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Abstract:  

Desiccation tolerance (DT) in plants involves complex metabolic reprogramming that enables survival under 

severe water deficit conditions. In this study, a comparative metabolomic analysis was conducted to investigate 

metabolic shift between hydrated and desiccated states of Oeosporangium elegans. A total of 798 metabolites 

were identified, out of which 268 (33.6%) were unique to the hydrated state, 298 (37.3%) were specific to the 

desiccated state, and 232 (29.1%) were common to both conditions with differential abundance. Pathway 

enrichment analysis revealed that metabolites of the hydrated stage participate in biosynthetic and growth-

associated pathways, including carbohydrate metabolism, nucleotide biosynthesis, and flavonoid biosynthesis. In 

the desiccated stage, the profile shifted toward stress-responsive metabolism, with enrichment of riboflavin 

metabolism, pyrimidine metabolism, and biosynthesis of unsaturated fatty acids. Pathways supporting redox 

homeostasis, membrane stabilization, and molecular repair under water deficit accompanied this shift. Although 

metabolite detected only in the desiccated stage, pheophorbide a, an intermediate of chlorophyll degradation, is 

proposed as a candidate biomarker of desiccation stress. Considering both stages together, the findings indicate 

that DT in Oeosporangium elegans depends on coordinated metabolic networks spanning redox balance, 

membrane dynamics, and protective mechanisms. 
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1. Introduction:  

Desiccation represents one of the most extreme abiotic stresses encountered by plants. Characterized by the loss 

of more than 70% of cellular water content, this condition disrupts cellular homeostasis. In most species, such 

severe water deficit produces irreversible damage, including membrane disintegration, protein denaturation, and 

oxidative damage arising from redox imbalance. This breakdown of homeostasis can ultimately cause cell death 

in sensitive plants. Although the majority of species fail to survive water loss of this magnitude, a small group 

known as desiccation tolerant (DT) plants withstands desiccation and resumes normal metabolic function upon 

rehydration. These plants exhibit a phenomenon called anhydrobiosis - "life without water." This ability reflects 

a highly regulated transition from active metabolism to a desiccated state and vice versa with stabilized cellular 

structures (Oliver et al., 2020; Alejo-Jacuinde & Herrera-Estrella, 2022; Li et al., 2023). 

Water loss in DT plants triggers extensive metabolic reprogramming that sustains cellular function even as tissue 

moisture falls to severe levels. Several protective mechanisms operate at once, and survival rests on this integrated 

physiological and biochemical response (Oliver et al., 2020). Among the compounds that accumulate, soluble 

carbohydrates, secondary metabolites, lipid-derived compounds, and antioxidants constitute the core of the 

response. Working across multiple cellular targets, these metabolites stabilize proteins and membranes, hold 

cellular architecture intact through dehydration, and limit oxidative damage caused by stress induced reactive 

oxygen species (ROS) (Challabathula & Bartels, 2013; Farrant et al., 2015; Oliver et al., 2020). 

Throughout cellular dehydration, protective processes depend largely on the metabolites that mediate the DT 

response. Soluble sugars and related osmolytes maintain osmotic balance, reduce the structural consequences of 

water loss, and preserve cellular organization. Because they scavenge free radicals efficiently, flavonoids and 

other phenolic compounds limit accumulation of ROS and shield proteins, lipids, and nucleic acids from oxidative 

damage. Lipid-derived metabolites contribute to membrane stability by sustaining fluidity and guarding against 

structural disruption. Beyond direct protection, several secondary metabolites function in stress perception and 

signalling, coordinating the protective mechanisms that follow. Collectively, these metabolite groups form an 

integrated biochemical network that strengthens cellular resilience and supports survival under desiccation stress 

(Krasensky & Jonak, 2012; Challabathula & Bartels, 2013; Bentley et al., 2019). 

Comprehensive profiling of metabolites that respond to cellular dehydration allows metabolomics to address DT 

at a systems level. Metabolites shared between hydrated and desiccated states, when compared with those uniquely 

accumulated during desiccation, distinguish constitutive metabolism from adjustments triggered by water deficit. 

Integration of these profiles with pathway enrichment analysis further reveals coordinated biochemical 

reprogramming and identifies the metabolic pathways that underpin DT (Challabathula & Bartels, 2013; Dace et 

al., 2023). 

Characterizing desiccation-associated metabolic pathways also has broader implications for crop improvement. 

