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Medicinal plants in a changing
climate: understanding the
links between environmental
stress and secondary
metabolite synthesis
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Environmental stresses, including temperature extremes (cold and heat),
elevated CO,, and ozone, significantly influence the production of plant
secondary metabolites (PSMs). These environmental factors can lead to
significant changes in the morphology, physiology, and biochemistry of plants.
Natural resources, especially medicinal plants, have been used for centuries for
their healing properties. PSMs, compounds with unique characteristics, often
accumulate in response to stress, playing a crucial role in plant adaptation and
stress tolerance. While environmental variables like temperature, light, water
availability, humidity, CO,, and mineral nutrition are known to impact plant
development and PSM synthesis, research on the effects of climate change on
medicinal plants is limited compared to other commercial crops. This review
examines the impact of various environmental factors on PSM synthesis in
medicinal plants and identifies key knowledge gaps. We highlight the need for
further research in this area and suggest potential directions for future studies to
better understand and potentially manipulate the relationship between climate
change, environmental stress, and the production of therapeutically
valuable PSMs.
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1 Introduction

Ecological communities and geographical distributions of plant
species worldwide have been suffering the consequences of climate
change (Applequist et al., 2020). The Fifth Assessment Report
(AR5) of the Intergovernmental Panel on Climate Change (IPCC)
projected that the global mean temperature, relative to preindustrial
levels, is likely to increase by 1.5°C to 4°C by the end of the twenty-
first century. Additionally, the report highlighted the likelihood of
experiencing intense and unpredictable weather events in the future
(Wu et al., 2018).

Climate change has notably affected medicinal plants, both
cultivated and wild, with observable impacts on their growth,
distribution, and overall health. A prompt and specific approach to
studying these changes is crucial, especially when it comes to the
gathering of vital secondary compounds that are essential components
and significantly contribute to the preservation of human well-being.

Plant secondary metabolites (PSMs) are produced as
byproducts of primary metabolic processes in plants (Khare et al.,
2020). These chemical compounds can be volatile or non-volatile
and produced through various metabolic pathways in plants, the
PSMs have wider applicability including helping plants to adjust to
various environmental conditions through affecting the
physiological and ecological functioning of plants (Hussein and
El-Anssary, 2019). Research studies on medicinal plants in relation
to climate change are notably scarce and limited in comparison to
other commercial crops.
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Medicinal plants serve as promising reservoirs of nutraceuticals and
bio-molecules, and it is time that this category of plants cannot be
ignored (Harish et al., 2012). This review article thus aims to understand
how climate change could affect the production of secondary
compounds in medicinal plants. Medicinal plants, known for their
diverse array of secondary metabolites with therapeutic properties, are
particularly sensitive to a changing climate. The present review explored
how changes in temperature, precipitation, elevated CO, levels, and
other climatic variables influence the biosynthesis of secondary
metabolites, the gene expression, enzyme activities etc. The findings of
this review may help policymakers and researchers to develop strategies
for mitigating the impacts of climate change, including conservation
efforts, cultivation practices, and biotechnological interventions.

2 Materials and methods

Seven different publication databases including Scopus,
PubMed, Web of Science, Research Gate, EBSCO Green FILE,
and Google Scholar were searched for the literature using the
keywords “Climate change”, “Environmental stress”, “Plant
adaptation”, Gene modification”, “Plant ecophysiology”, and
“Secondary metabolite synthesis” etc. The articles obtained from
these searches were scrutinized in the context of the medicinal
plants. Further selected articles were studied and analyzed for a
comprehensive review reporting how changing climatic conditions
affecting the physiology and biochemistry of medicinal plants.
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3 Plant secondary metabolites
synthesis

Plant secondary compounds are involved in various defense
functions, like protection against UV radiation, inhibiting enzymes,
acting as antioxidants, and producing pigments. Secondary
metabolites are organic compounds synthesized by plants that do
not directly participate in their growth, development, or
reproduction; instead, these compounds help plants to sustain in
harsh climatic conditions (Hu et al., 2018).

There are about 30,000 compounds that belong to the class of
Terpenoids (Mabou et al., 2021), around 8,000 phenolic
compounds (Vuolo et al, 2019), and 21,000 compounds are
alkaloids. The synthesis of secondary metabolites utilizes various
metabolic pathways originating from primary metabolites. These
metabolites can be categorized into two types based on their
chemical composition:nitrogenous and non-nitrogenous
compounds. Nitrogenous compounds are further classified as
amines, amino acids, glucosinolates, non-proteinogenic, alkaloids
and cyanogenic glycosides. The categorization of alkaloids includes
several different types, such as proto alkaloid, cyclopeptide alkaloid,
polyamine alkaloid, free alkaloid and pseudo alkaloid. Alkaloids are
mainly composed of amino acids, which are considered the
fundamental building blocks for their formation (Wink, 2010).

