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In recent years, research on spermine (Spm) has turned up a lot of new information about this essential polyamine,
especially as it is able to counteract damage from abiotic stresses. Spm has been shown to protect plants from a variety
of environmental insults, but whether it can prevent the adverse effects of drought has not yet been reported. Drought
stress increases endogenous Spm in plants and exogenous application of Spm improves the plants’ ability to tolerate
drought stress. Spm's role in enhancing antioxidant defense mechanisms, glyoxalase systems, methylglyoxal (MG)
detoxification, and creating tolerance for drought-induced oxidative stress is well documented in plants. However, the
influences of enzyme activity and osmoregulation on Spm biosynthesis and metabolism are variable. Spm interacts with
other molecules like nitric oxide (NO) and phytohormones such as abscisic acid, salicylic acid, brassinosteroids, and
ethylene, to coordinate the reactions necessary for developing drought tolerance. This review focuses on the role of Spm
in plants under severe drought stress. We have proposed models to explain how Spm interacts with existing defense
mechanisms in plants to improve drought tolerance.
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| 1. Introduction

Polyamines (PAs) are water-soluble polycations that have important roles in the normal physiological and developmental
functions of plants, as well as in the development of tolerance under conditions of abiotic stress 2. Spermine (Spm),
putrescine (Put), and spermidine (Spd) are low-molecular weight polyamines with aliphatic nitrogenous bases that are
found in almost all types of living organisms [&. They serve indispensable functions in physiological and developmental
processes such as cell division, embryogenesis, floral emergence, leaf senescence, and responses to abiotic stress I,
Spm is specifically involved in shoot and root development, floral induction, fruit set, leaf senescence, DNA synthesis,
osmolyte balance, chlorophyll protection, gene transcription, and protein translation AEISIABIA spm s also crucial for
mounting an effective response to environmental stresses such as those caused by drought LALUR2I13] heayy metals 14
(15]116] excessive heat L4, low temperatures 28], and high temperatures 19,

Drought is a major global threat to farming as the resulting stress severely alters key physiological and developmental
processes [2l[211[22][23]24](25] reducing production by as much as 25% 28], Long-term drought leads to physiological and
metabolic changes in plants including loss of cell turgor, water and mineral imbalances, and photosynthetic abnormalities
(271, However, Spm can significantly enhance plants’ resistance to several environmental stressors, including drought, salt,
and heavy metals. Past studies reported that increasing the concentration of endogenous polyamines such as Spm in
plants under water deficit conditions significantly increased tolerance 28, The exogenous application of Spm upregulated
the antioxidant systems involving superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR),
glutathione S-transferase (GST), and glutathione peroxidase (GPX) [2220],

We have reviewed the current literature on Spm’s biosynthesis, metabolism, and molecular interactions in response to
drought stress in plants along with enhancement of drought stress resistance through regulation of Spm metabolism and
external application of Spm. The purpose of this review was to clarify the mechanisms involved in stress resistance and
Spm-mediated enhancement of plant tolerance through antioxidant activity and synergy with other molecules in plants
under drought stress.

| 2. Spermine Biosynthesis and Metabolism in Plants

Spm biosynthesis is accomplished via two main pathways [29. In the first pathway, the enzyme arginase converts arginine
(arg) into ornithine, which is then transformed into putrescine by the enzyme, ornithine decarboxylase. Putrescine is a
precursor of spermine. The second route comprises three pathways, which involve the conversion of arginine into



agmatine by two enzymes, agmatine imidohydrolase and carbamoylputrescine amidohydrolase. Subsequently,

spermidine synthase converts putrescine into spermidine, which is then transformed into spermine by spermine synthase
[31][32](33]

In the final reaction, aminopropy! groups are added from decarboxylated S-adenosylmethionine (SAM), which is produced
by SAM decarboxylase (SAMDC). These enzymes drive two types of reaction; terminal oxidation and back-conversion
reaction. In terminal oxidation of Spm, 4-N-(3-aminopropyl)-4-aminobutanal, 1,3-diaminopropane, and H,O, are produced.
In the back-conversion reaction, Spm is transformed into Spd and Spd into Put, consequently leading to the generation of
3-aminopropanal and H,0, B3l (Figure 1).
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Figure 1. Spermine biosynthesis in plants. ADC, arginine decarboxylase; AlIH, agmatine iminohydrolase; CPA-N,
carbamoylputrescine amidohydrolase; SPDS, spermidine synthase; SPMS, spermine synthase; GABA, y-aminobutyric
acid; SAM-S, adenosylmethionine; SAMDC-S, adenosylmethionine decarboxylase; dcSAM, decarboxylated S-
adenosylmethionine; ACC, 1-aminocyclopropane-1-carboxylic-acid synthase. Arrows represent synthesis and conversion.

