area (4). However, for the past 20 years, the total
area under fodder cultivation has remained relatively constant at 8.4 mha (5.23%) (4, 5). Approximately 54% of
the cultivated fodder area is under sorghum and berseem, grown on 2.6 and 1.9 mha, respectively (4, 6). Fodder
crops are often grown under stressful and unproductive conditions, resulting in lower-quality herbage (7).
Although fodder crops have wide adaptability, can grow under stress, and provide regular income and
employment, their storage, transport, processing, and conservation remain challenging (4). The pearl millet x
Napier hybrid combines the deep roots and perennial nature of Napier with the palatability of pearl millet. It is
suitable for year-round fodder production because of its high productivity and palatability. On a dry matter basis,
it contains 7-10% crude protein, 28-30% crude fibre, and 10-11.5% ash. Once established, it can provide 8-10
cuts annually and produce fodder for 5-6 years under proper management (8). Adequate quantities of good-quality
feed and fodder are essential for increasing cattle productivity (4). Despite improvements in feed and fodder
availability over the last decade, a gap remains between demand and availability, particularly during lean periods,
droughts, and abnormal weather conditions (4). India's fodder cultivation area has remained largely unchanged
for two decades and is insufficient to meet the requirements of its growing livestock population (9). Poor soil
fertility, low soil moisture, and prolonged dry periods during crop growth are major constraints to fodder
productivity in arid and semi-arid regions (7).
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Abiotic stresses severely affect crop growth, development, productivity, and quality. These stresses arise from
unavoidable environmental conditions and can substantially reduce crop productivity (10). Climate change,
including rising temperatures and atmospheric CO; levels, can reduce both dry matter production and the
nutritional quality of forage crops (11). Individual or combined abiotic stresses disrupt signalling pathways, gene
functioning, and plant growth and development, potentially reducing crop productivity by 50-70% (11, 12).
Drought and heat stress particularly affect vegetative growth and fodder yield, while salinity is an increasing
constraint to agricultural productivity, especially in coastal regions (13-15). Drought and salinity significantly
affect plant height, tillering, leaf number and area, internode number, and fresh and dry biomass of shoots and
roots. They also reduce chlorophyll, carotenoids, photosynthesis, transpiration, stomatal conductance, membrane
stability, and protein content, while increasing reactive oxygen species that damage chlorophyll, proteins, DNA,
and cell membranes. Salinity further causes osmotic stress and ion toxicity, ultimately reducing the productivity
and nutritional quality of green fodder crops (11). These stresses can reduce farmers' income and affect livestock
productivity and food security through reduced fodder availability and milk production.

Therefore, improving abiotic stress tolerance in pearl millet x Napier hybrid grass is necessary to address drought,
heat, and salinity stresses. Developing climate-smart fodder crops can support year-round fodder production and
contribute to increased milk and livestock production. This review aims to facilitate the development of abiotic
stress-tolerant fodder crops by discussing the effects of abiotic stresses, plant responses to these stresses, and
approaches for improving stress tolerance in fodder crops.

2. Impact of abiotic stresses

2.1. Impact of drought stress on plant growth

2.1.1. Germination and seedling growth

In fodder sorghum, drought increased the root-to-shoot ratio but reduced germination percentage, seedling length,
biomass, and vigour index relative to the control (16), showing how limited water availability impedes early
germination and seedling growth.

2.1.2. Morphological traits

Water stress reduces plant height, tiller number, leaf area, fodder yield, shoot production, fresh weight, and dry
matter across fodder species, including Pearl millet Napier hybrid (17), Rhodes grass (18), fodder sorghum (19),
(20), (21), Festuca arundinacea (22), alfalfa (23), (24) fodder maize (25), Napier grass (26), berseem clover (27)
and berseem (28), buffel grass (29), and cool-season grasses (30),(31). Root responses are more variable: while
shoot and total biomass generally fall, the root-to-shoot ratio often rises as plants prioritise root growth to access
water, as seen in alfalfa (23), (32) and Cenchrus ciliaris and Cyperus arenarius (33), though severe drought
ultimately reduces root dry weight too, as in tall fescue (34), Festulolium braunii (35) and perennial ryegrass (36),
(37). By restricting cell division, photosynthesis, and leaf expansion, drought lowers plant height, shoot growth,
and forage quality; moderate stress can improve the root-to-shoot ratio for water uptake, but severe or prolonged
drought damages roots irreversibly. These impacts are summarized in Table 1.

2.1.3. Nutritional quality

Drought reduces fibre digestibility in some species while altering fibre composition differently across others: ADF
and NDF fell in water-stressed forage grasses (30), yet increased alongside declining in vitro digestibility in fodder
sorghum (21). Crude protein content typically declines under drought, as in lucerne (38), fodder maize (25),
Rhodes grass (18), and Pennisetum glaucum (39), reflecting reduced protein biosynthesis and increased
degradation, though moderate irrigation deficits can raise crude protein, ash, digestibility, and fibre in forage
sorghum while lowering ADF, NDF, and protein yield (20). Reduced leaf area and photosynthesis under drought
lower cellulose, hemicellulose, and fibre production; mild stress can raise soluble carbohydrate and protein levels,
but severe drought depletes protein reserves, and lignification or a lower leaf-to-stem ratio can raise ADF and
NDF even as cell-wall synthesis declines.