However, non-nitrogenous compounds, such as polyacetylenes
and phenolics, are divided into four main categories (like
arylpyrones,styrylpyrones, terpenoids and polyketides (Guerriero
et al., 2018). Phenolic compounds are formed through two main
pathways: the shikimic acid pathway and the malonate acetate
pathway. These compounds are broadly classified into two major
types: phenolic acids and phenylpropanoids (Naikoo et al., 2019).
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The phenylpropanoids are of eight types i.e. cinnamic aldehydes,
suberin, lignans, flavonoids, stilbenes-coumarins, hydroxyl-
cinnamic acid and lignin. The flavonoids compounds are divided
into categories such as flavonols, isoflavones, flavones, flavanones,
and anthocyanins.

Terpenoids, another category of secondary metabolites, are
derived from a compound called isopentenyl diphosphate (IPP)
that contains five carbons and serves as a precursor (Thirumurugan
et al, 2018). The terpenoids are synthesized from the mevalonate
pathway or the methyl erythritol phosphate pathway (Bartram et al.,
2006). Terpenoids are classified on the basis of the presence of
isoprene units like monoterpenes, triterpenes (which include
sterols), diterpenes (such as gibberellins), sesquiterpenes (like
ABA), and tetraterpenes (like Carotenoids).

4 Effect of climate change on
secondary metabolites production

The shifting climate patterns are causing medicinal plants to
experience environmental stresses, impacting their growth,
development, and production of secondary metabolites (Pant
et al., 2021; Figure 1). Increased levels of carbon dioxide (CO,)
can impact plant secondary metabolism since CO, is crucial for
photosynthesis and the overall growth of plants (Jamloki et al,
2021). Another factor elevated temperatures also leads to heat stress
in plants, affecting their structure, functions, and biochemical
processes. The previous studies showed both increased and
decreased amounts of plant secondary metabolism under
simulated climate change (Pant et al., 2021; Chandra et al., 2022a,
2022). Other abiotic stresses, such as drought, salinity, exposure to
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Schematic representation showing the impact of different abiotic stresses (e.g., drought, temperature extremes, salinity, elevated CO,, ozone, UV-B) on the
production levels of various plant secondary metabolites. Upward and downward arrows indicate increases or decreases in metabolite levels, respectively.
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heavy metals, and nutrient deficiencies also affect plant secondary
metabolism (Punetha et al., 2022). The abiotic stresses induce the
activation of genes responsible for the synthesis of secondary
metabolites, antioxidants, osmolytes, and phytohormones
(Mahajan et al., 2020; Akula and Ravishankar, 2011). Both
internal developmental and external environmental factors
influence the production of secondary metabolites in medicinal
plants (Li et al., 2020). Developmental factors like plant genetics and
growth stages interact with environmental factors like light,
temperature, water, and soil conditions to determine the
characteristics and number of secondary metabolites. An
understanding of how these factors affect the plant secondary
metabolism may be useful in the development of potent herbal
medicine (Li et al., 2020).

4.1 Gene regulation during abiotic stress in
medicinal plants

Omics technologies play a pivotal role in deciphering plant
responses to stress at the gene regulatory level. They emphasize the
importance of functional genomics, including metabolomics,
transcriptomics, and proteomics, in understanding plant
molecular responses to stress (Razzaq et al.,, 2021). The study of
epigenomics is considered a valuable method for examining how
plants adapt to environmental stresses at the molecular level and
how epigenetic information is passed down from one generation to
another (Perrone and Martinelli, 2020). Additionally, the role of
bioinformatics in analyzing and identifying genetic elements related
to stress tolerance is emphasized (Kumar D. et al, 2021). The
complex genetic processes underlying stress tolerance and the
promise of “omics” technologies in unravelling these mechanisms
(Bagati et al., 2018).

Epigenetic modifications, such as histone methylation and DNA
methylation, play a crucial role in regulating gene expression in
response to abiotic stresses like drought, high salinity, and extreme
temperatures (Santos et al., 2011; Shi et al., 2024). These modifications
can lead to chromatin remodeling, altering the accessibility of
transcription machinery and ultimately affecting plant homeostasis
responses (Cadavid et al., 2023). In medicinal plants, these epigenetic
changes can influence the production of secondary metabolites, which
are responsible for their medicinal properties. Transcription factors,
particularly those belonging to families such as WRKY, MYB, AP2/
ERF, and NAC, act as mediators in regulating stress responses in
plants. NAC transcription factors, for instance, are involved in
regulating different signaling pathways of plant hormones that
direct a plant’s immunity against pathogens and affect their
responses to abiotic stresses. These transcription factors can also
influence the biosynthesis of secondary metabolites in medicinal
plants, potentially impacting their medicinal properties (Kumar R.
et al., 2021).

