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Abstract
Plant polyisoprenoids are natural polymers that, despite a long history of research, still pose many open questions. While extensive studies have addressed the synthesis and structural diversity of polyisoprenoids, comprehensive analyses of their physiological functions remain limited. This review addresses this gap by critically evaluating the emerging evidence on the multifunctional roles of plant polyisoprenoids, particularly in responses to abiotic (drought, salinity, temperature fluctuations, mineral deficiency) and biotic stresses which is achieved by modulating properties of biological membranes. This summary advances our understanding of polyisoprenoids as important and integral components in plant stress response, highlighting potential targets for metabolic engineering to enhance crop performance under adverse environmental conditions.
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Abbreviations list:
CPT – cis-prenyltransferase
DHDDS – dehydrodolichyl diphosphate synthase
DGDG – digalactosyl diacylglycerol
Dol – dolichol
DOLK – dolichol kinase
d.w. – dry weight
FPP – farnesyl diphosphate
GPI – glycosylphosphatidylinositol
GPP – geranyl diphosphate
GGPP – geranylgeranyl diphosphate
HSFA1 – Heat Shock Transcription Factor A1
IPP – isopentenyl diphosphate
i.u. – isoprenoid unit
MEP – methylerythritol phosphate pathway
MGDG – monogalactosyl diacylglycerol
MVA – mevalonate acid pathway
NgBR – Nogo-B receptor
NPC1 – Niemann-Pick Type C1
NR – natural rubber
P – monophosphates
PP – diphosphates
PEG – polyethylene glycol
PM – plasma membrane
Pren – polyprenol
PPRD – polyprenol reductase
ROS – reactive oxygen species
RFT1 – Man(5)GlcNAc(2)-PP-dolichol translocation protein
SA – salicylic acid
SRD5A3 – steroid 5α-reductase 3
TMV – tobacco mosaic virus
TPT – trans-prenyltransferases
TRAPPC8 – Transport Protein Particle III tethering complexes
w.w. – wet weight
1. 
Introduction
Polyisoprenoid research began in the mid-twentieth century when Rowland et al. (Rowland et al. 1956) first isolated solanesol (all-trans-Pren-9) and described its structure as an unsaturated alcohol accumulating in tobacco. Since then, extensive studies have detailed the biosynthesis and structural diversity of polyisoprenoids across all living organisms (Hemmerlin et al. 2012; Vranová et al. 2013; Grabińska et al. 2016; Sagami et al. 2017; Kopcsayová and Vranová 2019). However, despite numerous comprehensive reviews on their chemistry and synthesis, relatively little attention has been paid to their physiological functions - particularly in plants.
Plants are exceptional in their synthesis and accumulation of polyisoprenoids, displaying unique structural variants not observed in bacteria or animals. This uniqueness suggests specialized roles that extend beyond well-known functions such as involvement in protein glycosylation. Emerging evidence indicates that plant polyisoprenoids participate actively in responses to both biotic and abiotic stresses, adapting the cell by influencing the physical properties of membranes (Sagami et al. 2017; Kopcsayová and Vranová 2019). This review focuses on these distinctive features and highlights the gap in understanding regarding their functional significance in plant biology. By integrating current biochemical and physiological findings, it aims to encourage a re-evaluation of polyisoprenoids as key modulators of plant survival and stress resilience.
2. Polyisoprenoids synthesis and accumulation in plants
To understand the physiological relevance of polyisoprenoids, it is essential to first recapitulate the literature on polyisoprenoid synthesis and accumulation within plant cell. As mentioned, plants exhibit unique polyisoprenoid structures and tissue-specific localization patterns not seen in other organisms. This chapter explores the biosynthetic pathways responsible for polyisoprenoid production.
Polyisoprenoid synthesis in all living organisms is initiated as a result of the activity of one of the pathways (in plants - exceptionally both) that generate the precursors IPP (isopentenyl diphosphate, C5) and DMAPP (dimethylallyl diphosphate, C5). The first one, the cytoplasmic MVA pathway, is found in animals, fungi, plants and certain bacteria, while the second, the plastidial MEP pathway, is present in some bacteria and plants (Fig. 1). What sets plants apart is their ability to utilize both pathways within their cells (Lichtenthaler et al.1997; Chang et al. 2013). It has been proven that in plants, IPP and possibly other intermediates, can be actively exchanged between these pathways. The extent of this metabolic exchange varies depending on the plant’s developmental stage and the specific polyisoprenoid end product (Hemmerlin et al. 2012; Lipko et al. 2023).
Once IPP and DMAPP are synthesized, they serve as building blocks for isoprenoid chains. Initially, allylic precursors such as geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15), and geranylgeranyl diphosphate (GGPP, C20) are formed (Fig. 1). Subsequent IPP molecules are added to the precursor(s) mentioned above in a "head-to-tail" manner by enzymes known as prenyltransferases. These enzymes are classified based on the stereochemistry of the double bond they form during IPP condensation: trans-prenyltransferases (TPTs), which incorporate IPP molecules and form isoprenoid units in a trans (E) configuration (an example of TPT is mentioned in Introduction - solanesol), and cis-prenyltransferases (CPTs), which add IPP molecules and form isoprenoid units in a cis (Z) configuration (Liang et al. 2002; Kharel and Koyama 2002). CPTs are divided into homomeric and heteromeric types. The heteromeric CPTs require a CPT-binding (CPTB) protein for proper enzymatic function, forming a functional complex necessary for polyisoprenoid chain elongation. The best-characterized CPT–CPTB pairs include the human dehydrodolichyl diphosphate synthase (DHDDS) and Nogo-B receptor (NgBR) (Lisnyansky Bar-El et al. 2019). In plants, a well-known example is the PaCPT1–PaCBP pair identified in Parthenium argentatum (Lakusta et al. 2019). It is believed that each CPT is responsible for formation of either a mixture of polyisoprenoids with chain of specific length-range referred to as a ‘family’ of polyisoprenoids (e.g., eukaryotic CPT) or for producing a single polyisoprenoid of a defined length (e.g., prokaryotic CPT) (Surmacz and Swiezewska 2011).
Two main types of polyisoprenoid alcohols have been described differing in the hydrogenation status of their OH-terminal (α-) isoprene unit, these are α-unsaturated polyprenols (Pren) and α-saturated dolichols (Dol) (Skorupinska‐Tudek et al. 2008). Polyprenol is converted to dolichol through a reaction catalyzed by polyprenol reductase (PPRD). In humans, this enzyme is known as SRD5A3 (Cantagre et al. 2010), but model plant Arabidopsis thaliana possesses two orthologs, PPRD1 and PPRD2 (Jozwiak et al. 2015). Recent studies suggest that in humans dolichol synthesis may involve an alternative route via polyprenal and dolichal intermediates (Fig. 1) (Wilson et al. 2024), but there is no information yet whether the similar mechanism occurs in plants.
Polyisoprenoids, including both polyprenols and dolichols, accumulate in various chemical forms across living cells, such as free alcohols, carboxylic acid esters (e.g., acetic, oleic, palmitic, or/and linolenic acids), and monophosphates (P) or diphosphates (PP). A small fraction of Dol-P- and Dol-PP- linked saccharide derivatives is also present in eukaryotic cells (Grabińska et al. 2016). The composition of these forms and chain lengths of accumulated polyisoprenoids vary across organisms, and in plant - also organs, and is sometimes considered as species-specific (Swiezewska et al. 1994; Surmacz and Swiezewska 2011). Numerous literature data reveals that plants differ significantly from other organisms in both the synthesis and accumulation of polyisoprenoids. Differences in the synthesis and accumulation of polyisoprenoids between plants and other eukaryotes are summarized in Table 1. The following sections explore these differences in detail.
2.1 In most plants, unlike in other eukaryotes, more polyprenols are accumulated than dolichols
An important general observation regarding the accumulation of polyisoprenoids in plants indicates that dolichols of a given length are always accompanied by a certain pool of polyprenols of the same length (Surmacz and Swiezewska 2011). While this rule was not usually observed in the opposite direction.
In photosynthetic tissues of plants usually polyprenols are more abundant than dolichols. For example, in Coluria geoides, the polyprenol to dolichol ratio is 3.8:1 in leaves (Skorupinska-Tudek et al. 2003). In older leaves of Hevea brasiliensis polyprenols are twice as abundant as dolichols, with a ratio of 2:1. The ratio can be even higher in other species, such as Ginkgo biloba, where the polyprenol to dolichol ratio in young leaves reaches up to 800:1 (Jankowski et al. 1994). However, there are exceptions to this rule. In the leaves of Capparis sp., the ratio of polyprenols to dolichols with lengths of 19-21 i.u. (isoprene unit) is approximately 1:1 (Jankowski and Chojnacki 1991). There is limited information on polyisoprenoids in lower plants, but in the leaves of Matteucia struthiopteris, they were present as a mixture of dolichols, ranging from 14 to 20 i.u., with Dol-16 being dominant. These were accompanied by traces of polyprenols (Pren-14 to Pren-17) (Wojtas et al. 2005).
In seeds, polyprenols as well remain dominant, with C. geoides seeds showing a polyprenol to dolichol ratio of 3.4:1 (Skorupinska-Tudek et al. 2003). Similarly, in G. biloba seeds, both polyprenols (Pren-15 to Pren-19) and dolichols (Dol-14 to Dol-18) are present, though the former are more abundant (Tateyama et al. 1999). Polyprenols also dominate in the seeds of gymnosperms (10 representatives from the Cupressaceae, Pinaceae, and Taxaceae families) as well as in angiosperms (25 representatives from 13 botanical families) (Chouda and Jankowski 2005). In general, this pattern is consistent in various plant species, where polyprenols are more abundant in photosynthetic tissues and seeds.
In roots, however, in most cases the situation is reversed, with dolichols becoming more prominent. For instance, in C. geoides, dolichols exceed polyprenols by a factor of 4.5 to 5.5 in natural roots. In hairy roots, the polyprenol to dolichol ratio is even lower (0.2:1) (Skorupinska-Tudek et al. 2003), but polyprenols of a quite broad range of chain lengths are still detectable. In H. brasilines roots dolichol domination was also observed (Tateyama et al. 1999). On the other hand, in the roots of maize seedlings, (monocotyledonous plant) the ratio between polyprenols and dolichols is almost 1:1 (Młodzińska-Michta et al. 2023). Interestingly, it has been shown that in the hairy roots of A. thaliana, the amount of dolichols was negligible in roots grown on 3% sucrose, compared to 1:2.5 in cultures grown on 2% glucose (Jozwiak et al. 2013).
While the dominance of polyprenols in photosynthetic tissues is clear, the roots are characterized by a more balanced distribution, with dolichols becoming considerably more abundant, though polyprenols still make up a portion of the polyisoprenoid content. However, when examining polyisoprenoid content in total plant, it becomes clear that polyprenols dominate over dolichols, as seen when the polyprenol content in whole A. thaliana seedlings was over 100 times greater than that of dolichols (Gawarecka et al. 2022). However, there is a lack of research examining how this phenomenon would present in fully developed plants, including perennials.
In contrast to plants, dolichols are the dominant polyisoprenoids in most other eukaryotes, including fungi, and mammals. In yeast, such as Saccharomyces cerevisiae, dolichols (Dol-16 and Dol-21) are the major polyisoprenoids, with polyprenols making up only about 5% of the total polyisoprenoid content (Zimbres et al. 2020). Similarly, in fungi like Lentinus edodes and Aspergillus fumigatus, dolichols are the primary polyisoprenoids, with polyprenols present only in trace amounts (5% of total polyisoprenoids) (Wojtas et al. 2004; Gryz et al. 2019).
In mammalian tissues, dolichols are predominantly found; for example, in humans, Dol-19 is the most abundant dolichol species, and in rats, Dol-18 is the dominant form (Chojnacki and Dallner 1988; Eggens et al. 1983).