2.1.4. Physiological and biochemical changes

Drought consistently lowers chlorophyll and photosynthetic pigment content, as in Agropyron desertorum (40),
Poa pratensis (41), and Cenchrus ciliaris and Cyperus arenarius (33), through oxidative damage from drought-
induced reactive oxygen species that preferentially degrade chlorophyll a in the photosystem reaction centre;
alfalfa showed the same pattern for chlorophyll a even as chlorophyll 5 and total chlorophyll increased (23).
Photosynthetic rate, transpiration, and stomatal conductance decline in parallel across species including
Festulolium

Table 1. Morphological responses of fodder crops to drought stress

Crop species Increased Decreased References
Fodder sorghum (Sorghum bicolor) Root to shoot | Germination percentage, seedling | (16)
ratio length, seedling biomass, seedling

vigour index
Pearl millet Napier hybrid - Plant height, number of tillers, leaf | (17)

area, green fodder yield, dry

fodder yield
Festuca arundinacea - Shoot production (22)
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Alfalfa (Medicago sativa) Root biomass, | Plant height, shoot biomass (23)
root to shoot
ratio
Fodder maize (Zea mays) - Stem fresh weight, leaf fresh | (25)
weight, dry matter yield
Fodder sorghum - Plant height, fresh weight, dry | (21)
weight
Napier grass (Pennisetum purpureum) | - Plant height, leaf width, dry matter | (26)
weight
Berseem clover - Plant height, total biomass, dry | (27)
weight
Berseem - Fresh fodder yield (28)
Buffel grass - Shoot dry weight (29)
Cenchrus  ciliaris and  Cyperus | - Shoot fresh weight, shoot dry | (33)
arenarius weight, shoot length, root biomass
Tall fescue (Festuca arundinacea) - Root dry weight (34)
Alfalfa Root to shoot | Total biomass, shoot dry weight (32)
ratio
Rhodes grass - Plant height, number of tillers, | (18)
number of leaves, leaf area, green
fodder yield, dry fodder yield
Fodder sorghum - Plant height, leaf length, leaf | (19)
width, number of tillers, number
of leaves, dry matter yield
Perennial ryegrass (Lolium perenne), | - Leaf elongation rate, shoot dry | (37)
Cocksfoot (Dactylis glomerata), Tall weight, root dry weight
fescue, chicory (Cichorium intybus)
Tall fescue, Perennial rye grass - Root dry weight, root viability (36)
Elymus elongatum - Shoot dry weight, leaf width (42)
Fodder sorghum - Dry matter, stem weight, leaf to | (20)
stem ratio
Festulolium  braunii, tall fescue, | Root diameter, | Root length, root dry mass, shoot | (35)
perennial ryegrass specific root | dry mass, total dry mass, root mass
length ratio
Tall fescue, Italian ryegrass, perennial | - Dry matter yield (30)
ryegrass, meadow fescue
Festuca pratensis, F. rubra, Lolium | - Dry forage yield 3D
multiflorum, Lolium X hybridum

braunii (22), tall fescue (34), fodder maize (24), Napier grass (26), Poa pratensis and Lolium perenne (43),
berseem (27), berseem clover (28), lucerne (38), (44), Urochloa grass (45), and several cool-season grasses (30),
(35), (36), (37), (42), (46), (47), generally alongside falling relative water content, membrane stability, and
chlorophyll fluorescence (Fv/Fm). Fodder sorghum showed lower relative water content and membrane stability
but more stomata under drought (16), (19). Stomatal closure limits transpiration and CO; uptake, further
depressing photosynthesis while raising canopy temperature, sometimes first elevating evapotranspiration before
it declines (30), (36). Drought-tolerant genotypes retain protective mechanisms such as improved cell-wall
elasticity and membrane integrity (43), but these are overwhelmed under extreme, prolonged drought.

Drought also shifts carbon and nitrogen partitioning: shoot C:N ratio tends to fall as photosynthesis and CO;
fixation decline, while roots accumulate more carbon and nitrogen and a higher C:N ratio as plants prioritise water
uptake, as shown in Festuca arundinacea and Festulolium braunii (22), Festuca arundinacea, and Lolium perenne
(35). Reduced soil moisture also promotes Na™ accumulation for osmotic adjustment at the expense of K™ and
Ca®" uptake, as seen in Cenchrus ciliaris and Cyperus arenarius (33); this supports short-term turgor maintenance
but the resulting K* deficit constrains growth, stomatal function, and enzyme activity.

2.2. Impact of salinity stress on plant growth

Salinity stress significantly impacts the growth, development, yield, and quality of fodder crops, disrupting plant
metabolism and causing osmotic stress and ion toxicity.