| 3. Spermine Induced Drought Tolerance in Plants

Low water availability is one of the major abiotic stresses that severely affects plant growth and yield and leads to a
decline in defense mechanisms 4. Adequate soil water for short to long distance transport, osmoregulation, and single
cell expansion through cellular membranes is vital for good crop production B238l Drought negatively affects the
movement of water in plants, but this can be partly overcome through the opening of membrane channels known as
aquaporins (AQPs) that facilitate water permeability 281271, To maintain water balance, plants often synthesize polyamines
like spermine that stabilize cell membranes and improve water use efficiency [B8I23201 Recently, Li et al. (2020) (8
reported that Spm helped to maintain water balance under drought stress by increasing expression of the Ca2*-dependent
AQPs, TrTIP2-1, TrTIP2-2, and TrPIP2-7.

However, the mechanism of spermine-mediated drought tolerance remained unclear. Spm regulates potassium channels
and guard cells to control water loss by optimizing stomatal opening and closing 2122, Spm can regulate several abscisic
acid-related genes, which in turn control stomatal closure, stress-response gene expression, and osmolyte production 431,
A significant positive correlation was seen between spermine levels and grain weight and filling rates in drought-tolerant
wheat 441,

Increased production of Spm is a common stress response to drought in several plants such as rice 2, tomato 42, and
yellow lupin 28 Adamipour (2020) 28 found endogenous Spm accumulation in drought affected Rosa damascene
seedlings and induction of defense mechanisms to mitigate drought stress. It has been confirmed that both endogenously
produced and exogenously applied Spm are effective against drought stress 28139 by enhancing drought-tolerance
mechanisms (Eigure 2).
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Figure 2. Enhancement of drought-stress tolerance by spermine. Exogenous application of spermine improves the
drought tolerance in plants. Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; MDA, malondialdehyde; ROS,
reactive oxygen species; Chl, chlorophyll; CO, carbon dioxide; CA, carbonic anhydrase. Green arrows represent
spermine’s actions to reduce drought stress, while red arrows show the direct effects of drought on plants.

Exogenous foliar application of Spm increased survival rate, shoot length and weight, root length and weight, produced
greener leaf tissues, and slowed water loss in Bermuda grass (Cynodon dactylon) 4. Photosynthetic efficiency (Fy/Fy)
and photosystem 1l (PSIl) activity were found to be higher in Spm-treated plants under drought stress 48l Levels of
osmolytes such as proline and soluble sugars were also increased by spermine. Spm enhanced drought tolerance in
creeping bentgrass (Agrostis stolonifera) through osmotic adjustment and hormonal regulation. Concentrations of
gibberellic acid (GA1, GA4) and Abscisic acid (ABA) in Spm-treated creeping bentgrass were significantly increased under
drought stress, which indicates a hormonal connection in Spm’s ability to promote drought tolerance 8! (Table 1).

Table 1. Spermine mediated growth, improved photosynthetic parameters and osmoregulation, and enhanced antioxidant
defense in different plant species under drought stress.

Species Stress _?2:’:1':; Effect Outcome References
1mM
Arabidopsis Drought stress (exogenous Enhanced chlorophyll Spm protected
thalias a (1/2 MS agar ret?’eate d content, potential role in against drought a9
plates) p . stomatal movement stress
seedlings)
Proteins involved in ROS
Cynodon Dro_ught st_ress 5 mM balar_lce stimulated by Improved drought n
. (withholding spermine. Energy-related
dactilon (exogenous) . stress tolerance
water) pathways stimulated by Spm
treatment
Nitric oxide acts
1mM Reduced ion leakage from the = downstream of Spm
Cucumber Drought (pretreated membrane and less lipid during drought 501
seed) peroxidation stress to enhance
stress tolerance
Spermine-treated plants
Creeping Drought 1 mM maintained significantly Protected creeping
Bentgrass (withholding (exogenous) higher turf quality (TQ), bentgrass from 18
(Penn G2) water) 9 relative water content (RWC), drought stress