On the other hand in bacteria, polyprenols are the predominant polyisoprenoids. Bacteria such as Escherichia coli, Staphylococcus aureus, Streptococcus faecalis, Micrococcus lysodeikticus and Lactobacillus plantarum, primarily accumulate polyprenols in their free alcohol form, with undecaprenol (syn. Pren-11, bactoprenol) being the most abundant form (Goldman and Strominger, 1972; Keenanand Allen, 1974; Swiezewska and Danikiewicz 2005). Interestingly, in Mycobacterium smegmatis with Pren-10 (Wolucka et al. 1994), polyprenols are accumulated, but phosphate derivatives constitute a major portion of the total polyisoprenoid pool (Salvador-Castell et al. 2019). It is worth noting that, the proportion of free polyprenol to phosphate deviates in Lactobacillus can fluctuate, being as low as 24.8% in logarithmically growing cells and increasing to 73% in stationary-phase cells (Thorne 1973). Archaea with examples such as Sulfolobus acidocaldarius or Pyrococcus furiosus generally produce one family of polyprenols with a range of 6 to 14 i.u. although the most common length is 11 i.u (Salvador-Castell et al. 2019). An exception is Halobacterium halobium, which accumulates Dol-12 (Lechner et al. 1985). The accumulation of polyprenols in bacteria and Archaea, is a key feature differentiating them, on the one hand, from mammals and fungi, which predominantly accumulate dolichols while on the other from plants, which accumulate both polyprenols and dolichols.
In summary, in their photosynthetic tissues (leaves and needles), but also stems (e.g., Betula trunk Lindgren et al. 1965) and seeds plants predominantly accumulate polyprenols whole in the roots mostly dolichols. In contrast, in other eukaryotes dolichols are the predominant polyisoprenoids. Given the structural differences between polyprenols and dolichols, their cellular properties and functions are also likely to differ. Since plants predominantly accumulate polyprenols rather than dolichols among their polyisoprenoids, it can be expected that the functional roles and applications of polyisoprenoids in plants are broader than in other eukaryotes.
2.2 In plants, contrary to other eukaryotes, a single organ contains multiple families of polyisoprenoids
One feature that distinguishes plants from other organisms is that within a single organ, several families of polyisoprenoids with different lengths are often found. For example in Rosa chinensis leaves are observed four families of polyisoprenoids length: 7-9 i.u, 15-25 i.u, 26-34 i.u, and 35-50 i.u. (Weremczuk et al. under revision). A. thaliana leaves accumulate the polyprenol family (dominant Pren-10) and dolichol family (dominant Dol-16) (Akhtar et al. 2017; Gawarecka et al. 2022). In the other hand A. thaliana roots have three families of dolichols, with Dol-13, Dol-16, and Dol-21 being the dominant homologs within each family and a single Pren-7 (Surmacz et al. 2014; Surowiecki et al. 2019; Gawarecka et al. 2022). Potentilla aurea leaves possess two distinct families of polyprenols, one ranging from Pren-19 to Pren-21 and another from Pren-27 to Pren-29 (Swiezewska and Chojnacki 1991; Swiezewska et al. 1994). Eucommia ulmoides leaves and roots contains a family of all-trans-polyprenols (Pren-13 to -37, with Pren-19 dominating), co-occurring with a family of poly-cis-polyprenols (Pren-15 to -20, with Pren-16 dominating) (Tangpakdee et al. 1997; Bamba et al. 2001).
Most bacteria primarily contain a single polyprenol, Pren-11 (Swiezewska and Danikiewicz 2025). In mammalian tissues, polyisoprenoid families typically comprise one dolichol families, with the dominant members being Dol-16 in yeast, Dol-18 in rats, and Dol-19 in humans. In yeast, a second, less abundant family of longer dolichols (dominant Dol-21) can occasionally be observed in yeast, particularly under aging or starvation conditions (Chojnacki and Dallner 1988; Eggens et al. 1983; Szkopinska et al. 2001; Surmacz and Swiezewska 2011). It has been shown that in the human brain, the ratio between Dol-18 and Dol-20 content varies depending on the brain region (Söderberg et al. 1990), but there is no other family of dolichols in human tissues.
In summary, plants stand out due to their accumulation of multiple polyisoprenoid families, unlike bacteria, archaea, and mammals, which generally have a single family. This diversity in length is further expanded in plants, where a broader range of polyisoprenoids, including exceptionally long chains, is accumulated, as discussed in the following section.
2.3 In plants a broader length-range of polyisoprenoids are accumulated, comparing to other organisms
The lengths of dolichols found in plant tissues are generally similar to those observed in other eukaryotes (ranging from Dol-12 to Dol-21). The lengths of polyprenols present in photosynthetic tissues of many plants, vary greatly, which is a characteristic feature that distinguishes plants from other organisms. The shortest polyprenols (considered as a product of CPT), ranging from 6 to 8 i.u. have been identified in birch wood (Lindgren et al. 1965; Swiezewska et al. 1994). In A. thaliana a single polyprenol Pren-7 was found in the roots (Surmacz et al. 2014), while polyprenols ranging from Pren-9 to Pren-11 dominate in leaves (Akhtar et al. 2017). Similarly, the prevailing polyprenol length in the leaves of tropical and subtropical plants, such as Musa basjoo and Itea japonica, is often Pren-11 (Jankowski et al. 1994). In contrast, dolichols (accompanied by small amounts of polyprenols of the same chain-length) in the roots of A. thaliana range between 13 and 16 i.u. (Gawarecka et al. 2022). Interestingly, in A. thaliana roots grown in root hair culture the longest detected polyisoprenoids were either Pren/Dol-20 or Pren/Dol-23, that depending on the glucose concentration in the medium (Jozwiak et al. 2013). In Ginko biloba seeds and young leaves, Dol-14 to Dol-18 and Pren-15 to Pren-19 are detected, showing an clear overlap in the 15-19 i.u. range, while in the gymnosperm Pinus sylvestris needles Pren-16 to Pren-19 and Dol-14 o Dol-18 are both detected, indicating an visible overlap in the 16-18 i.u. range (Tateyama et al. 1999).
In the leaves of certain plant species, polyprenols (no dolichols detected) with lengths between 15 and 20 i.u. have been observed, such as in leaves of angiosperms and gymnosperms of many species (Jankowski et al. 1994). These polyprenols are also present in the leaves of a wide range of gymnosperms, including Juniperus communis (16–21 i.u.), Metasequoia glyptostroboides (16–22 i.u.), Agathis robusta (16–24 i.u.), Taxus baccata (17–25 i.u.), and Podocarpus neriformis (17–25 i.u.) (Jankowski et al. 1994). Polyprenols with lengths up to 45 i.u. were found in the Rosaceae family plants such as: R. chinensis and P. aurea (Swiezewska et al. 1994; Weremczuk et al. under revision). Moreover, polyprenols in Lumnitzera racemose leaves were more than twice as long, (exceeding 100 i.u.) (Skoczylas et al. 1994).
Alongside polyprenols, natural rubber (NR) characterized by extraordinarily long polyisoprenoid chains from 320 i.u. over to 35000 i.u. is also accumulated in the tissues of some plants (Kang and Kang 2000). These long chains are produced by plants, including the rubber tree (H. brasiliensis), certain species of dandelion (Taraxacum brevicorniculatum), guayule Parthenium argentatum, goldenrod Solidago sp., lettuce (Lactuca sativa), and Periploca sepium (Mooibroek and Cornish 2000; Yong et al. 2025).
NR is a specialized metabolite classified as an isoprenoid, due to its backbone structure comprises exclusively 1,4-polymers of the isoprene unit with a cis-double bond. The synthesized NR molecules are encapsulated in rubber particles (Fig. 2 C), which are made up of a globular arrangement of rubber chains forming the core, enveloped by a monolayer of proteins and phospholipids. Natural rubber is accumulated in plants in lactifer cells, forming a vessel structure with a modified cytoplasm. NR is an element of latex, but not all latex contains rubber. Rubber can make up a high concentration of fresh latex, from 44.3% in H. brasiliensis, to 8% P. argentatum (Mooibroek and Cornish 2000). The most important function of latex is to protect the plant from herbivores. NR as an element of latex, fits into this role. Polyisoprenoids as long as those in natural rubber are only observed in plants.
Analogous to natural rubber, where isoprenoid units are in cis- configuration, in some plants (e.g., E. ulmoides), gutta-percha, an extraordinarily long 1,4-polymer of isoprenoid units in trans-configuration, can be found. Gutta-percha is less widespread in plants than natural rubber, but like rubber, it occurs exclusively in plants (Zhao et al. 2024).
2.4 The tissue concentration of accumulated polyisoprenoids is greater in plants than in other organisms
In plants, compared to other living organisms, a high amounts of polyisoprenoids is accumulated particularly in their leaves and wood. For instance, leaves of L. racemosa have been found to contain approximately 1-2% of their dry weight as polyprenols (Skoczylas et al. 1994). P. aurea leaves can accumulate as much as 1% of their fresh weight in polyprenols (Jankowski et al. 1994). Gymnosperms also show high polyprenols accumulation, with Ceratozamia mexicana containing more than 3% wet weight and A. robusta more than 1% wet weight (Jankowski et al. 1994). The total polyisoprenoid content in C. geoides leaves was reported as approximately 57 µg/g of dry weight, which is significantly higher than in its roots (4.5 to 16.2 µg/g dry weight) (Skorupinska-Tudek et al. 2003). A lower accumulation is observed in other organisms. Human pituitary glands, identified as the organ richest in dolichols, can contain up to 7170 µg/g wet weight (equivalent to ~0.717% wet weight). Human liver contains about 1200 µg/g wet weight (~0.12%) (Rupar and Carroll 1978; Gryz et al. 2019). It has been shown that the content of dolichol in human tissues increases with age, e.g., in the gray matter of the brain, the dolichol content increased from 18 µg/g in a 6-year-old to 263 µg/g in a 68-year-old (Pullarkat and Reha 1981).
The high accumulation of polyisoprenoids in plants, particularly in leaves and wood, highlights their significant role in plant physiology. This elevated concentration represents a distinctive feature of plants and emphasizes the functional importance of polyisoprenoids in various biological processes. The following section discusses the diverse functions of polyisoprenoids across different organisms, focusing on their important roles in plant responses to environmental stresses.
3. Polyisoprenoid function
The best-known function of polyisoprenoids is their role as cofactors in the process of protein glycosylation, a function that is universal across all living organisms. Polyisoprenoids of various lengths, including family with dominant: Dol-12 in yeast, Dol-19 in humans, Dol-16 and Dol-21 in A. thaliana, and single Pren-11 in bacteria, are involved in protein glycosylation processes (Jones et al. 2010), and phosphorylated polyisoprenoid alcohols, such as dolichyl monophosphate (Dol-P) and undecaprenyl phosphate, are well-established cofactors. Dol-Ps are essential lipid carriers of thus activated monosaccharides as well as oligosaccharides through the endoplasmic reticulum (ER) membrane in the N-glycosylation pathway in eukaryotes. Dolichyl phosphates are also involved in O- and C-mannosylation and the biosynthesis of the glycosylphosphatidylinositol (GPI) anchor. In bacterial systems, phosphorylated polyisoprenoids also act as cofactors in the peptidoglycan biosynthesis (Schwarz and Aebi 2011; Aebi et al. 2013; Grabinska et al. 2016; Burda and Aebi 1999; Samuelson et al. 2005).
Due to their crucial roles in cellular processes a lack or deficiency of polyisoprenoids can be associated with several pathological conditions and diseases. In humans, mutations in genes involved in dolichol biosynthesis, such as SRD5A3, which encodes polyprenol reductase, can lead to Congenital Disorders of Glycosylation type I (CDG I) by reducing cellular level of dolichol and its derivatives, decreasing the efficiency of protein N-glycosylation. This causes developmental delay, ataxia, and vision impairment (Cantagrel et al. 2010; Buczkowska et al. 2015). A similar mutation in S. cerevisiae - in the Dfg10 gene, the yeast ortholog of SRD5A3 also results in decreased dolichol levels and N-glycosylation defects (Juchimiuk et al. 2010). In Niemann-Pick Type C1 (NPC1 is membrane protein mediates intercellular cholesterol trafficking) disease, defects in dolichol fatty acid esterification are observed in NPC1 mice in vivo. (Turunen and Schedin-Weiss 2007). Dilated cardiomyopathy can result from DOLK mutations, which affect dystroglycan O-mannosylation. Dolichol kinase (DOLK) is essential for dolichol phosphorylation, a critical step in Dol cycle (Pieters et al. 2025). In Smith-Lemli-Opitz syndrome, elevated levels of non-sterol isoprenoids, including dolichol and ubiquinone, indicate disruptions in isoprenoid metabolism (Pappu et al. 2006). Finally, in mice with a knockout of the Dhdds gene (an orthologue of CPT) in retinal rods, mild retinal dysfunction and a 50% reduction in dolichol levels were observed, although N-glycosylation of retinal proteins remained unaffected (Ramachandra Rao et al. 2020). Dolichol metabolism also is being studied in the context of aging and neurodegenerative diseases, such as Alzheimer's disease, in which dolichol levels are found to be reduced (Schloss 2025). Generally it has been shown that the content of dolichol in human tissues increases with age, e.g., in the gray matter of the brain, the dolichol content increased from 18 µg/g in a 6-year-old to 263 µg/g in a 68-year-old (Pullarkat and Reha 1981). Quite recently the potential of dolichol-based lipidomic profiling to provide insights into brain aging and neurological disorders has been highlighted, and dolichol variants being identified as promising biomarkers of age-related molecular changes (Latumalea et al. 2025). The question remains open as to whether the increasing levels of dolichol contribute to tissue aging or just the opposite – increased Dol level is rather a result of age-induced modulations of cellular metabolism?