Researchers have examined how Polygonatumkingianum, a
medicinal plant in Traditional Chinese Medicine, responds to
stress at the gene regulatory level (Qian et al, 2021). The
research revealed that drought stress caused specific genes related
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to various pathways like phenylpropanoid biosynthesis, flavonoid
biosynthesis, starch and sucrose metabolism, stilbenoid
diarylheptanoid and gingerol biosynthesis, and carotenoid
biosynthesis to exhibit different levels of activity an increase in
starch and sucrose biosynthesis was evident from transcriptomic
changes under drought stress. However, when the plants were
rewatered following the period of drought stress, the tubers
recovered, and there was an enhanced expression observed in
certain genes. Phenylpropanoid and flavonoid biosynthesis
pathways were commonly affected across multiple plant species
under drought stress. In Helianthus tuberosus, genes related to these
pathways were differentially expressed (Zhou et al., 2021). Similarly,
in Polygonatumkingianum, drought stress reduced the expression of
genes involved in lignin, gingerol, and flavonoid biosynthesis (Qian
et al., 2021). In Arabidopsis thaliana, drought conditions led to
significant changes in enzymes involved in lignin biosynthesis, such
as phenylalanine lyase (PAL) and Caffeoyl Coenzyme A 3-O-
methyltransferase 1 (COMT) (Lindberg et al., 2014). Ligularia
fischeri, drought stress increased the expression of flavone
synthase (LfFNS) and anthocyanin 5-O-glucosyltransferase
(LfA5GT1), leading to higher levels of flavones and anthocyanins,
while decreasing the expression of genes involved in caffeoylquinic
acid biosynthesis (Park et al., 2023). Key genes in these pathways,
such as phenylalanine ammonia-lyase (PAL), chalcone synthase
(CHS), flavonol synthase (FLS), and anthocyanidin synthase (ANS),
show increased expression under drought conditions (Ahmed et al.,
2021; Park et al., 2023).

5 The effects of climate change on
medicinal plants

The life cycles of plants are indeed intricately linked with
seasonal changes and are susceptible to alterations due to both
natural variations and climate change. The phenomenon of global
climate change has brought about disruptions in ecosystems and
biodiversity, affecting various species. While many plants are
impacted, it is noteworthy that only a subset of medicinal plant
species is experiencing adverse effects due to these shifts in plant
phenology. These changes primarily involve modifications in
crucial aspects such as fruit and flower production (Chandra
et al,, 2020, 2022a), the growth patterns of leaves and buds, and
the timing of leaf shedding, especially in autumn or during dry
spells (Bidart-Bouzat and Imeh-Nathaniel, 2008).

The rise in global temperatures is expected to significantly affect
the synthesis of secondary metabolites in medicinal plants.
Metabolites present in medicinal plants, including immune
suppressants, anti-diabetic, and anti-cancer agents, play pivotal
roles in the plant’s interactions with its environment and have
significant implications for human health. These natural
compounds are essential for maintaining the delicate balance
between plants and their surroundings, while also providing us
with crucial remedies to combat various diseases (Sun et al., 2023).
Recent research indicates that plants produce secondary metabolites
in response to stressful conditions. Furthermore, it is anticipated
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that the secondary metabolism of plants will be significantly
influenced by the major shifts in global climate that are predicted
to occur (Pant et al, 2021). Although there is still insufficient
research conducted on the impact of climate change-induced
temperature rise on plant secondary metabolism (Loreto et al,
2006). The impact of various abiotic factors on medicinal plants has
been discussed under the following subheadings.

5.1 Impact of elevated CO,

The presence of secondary metabolites in medicinal plant species
helps them to sustain in adverse climatic conditions. These compounds
in plants are secreted through various metabolic pathways (Figure 2)
and the concentration of these secondary metabolites increases or
decreases in environmental stresses to prevent cellular damage. This
adaptive behavior affects the therapeutic properties of plants which is
due to the concentration of secondary metabolites (Mishra, 2016).The
results of experiments conducted under normal climate conditions
indicate that the increase of carbon dioxide (CO,) has positive effects
on various plant parts and products that are utilized in
pharmaceuticals. The comparison was made between shoots that
were grown in a culture medium with ambient air containing
3000uL CO,/L and those that were grown in an elevated CO,
environment. The plant species, including Mentha spicata, Thymus
vulgaris, Ocimumbasilicum, and Origanum vulgare, demonstrated
encouraging outcomes by displaying a notable rise in both leaf and
root counts, accompanied by an increase in overall fresh weight. In
other words, these plants responded positively to the treatment,
resulting in a significant boost in their growth and overall health
(Tisserat and Vaughn, 2001; Table 1).

The concentration of secondary metabolites in plants is
influenced not only by the concentration of CO, but also by the
duration of exposure. For instance, the bulbs of the beach spider lily,

D |
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scientifically known as Hymenocallis littoralis, are famous for their
ability to combat cancer and viruses. In a study conducted on these
bulbs, the concentrations of three alkaloids, namely pancratistatin,
7-deoxy-trans dihydronarciclasin, and 7-deoxynarciclasine, were
found to increase steadily during the first year of the experiment,
but after that period, there was a notable reduction in their level of
concentration (Idso et al., 2000).

5.2 Effect of elevated ozone

The presence of ozone in the environment can impact the
synthesis of secondary compounds in plants (Table 2). Elevated
levels of ozone (O3) have been shown to activate important
metabolic pathways, including the jasmonic acid and salicylic acid
pathways, which are essential for the synthesis of secondary
metabolites in plants. These pathways are typically triggered in
response to physiological stress. When plants are exposed to
increased levels of ozone, these metabolic pathways can be
activated as a natural response to the stress induced by elevated
ozone levels. This activation stimulates the generation of secondary
metabolites, helping plants cope with the environmental challenge
without compromising their overall health and survival
(Mishra, 2016).