and photochemical efficiency
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Species Stress Effect Outcome References
Treatment
Chinese dwarf Drought stress Prevented drought-
cherry (Cerasus (withholding 0.2mM Increas_e(_i RWC a_nd . induced oxidative =1
e (exogenous) prevented lipid peroxidation
humilis) water) damage
Drought (10% 0.1 mM Increased plant height and Significantly
Lettuce polyethylene (exo' enous) root length. Upregulated alleviated drought o
glycol, PEG) 9 antioxidant activity stress
Improved drought
Drought (50% 25 malL Increased content of protein, tolerance by
Maize and 75% field 9 phenolic, flavonoids, and increasing ethylene [52]
. (exogenous) . R h
capacity) amino acids and polyamine
synthesis
Maize (Giza 10 Drought (50% 25 malL Stimulated synthesis of En::) a;::::c:r:ﬁght
and Giza 129 and 75% field 9 antioxidant enzymes, and (53]
. . (exogenous) . reduced ROS
cultivars) capacity) promoted ROS scavenging .
accumulation
Combined Upregulated antioxidant
(v“;l u:;rZZ?:ta drought and (e)?(;z :::zlus enzymes. Reduced Improved tolerance
Lg cv. BARI high ret?’eate d methylglyoxal toxicity by to drought and high (29
- temperature P - stimulating glyoxalase temperature stress
Mung-2) seedlings)
stress systems
Activated antioxidant
Orange 1 mmol L-1 enzymes such as CAT, SOD, Enhanced drought
oncirus ombined heat exogenous and peroxidases; induce and heat tolerance 16
Ponci Combined h d id induced d h | [16]
trifoliata [L.] and drought pretreated heat shock proteins and in a perennial fruit
Raf.) seedlings) abscisic acid-response crop
element binding factors
10 |::\:In(izeed Activated antioxidant Enhanced drought
. Drought (50% p 9 enzymes. Enhanced ROS 9 [54]
Oryza sativa X - treatments and . and heat tolerance
field capacity) . scavenging and stress- - R
foliar X in rice seedlings
. related gene expression
application)
Red tangerine 1 mM Increased enzymatic Prevented oxidative
itrus rought antioxidant activity such as amage an 55
ci D ht (MS (pretreated ioxid ivi h d d 8]
reticulata agar plates) p seed) SOD and peroxidase and ROS increased drought
Blanco) scavenging tolerance
Rosa
damascena Drought (50% Improved growth (RWC), -,
Miller var. and 100% field (ex(:)'semn:\)nus) photosynthetic pigments and M't'ga;fi:;°u9ht 561
trigintipetala capacity) 9 stomatal conductance(gs)
Dieck
S'oybean. Drought (0, 0.2 mM Pigment enhanf:femt?nt, Increased drought
cultivars (Giza membrane stabilization, [10]
. -0.1, -0.5, and (pretreated : tolerance of
111 and Gazi osmolyte accumulation, and .
-1.1 MPa) seed) soybean cultivar
21) water balance
Drought (9% 0.2 mM Enhanf:e.d. C.AT, SOD, ar:ld. Improved drought 57
Soybean POD activities; reduced lipid tolerance of
PEG) (exogenous) A
peroxidation soybean
Drought Increased photosynthetic
Valerian (withholding 0.1 mM pigments and antioxidant Improved drought 581
(exogenous) L tolerance
water) enzyme activity
Drought Increased photosynthetic Enhanced drought
! - 100 pM - s tolerance of wheat 9]
Wheat (withholding pigments, antioxidants, and .
(exogenous) R by reduction of
water) Rubisco S
oxidative injury
Drought Increased cell water status
Wheat (withholding 100 uM and accumulation of Improved drought 21
(exogenous) tolerance
water) osmoprotectants
Drought (SO." 1mM Relieved inhibition caused by .E.nhanced grain [44]
Wheat water potential (exogenous) drought stress filling and drought
at —60 + 5 kPa) 9 9 resistance
White clover Drought stress 0.5 mM Improved sugar metabolism Mitigated drought [33]
(20% PEG 6000) (exogenous) and dehydrin biosynthesis stress




An increase in Spm has also been associated with drought tolerance in cherry tomatoes 2. Overexpression of the
DsADC gene in transgenic rice produced greater drought tolerance through conversion of Put to Spd and Spm 9. The
Arabidopsis acl5/spms mutant showed hypersensitivity to drought 22, Liu et al. 2018 1 treated lettuce plants with 0.1
mM Spm under drought stress induced by 10% PEG and observed significant improvement in morphological and
physiological traits. Similar results were seen in mung bean seedlings with higher proline accumulation, osmotic
protection, and increased chlorophyll synthesis under drought stress with Spm [22. In soybean plants under drought
stress, 0.2 mM Spm turned out to be the optimal concentration for increasing relative water content (RWC),
osmoprotectant concentration, and mineral nutrients 19, They also found that Spm alleviated drought stress in soybean
plants by increasing endogenous spermine biosynthesis B9, Other scientists reported that exogenous application of Spm
to plants positively regulated photosynthetic activity [2I48161],

Germination of seeds and survival of seedlings under environmental stress is a challenging goal for better crop yield €2,
Several studies have shown that Spm application to seeds is equally effective in promoting germination and early growth
of seedlings. The crop yield can be significantly improved by treating seeds with Spm 9. Seeds treated with Spm
produced plants with improved PSII center activity, higher chlorophyll content, and balanced osmolyte accumulation 29,
Together, this body of evidence supports the idea that Spm treatment of seeds or plants can improve drought tolerance
and osmoregulation, enhance antioxidant defense, and increase photosynthesis.
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