2.2.1. Germination and seedling growth

Salinity restricts germination and early seedling growth across fodder species by reducing radicle and shoot length,
as in fodder grasses generally (48) and in Italian ryegrass (49), Bothriochloa pertusa, Dichanthium annulatum,
and Panicum antidotale (50). Germination percentage, seedling growth, and biomass fell similarly in Euphorbia
lathyrism (51), Rhodes grass (52), (53), and alfalfa (54) under rising salt concentrations. High salinity lowers soil
osmotic potential and water uptake, while excess Na* and CI- disrupt enzyme activity and cell division, impeding
radicle and plumule formation; the resulting oxidative stress further reduces seedling fresh and dry weight. These
impacts are summarized in Table 2.
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2.2.2. Morphological traits

Salinity stress lowers plant height, tiller and leaf number, and fresh and dry biomass across most fodder species
tested, including Napier grass (55), alfalfa (56), (57), (58) fodder sorghum (59), Avena species (60), Euphorbia
lathyrism (51), Rhodes grass (53), (52), Italian ryegrass (49) Pearl millet x Napier hybrid (61), and Marvel grass
(50), (62). Root and shoot growth rates also decline, as in Italian ryegrass (49), though hybrid Giant Napier
genotypes showed increased plant height, tillering, and fresh and fibrous root weight under moderate salt stress
despite slower shoot initiation (63), and Napier grass dry matter yield increased with salinity even as fresh weight
fell (64), (65). High salt concentrations reduce root water absorption, suppressing photosynthesis and growth and
lowering green and dry fodder yield; dry matter content may rise or hold steady as tissues dehydrate, and salinity-
tolerant genotypes sustain it by enhancing root growth. These impacts are summarized in Table 2.

2.2.3. Nutritional quality

Crude protein content generally falls under salinity stress, as in Napier grass (55), Italian ryegrass (49), Rhodes
grass (52), (53), and Marvel grass (62), while ash, water-soluble carbohydrate, and crude fibre content often rise.
Fibre fractions responded variably: NDF increased in Rhodes grass (53), while ADF, NDF, and ADL declined in
Marvel grass (62), and cellulose and hemicellulose declined in Napier grass hybrids (65) while lignin stayed
constant. Napier grass also showed reduced soluble but increased insoluble oxalate with rising salinity (64). By
limiting nitrogen uptake through osmotic stress and ion toxicity, salinity reduces protein synthesis and restricts
cellulose and hemicellulose synthesis via reduced cell division and water availability, though ash and soluble
carbohydrate content typically rise through ionic accumulation and osmotic adjustment.

2.2.4. Physiological and biochemical changes

Salinity stress reduces chlorophyll a, b, total chlorophyll, and carotenoid content, along with their stability indices,
in Pearl millet x Napier hybrids (61), Marvel grass (62), and Napier grass hybrids (65), though salt- tolerant Napier
genotypes retain chlorophyll and carotenoid levels. This decline stems from ROS-driven oxidative damage to
photosystems and pigment synthesis, offset in tolerant genotypes by stronger membrane stability and antioxidant
defenses. Leaf relative water content, membrane stability, photosynthetic rate, transpiration, and stomatal
conductance likewise fall under salinity in Pearl millet x Napier hybrids (61), Italian ryegrass (49), Marvel grass
(62), Rhodes grass (52), and Napier grass hybrids (65), while stomatal resistance rises. SPAD values declined in
Rhodes grass (53) and alfalfa (56) but increased in Avena species (60) alongside declining membrane stability and
relative water content. Salinity lowers soil water potential and induces stomatal closure, restricting water and CO»
uptake and thus photosynthesis and transpiration, while osmotic stress and ion toxicity damage membranes and
raise electrolyte leakage; osmolyte accumulation and leaf thickening, however, can raise SPAD values.

Table 2. Morphological responses of fodder crops to salinity stress

Crop species Increased Decreased References

Bromus inermis, Elytrigia | - Germination rate, radicle length, | (48)

elongata, Puccinellia tenuiflora, shoot length

Hordeum brevisubulatum,

Kalidium gracile, Suaeda salsa

Italian ryegrass - Germination rate, shoot growth rate, | (49)
root growth rate

Bothriochloa pertusa, | - Germination percentage, radicle | (50)

Dichanthium annulatum, Panicum length, plumule length, biomass fresh

antidotale weight, biomass dry weight

Euphorbia lathyris - Radicle fresh weight, hypocotyl fresh | (51)

weight, germination rate, stem
biomass, root biomass, total plant
biomass

Rhodes grass - Germination percentage, root and | (52)
seedling growth, increasedtte length,
secondary root growth, plant height,
leaf area, stem thickness, root length
Rhodes grass - Germination  percentage, plant | (53)
height, number of tillers, fresh
weight, dry matter weight, shoot dry
matter, root dry matter

Alfalfa - Germination rate (54)
Napier grass Dry matter | Biomass yield, number of tillers, | (55)
content number of leaves, shoot initiation,
plant height
Alfalfa - Relative growth rate (56)
Fodder sorghum - Plant height, root fresh biomass, root | (59)

dry biomass, yield
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Avena sp. - Plant height, internode length, flag | (60)
leaf length, flag leaf width, number of
tillers, number of internodes, fresh
weight, dry weight

Alfalfa - Fodder yield (57)

Alfalfa - Shoot dry weight, root dry weight (58)