The essential role of polyisoprenoids in protein glycosylation the same as in humans, is also evident in plants, where the disruption of glycosylation pathways leads to severe developmental defects or even lethality. In A. thaliana a deficiency in Polyprenol Reductase 2 (PPRD2) leads to significant reduction in protein glycosylation and a male sterility. Interestingly PPRD2 deficiency was only partially compensated by the expression of the homologous PPRD1 (Jozwiak et al. 2015). The importance of glycosylation in plant growth is further highlighted by the lethality of inactivation of the AtCPT3 gene, which is essential for Dol-13 to Dol-16 synthesis, showing that particular but not all polyisoprenoids are indispensable for survival (Gawarecka et al. 2022). Also a lack of AtCPT1, which is involved in the synthesis of Dol-18 to Dol-22, results in stunted growth and shorter roots, demonstrating the potential role of these dolichols in the glycosylation process (Surowiecki et al. 2019).
Besides protein glycosylation dolichol was shown to be implicated in several cellular processes. Firstly, dolichol involvement in the intracellular vesicular transport of ER and vacuolar proteins was suggested based on the results of the genetic studies in yeast (Sato et al. 1999; Belgareh-Touze et al. 2003). In addition, there are suggestions that dolichol and sterols may inhibit cation leakage, resulting in metabolic energy savings. (Haines et al. 2001). In the latest report elevated dolichol level and autophagic defects were observed for the A. thaliana mutants with TRAPPC8 deficiency (TRAPPC8 is a subunit of the Transport Protein Particle III tethering complexes) (Hoffman-Sommer et al. 2025).
3.1 The role of polyisoprenoids in plant responses to biotic stresses
However, as we know from Chapter 2, plants produce and accumulate significantly more polyisoprenoids than would be expected based solely on their demand for glycosylation processes. The role of polyisoprenoids in plant response to biotic stresses has been documented in several model systems. In the leaves of resistant but not susceptible Nicotiana tabacum cultivars infected by the Tobacco Mosaic Virus (TMV) or Pseudomonas syringae the accumulation of polyprenols solanesol and a family of polyprenols Pren-14 to -18, with Pren-16 dominating was increased in the inoculated and upper leaves. When searching for the potential signal inducing the response in the upper leaves it was shown, that accumulation of polyisoprenoids was stimulated by hydrogen peroxide but not by salicylic acid (SA). However, wounding alone (cut with a razor blade) did not affect the levels of polyisoprenoid alcohol (Bajda et al. 2009). In Quercus ilex, higher amounts of polyprenols were detected in the leaves after infection by the fungus Microsphaera alphioides. Unfortunately, in this preliminary study there is no information about the length and chemical form of polyprenols that were accumulated (Monaco et al. 1983). The content of prenol lipids was measured in esca-affected Vitis vinifera (a disease caused by the fungi Phaeoacremonium aleophilum, Phaeomoniella chlamydospora, and Fomitiporia mediterranea). Symptomatic leaves were characterized by a lower amount of prenol lipids than those which were green and healthy (Goufo and Cortez 2020). Prenol lipids are lipids characterized by a broader class of compounds than polyisoprenoids alone, they encompass isoprenoids (terpenoids), quinones, and hydroquinones. Therefore, the results presented in this study regarding the impact of environmental stresses on prenol lipid content should therefore be regarded as a general indication for further research into the role of polyisoprenoids in plant stress responses.
Taken together, these observations suggest a complex and context-dependent role of polyisoprenoids in plant-pathogen interactions, warranting closer examination of their spatial distribution and functional significance during different stages of tissue response to stress. That result showed that polyprenols are not accumulated in the dying tissues (necrosis) but are actively resynthesized into the living tissues, still fighting the stressor (Bajda et al. 2009). However, it should be noted that necrotic type of cell death, by definition, is sudden and unplanned, which complicates the interpretation of this result. This may indicate that plants aim to retain polyprenols in cells with intact membranes, probably due to their ongoing modification under stress, or because these tissues are still alive and need polyisoprenoids to function properly.
Natural rubber, NR, as a component of latex, serves a defined function as a herbivore repellent. It is proposed that the function of NR is entrapping the herbivore insects or gluing their mouthparts together (Dussourd et al. 1987; Dussourd et al. 1995; Agrawal and Konno 2009) due to its stickiness. Moreover, NR in latex can sealing the injured plant tissues, which protects against the penetration of pathogens inside the plant (Konno et al. 2011). Melolontha melolontha larvae preferred transgenic rubber-deficient Taraxacum kok-saghyz plants to those which produced the cis-1,4-polyisoprene mixture; however, the larva’s mouth parts were not glued during rubber consumption (Böttner et al. 2023). Generally, latex has well-studied antipredator, but also antibacterial and antifungal properties (for review see: Konno et al. 2011). Unfortunately, little is known about the function of cis-1,4-polyisoprene in latex. Perhaps due to their hydrophobic properties polyisoprenoids are responsible for forming particles important for enclosing the other latex hydrophobic components, such as lower molecular mass terpenoids, etc.. However, the function of natural rubber should not be seen only in plant protection against pathogens or predators. Recently suggested important function of cis-1,4-polyisoprene in latex in T. kok-saghyz plants is promotion of rhizosphere and root microbiota diversity (Böttner et al. 2023). In Castilla sp., loss of latex (e.g., by human collection) usually kills the tree, indicating the vital role of this exudation for tree survival (Mooibroek and Cornish 2000). But on the other hand, no obvious developmental defects were observed in lettuce mutants lacking NR in latex, in terms of germination rate, size of the first true leaves, or the number of days taken for bolting and flowering (Kwon et al. 2023).
Plants have to cope with the pressure of herbivores in different environments, so natural rubber has been appeared in the metabolom independently for various plants species such as: P. argentatum, H. brasiliensis, T. kok-saghyz, T. brevicorniculatum, L. sativa, Pyla lanceolata, and Ambrosia trifida (Swanson et al. 1979). This convergence suggests that extra-long cis-1,4-polyisoprenes serve consistently beneficial roles across species, likely fulfilling similar protective or physiological functions regardless of their independent evolutionary origins. NR remains a feature characteristic only of representatives of the plant kingdom. Whether polyisoprenoid lipids play a general anti-herbivore role in plant kingdom remains to be elucidated.
3.2 The role of polyisoprenoids in plant responses to abiotic stress
Many publications indicate the role of polyisoprenoids in plant response to abiotic stresses (Table 2). Below, a summary is presented.
3.2.1 Drought stress
Drought stress impacts polyisoprenoid content which has been analyzed in model systems by simulating drought through increasing the osmoticum of the plant or tissue culture medium. It was observed that supplementing the medium with sorbitol at concentrations ranging from 0.2 M to 0.5 M leads to increased expression of AtCPT6, AtCPT7, and AtCPT3, but decreased of AtCPT1, AtCPT2 and AtCPT9 in the hairy root culture of A. thaliana (Jozwiak et al. 2017). Additionally, in the hairy root culture of A. thaliana and C. geoides during osmotic stress (generated with sorbitol) the dolichol content in root tissues increased considerably (Skorupinska-Tudek et al. 2007; Jozwiak et al. 2017). It is proposed that the regulation of dolichol biosynthesis in response to sorbitol suggests a role for dolichols in cellular defence against osmotic stress. The variable modulation of the transcript levels of individual AtCPTs in response to sorbitol may indicate their specific, yet unrecognized, role in the adaptive response of A. thaliana and in the overall metabolism of plant cells. On the other hand, the total polyisoprenoid content in Zea mays root tissue was unaffected by drought stress (20% PEG) (Młodzińska-Michta et al. 2023). Interestingly, at the same time, a shift of the fraction of polyprenols accumulated in the ER to the plasma membrane of the polyethylene glycol-treated plants comparing to control was noted. It is worth nothing that PM is the cellular compartment most affected by drought and increased content of polyisoprenoids might modulate the physio-chemical properties of the PM and its functioning and modify the activity of membrane proteins, such as PM H+-ATPases. This result draws attention to the need to study of polyisoprenoid function at the subcellular level. It also encourages the search for the polyisoprenoid function in a membrane in drought stress.
There is also a report indicating that in Morus alba plants grown in soil culture and subjected to drought stress by withholding water for 14 days, the level of prenol lipids increased significantly. Interestingly, in contrast, the levels of other lipid classes - galactolipids (MGDGs and DGDGs) and phospholipids (PG, PE, PA, and PS) - generally decreased in stressed plants (Ackah et al. 2021). Of course, it should be noted that the category of "prenol lipids" includes more than just polyisoprenoids; nevertheless, this result highlights a noteworthy observation.
3.2.3 Temperature stress
The total content of polyprenols in A. thaliana leaves increased during 38°C treatment (Buszewicz et al. 2021). At the molecular level the heat stress resulted in increased gene expression of a gene encoding one of the A. thaliana cis-prenyltransferases, CPT7 - the only enzyme which is responsible for synthesis of a family of polyprenols (Pren 9-11) accumulated in the leaves. The increase of CPT7 transcription was mediated by Heat Shock Transcription Factors from the HSFA1 family (Buszewicz et al. 2021). In contrast, in C. geoides hairy roots, the lowered temperature increased the dolichol content (Skorupinska-Tudek et al. 2007). In R. chinensis plants, no clear response was observed in terms of changes in polyisoprenoid accumulation or CPTs gene expression in leaves following exposure to low or elevated temperature (Weremczuk et al. under revision). Although just mentioned studies indicate the impact of temperature stresses on polyprenol levels in plants, the models described are highly variable, making it difficult to compare them and establish a general trend.
3.2.4 Mineral stresses
Not many studies refer to the influence of heavy metals on polyisoprenoid accumulation in plants. The dolichol content in the hairy root culture of A. thaliana (Jozwiak et al. 2017), C. geoides and Cucumis sativus (Skorupinska-Tudek et al. 2007) were checked upon cadmium salt treatment or mineral starvation. In the presence of cadmium ions in the medium, the dolichol content increases compared to untreated roots. The situation was the opposite during mineral starvation (no nitrogen or phosphorus).
Among abiotic stress effects on the polyisoprenoid content in plants, salt stress is the most widely examined. In leaves of woody plants such as Rhizophora apiculata, Acer campestre, Acer platanoides, G. biloba, Gleditsia triacanthos, and Quercus rubra the polyprenol content increased after sodium chloride treatment (Basyuni et al. 2017; Basyuni et al. 2019; Dmuchowski et al. 2022). Also, dolichol content increased during salt stress in C. sativus hairy root culture, especially in the plasma membrane (Skorupinska-Tudek et al. 2007). But in roots and leaves of Bruguiera cylindrica seedlings no increase in dolichol content was observed (Basyuni et al. 2019). Polyprenol content was increased in the old Tilia × euchlora and G. biloba trees from a city street location with repeated winter salt stress. The effect was not observed in the younger trees from the same species, treated with a high concentration of NaCl only once during the pot experiment (Dmuchowski et al. 2019; Baczewska-Dąbrowska et al. 2022). This has been explained as an adaptation mechanism developed by the old trees, but the nature of this mechanism remains unknown. In the Tilia leaves with slight damage the polyprenol content was lower than in heavily damaged leaf blades with considerable necrosis (more than 75%) (Baczewska-Dąbrowska et al. 2022; Baczewska et al. 2014). This result indicates that polyprenols are not accumulated in dying cells, but are characteristic for living areas. The salt stress did not affect the polyprenol content in Platanus xhispanica and Robinia pseudoacacia ‘Umbraculifera’ (Dmuchowski et al. 2019). In Hordeum vulgare in the salt-tolerant variety Mundah, salt stress increases prenol lipids content, while in salt-sensitive var. Keel, the situation was the opposite (Gupta et al. 2019). In conclusion, the accumulation of polyprenols in plant tissues may be a mechanism that increases the resistance of plants to salt stress, but this strategy requires adaptation (as was shown in experiments performed on young and old Tilia and Gingko trees (Dmuchowski et al. 2019; Baczewska-Dabrowska et al. 2022)), and is not characteristic for all higher plants species (Basyuni et al. 2017; Basyuni et al. 2019; Dmuchowski et al. 2022).