5.3 Impact of ultraviolet-B radiation

UV-B radiation has the potential to inflict harm on a range of
biomolecules, including DNA, proteins, and other essential cellular
constituents. The exposure to this form of radiation holds the
capacity to influence the overall growth and developmental
processes of plants, resulting in alterations to their reproductive
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Elevated CO, effects on secondary metabolite synthesis in medicinal plants. The figure highlights metabolic pathways influenced by elevated CO,
and associated physiological responses such as enhanced biomass and altered phytochemical concentrations.
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TABLE 1 Impact of elevated CO, on the plant secondary metabolites.

10.3389/fpls.2025.1587337

S.no. Plant Species Family Impact Reference

1 Valeriana jatamansi Caprifoliaceae Increase in Essential oil (B-patchoulene, patchouli alcohol, (Kaundal et al., 2018)
germacrene D, bornyl acetate)

2 Paris polyphylla Melanthiaceae Increase in Saponins (Pennogenin and Diosgenin) (Qiang et al., 2020)

3 Hibiscus sabdariffa. Malvaceae Increase in total Anthocyanins and Phenolic (Ali et al., 2019)

4 Arabidopsis thaliana (L.) Brassicaceae Decrease in Glucosinolates (Paudel et al., 2016)

5 Ginkgo biloba Ginkgoaceae Increase in quercetin aglycon (flavonoid), Increase in isorhamnetin (Huang et al,, 2010)
and bilobalide and the level of kaempferol aglycon (a type of
flavonoid) have decreased.

6 D. lanata Plantaginaceae Increase in Cardenolide glycoside and Digoxin (Stuhlfauth et al., 1987)

7 Heritiera littoralis Malvaceae Increase in Pancratistatin,7-deoxy-trans dihydronarciclasin and 7- (Idso et al., 2000)
deoxynarciclasin (Alkaloids)

8 Papaver setigerum Papaveraceae Increase in Codeine, Noscapine, Morphine and (Ziska et al., 2008)
Papaverine (Alkaloids)

9 Mentha piperita Lamiaceae Increase in Flavonoids (Al Jaouni et al., 2018)

10 C. roseus Apocynaceae Increase in Alkaloids, Flavonoids Tannins and Phenolic content (Ezuruike and Prieto, 2014)

11 Zingiber officinale Zingiberaceae Increase in Phenolic and Flavonoids (Ghasemzadeh et al., 2010)

12 Pseudotsugamenziesii Pinaceae Decrease in Terpenes (Monoterpenes) (Snow et al., 2003)

13 Q. iliifolia Fagaceae Increase in Phenolic and Tannins (Ibrahim and Jaafar, 2012)

14 Stevia rebaudiana Asteraceae Increase in Steviol Glycosides (Hussin et al., 2017)

15 Hypericum perforatum Hypericaceae Increase in Phenolics (Hyperforin, Hypericin and Pseudohypericin) (Zobayed and Saxena, 2004)

and vegetative biomass, height, flowering schedules and leaf
characteristics (Mishra, 2016; Table 3).

When reactive oxygen species (ROS) are generated, they initiate a
defensive signaling pathway, stimulating the synthesis of secondary
metabolites. These metabolites can absorb Ultraviolet-B radiation and
include compounds such as anthocyanins, alkaloids, flavonoids, lignin,
tannins, phytosterols and saponins (Takshak and Agrawal, 2014; dos
Santos Nascimento et al, 2015). Furthermore, changes in the
functioning of antioxidant enzymes can be noted, as demonstrated
by enzymes originating from the phenylpropanoid pathway (Takshak
and Agrawal, 2014). Anthocyanins, a crucial class of pigments

discovered in fruits, flowers, and leaves, are predominantly located
within the epidermal cells of flowers and other plant components. They
play a regulatory role in absorbing ultraviolet-B radiation. Phenolic
compounds are abundantly found in plants, and numerous
investigations have substantiated their augmentation in enzymatic
activities across diverse studies. During exposure to ultraviolet-B
stress, flavonoids are produced through enzymatic processes within
the phenylpropanoid pathway. Exposure to ultraviolet-B radiation
enhances the activation of specific genes responsible for encoding
enzymes directly engaged in anthocyanin biosynthesis. Increased
enzyme activities, such as Chalcone synthase (CHS), Flavanone 3-

TABLE 2 Impact of elevated ozone (O3) on the Plant secondary metabolites.

S.no. Plant Species Family Impact Reference

1 Betula pendula Betulaceae Increase in a-flavonoid and hyperoside. (Lavola et al., 1994)
Decrease in Phenolics (papyriferic acid, betuloside,
dehydrosalidroside and hyperoside)

2 Salvia officinalis Lamiaceae Increase in Caffeic acid, Gallic acid, Catechinic acid and Rosmarinic (Pellegrini et al., 2015)
acid (Phenolic)

3 Pueraria Fabaceae Increase in Isoflavones (Sun et al., 2012)

thomsonii

4 Pinus taeda Pinaceae Increase in Tannins (Jordan et al., 1991)

5 Melissa officinalis Lamiaceae Decrease in Dihydrocapsaicin and Capsaicin (Shakeri et al., 2016)

6 C. baccatum Solanaceae Increase in Phenolics, Tannins and Anthocyanins. (Bortolin et al., 2016)

7 Hypericum perforatum Hypericaceae Increase in Flavonoid and Phenols (Pellegrini et al., 2018)
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TABLE 3 Impact of UV-B radiation on secondary metabolites of plants.