Pearl millet x Napier hybrid - Root dry weight, shoot dry weight, | (61)
root to shoot ratio

Marvel grass - Plant height, biomass (62)

Napier grass Dry matter | - (64)

content

Napier grass hybrid Dry weight, dry | Total fresh weight (65)

matter content

Hybrid giant napier Root - (63)

development,
root fresh weight

2.3. Impact of heat stress on plant growth

2.3.1. Morphological traits

Heat stress lowers germination rate, shoot fresh and dry weight, and biomass across fodder species, including
Kentucky bluegrass, bent grass and perennial ryegrasses (66), fodder maize (67), forage oats (68), buffel grass
(29), alfalfa (69), and perennial ryegrass, cocksfoot, tall fescue and chicory (37). Root activity, plant height, and
biomass similarly decline in perennial ryegrass (70), Chloris gayana and Setaria anceps (71), Setaria viridis (72),
Agrostis species (73), and tall fescue (36), (74), (75). By inhibiting enzymes and damaging embryonic tissue, heat
stress reduces seed germination, cell division and elongation, root development, and overall biomass, while
promoting leaf withering and chlorosis and, through elevated respiration, further depleting biomass. These effects
are summarized in Table 3.

2.3.2. Nutritional quality

Heat stress raised starch, protein, crude fibre, and metabolizable energy in fodder maize through a concentration
effect as biomass accumulation slowed (67), while lowering turf and lawn quality in perennial rye grass (70),
Kentucky blue grass (47), and tall fescue (74). High temperatures generally promote chlorosis, senescence, and
reduced tillering across fodder crops.

2.3.3. Physiological and biochemical changes

Heat stress lowers chlorophyll content, chlorophyll SPAD readings, relative water content, and photosynthetic
efficiency across species including forage oats (68), alfalfa (69), perennial ryegrass and cocksfoot, tall fescue and
chicory (37), fodder maize (67), and Poa labillardierei and related grasses (46), while increasing chlorophyll
fluorescence and canopy temperature depression. Perennial rye grass showed reduced soil and leaf water content,
photosynthetic rate, Fv/Fm, and membrane stability (36), and Kentucky blue grass showed reduced relative water
content with increased electrolyte leakage and wilting (47), while tall fescue lost survival rate, chlorophyll content,
and Fv/Fm (75). By disrupting water balance and increasing transpiration and

Table 3. Morphological responses of fodder crops to heat stress

Crop species Increased | Decreased References

Kentucky blue grass, bent | - Germination rate (66)

grass, perennial rye grass

Fodder maize - Shoot fresh weight, shoot dry weight (67)

Forage oats - Shoot biomass, 50% flowering (68)

Buffel grass - Dry weight (29)

Alfalfa - Shoot fresh weight, shoot dry weight, root fresh | (69)
weight, root dry weight, total fresh biomass, total dry
biomass

Perennial ryegrass, | - Leaf elongation rate, shoot dry weight, root dry | (37)

cocksfoot, tall fescue, weight

chicory

Perennial ryegrass - Plant height, leaf width, root activity (70)

Chloris gayana, Setaria | - Number of tillers, number of leaves, fresh weight, | (71)

anceps dry biomass, plant height

Setaria viridis - Root dry mass, shoot dry mass, leaf size (72)

Agrostis scabra, A |- Root viability (73)

stolonifera

Tall  fescue, perennial | - Root dry weight, root viability (36)

ryegrass
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Tall fescue - Growth rate (74)

Tall fescue - Plant height, dry weight (75)
membrane degradation, heat stress lowers relative water content, chlorophyll, and photosynthetic efficiency while
raising electrolyte leakage, evapotranspiration, and canopy temperature, reducing fodder quality. In contrast,
Setaria viridis showed increased tissue nitrogen and C:N ratio under heat stress (72), a concentration effect in
which heat suppresses biomass accumulation and carbon fixation more than nitrogen uptake.

3. Response of plants to abiotic stresses

Abiotic stress triggers a variety of physiological and biochemical reactions in plants. This section addresses how
physiological traits and metabolism are altered to combat abiotic stressors. Figure 1. illustrates the responses of
fodder crops to abiotic stresses.

3.1. Response of plants to drought stress

Proline accumulates under drought stress as an osmoprotectant that maintains cellular turgidity, in Cynodon
dactylon and Lolium perenne (41), Pennisetum glaucum (39), Agropyron desertorum (40), alfalfa (23), (32),
Cenchrus ciliaris and Cyperus arenarius (33), fodder maize

Abiotic stresses affecting fodder crops Impact of abiotic stresses on fodder crops
% 1 Drought
e 1 * Decreasein photosynthetic pigments
"%‘&;‘ )
5 Lower crude protein content
W ‘x ‘? Q-“ I * Accumulation of osmolytes
29 o W]
\ Drought ) Increased ROS and antioxidants

Salinity

Inhibition of germination

- i ¥ ‘3 lon toxicity
e s |
T - Reduced chlorophyll and photosynthesis
\ Salinity /
Ir d lytes and
Heat stress
' 2 2 Ir d leaf ser
& o Decrease in chlorophyll and photosynthesis