3.3 Other factors that affect polyisoprenoid synthesis in plants 
Although in natural environments plants typically do not grow in the presence of sugar in the growth medium, and stress due to excess sugar is rarely encountered, this study presents results indicating that different concentrations of glucose and sucrose affect the synthesis and accumulation of polyisoprenoids in plants. The impact of sugar supplementation in the medium is investigated as a model for varying substrate availability for polyisoprenoid biosynthesis. It appears that, these sugars modulate both the composition of polyisoprenoid alcohol mixtures and the expression of key biosynthetic enzymes. The studies were mainly conducted on A. thaliana root hair cultures and A. thaliana seedlings. Roots from the root hair culture were tested on media supplemented with glucose at concentrations of 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, and sucrose at 3%. The highest concentration of dolichols was observed in roots grown in a medium containing 3% sucrose. In roots grown with glucose, the amount of dolichols was two times lower (Jozwiak et al. 2013).
Exogenous sugars influenced the ratios of individual polyprenols, increasing the relative content of Pren-11 within the polyprenol pool in A. thaliana seedlings (Lipko 2017). Most of the treatments resulted in a high (5-7-fold) increase in Pren-11 content compared to control plants, with the most pronounced upregulation observed for sucrose (Jozwiak et al. 2013). In addition, glucose concentration caused changes in the expression levels of genes encoding cis-prenyltransferases from the A. thaliana root hair culture: AtCPT3 and AtCPT7 were induced the most by glucose while AtCPT6 and AtCPT9 by sucrose. For AtCPT1 and AtCPT2 a weak induction was noted at high glucose or sucrose (Jozwiak et al. 2013). The diverse sugar effects on CPTs expression suggest that polyisoprenoid biosynthesis is adaptable to environmental changes. The AtCPTs isoenzymes in A. thaliana likely respond to different stimuli, potentially by varying substrate preferences. But this hypothesis needs further investigation.
The effect of light on the synthesis and accumulation of polyisoprenoids in plants was also investigated. Light stimulates the accumulation of polyprenols and photosynthetic pigments while inhibiting the accumulation of dolichols and phytosterols. This is consistent with the concept that light is one of the factors activating the MEP (methylerythritol phosphate) pathway (Lipko et al. 2023). On the other hand, exposure to light in the presence of a photosensitizer is one of the most important methods for generating singlet oxygen. Information regarding the impact of reactive oxygen species (ROS) on polyisoprenoid synthesis is provided in the section below.
In the flu mutants of A. thaliana, which generate singlet oxygen in plastids under appropriate growth conditions, a higher total level of polyprenols was observed in leaves compared to wild-type plants grown under the same light/dark cycle (Komaszylo née Siedlecka et al. 2016). Moreover, in root hairs of A. thaliana and leaves of T. cordata, singlet oxygen generated by light led to an increase in dolichol content in root tissues and polyprenol content in leaf tissues.
The effect of H2O2 on polyisoprenoid accumulation was also investigated. H2O2, often considered a "major hormone" regulating a variety of stress responses, was shown to promote the accumulation of all examined polyisoprenoids. In particular, in tobacco leaves (N. tabacum cv Samsun) infiltrated with exogenous H2O2, the content of polyprenols increased by up to 117% compared to the control (Bajda et al. 2009). Exogenous H2O2 was also involved in stimulating the biosynthesis of solanesol and polyprenols under stress conditions. Moreover, in root hair cultures of A. thaliana, supplementation of the growth medium with H2O2 resulted in approximately 120% of control in dolichol accumulation (Jozwiak et al. 2013). The above results suggest that reactive oxygen species may act as signalling molecules that trigger polyisoprenoid synthesis in plant cells. An alternative theory proposes that polyisoprenoids function as ROS scavengers, with their increased production during elevated ROS levels under stress conditions aimed at neutralizing the harmful effects of ROS.
However, this mechanism appears to be complex, as in studies involving the rep-1 mutants (Rab Escort Protein, an accessory subunit of RabGGTase), which have elevated endogenous levels of H2O2, the total content of polyisoprenoid alcohols in the leaves was similar to that in wild-type plants. Nevertheless, differences in their distribution across subcellular fractions were observed (Wojtas 2010). The expression of CPTs was also examined in A. thaliana hairy root cultures, where oxidative stress-generating agents (tert-butyl hydroperoxide and hydrogen peroxide) were added to the growth medium. It was observed a significant 12-fold increase in the expression of AtCPT2, while the expression of other AtCPTs decreased by approximately 50% (Jozwiak et al. 2013). It can thus be hypothesized that the mechanisms through which ROS influence polyisoprenoid synthesis, as well as the role of polyisoprenoids in the response to ROS, may vary depending on their length or cellular localization.
3.4 Polyisoprenoids modulate the fluidity of lipid membranes
As we know from the previous chapter, the polyisporenoid content in plant tissues may increase during aging as well as uponbiotic and abiotic stresses. One of the explanations for that mechanism may be the role of polyisoprenoids as reactive oxygen species (ROS) scavengers, as was shown e.g., in mammals (Bergamini et al. 2004). The other plant isoprenoids such e.g, volatiles or tocopherols or carotenoids are known to counteract oxidative stress (Peñuelas and Munné-Bosch 2005; Bellucci et al. 2023). To document the capacity of polyisoprenoids to function as ROS scavengers susceptibility of Pren-2 and Pren-10 for oxidation was tested in vitro. Experimental evidence confirms role of Pren-2 and -10 as potential components of cellular protective shield against ROS, as they are highly prone to oxidizing factors like singlet oxygen and hydroxyl radicals, forming various oxidized products. Polyprenol accumulation increases in response to oxidative stress, suggesting their involvement in the cell's adaptive response, and polyprenols, in particular, may serve as intracellular free radical scavengers (Komaszylo née Siedlecka et al. 2016). Plants are known for their polyisoprenoids often with an extra-long chain compound, much longer than Pren-2, or Pren-10. Similarity of the chemical structure of thus analysed Pren-10 and polyisoprenoids with a longer chains and highly hydrophobicity commonly accumulated in plant tissues may suggest their role as ROS scavengers although it remains to be analysed.
Based on their physico-chemical characteristics polyisoprenoids are postulated to be located in biological membranes (Chojnacki and Dallnert et al. 1988; Swiezewska et al. 2005). Biophysical studies performed so far using model membranes with phospholipid scaffold revealed, that dolichols are placed in the central hydrophobic region of the membrane, between the fatty acids and the phospholipid acyl chains (Fig. 2 A) (Valtersson et al. 1985; De Ropp and Troy 1985). Salvador-Castell et al. (2019) proposed that the less polar compounds e.g., free polyprenols or dolichols, tend to form aggregates that are positioned horizontally in the membrane, while more polar polyprenyl phosphates are rather dispersed and anchored upright with the polar region placed in the membrane (Fig. 2 B) (Vigo et al. 1984). Elucidation of the structure of polyisoprenoids embedded in a phospholipid bilayer revealed an almost identical 3D conformation of Dol-19, Dol-19P (dolichyl-19 monophosphate), and Pren-11P (prenyl-11 monophosphate), namely all these polyisoprenoids possess three coiled, helical domains arranged as a central segment and two flanking arms (Zhou 2002). Further experimental parameter-based molecular modelling revealed that long axis of Dol-19 is oriented approximately parallel to the interface of the lipid bilayer, while the head and tail groups are positioned near the bilayer interior. In contrast, the phosphate head group of Dol-19P is anchored at the phospholipid bilayer, and consequently a preferred conformation of Dol-19P is more perpendicular to the plane of the bilayer (Zhou and Troy 2005). Taken together, biophysical studies comparing polyprenol and dolichol properties show that the saturation at the α-subunit has almost no result in the conformation of the molecules and, consequently, most probably on the membrane characteristics (Hartley and Imperiali 2012).
It is well established that dolichyl phosphate (Dol-P) plays a crucial role in the biosynthesis of Dol-PP-tetradecasaccharide. The formation of this intermediate is initiated on the cytoplasmic side and terminated on the luminal side, where it becomes accessible to the protein glycosylation machinery. As a result, the synthesis of Dol-PP-tetradecasaccharide necessitates the transfer of the hydrophilic Dol-PP-linked heptasaccharide across the ER membrane. Two main hypotheses have been proposed to explain the topology of this process. First, it has been suggested that polyisoprenoids may have the potential to form a membrane channel that could facilitate translocation (Zhou and Troy 2005). Alternatively, the existence of a flippase has been hypothesized for many years. Recently, the molecular characterization of the human Rft1, an ER membrane protein, associated with the Congenital Disorder of Glycosylation (RFT1-CDG), was published (Hirata et al. 2024). In parallel, a fully reconstituted in vitro assay for the translocation of Dol-PP-linked heptasaccharide across the lipid bilayer using purified Rft1 was demonstrated (Chen et al. 2024).
Due to chemical characteristics and the orientation in the phospholipid bilayer polyisoprenoids modulate the properties of model membranes by promoting formation of a nonlamellar structure, which in turn results in increased fluidity, permeability and fusiogenicity of the membranes (Chojnacki and Dallner 1988). Ciepichal et al. (2011) demonstrated that the configuration of polyisoprenoids significantly alters the permeability and thermotropic properties of model phospholipid membranes, with α-trans-polyprenols showing a more pronounced effect on increasing permeability compared to their α-cis counterparts. Next, it was shown that free Dol-20 and the dolichyl-20 phosphate increase the fatty acid fluidity in a membrane (Valtersson et al. 1985). Moreover, increasing in the number of isoprene residues in dolichol increases the fluidity of the membrane they are placed in. Furthermore, polyprenols with longer chains increase the thickness of the membrane hydrophobic part, and cause a loosening of membrane lipids. The NMR analysis showed that longer polyprenols (24 i.u., 32 i.u.) cannot form a linear orientation, so the compound bends with the coiled region, which can easily reside within the phospholipid bilayer. The higher membrane fluidity resulted in higher water and ion permeability. In contrast, shorter-length polyprenols (11 i.u., 19 i.u.) stimulate hydrophobic interactions with the chains of acyl lipids. Therefore, reduced water and ion permeability characterize a membrane with short-chain polyprenol lipids (11 i.u.) (Knudsen et al. 1989). In addition, there have been suggestions that polyisoprenoids may contribute to the prevention of ion leakage in biological membranes, further underscoring their potential regulatory role in membrane dynamics (Haines et al. 2001).
In contrast, studies performed in vivo employing A. thaliana mutant plants devoid of polyprenols in the leaves have shown that lack of Pren 9-11 results in the increased fluidity of thylakoid membranes. In Pren 9-11-deficient thylakoids a more fluid and disordered state of the thylakoid membrane was observed (Akhtar et al. 2017). It should be noted that the lack of consistency between in vitro and in vivo results regarding membrane fluidity may stem from the fact that biological membranes are highly complex structures (containing proteins, etc.), and it is difficult to create an in vitro model that accurately reflects this complexity.