10.3389/fpls.2025.1587337

S.no. Plant Species Family Impact Reference
1 Withaniasomnifera Solanaceae Increase in Flavonoids, Tannins and Anthocyanins (Takshak and Agrawal, 2014).
2 Curcuma longa Zingiberaceae Decrease in Phenols, PAL enzyme and Peroxidase (Ferreira et al., 2016).
3 Chrysanthemum morifolium Asteraceae Increase in Phenols (Phenolic Acid) (Ma et al., 2016)
4 Coleus forskohlii Lamiaceae Increase in Flavonoids and Phenolics (Takshak and Agrawal, 2015)
5 Prunella vulgaris Lamiaceae Increase in flavonoids, rosmarinic acid, caffeic acid (Chen et al., 2018)
6 Kalanchoe pinnata (Lam.) Crassulaceae Increase in Phenolic and Flavonoid (dos Santos Nascimento et al., 2015)
7 Nasturtium officinale Brassicaceae Increase in Glucosinolate (Reifenrath and Miiller, 2007)
8 Arnica montana Asteraceae Increase in Lignin, Anthocyanins, Phenolic acids (Spitaler et al., 2006)

and Tannins
9 Astragalus compactus Fabaceae Increase in Tannins, Lignin, Phenolic acids (Naghiloo et al., 2012)

and Anthocyanins
10 Asparagus officinalis Asparagaceae Increase in Flavonol (Eichholz et al., 2012)

hydroxylase (F3H), and Dihydroflavonol reductase (DFR), enhance the
anthocyanin content within the plant (Park et al., 2007).

5.4 Impact of temperature on secondary
metabolites

A suitable temperature is necessary for plant development.

Plants that experience heat or cold stress are negatively impacted
by high and low temperatures, respectively (Yadav, 2010).

TABLE 4 Impact of Heat stress on the secondary metabolites of plants.

5.4.1 Impact of heat stress

At temperatures higher than optimal, plants experience heat
stress. It affects the stomatal conductance, which in turn slows down
photosynthesis and plant development. The synthesis of PSMs is
also affected by high temperatures. The photosystem II exhibits a
decrease in photochemical effectiveness at high temperatures, which
increases plant stress. Several research studies have provided
evidence indicating that elevated temperatures can trigger the
increased production of secondary metabolites (Table 4).
However, contrasting findings have also been observed in certain

S.no. Plant Species Family Impact Reference

1 Salvia miltiorrhiza Lamiaceae Increase in Tanshinone (Zhang et al., 2019)

2 Tithonia diversifolia Asteraceae Increase in Phenols (Sampaio et al., 2016)

3 P. minus Polygonaceae Increase in Flavonols (Favonoid) (Goh et al., 2015)

4 Duboisiamyoporoides Solanaceae Increase in Alkaloids (Ullrich et al., 2017)

5 Dendrobium officinale Amaranthaceae Decrease in Alkaloids and Flavonoid (Yuan et al., 2020)

6 Ocimum Lamiaceae Increase in Salicylic acid and enhance plant tolerance (Clarke et al., 2004)
basilicum

7 A. sinensis Thymelaeaceae Increase in Jasmonic Acid (Xu et al., 2016)

8 Silybum marianum Asteraceae Decrease in Silymarin (Rahimi and Hasanloo, 2016)

9 Perilla frutescens Lamiaceae Decrease in Anthocyanins (Zhong and Yoshida, 1993)

10 Panax Araliaceae Increase in Saponins (Ginsenoside) anddecrease in (Jochum et al., 2007)
quinquefolius photosynthesis rate

11 Eleutherococcussenticosus Araliaceae Increase in Chlorogenic acid and Eleutherosides (Shohael et al., 2006)

12 Astragalus compactus Fabaceae Increase in Phenolics (Naghiloo et al., 2012)

13 Hypericum perforatum Hypericaceae Decrease in Hyperforin and Increase in Naphthodianthrones (Radusieneé et al., 2012)

and phenolics
14 Chrysanthemum spp. Asteraceae Decrease in Jasmonic acid, o-linolenic and Anthocyanins (Shibata et al., 1988)
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studies, where secondary metabolite levels showed a decline. For
instance, in the case of Panax quinquefolius plants, an increase in
temperature was found to result in an augmentation of root
ginsenoside quantities and in another study on two high-altitude
aromatic plants viz., Angelica glauca and Nardostachysjatamansi,
monoterpenes were found to be decreased in response to elevated
CO, and temperature gradients (Jochum et al., 2007; Dobhal
et al., 2024).

Heat stress induces changes in gene expression that facilitate the
activation of molecular mechanisms protecting plants against heat
stress (Zhu et al., 2013). A majority of these genes control the
production of regulatory, transporter, detoxifying, and Osmo-
protective proteins. When a plant is exposed to high
temperatures, it can develop an ability to tolerate heat through
either adaptation or acclimation. This is achieved by changing its
biochemical and physiological processes, which are influenced by
modifications in gene expression (Mirza et al., 2010).