Metabolic pathways preferentially activated during desiccation may represent targets for genetic and metabolic 

engineering aimed at enhancing drought resilience by reinforcing antioxidant capacity, maintaining membrane 

integrity, and improving metabolic adaptation to water limitation. Consequently, identifying conserved metabolic 

signatures of DT may provide a foundation for developing stress-resilient crops (Dace et al., 2023; Liu et al., 

2023). 



In the present study, we analyse the metabolomic profile of the DT fern Oeosporangium elegans. As a 

monilophyte, O. elegans occupies an intermediate evolutionary position among vascular plants, sharing a closer 

evolutionary relationship with seed plants than with lycophytes such as Selaginella. O. elegans can lose more than 

90% (198 hours) of its relative water content and regain up to 95% (12 hours) under rehydration conditions 

(Rudresh et al., 2023).  

2. Results and Discussion: 

A comparative analysis of metabolite profile between hydrated and desiccated states revealed stage specific 

metabolites. A total of 268 metabolites (33.6%) were uniquely detected in the hydrated state, while 298 

metabolites (37.3%) were in the desiccated condition. In addition, 232 metabolites (29.1%) were common to both 

states with different levels of expression. 

 

 

 

 

 

 

 

 

Figure 01: Morphology of Oeosporangium elegans in hydrated (A) and desiccated stage (B). 

 

 

 

 

 

 

 

Figure 02. Venn diagram illustrating the distribution of metabolites identified in hydrated and desiccated 

states. The figure was constructed using the Venny 2.1.0, online tool (Oliveros, J.C. 2015). 
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Figure 03. Kernel density plot illustrating the distribution of metabolite abundance in hydrated and 
desiccated samples following log10 transformation of mean values [log10(mean + 1)].  

The kernel density plot showed that, the hydrated samples show a broader distribution of metabolites, whereas 

the desiccated samples exhibit a relatively shifted profile, reflecting alterations in metabolite accumulation under 

desiccation. The overlap between the two distribution indicates shared metabolites across conditions. More 

number of unique metabolites detected in desiccated samples indicates a pronounced metabolic reprogramming 

in response to water deficit.  

 

 

 

 

 

 

 

 

 

 

 

Figure 04. Three-dimensional principal component analysis (3D-PCA) of the complete metabolome of 
Oeosporangium elegans. 



Three-dimensional principal component analysis (3D-PCA) of 797 metabolites resolved three clusters: hydrated-

specific (n = 267), desiccated-specific (n = 298), and shared (n = 232). The first three components accounted for 

97.8% of the total variance. PC1 explained 72.1% and PC2 a further 24.5%, so two dimensions were sufficient to 

describe nearly all metabolic variation. Hydrated-specific metabolites separated along PC1, whereas PC2 resolved 

the desiccated-specific group from the shared metabolites. Overlap between clusters was minimal, which indicates 

that the three categories differ in metabolite composition. Metabolites grouped tightly within each cluster, and the 

few outliers were compounds with unique accumulation patterns. The ordination therefore shows clear metabolic 

differentiation between the hydrated and desiccated states of Oeosporangium elegans. 

 

 

 

 

 

 

 

 

Figure 05. Distribution of 530 hydrated-associated metabolites. (A) Kernel density scatter plot of 

metabolites projected onto PC1 (40.8%) and PC2 (31.6%). (B) Hexagonal density map showing metabolite 
frequency within the same PCA space. 

Distribution analysis of the 530 hydrated-associated metabolites showed a compact arrangement within the PC1–

PC2 ordination space. PC1 accounted for 40.8% of the total variance and PC2 for 31.6%. Kernel density and 

hexagonal density analyses each identified a central high-density cluster that contained most of the metabolites, 

with only a few at the periphery. Spread beyond this cluster was limited, and the low dispersion across the 

ordination space confirms that hydrated-associated metabolites occupy a narrow region. 

Comparison of the two stages showed differences in metabolite organization within the PC1–PC2 space. 

Hydrated-stage metabolites formed a compact, high-density cluster. Desiccated-stage metabolites spread more 

widely, and a greater proportion of them extended toward the periphery. A well-defined central core was present 

in both stages, but the wider spread under desiccation points to greater variability in metabolite distribution during 

dehydration. The density analyses are descriptive and do not test for statistical differences between the stages. 

Their distribution patterns match the PCA and metabolite-profiling results, which show that desiccation coincides 

with a reorganization of the metabolome relative to the hydrated state. 
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Figure 06. Distribution analysis of desiccation-associated metabolites. 