The study by Buszewicz et al. (2021) concludes that in A. thaliana polyprenols 9-11 i.u. are one of the major constituents of thylakoid membranes that affect their properties, influencing the ultrastructure of thylakoid grana, modulating the organization of photosynthetic complexes, and significantly altering the dynamics of non-photochemical quenching. A similar observation was made for Solanum lycopersicum. The chloroplasts of the plants lacking plastidial polyprenols had a disordered state of their envelope membranes. The polyprenol-deficient leaves were characterized by lower CO2 assimilation and decreased photosynthetic electron transport rate (Van Gelder et al. 2018). Microscopic analysis showed that polyprenol deficiency results in structural changes in chloroplasts. This result indicates a role of polyprenols in the governing chloroplast membrane dynamics (Van Gelder et al. 2018; Buszewicz et al. 2021).
In plants, polyisoprenoids can also be accumulated in the esterified form, such as, e.g., acetic acid esters (e.g. in Gymnosperms) or fatty acid esters (e.g., L. racemosa) (Skoczylas et al. 1994: Swiezewska et al. 1994). The only proposed function for polyisoprenoid esters is the intracellular trafficking (Tollbom et al. 1989). The influence of the esterified form on the membrane depends on the type of ester, but information about it is scarce.
An increase in membrane permeability is crucial for cellular response to environmental stresses and causes an enhanced exchange of metabolites between cell compartments. E.g., chloroplast membrane stability is balanced during heat stresses by a degree of unsaturation of acyl chains in digalactosyl diacylglycerol (DGDG) and monogalactosyl diacylglycerol (MGDG) (Higashi et al. 2019). Based on the information about other lipids and knowing that polyisoprenoids influence membrane properties, polyprenols and dolichols are proposed as compounds that modulate membrane fluidity during plant environmental stresses. However, this does not rule out the possibility that the modulation of membrane fluidity by polyisoprenoids likely represents a key adaptive mechanism that enables plants to maintain membrane integrity and proper functionality under adverse conditions. Changes in the lipid bilayer's physical state directly affect the conformation and activity of integral membrane proteins, including transporters and receptors that are vital for stress perception and signalling. Moreover, enhanced membrane permeability facilitated by longer-chain polyprenols may improve the transport of ions and metabolites, supporting cellular homeostasis during osmotic imbalance or temperature fluctuations. Additionally, the antioxidant capacity of polyisoprenoids contributes to protecting membrane lipids from oxidative damage, thereby preserving membrane stability and function. These combined effects underscore the complex role of polyisoprenoids in plant resilience to diverse environmental stresses.
4. Summary and Perspectives
Polyisoprenoids play a critical role in protein glycosylation, a fundamental and highly conserved process essential for the viability of all living organisms. As a result, polyisoprenoids are synthesized across all domains of life. However, plants cells produce significantly more polyisoprenoids than would be required solely for glycosylation. Considering that the polyisoprenoids typically involved in glycosylation are of a specific chain length (e.g., in eukaryotes - dolichols of defined chain-length), it is notable that plants often accumulate polyisoprenoids of much shorter or longer chain lengths. Interestingly, these polyisoprenoids are most frequently polyprenols, rather than dolichols, suggesting that they may serve additional, non-canonical functions.
[bookmark: _GoBack]This phenomenon raises fundamental, yet unresolved, questions regarding the evolutionary origin and underlying mechanisms by which plants have acquired the capacity to synthesize and accumulate such a wide range of polyisoprenoid chain lengths. It is likely that, at some point during evolution, the enzymes responsible for polyisoprenoid biosynthesis began to diverge functionally, giving rise to polyisoprenoids with altered chain lengths. Recent findings by Liu and Liang (2023) demonstrated that in Cinnamomum kanehirae, two distinct cis-prenyltransferase homologues were identified, one of which functions as homodimer producing Pren-11, while the second forms a heterodimer (complexes formed with one of the two Nus1 homologues) and producing polyprenols of longer chain lengths; these observations suggest that diversification of these enzyme complexes contributed to the evolutionary expansion of polyisoprenoid profiles in plants. Notably, plants do not appear to convert polyprenols of non-canonical lengths into dolichols, and the reason for this remains unknown. One possibility is that polyprenol reductases have not co-evolved to accommodate longer-chain substrates. Alternatively, these polyprenols may be synthesized in specific subcellular compartments where polyprenol reductase is absent or inaccessible, precluding their conversion to dolichols – although no direct experimental evidence currently supports this hypothesis. Another possibility is that these polyprenols are not toxic (Gründahl et al. 2012), and their retention may avoid the energetic cost of additional enzymatic modifications. Interestingly, while dolichols are well established as lipid carriers in protein glycosylation, some studies suggest that polyprenols may also participate in this process, albeit with lower efficiency. Thus, the evolutionary retention of diverse polyprenol chain lengths in plants may reflect not only metabolic tolerance but also functional specialization.
These questions are not merely mechanistic; they have broad implications for our understanding of plant metabolism, evolution, and adaptation. Polyisoprenoids that are not involved in glycosylation appear to be non-essential for plant survival, but potentially beneficial under specific environmental conditions. Therefore, it may be appropriate to classify them as secondary metabolites, which, by definition, are compounds that exert a wide range of effects on the plant itself and on other living organisms. Secondary metabolites are involved in processes such as flowering, fruit development and abscission, perennial growth regulation, and leaf senescence. They also exhibit antimicrobial activity and may function as attractants or repellents. Common examples of secondary metabolites include phytoalexins, hydrocarbons, and terpenoids.
Indeed, polyisoprenoids not required for glycosylation appear to function similarly. Under optimal growth conditions, the absence or substantial reduction of specific polyisoprenoid pools often results in no observable phenotypic abnormalities. For example, loss-of-function mutants affecting short-chain polyisoprenoid synthesis (Pren-7, via AtCPT6) or mid-chain polyprenols (Pren-9 to Pren-11, via AtCPT7) display no morphological defects under standard growth conditions in A. thaliana (Akhtar et al. 2017; Gawarecka et al.2022; Buszewicz et al. 2021).
On the other hand, as demonstrated in this review, polyisoprenoids appear to play a significant and previously underappreciated role in plant responses to environmental stress. Plants have evolved multiple strategies to adapt to adverse conditions, including the reprogramming of metabolism and the increased synthesis or accumulation of selected metabolites. This is well-documented for amino acids, peptides, mono- and polysaccharides, as well as various lipids (Mareri et al. 2022). Among the latter, fatty acids and certain terpenoids – including carotenoids, tocopherols, menaquinones, and triterpenoids – have been extensively studied (Ashraf et al. 2018; Isah 2019; Aguirre-Becerra et al. 2020). However, despite decades of research in plant physiology, the involvement of polyisoprenoids in these adaptive responses remains poorly understood and largely unexplored.
Understanding how polyisoprenoids may contribute to stress adaptation requires knowledge of their subcellular localization. It has been established that short-chain polyisoprenoids are incorporated into membranes, where they influence physical and chemical membrane properties (as discussed in Chapter 3.4). In contrast, NR is instead compartmentalized within vesicles surrounded by phospholipid monolayers (Fig. 2 C). The threshold chain length at which polyisoprenoids shift from membrane localization to vesicular sequestration remains unknown. Furthermore, it remains to be determined whether polyisoprenoids are transported inside and/or beyond the cell and whether they may perform functions at the plant organ surface. Clarifying these questions is essential to fully understand their biological relevance.
Given the variability in plant species and stress types, it is unlikely that a single, universal mechanism governs the functioning of polyisoprenoids in stress responses. Indeed, in some cases, opposing trends have been observed in different cultivars of the same species: in stress-sensitive varieties, polyisoprenoid levels decrease, while in tolerant varieties, they increase. This suggests a complex, context-dependent mechanism, precluding a simple, generalizable model of polyisoprenoid action. Nevertheless, the evolutionary convergence observed in distinct plant clades, which produce polyisoprenoids of similar chain lengths, implies that these compounds fulfill comparable physiological functions across lineages. A compelling example is the class of polyisoprenoids with natural rubber-length chains, which are found in the latex of several unrelated plant groups.
Another intriguing question concerns the extraordinarily high accumulation of polyisoprenoids in plants, especially in comparison with other eukaryotes. If polyisoprenoids are considered secondary metabolites – i.e., compounds that are beneficial but not essential – this may help explain their abundance. However, the selective pressures and physiological advantages underlying such massive accumulation remain to be elucidated.
Altogether, the data presented and the open questions identified in this review emphasize that polyisoprenoids represent a neglected yet promising field in plant biology. Further research into their biosynthesis, regulation, localization, and function under stress conditions has the potential to uncover novel mechanisms of plant resilience and metabolic adaptation, with implications for both basic science and agricultural biotechnology.
The diverse roles of polyisoprenoids in plant metabolism and stress adaptation raise important questions not only about their evolutionary significance, but also about their broader functional potential. While much of the current research has focused on their physiological roles in planta, the biological activity of polyisoprenoids extends far beyond plant systems. Indeed, the structural and functional versatility of these compounds has attracted growing attention in biomedical research.
The emerging parallels between the essential roles of polyisoprenoids in plants and in other eukaryotic systems – particularly in protein glycosylation, membrane dynamics, and stress responses – underscore their centrality to cellular function across kingdoms. These observations have opened new avenues for exploring the therapeutic potential of polyisoprenoid derivatives, particularly in the context of human health and disease.
Disruption of polyisoprenoid biosynthesis has been linked to various diseases, highlighting their essential role in cellular processes. Their involvement in protein glycosylation underlines their critical importance for life. These findings suggest potential therapeutic applications for polyisoprenoid derivatives, which have shown promise as drug carriers and in modulating cellular functions. For instance, dolichyl monophosphate induces apoptosis in cancer cells (Yasugi et al. 2002), while polyisoprenoid epoxides inhibit cholesterol synthesis and enhance coenzyme Q production in HepG2 cells (Bentinger et al. 2008), and cationic prenyl derivatives seem to be promising lipofectants (Grecka et al. 2016; Rak et al. 2016). Also Ropren®, a polyprenol-rich plant preparation derived from spruce needles, has been shown to improve cognitive performance in a rodent model of Alzheimer’s disease (Fedotova et al. 2012).
Plants offer a cost-effective and abundant source of polyisoprenoids. Understanding the mechanisms behind their biosynthesis and accumulation is therefore crucial. As discussed earlier, plants exhibit unique patterns of polyisoprenoid production, which may reflect additional, plant-specific functions. Notably, plants exposed to anthropogenic stress accumulate more polyprenols, a phenomenon increasingly linked to adaptive responses to environmental challenges. As highly versatile molecules bridging fundamental plant biology and biomedical applications, polyisoprenoids represent a promising yet underexplored frontier in both plant science and human health research.
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Table 1. The differences between plants and other organisms in polyisoprenoid accumulation.
	Feature of polyisoprenoid synthesis and accumulation
	Plants
	Other eukaryotes