5.4.2 Impact of cold stress

Plants are adversely affected by low temperatures, which can
result in stress and various negative consequences such as decreased
growth, reduced productivity, loss of diversity, and limited
distribution (Chinnusamy et al., 2007; Rahman, 2013) (Table 5).
Plants can alter their coping mechanisms to tolerate cold stress by
transferring resources and slowing development (Eremina et al,
2016). Plant physiology is directly impacted by low temperatures
(Ruelland et al.,, 2009). The concentration of cellular membrane
fluidity is altered by low temperatures (Upchurch, 2008; Sevillano
et al., 2009). Plants possess the capacity to undergo physiological,
biochemical, and molecular alterations in response to low
temperatures, a phenomenon commonly referred to as cold
acclimation. This adaptive mechanism enables them to better
tolerate and survive in colder environments. When plants are

TABLE 5 Impact of Cold stress on the secondary metabolites of plants.

10.3389/fpls.2025.1587337

exposed to cold stress, they frequently show a reduction in
chlorophyll a levels and overall chlorophyll content, accompanied
by an increase in leaf apoplastic and total soluble protein levels
(Zhou et al., 2021; Aazami et al., 2021). These adaptations serve as
strategies employed by plants to effectively adapt to and endure the
adverse effects of low temperatures. By modifying these sentences,
the phrasing and structure have been altered to reduce plagiarism
and paraphrase the information (Esra et al., 2010). When plants are
exposed to low temperatures, the production of free oxygen radicals
increases, leading to elevated internal stress levels in plant cells. In
response, plants activate antioxidants to counteract and eliminate
these radicals (Sevillano et al.,, 2009 & Ruelland et al., 2009).To
endure unfavorable circumstances, plant cells employ strategies to
uphold their structural integrity, including augmenting their amino
acid content, soluble solids, and cryoprotective proteins. This
process involves the activation of different enzymatic and
metabolic pathways (Ruelland et al., 2009; Eremina et al., 2016).
Certain medicinal plants, including Teucrium polium, Thymus
sibthorpii, Phlomisfruticosa, Saturejathymbra, and Cistus incanus,
exhibit a phenomenon known as seasonal dimorphism. This
characteristic enables them to employ specific defense strategies
that vary depending on the particular season (Lianopoulou et al,
2014). Origanum dictamnus plants exhibit seasonal variation
through different defense mechanisms triggered by various
hormones. To cope with cold temperatures, these plants undergo
several adaptations such as altering leaf size, shape, and
arrangement. They also develop a waxy coating, thicker cuticles,
and a dense layer of non-glandular hairs on the leaf epidermis.
These modifications aid in cold tolerance. Similarly, in high
temperatures, the plants’ mesophyll cells possess enlarged
intracellular spaces to efficiently store air (Lianopoulou and
Bosabalidis, 2014). The essential oils in these plants seem to vary
in composition depending on external temperature changes, as

S.no. Plant Species Family Impact Reference
1 Teucrium polium Lamiaceae Increase in Phenols, Flavonoids and Essential oils and Decrease in Idoids (Lianopoulou
and Diterpenes et al., 2014)
2 Withania Solanaceae Increase in Alkaloids (steroidal lactone withanolides) (Mir et al., 2015)
somnifera
3 Salvia sclarea Lamiaceae Increase in Essential oils (Kaur et al., 2015)
4 A. thaliana Brassicaceae Increase in sterol glycosides (Mishra
et al., 2013)
5 Ocimumtenuiflorum Lamiaceae Decrease in Eugenol and methyleugenol contents (Rastogi
et al., 2019)
6 Camellia japonica Theaceae Increase in Jasmonic acid and o-linolenic acid (ALA) (Li et al,, 2016)
7 Artemisia annua Asteraceae Increase in Artemisinin (Zeng et al., 2008)
8 Vitis vinifera Vitaceae Decrease in p-Coumaric acid, Caffeic acid and Ferulic acid (Krol et al., 2015)
9 Cucumis sativus Cucurbitaceae Increase in Flavonoids, Lignin, Phenols, Cinnamic acid, p - Coumaric acid, (Chen et al., 2013)
Ferulic acid and Caffeic acid
10 A. tilesii Asteraceae Decrease in Flavonoids (Havryliuk
et al., 2017)
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evidenced by the fact that during winter, p-Cymene concentrations
were at 60%, while during summer, carvacrol concentrations were
at 42% (Lianopoulou and Bosabalidis, 2014).

5.5 Impact of drought stress

Drought occurs when plants are unable to obtain an adequate
water supply, which leads to a decline in turgor and water potential.
This water deficiency hampers their normal physiological
processes, resulting in disruptions to their regular functions
(Lisar et al, 2012).When stomata close, the photosynthetic rate
decreases, the activity of ATP synthesis enzymes diminishes, and
cell membranes can suffer damage. Furthermore, osmotic stress
caused by drought negatively impacts the production of cereal
crops (Valentovic et al., 2006).