(A) Kernel density scatter plot of 530 desiccation-associated metabolites projected onto PC1 (37.0%) and 
PC2 (33.7%). (B) Hexagonal density map showing metabolite frequency within the same PCA space, with 

colour intensity indicating increasing metabolite density. 

Distribution analysis of the 530 desiccation-associated metabolites showed that most metabolites formed a 

compact, high-density cluster within the PC1–PC2 space, with only a few metabolites occurring as dispersed 

outliers. The kernel density and hexagonal density plots consistently identified a central region containing the 

greatest metabolite concentration, indicating that the desiccated metabolome is characterized by a dominant group 

of metabolites with similar multivariate patterns. The relatively small number of peripheral metabolites suggests 

the presence of metabolites with distinct abundance profiles during desiccation. This structured distribution 

supports coordinated metabolic reorganization under dehydration and complements the PCA results by 

demonstrating that the desiccation-associated metabolome is organized around a well-defined metabolic core 

rather than exhibiting random variability. 

 

 

 

 

 

 

 

 

Figure 07. Pathway enrichment analysis of metabolites in the hydrated state. Bubble plot representing 

metabolic pathway analysis of metabolites identified under hydrated conditions, generated using 
MetaboAnalyst. 

2.1 Metabolic Pathways in the Hydrated State: 

A B 



Pathway enrichment analysis of hydrated-stage metabolites identified pathways associated mainly with primary 

metabolism, cellular maintenance, and constitutive protective processes. Flavone and flavonol biosynthesis, 

together with the broader flavonoid biosynthesis pathway, ranked among the most significantly enriched. 

Enrichment of these pathways indicates flavonoid-associated metabolism under hydrated conditions, which is 

consistent with constitutive production of secondary metabolites that contribute to cellular protection and 

physiological regulation. 

Carbohydrate metabolism was well represented, and both galactose metabolism and starch and sucrose 

metabolism were significantly enriched. Enrichment of these pathways indicates active carbohydrate turnover and 

a steady supply of intermediates for energy metabolism and biosynthesis in the hydrated state. Folate and 

pyrimidine metabolism showed comparable enrichment, which reflects active nucleotide-associated metabolism, 

since both pathways connect to one-carbon metabolism and nucleotide biosynthesis. α-Linolenic acid metabolism 

was enriched alongside cutin, suberin, and wax biosynthesis, indicating continued lipid turnover and synthesis of 

protective barriers under hydrated conditions. Amino sugar and nucleotide sugar metabolism was also enriched. 

This pathway supplies structural carbohydrate precursors and glycosylated metabolites required for cell wall 

metabolism. Considered together, these results define the hydrated metabolome through enrichment of flavonoid 

biosynthesis, carbohydrate metabolism, nucleotide metabolism, lipid metabolism, and structural carbohydrate 

biosynthesis. This coordinated pattern shows that hydrated tissues sustain a metabolically active state built on 

primary metabolism together with constitutive protective metabolism. 

 

 

 

 

 

 

 

 

Figure 08. Pathway enrichment analysis of metabolites in the desiccated state. (A) Bubble plot illustrating 

the results of pathway enrichment analysis of metabolites identified under desiccated conditions, generated 
using MetaboAnalyst (version 5.0).  

2.2 Metabolic Pathways Predominant in the Desiccated State: 

Enrichment analysis of the desiccated metabolome showed a shift in cellular metabolism away from the hydrated 

profile. Riboflavin metabolism ranked as the most significantly enriched pathway, a result that points to 

heightened flavin-associated metabolism during desiccation. The pathway supplies the flavin cofactors FAD and 

FMN, both central to cellular redox reactions. Its enrichment occurred alongside antioxidant-related metabolism, 



which suggests greater metabolic investment in redox balance under severe dehydration. Flavin-dependent 

metabolism thus forms a defining feature of the desiccated profile of Oeosporangium elegans. 

Pyrimidine metabolism was also significantly enriched in the desiccated state and reflects active nucleotide-

associated metabolism under dehydration. Sustained nucleotide turnover and cellular maintenance through 

desiccation agree with this observation (Moffatt & Ashihara, 2002; Stasolla et al., 2003). 

Three lipid pathways were enriched: unsaturated fatty acid biosynthesis, linoleic acid metabolism, and arachidonic 

acid metabolism. Their joint enrichment indicates a substantial reorganization of lipid metabolism during 

dehydration. Each pathway acts on distinct substrates, but all three govern membrane lipid remodelling and 

preserve membrane function under water deficit, in line with their established roles in DT (He & Ding, 2020). 