\ Heat stress ) Ir d brane d

¢ Accumulation of stress metabolites

Figure 1. Responses of fodder crops to abiotic stresses.
(24), Elymus elongatum (42), berseem clover (27), and fodder sorghum (19). Flavonoid and soluble sugar or
protein content rise alongside proline in Festulolium (30), alfalfa (44), rye (76) and Festuca arundinacea (77),
providing further antioxidant and osmotic protection, though lucerne showed lower soluble sugars, glutathione,
catalase, and peroxidase despite raised SOD and MDA (38).
Malondialdehyde (MDA), a marker of lipid peroxidation from drought-induced ROS, increased alongside
antioxidant enzymes such as catalase, superoxide dismutase (SOD), peroxidase, and ascorbate peroxidase (APX)
in most stressed species, including alfalfa (23), Agropyron desertorum (40), Cynodon dactylon (41), buffel grass
(29), and fodder sorghum (19), indicating an active but sometimes overwhelmed antioxidant defense; in Kentucky
blue grass, however, SOD and catalase activity fell as MDA increased (47), and prolonged severe drought reduced
SOD activity in Agropyron desertorum after an initial increase (40). Enzymatic antioxidants scavenge ROS such
as superoxide, hydrogen peroxide, and hydroxyl radicals that otherwise damage the photosystem and cellular
organelles, but their activity declines in genotypes unable to sustain defense under severe stress.
Protein and water-soluble carbohydrate content, along with phenolic compounds that scavenge free radicals,
increased in water-stressed forage grasses (30), (41) and improved fibre digestibility, while Pennisetum glaucum
(39) and Cenchrus ciliaris and Cyperus arenarius (33) accumulated more amino acids, ascorbic acid, and
phenolics as proteins were broken down for osmotic adjustment. These soluble proteins and carbohydrates act as
osmoprotectants that regulate osmotic potential and cellular turgidity under drought. These responses are
summarized in Table 4.

3.2. Response of plants to salinity stress
Proline accumulates under salinity stress in most species tested, including Marvel grass (62), Euphorbia lathyrism
(51), alfalfa (56), and Avena species (60), serving as an osmolyte that helps regulate osmotic potential, induce
stomatal closure, and limit water loss. Reactive oxygen

Table 4. Physiological and biochemical responses of fodder crops to drought stress

Crops Increased Decreased References
Agropyron desertorum Malondialdehyde, proline content, | Chlorophyll content (40)

CAT, POD, APX, GPX
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Poa pratensis Proline content, carbohydrates, | Chlorophyll content, | (41)
catalase, superoxide dismutase ascorbate peroxidase
Cenchrus ciliaris, C. | Glycine betaine, proline, total | Chlorophyll a, chlorophyll b, | (33)
arenarius soluble sugars, ascorbic acid, | total chlorophyll
phenolic content, total soluble
protein, malondialdehyde,
hydrogen peroxide, SOD, catalase,
peroxidase
Alfalfa Chlorophyll b, total chlorophyll, | Chlorophyll a, leaf water | (23)
proline, soluble proteins, soluble | potential, relative  water
sugars, malondialdehyde, | content
superoxide, hydrogen peroxide,
hydroxyl radicals, SOD,
peroxidase, catalase, reduced
ascorbic acid, glutathione
peroxidase
Festulolium braunii - Photosynthetic rate, | (22)
transpiration rate, stomatal
conductance
Tall fescue Canopy temperature Leaf relative water content, | (34)
photosynthetic rate,
evapotranspiration rate,
transpiration rate, stomatal
conductance
Fodder maize Proline, soluble carbohydrates, | Chlorophyll a, chlorophyll b, | (24)
MDA, CAT activity total chlorophyll, carotenoids
Rye Soluble protein, soluble sugar, | Relative  water  content, | (76)
MDA chlorophyll content
Napier grass - Fv/F0, Fv/Fm (26)
Poa pratensis, Lolium | Cell membrane stability, cell wall | Leaf chlorophyll content, | (43)
perenne elasticity Fv/Fm ratio, leaf relative
water content, carbohydrates,
osmotic  potential, turgid
weight to dry weight ratio
Berseem clover Proline content Leaf water potential, osmotic | (27)
potential,  relative  water
content
Berseem - Canopy temperature | (28)
depression, transpiration rate
Lucerne Proline, glycine betaine, APX, | Relative leaf water content, | (44)
SOD, malondialdehyde total chlorophyll content,
nitrate reductase activity
Lucerne Chlorophyll stability index, relative | Photosynthetic rate, soluble | (38)
water content, superoxide | sugars, glutathione, catalase,
dismutase, MDA content peroxidase
Urochloa grass Non-photochemical quenching Relative  water  content, | (45)
relative chlorophyll content
Fodder sorghum - Alpha amylase activity, | (16)
relative water content
Fodder sorghum Number of stomata, | Relative = water  content, | (19)
malondialdehyde, peroxidase, | membrane stability index,
APX, catalase, SOD, proline SPAD values
Perennial ryegrass, | Canopy temperature depression Fv/Fm ratio, cell membrane | (37)
cocksfoot, tall fescue, permeability, relative leaf
chicory water content
Poa labillardierei, | Leaf senescence Leaf water content, | (46)
Austrostipa photosynthetic efficiency
ramosissima,
Microlaena  stipoides,
Themeda triandra,
Imperata cylindrica,