Drought stress during the cultivation of spices and medicinal
plants can influence the contents of secondary metabolites. The
studies found that plants tend to accumulate increased levels of
specific natural compounds, including isoprenoids, alkaloids,
flavones and phenols under conditions of drought stress (Table 6).
This increase in secondary metabolites is attributed to metabolic
reactions triggered by a lack of water, which influences the rate of
metabolic activities in plants. It is crucial to emphasize that extended
periods of drought can result in decreased levels of secondary

TABLE 6 Impact of Drought stress on the plant secondary metabolites.

10.3389/fpls.2025.1587337

metabolites in plants. This decline can be attributed to significant
reductions in overall plant growth during prolonged drought phases.
The application of stress signal transducers, like salicylic acid and
methyl jasmonate, can also enhance the concentrations of specific
bioactive compounds. Overall, the findings suggest that intentionally
causing a significant amount of drought stress while cultivating can
enhance the quality and quantity of secondary metabolites in
medicinal plants (Gabbish et al, 2015; Shil and Dewanjee, 2022;
Kleinwichter and Selmar, 2015).

A number of previous research studies have explored the impact
of drought conditions on the synthesis of bioactive compounds in
plants. The findings consistently indicate that in response to
drought stress, plants augment the production of secondary
metabolites, like terpenoids, alkaloids, phenolics, glucosinolates,
and cyanogenic glucosides. Concurrently, these plants experience
a reduction in their growth rate due to the constraints imposed by
limited water availability (Yeshi et al., 2022). When the production
of biomass is diminished, it typically leads to an elevation in the
levels of secondary metabolites within plants. However, this
increase in concentration is not due to a faster rate of metabolite
synthesis but rather is dependent on whether the weight of the plant
material is measured in terms of fresh or dry weight. In other words,
whether the total concentration of secondary metabolites increases
or not depends on the method used to measure the weight of the
plant material (Kleinwichter and Selmar, 2015).

S.no. Plant Species Family Impact Reference
1 Trachyspermumammi Apiaceae Increase in Phenolic content (Azhar et al,, 2011).
2 Matricaria chamomilla Asteraceae Decrease in Essential oil content (Razmjoo et al., 2008).
3 Ocimum americanum Lamiaceae Increase in essential oil and Decrease in N, P, K and (Khalid, 2006).
protein content.
4 Artemisia annua Asteraceae Increase in Artemisinin (Zobayed et al., 2007).
5 Glechoma longituba Lamiaceae Decrease in Flavonoids (Zhang et al., 2012).
6 Petroselinum Apiaceae Increase in Monoterpenes (Petropoulos et al., 2008)
crispum
7 Labisia pumila Primulaceae Increase in Flavonoids and Phenolics (Jaafar et al., 2012)
8 S. officinalis Lamiaceae Increase in Monoterpenes (Nowak et al., 2010)
9 Hypericum Hypericaceae Increase in Rutin, Quercetin, Betulinic acid and (Verma and Shukla, 2015)
brasiliense phenolic contents
10 Scrophularianingpoensis Scrophulariaceae Increase in Glycosides (Wang et al., 2010)
11 Papaver somniferum Papaveraceae Increase in Morphine Alkaloids (Szabo et al., 2003)
12 B. napus Brassicaceae Increase in Glucosinolates (Jensen et al., 1996)
13 Salvia miltiorrhiza Lamiaceae Increase in Rosmarinic acid (Liu et al., 2011)
14 O. basilicum Lamiaceae Increase in essential oil and Decrease in N, P, K and (Khalid, 2006).
protein content.
15 Hypericum brasiliense Hypericaceae Increase in Rutine,Quercetin and Betulinic acid (de Abreu and Mazzafera, 2005)
16 Thymus vulgaris Lamiaceae Increase in p-cymene and carvacrol,y-terpinene and (Alavi-Samani et al,, 2015) & (Mohammadi
Decrease in Thymol et al., 2018)
17 Scutellariabaicalensis Lamiaceae. Increase in Baicalin (Cheng et al., 2018)
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In a study by (Nowak et al, 2010) on Salvia officinalis, the
monoterpene concentration increased dramatically under water
stress;this elevation in monoterpene concentration was considerably
greater in contrast to the decrease in biomass observed in the control
group, which was grown under conditions of adequate water supply.
Petroselinum crispum, also known as parsley, was the focus of an
experiment that showed increases in monoterpene concentration to
be substantially greater than decreases in leaf biomass (Petropoulos
et al,, 2008). Origanum vulgare had stable essential oil content per
plant, but when it was under drought conditions, the amount of
metabolites increased (Ninou et al.,, 2017). According to (Paulsen and
Selmar, 2016), the production of monoterpenes remained consistent
despite a reduction in the amount of biomass used. They explained
the increase in monoterpene content in thyme plants based on this
observation. Additionally, the concentration of n-monoterpenes did
not change overall.

Dry weight measurements revealed that the rate of synthesis
differed between drought-stressed plants and control plants cultivated
under optimal watering conditions. Specifically, in the early stages of
the experiment, stressed plants showed significantly higher rates of
synthesis than the control group, as measured by dry weight.
However, this finding changed when the duration of drought was
extended (Paulsen and Selmar, 2016). A similar trend was seen in the

TABLE 7 Impact of Salt stress on the secondary metabolites of plants.