	1. The polyisoprenoid precursor pathway
	Two pathways:
· mevalonate (MVA) in cytoplasm,
· methylerythritol phosphate (MEP) in chloroplasts (Swiezewska and Suramcz 2011).
	One pathway:
· mevalonate (MVA) in cytoplasm (Swiezewska and Suramcz 2011).

	2. Number of polyisoprenoid (polyprenols or dolichols) families accumulated in the tissues
	Several families, e.g., in A. thaliana three polyisoprenoid families in roots and two families in leaves (Akhtar et al. 2017; Gawarecka et al. 2022; Surmacz et al. 2013; Surowiecki et al. 2019; Gawarecka et al. 2022).
	In fungi e.g., one family of dolichols in L. edodes and in Candida albicans (Wojtas et al. 2004; Janik et al. 2019), two families in S. cerevisiae (Zimbres et al. 2020).
In animals one dolichol family such as in e.g., Drosophila (Morris and Pullarkat 1991), Rattus (Ng Ying Kin and Gauthier 1986), Homo sapiens (Chojnacki and Dallner 1988).

	3. The length of accumulated polyisoprenoids
	Highly variable and tissue-specific pattern in the photosynthetic organs.
Polyisoprenoids 6 to 8 i.u. have been identified in birch wood (Lindgren et al. 1965).
In leaves of a wide range of gymnosperms are polyisoprenoids length 16–21 i.u. (Swiezewska et al. 1994).
The long-chain polyisoprenoids in e.g., Rosacea (form 26 i.u. up to 45 i.u.) (Swiezewska et al. 1994).
The extra-long polyisoprenoids in leaves of e.g., L. racemosa (length up to 100 i.u.) (Skoczyas et al. 1994).
Natural rubber-length polyisoprenoids in latex in e.g., H. brasiliensis (Mooibroek and Cornish 2000).
	In humans and rats, the dominant polyisoprenoid is Dol-18, the longest recorded polyisoprenoids in S. cerevisiae (19-21 i.u.) (Chojnacki and Dallner 1988; Eggens et al. 1983).