Eragrostis elongata
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(FRAP), CAT, SOD

Tall fescue, perennial | - Soil water content, relative | (36)

ryegrass leaf water content,
photosynthetic rate,
chlorophyll fluorescence
(Fv/Fm), cell membrane
stability, evapotranspiration
rate

Elymus elongatum Proline content Relative water content (42)

Kentucky blue grass Electrolyte leakage, | Relative water content, SOD, | (47)

malondialdehyde content catalase activity

Festulolium braunii, | - Chlorophyll content, flavonol | (35)

Festuca  arundinacea, content, photosynthetic rate,

Lolium perenne transpiration rate, stomatal
conductance,  water  use
efficiency, relative water
content

Tall  fescue, Italian | Water use efficiency, leaf surface | Photosynthetic rate, | (30)

ryegrass, perennial | temperature,  proline  content, | transpiration rate, stomatal

ryegrass, meadow | flavonoids conductance, CcO2

fescue accumulation

Alfalfa Proline content, soluble sugars, | Relative water content, | (32)

malondialdehyde content osmotic potential

Pearl millet (Pennisetum | Proline content, amino acid - (39)

glaucum)

Agropyron cristatum, A. | Osmotic potential, total soluble | - 77)

intermedium,  Festuca | carbohydrates, sucincreased

ovina, Festuca | content, proline content, H202

arundinaceae, Cynodon | content, glutathione reductase

dactylon, Bromus | activity, total ascorbate content,

inermis, B. confinis total soluble protein

Buffel grass MDA content, total reducing power | - (29)

species such as superoxide, hydrogen peroxide, and MDA also rise, as in Euphorbia lathyrism (51) and alfalfa
(56), causing oxidative damage to DNA, proteins, and chloroplasts. In response, antioxidant enzyme activity,
particularly SOD, catalase, peroxidase, and APX, increases in alfalfa (54), (57), switchgrass (78), Avena species
(60), and Euphorbia lathyris (51) to protect proteins, lipids, and DNA from ROS, with SOD and catalase more
active in roots and peroxidase and APX more active in leaves for detoxifying hydrogen peroxide. Chlorophyll a
is preferentially degraded by salinity-induced ROS, reflected in leaf yellowing in hybrid Giant Napier (63), while
carotenoids act as antioxidants and can increase under stress. Soluble protein and carbohydrate content also
increased under salinity in Fuphorbia lathyrism (51) and alfalfa (54), acting as osmoprotectants that stabilise
membranes, scavenge ROS, and prevent cellular dehydration. These responses are summarized in Table 5.

Table 5. Physiological and biochemical responses of fodder crops to salinity stress

Crops Increased Decreased References
Pearl millet x | Na concentration, K*:Na™ ratio Chlorophyll a, chlorophyll b, total | (61)
Napier chlorophyll, carotenoid, chlorophyll
hybrid stability index, carotenoid stability
index, leaf relative water content,
membrane stability index, K
concentration
Marvel Na accumulation, proline content Total chlorophyll, photosynthetic rate, | (62)
Grass transpiration rate, stomatal conductance,
K accumulation
Napier grass | Stomatal resistance Chlorophyll content, transpiration rate, | (65)
hybrid stomatal conductance
Avena SPAD wvalue, Na concentration, | Membrane stability index, relative water | (60)
species malondialdehyde, proline content, | content, K concentration
SOD, CAT, APX
Rhodes grass | - SPAD value (53)
Alfalfa Proline content, hydrogen peroxide | Membrane stability index, relative water | (56)
content
Italian Na accumulation, Na/K ratio K accumulation (49)
ryegrass
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Euphorbia Na concentration, proline, | K+, Ca2+ and Mg2+ concentration ShH
lathyris superoxide, hydrogen peroxide,
malondialdehyde, SOD, POX, CAT,
ascorbic acid, soluble proteins,
soluble sugars

Alfalfa SOD, POD, APX, CAT activity, | - (54)
malondialdehyde, reducing sugars

Alfalfa Malondialdehyde, POX, CAT, APX | - (57)
activities

Alfalfa SOD, CAT, POD, APX activities Glutathione reductase (58)

3.3. Responses of plants to heat stress

Heat stress raises MDA, soluble sugar, and soluble protein content alongside antioxidant enzyme activity (MDA,
FRAP, CAT, SOD) in tolerant buffel grass (29) and lucerne genotypes (69), though SOD and catalase activity fell
in Kentucky blue grass (47) and became inactivated in tall fescue (75) despite rising MDA, with citric acid
improving tall fescue’s heat tolerance. In Setaria viridis, heat stress raised PEPC activity, malate, sugars, proline,
and abscisic acid while lowering aspartate, glutamate, and starch content (72), reflecting a shift toward carbon-
conserving metabolism, osmolyte accumulation, and ABA-driven stomatal closure. Increased leaf soluble protein
and heat-induced proteins in Kentucky bluegrass (47), bent grass, and perennial ryegrasses (66) reflect activation
of heat shock proteins and chaperones that stabilise cellular proteins and membranes, whereas most heat-
responsive proteins were downregulated in Agrostis scabra and A. stolonifera (73). Heat stress also lowered
transcripts of carbonic anhydrase, PEPC, NADP-MDH, RBCL, RBCS, and PPDK in Sefaria viridis (72),
suppressing CO»-concentrating mechanisms and Calvin-cycle activity. Overall, heat stress raises ROS and lipid
peroxidation, which tolerant genotypes counter more effectively than susceptible ones. These responses are
summarized in Table 6.