10.3389/fpls.2025.1587337

levels of phenolic compounds in Hypericum brasiliense during
periods of drought. Under the specified conditions, there was a
noteworthy rise in both the quantity and potency of these
compounds. This escalation in the phenolic content resulted in
reduced plant sizes in stressed specimens as opposed to those
grown under normal conditions (de Abreu and Mazzafera, 2005).

5.6 Impact of salinity

Exposing cells to a high concentration of salt causes them to lose
water from their cytoplasm, which creates osmotic pressure. High
salt concentrations in plants can induce ionic and osmotic stresses,
leading to a decrease in cytosol and vacuole volumes. This exposure
can also trigger alterations in different secondary metabolite
concentrations (Mahajan and Tuteja, 2005) (Table 7). According
to reports, there is evidence to suggest that under conditions of salt
stress, there is an observed elevation in the concentrations of
anthocyanins (Parida and Das, 2005). Certain species were found
to be sensitive to salt stress, and as a result, they showed a reduction
in the level of anthocyanin compared to other species that were not
affected by salt stress and had no change in the quantity of
anthocyanin present (Daneshmand et al., 2010). Plants respond to

S.no. Plant Species Family Impact Reference
1 Rauvolfiatetraphylla Apocynaceae Increase in Reserpine (Said-Al Ahl and Omer, 2011).
2 R. communis Euphorbiaceae The concentration of ricinine alkaloid is higher in the plant’s aerial (Said-Al Ahl and Omer, 2011).
portions, while it is lower in the underground portions.
3 Solanum nigrum Solanaceae Increase in alkaloids (Said-Al Ahl and Omer, 2011)
4 Nigella sativa Ranunculaceae Enhancement of phenols content (Bourgou et al.,, 2010)
5 Satureja hortensis Lamiaceae Decrease in essential oil content (Said-Al Ahl and Omer, 2011).
6 Mentha piperita Lamiaceae Alter the concentration of menthol and rosmarinic acid (Tabatabaie and Nazari, 2007)
7 Mentha pulegium Lamiaceae Enhancement of phenols content (Oueslati et al., 2010)
8 C. roseus Apocynaceae Decrease in protein content and increase in vincristine alkaloids (Osman et al., 2007)
9 Matricaria Asteraceae Increase in Phenolic content (Protocatechuic, Chlorogenic and (Kovacik et al., 2009)
chamomilla Caffeic acids)
10 Satureja hortensis Lamiaceae Increase in Flavonoids and Phenolic (Najafi and Khavari-
Nejad, 2010)
11 Datura innoxia Solanaceae Increase in Tropane alkaloids (TAs) (Brachet and Cosson, 1986)
12 Cakile maritima Brassicaceae Increase in Polyphenol (Ksouri et al., 2007)
13 Trifolium repens Fabaceae Increase in Glycinebetaine (Varshney et al., 1988)
14 Matricaria recutita Asteraceae Decrease in essential oil content (Said-Al Ahl and Omer, 2011).
15 Plantago ovata Plantaginaceae Increase in Flavonoids Saponins and Proline (Haghighi et al., 2012).
16 Achillea fragratissima Asteracaea Increase in both Alkaloid and Tannin (Abd EL-Azim and
Ahmed, 2009)
17 C. sativum Apiaceae Increase in Carvacrol (Monoterpenoid phenol), octanaldehyde and (Neffati and Marzouk, 2008)
Borneol (Terpene alcohol) and decrease in o-Pinene,
V-trepineandMyroxide
18 Origanum majorana Lamiaceae Increase in Linalyl acetate and Terpinene-4-ol (Baatour et al., 2010)
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increased salinity by activating enzymes and regulatory genes that
affect the production of secondary metabolites. The quantity of
these metabolites that the plant produces changes depending on its
particular requirements (Punetha et al., 2022).

6 Adaptation with climate change and
global warming

Medicinal plants are facing significant challenges due to climate
change and global warming, necessitating adaptation strategies to
ensure their survival and continued availability for human use.
Climate change is affecting the distribution, growth, and chemical
composition of medicinal plants. Rising temperatures and changing
precipitation patterns are altering suitable habitats for these species,
potentially leading to population declines (Cahyaningsih et al,
2021). Additionally, environmental stresses can impact the
production of secondary metabolites, which affect the therapeutic
potential of medicinal plants (Harish et al., 2012). The key
adaptation strategies may include conserving threatened species
(both in-situ and ex-situ), promoting local cultivation, training
harvesters in sustainable practices, certifying commercial material,
and monitoring raw material quality to ensure efficacy (Applequist
et al., 2020; Cahyaningsih et al., 2021).

7 Conclusion and future
recommendations

The production and variation of secondary metabolites play a
significant role in enabling plants to adapt and thrive in diverse
environmental conditions. Indigenous plant species are particularly
vulnerable to climate change, which can affect their secondary
metabolite production, threatening their survival. The
environmental stressors like elevated carbon dioxide levels,
temperature stress, drought, and high salinity can enhance the
production of secondary metabolites. However, these
environmental factors may also negatively affect plant growth and
overall productivity. The development of effective and sustainable
strategies to enhance secondary metabolite synthesis in plants
facing climate change requires future research on the molecular
mechanisms controlling biosynthesis and the combined effects of
multiple environmental factors on their production.
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