	4. Polyisoprenoid content in tissues
	In leaves of: e.g Magnoliopsida 0.2-0.5% of w.w., Euphobiaceae 0.2-1.5% f.w., Moraceae 0.1-2.0% w.w. (Swiezewska et al. 1994).
Leaves of L. racemosa contain approx. 1-2% w.w. (Skoczyas et al. 1994), P. aurea leaves 1% of w.w. (Jankowski et al. 1994).
C. geoides leaves approx. 57 µg/g of d.w., which is significantly higher than in its roots (4.5 to 16.2 µg/g d.w.) (Skorupinska-Tudek et al. 2003).
	Human pituitary glands can contain up to 7170 µg/g w.w. (equivalent to ~0.717% w.w.) (Rupar and Carroll 1978).
In rats, the highest concentration of polyisoprenoids was detected in the liver: approximately 208 µg/g w.w. (Cavallini et al. 2003).

	5. The dominant form of accumulated polyisoprenoids
	Generally polyprenols dominate in the photosynthetic tissues while dolichols in the roots (for details see Chapter 2.1).
	Dolichols dominate in animal organs and fungi (for details see Chapter 2.1).





Table 2. The effect of abiotic and biotic stresses on polyisoprenoid content in plants. Symbol explanation: ↑ - increased content, ↓ - decreased content, = - no effect on content, ↑↓ - in the performed experiment in some plants the content increased, in some it decreased (details in description).
	Type of stress
	Plant
	Effect on the total polyisoprenoids content
	References

	Osmotic stress (0.2, 0.3, 0.4, 0.5 M sorbitol)
	Arabidopsis thaliana
(hairy root cultures)
	↑ dolichol
Upon osmotic stress the content of dolichols in the tissues increased considerably.
	(Jozwiak et al. 2017)