Table 6. Physiological and biochemical responses of fodder crops to heat stress

Crops Increased Decreased References
Fodder maize Starch content, protein content, | - (67)

crude fibre content, metabolizable

energy
Forage oat Chlorophyll SPAD reading (68)

Alfalfa Chlorophyll fluorescence, | Leaf relative water content, | (69)
malondialdehyde content, soluble | chlorophyll content
sugar content, soluble protein

Perennial ryegrass, | Canopy temperature depression Fv/Fm ratio, cell membrane | (37)

cocksfoot, tall fescue, permeability, relative leaf

chicory water content

Perennial ryegrass Electrolyte leakage Water use efficiency, | (70)
photosynthetic rate,

chlorophyll content, relative
water content, Fv/Fm ratio

Poa labillardierei, | Leaf senescence Leaf water content, | (46)
Austrostipa photosynthetic efficiency
ramosissima,

Microlaena stipoides,

Themeda triandra,

Imperata  cylindrica,
Eragrostis elongata

Kentucky  bluegrass, | Leaf soluble protein content, heat | Chlorophyll content (66)
bent grass, perennial | induced proteins
ryegrasses
Chloris gayana, | - Relative ~ water  content, | (71)
Setaria anceps chlorophyll a, chlorophyll b,
total chlorophyll content
Tall fescue, perennial | - Soil water content, relative | (36)
rye grass leaf water content,
photosynthetic rate,
chlorophyll fluorescence

(Fv/Fm), cell membrane
stability, evapotranspiration
rate
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Kentucky blue grass Electrolyte leakage, | Relative water content, SOD | (47)
malondialdehyde content and catalase activities
Tall fescue - Chlorophyll content, | (74)
evapotranspiration rate
Tall fescue - Chlorophyll content, Fv/Fm | (75)
ratio, SOD, peroxidase,
catalase activities
Buffel grass Malondialdehyde (MDA) content, | - (29)
total reducing power (FRAP),
CAT, SOD
Setaria viridis PEPC activity, malate content, | Aspartate, glutamate, leaf | (72)
aspartate aminotransferase, | starch content, CA (carbonic
PEPC:Rubisco ratio, leaf | anhydrase), PEPC, NADP-
sucincreased, glucose, fructose, | MDH, RBCL, RBCS, PPDK
trehalose, raffinose, proline,
soluble sugars, soluble alcohols,
leaf protein contents, abscisic acid
content

4. Strategies to improve pearl millet x napier hybrids for abiotic stress tolerance

To produce fodder under varied environmental and climatic conditions and increase animal output year-round,
genetic modification of fodder crops for abiotic stress tolerance is crucial, particularly to improve output and
quality under unfavourable conditions and boost productivity and cultivated area. Figure 2. illustrates the

strategies to improve abiotic stress tolerance in fodder crops.
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Figure 2. Strategies to improve abiotic stress tolerance.

4.1. Selection for abiotic stress tolerance
Screening germplasm, landraces, advanced lines, and wild relatives under abiotic stress identifies genotypes suited
to adverse conditions, with indirect selection possible via traits correlated with stress tolerance. Under drought,
grass quality in Agropyron desertorum correlated positively with leaf wilting and chlorophyll content (40). Dry
matter yield correlated with net photosynthesis, dry matter content, and water-use efficiency in Festuca, Lolium,
and Festulolium (30), and in Cenchrus ciliaris and Cyperus arenarius, potassium and calcium content correlated
with growth and photosynthesis while sodium correlated with oxidative stress markers (33). These associations
suggest that selecting for shoot and root fresh weight, biomass, water-use efficiency, chlorophyll content, and
nutrient status can identify drought-tolerant genotypes.
Under salinity, shoot dry weight correlated positively with root dry weight, root-shoot ratio, relative water content,
membrane stability index, chlorophyll b, total chlorophyll, carotenoid, and potassium concentration in Cenchrus
and Pennisetum hybrids, with membrane stability and the K*:Na* ratio also closely linked (61). Proline content
correlated with root Na* content in Dichanthium annulatum (62). Selecting for these traits, shoot and root biomass,
relative water content, membrane stability, pigment and proline content, favourable ion ratios, and gas-exchange
parameters offers an indirect route to improving salinity and abiotic stress tolerance in Pearl millet x Napier
hybrids.
4.2. Introgression of gene responsible for abiotic stress tolerance
Introgressing abiotic stress-tolerance genes from wild and related species through backcross and pedigree
breeding, aided by molecular markers, is among the most effective ways to improve fodder crops’ stress tolerance.
Drought-tolerant genes were introduced into Lolium multiflorum from Festuca glaucescens using the STS marker
Fg71763 and GISH analysis (79). In pearl millet, SSR markers PSMP2066, PSMP2077, PSMP2059, and