	Osmotic stress (0.3 or 0.5 M sorbitol)
	Coluria geodes
(hairy root cultures)
	↑ dolichol
Osmotic stress resulted in increased dolichol content in C. geoides roots.
	(Skorupińska-Tudek et al. 2007)

	Drought stress (20% polyethylene glycoll, PEG)
	Zea mays
roots
(hydroponic cultivation)
	= polyisoprenoids
The drought stress does not affect the polyprenol content, but during the PEG treatment polyprenols move to the plasma membrane.
	(Młodzińska-Michta et al. 2023)

	Drought stress
(14 days without water)
	Morus alba
leaves
(pot experiment)
	↑ prenol lipids
Prenol lipids content increased significantly in drought-stressed plants.
	(Ackah et al. 2021)

	Heat stress
(38°C for 2-24 h)
	Arabidopsis thaliana
seedlings
(pot experiment)
	↑ polyprenol
The polyprenol content increased due to heat stress.
	(Buszewicz et al. 2021)

	Elevated temperature (30°C for 4 days)
	Rosa chinensis
leaves, mature plants
(pot experiment)
	= polyisoprenoids
Polyisoprenoids were not significantly affected by elevated temperature.
	(Weremczuk et al. under revision)

	Cold stress
(7°C for 14 or 56 days)
	Coluria geoides
(hairy root cultures)
	↑ dolichol
Prolonged cultivation of C. geoides roots at lowered temperatures resulted in a significant elevation of the dolichol content.
	(Skorupinska-Tudek et al. 2007)

	Cold stress
(4°C for 4 days)
	Rosa chinensis
leaves, mature plants
(pot experiment)
	= polyisoprenoids
No clear trend was observed in changes in polyisoprenoid content in leaves under cold stress.
	(Weremczuk et al. under revision)

	Salt stress
(street salt contamination)
	Tilia x Euchlora
leaves, mature plants
(field experiment)
	↑ polyprenol
The polyprenol content was higher in the treated plants. In the stressed plants the highest content was noted in the leaves of stressed “healthy” trees, lower in the case of “sick” trees.
	(Baczewska et al. 2014)

	Salt stress
(street salt contamination
15 g or 30 g NaCl)
	Tilia × Euchlora
leaves, mature plants, 80-years-old trees
(field experiment)
leaves, mature plants, 5-years-old trees
(pot experiment)
	↑ polyprenol
80-years-old trees under salt stress contained more polyprenols than control ones.
↓ polyprenol
In 5-year-old trees the situation was opposite.
	(Baczewska Dąbrowska et al. 2022)

	Salt stress
(0.5%, 1.5%, 2.0%, and 3.0% NaCl)
	Rhizophora apiculate
leaves, mature plants
(pot experiment)
	↑ polyprenol
Polyprenol content increased under salt stress.
	(Basyuni et al. 2019)

	Salt stress
(3.0% NaCl)
	Avicennia marina 
Kandelia obovata Sonneratia alba
roots, mature plants
(pot experiment)
Bruguiera gymnorrhiza
roots, mature plants
(pot experiment)
	↑ polyprenol
Salt stress increased the concentrations of polyisoprenoids in the roots of A. marina, K. obovata, and S. alba, 
↓ polyprenol
but decreased in B. gymnorrhiza roots.
	(Basyuni et al. 2017)

	Salt stress
(street salt contamination)
	Ginkgo biloba L.
leaves, mature plants, 25-years old trees
(field experiment)
leaves, mature plants, 5-years old trees
(field experiment)
	↑ polyprenol
In the older trees salt stress resulted increase of polyprenol content.
↓ polyprenol
In the younger trees the situation was opposite.
	(Dmuchowski et al. 2019)

	Salt stress
(street salt contamination)
	Acer campestre L.
Acer platanoides L. Gingko biloba L. Gleditsia triacanthos L. 
Quercus rubra L.
Tilia x Euchlora
leaves, mature plants
(field experiment)
Platanus xhispanica Mill 
Robinia pseudoacacia ‘Umbraculifera’
leaves, mature plants
(field experiment)
	↑ polyprenol
In A. campestre L., A. platanoides L., G. biloba L., G. triacanthos L., Q. rubra L., Tilia x Euchlora the content of the polyprenol was higher due to salt stress.




↓ polyprenol
In P. xhispanica, R. pseudoacacia the content of the polyprenols was higher in the control conditions.
	(Dmuchowski et al. 2022)

	Salt stress
(street salt contamination)
	Tilia x Euchlora
leaves, mature plants
(filed experiment)
	↓ polyprenol
The polyprenol content decreased with increasing chloride and sodium concentrations in the leaves.
	(Milewska-Hendel et al. 2017)

	Salt stress
(60, 100 or 250 mM NaCl)
	Coluria geoides
Cucumis sativus
(hairy root cultures)
	↑ dolichol
The dolichol content increased in cucumber roots (especially in plasma membrane) due to salt stress.
	(Skorupinska Tudek et al. 2007)

	Salt stress
(0.5%, 1.5%, and 2% in water)
	Bruguiera cylindrica leaves and roots of seedlings
(pot experiment)
	↑↓ dolichol
Dolichol dominated over polyprenol both in seedlings’ leaves and roots, but no clear trend was observed in which, under the influence of salinity, the content of dolichol increased or decreased.
	(Basyuni et al. 2019)

	Salt stress
(50, 100, 125, 150, 200, or 250 mM NaCl, harvested at 8, 16, 24, 48, or 72 h of growth)
	Hordeum vulgare 
salt-tolerant variety Mundah
germinating seeds
(experiment on plates with agar)

Hordeum vulgare salt-sensitive var. Keel
germinating seeds
(experiment on plates with agar)
	↑ prenol lipids
In more salt-tolerant variety Mundah, salt stress affected increases of prenol lipids content. 


↓ prenol lipids
In the salt-sensitivity var. Keel salt stress affected decreases of prenol lipids content.
	(Gupta et al. 2019)

	CdCl2
(25 or 50 µM)
	Arabidopsis thaliana
(hairy root cultures)
	↑ dolichol
When the hairy root growth medium was supplemented with cadmium salt, dolichol content was moderately increased.
	(Jozwiak et al. 2017)

	CdCl2
(100 µM)
	Cucumis sativus
(hairy root cultures)
	↑ dolichol
In Cucumis roots exposed to CdCl2 in growth medium the dolichol content increased.
	(Skorupinska Tudek et al. 2007)

	Mineral starvation
(medium deprived of phosphorus or nitrogen) 
	Coluria geoides
Cucumis sativus
(hairy root cultures)
	↓ dolichol
Upon mineral starvation (absence of nitrogen or phosphorus in growth medium) decreased dolichol accumulation in Coluria and Cucumis roots was observed.
	(Skorupinska Tudek et al. 2007)

	Wounding
	Nicotiana tabacum cv. Samsun
leaves
(pot experiment)
	= polyprenols
Wounding did not cause increased accumulation of polyprenols in tobacco leaves.
	(Bajda et al. 2009)

	Herbivore attack
	Taraxacum koksaghyz
(pot experiment)
	↑ polyprenol
Natural rubber (cis-1,4-polyisoprene) biosynthesis reduces herbivore attack.
	(Böttner et al. 2023)

	Esca-Affected (fungi)
	Vitis vinifera L.
leaves
(field experiment)
	= prenol lipids
The polyprenol lipid content was not positively associated with symptom severity.
	(Goufo and Cortez 2020)

	fungal infection
	Quercus ilex
leaves
(field experiment)
	↑ polyprenol
The polyprenols in the leaves of Q. ilex were present only when infected by M. alphitoides.
	(Monaco et al. 1983)

	Tobacco mosaic virus (TMV), or Pseudomonas syringae
	Nicotiana tabacum cv. Samsun resistant and susceptible
 to TMV
leaves
(pot experiment)
	↑ polyprenol
Induced accumulation of polyprenols in leaves of resistant tobacco after viral and bacterial infection.
= polyprenol
In susceptible plants did not obtain significantly increased polyprenol content.
	(Bajda et al. 2009)
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Fig. 1. Biosynthetic route leading to polyprenols and dolichols in plant cell. The intermediates, end products (in both cases in regular font), and main enzymes (in bold font) are marked on the scheme. In plant cells, there are two pathways for polyisoprenoid synthesis: MVA located in the cytoplasm/ER and MEP in plastids. The product of both pathways are polyprenols, with dolichols in plants only being produced in the MVA pathway. The involvement of DHRSX in dolichol synthesis has not yet been confirmed in plants.
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Fig. 2. Orientation of polyisoprenoids relative to the phospholipid bilayer. (A) Shorter polyisoprenoids with a free OH group are located between the phospholipid leaflets. (B) Polyisoprenoid diphosphates orient their polar PP group within the polar region of the phospholipid bilayer. (C) natural rubber molecules (very long polyisoprenoids) are found in cells surrounded by a phospholipid layer. It is not known from which chain length polyisoprenoids no longer localize to membranes, but instead become encapsulated within phospholipid vesicles.
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