Agrobacterium
tumifaciens
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PSMP2078 were used to introgress drought-tolerant QTLs from 863B into HBL 11, and backcross progenies
carrying these QTLs showed improved plant height, tillering, leaf length, relative water content, and chlorophyll
fluorescence under drought (80). Introgression of biotic and abiotic resistance genes from Pennisetum violaceum
into P. glaucum produced roughly 93 lines with good dry fodder yield under drought (81), showing wild relatives
to be a valuable source of drought-tolerance genes transferable to Pearl millet x Napier hybrids. For salinity, QTLs
introgressed from the PRLT2/89-33 accession into six pearl millet genotypes produced near-isogenic lines with
higher germination, biomass, and lower sodium and potassium accumulation than sensitive parents (82),
suggesting similar transfer into Napier grass could develop salinity-tolerant Pearl millet x Napier hybrids.

4.3. Biotechnological approaches to improve abiotic stress tolerance

In vitro mutagenesis using gamma rays and NaCl selection produced salt-tolerant Ruzi grass mutants with narrow
leaves, tall stems, multiple clumps, and rapid growth (83), showing that induced mutation can generate abiotic-
stress-tolerant variation applicable to Pearl millet x Napier hybrids. Somaclonal variation arising in vitro, through
chromosomal, gene-sequence, methylation, or transposable-element changes, similarly offers useful diversity:
Napier grass genotypes able to form callus under high PEG concentrations (simulated drought) were more
drought-tolerant, likely reflecting such variation (84).

Agrobacterium-mediated transformation of tobacco with the Pennisetum purpureum PpCCoAOMT gene reduced
drought-induced declines in leaf area, transpiration, and stomatal traits while increasing proline, relative water
content, and SOD, POD, CAT, and APX activity relative to untransformed plants (85), indicating PpCCoAOMT
drives morphological and physiological changes that improve drought tolerance. Similarly, Arabidopsis thaliana
transformed with the Pennisetum glaucum PgDREB2A gene showed unaffected root and shoot growth under
drought and salinity, longer roots, cold tolerance, and retained greenness under heat, along with lower MDA and
higher relative water content, proline, and chlorophyll under drought and full survival under salt stress (86),
pointing to PgDREB2A as a target for engineering multi-stress tolerance. In heat-stressed transgenic lucerne
overexpressing miR156, plants remained greener with higher water potential, antioxidant activity, anthocyanin,
and chlorophyll content than controls, alongside altered expression of MYB53, CCD1, NCED3, HSP17, and LOB,
and SPL13i genotypes showed enhanced antioxidant capacity, water potential, and stomatal conductance (87).
Somaclonal variation, mutation breeding, and genetic engineering, including Agrobacterium-mediated transfer of
genes such as PgDREB2A and PpCCoAOMT, thus offer complementary routes to abiotic-stress- tolerant Pearl
millet x Napier hybrids, provided transgenic plants are confirmed safe for livestock feeding. Key genes for abiotic
stress tolerance are listed in Table 7.

Table 7. Genes involved in abiotic stress tolerance

Genes or QTL | Crop species | Stress Role Reference
LG2 and LG5 | Pearl millet Drought | Improves plant height, number of tillers, leaf length, | (80)
QTLs stress relative water content, chlorophyll fluorescence
PpCCoAOMT | Pennisetum Drought | Increases the concentration of proline, relative leaf | (85)
purpureum stress water content, the activity of SOD, POD, CAT and
APX
PgDREB2A4 Pennisetum Salinity Improves root and shoot growth; increases relative | (86)
glaucum stress water content, proline content and total chlorophyll
content; decreases malondialdehyde concentration
miR156 Alfalfa Heat High water potential, increased antioxidant activity, | (87)
stress increased anthocyanin content, high level of
chlorophyll a, b and total chlorophyll content

5. CONCLUSION

Drought, salinity and heat stresses substantially alter plant morphology, physiology, and biochemistry, lowering
photosynthesis, nutrient and water uptake, and increasing ion toxicity and membrane and photosystem damage,
reducing fodder supply and quality year-round. In response, plants employ osmotic adjustment, proline and
soluble carbohydrate and protein accumulation, enhanced antioxidant enzyme activity, and morphological
modifications. Understanding these impacts and responses lays the foundation for developing abiotic stress-
tolerant pearl millet x Napier hybrid grass.

Genetic improvement of Pearl millet x Napier hybrid grass for abiotic stress tolerance can draw on selection, gene
introgression, molecular breeding, tissue culture, and genetic engineering. Most stress-tolerance genes reside in
wild accessions and related genera and species; those from closely related, easily crossable species such as
Pennisetum purpureum and P. violaceum offer a particularly accessible source for transfer into Pearl millet x
Napier hybrids. Applying these techniques together can help produce climate-resilient Pear]l millet x Napier hybrid
grass for sustained, year-round fodder production.
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