The enrichment of nicotinate and nicotinamide metabolism, along with lipoic acid metabolism, further highlights 

the importance of redox regulation under desiccation. These pathways are involved in maintaining cellular pools 

of NAD⁺ and NADP⁺, as well as other essential cofactors required for antioxidant enzyme activities. Their 

increased activity suggests a heightened demand for efficient energy management and detoxification mechanisms 

to sustain cellular function under stress conditions (Berglund & Ohlsson, 2025). 

In addition, cutin, suberin, and wax biosynthesis pathways indicate structural adaptations that minimize water 

loss. These compounds form protective barriers that reduce permeability and enhance resistance to desiccation. 

Such structural modifications complement intracellular metabolic adjustments, contributing to overall stress 

resilience ( Schuster et al., 2016; Harman-Ware et al., 2021; Suresh et al., 2022). 

The enrichment of cyanoamino acid metabolism and amino acid related pathways, such as cysteine and 

methionine metabolism and lysine degradation, suggests a role in detoxification and osmotic regulation. These 

pathways may facilitate the removal of toxic intermediates and support the synthesis of stress-related metabolites, 

including antioxidants and compatible solutes (Heidarzadeh, 2025). 

Although detected with relatively lower significance, flavonoid biosynthesis also contributes to DT through its 

role in antioxidant defense. Flavonoids are known to scavenge ROS and protect against oxidative stress, thereby 

supporting cellular survival during water stress (Dace et al., 2023). 

 Hydrated samples were dominated by biosynthetic and growth-related pathways, whereas desiccated samples 

exhibited protective, repair, and stabilization mechanisms. Taken together, these results reflect adaptive metabolic 

reprogramming in response to desiccation stress. 

2.3 Metabolites Ranked by Mean Abundance 

Metabolites were ranked according to their mean abundance using RDKit-based analysis, and the ten most 

abundant metabolites from the hydrated and desiccated stages were selected. Four metabolites from the hydrated 

stage and three from the desiccated stage were identified as probable plastic contaminants or non-biological 

artefacts and were excluded from further analyses. Subsequent interpretation was therefore restricted to 

biologically relevant metabolites. 

2.3.1 Metabolites in Hydrated Stage based on Mean Abundance 



Sl. No. Metabolite Mean Abundance HMDB ID 

1.  (2Z)-3-[4,5-Dihydroxy-2-(2-hydroxy-2-

propanyl)-2,3-dihydro-1-benzofuran-7-yl]acrylic 

acid 

 

3.53 × 10¹⁰ 

 

-- 

2.  Ala-Hyp-Gly 3.16 × 10¹⁰  

3.  Esculin 2.17 × 10¹⁰ HMDB0030820 

4.  Aspartylphenylalanine 1.80 × 10¹⁰ HMDB0000706 

5.  Prunin 1.74 × 10¹⁰ -- 

6.  Genkwanin 1.46 × 10¹⁰ HMDB0252684 

 

Table 01. List of predominant metabolites detected in the hydrated samples along with their corresponding 

mean abundance values. Mean abundance values represent the average intensity of each metabolite across 

hydrated stage. 

Phenolic compounds such as (2Z)-benzofuran acrylic acid derivative, esculin, prunin, and genkwanin indicate an 

active phenylpropanoid pathway, which plays a central role in maintaining redox balance and protecting cells 

from routine oxidative stress. These metabolites function as antioxidants and UV-protective compounds, 

supporting cellular integrity during normal metabolic activity. Their glycosylated or methylated forms suggest 

stable storage and controlled utilization under non-stress conditions (Ramaroson et al., 2022; Singh et al., 2023). 

The presence of peptide metabolites such as Ala-Hyp-Gly and aspartylphenylalanine reflects active protein 

turnover and cell wall remodelling. Hydroxyproline-containing peptides are associated with extensin dynamics, 

which are essential for cell wall expansion and structural flexibility during growth. This indicates that hydrated 

tissues maintain a dynamic balance between synthesis and degradation of structural proteins ( Lamport et al., 

2011; Ivakov et al., 2017).  

2.3.2 Metabolites in Desiccated Stage based on Mean Abundance 

Sl. No. Metabolite Mean Abundance HMDB ID 

1.  Arachidoyl Ethanolamide 2.53 × 10¹⁰ HMDB0013655 

2.  4-methoxy-7-glycosyloxymethyl 

furochromone 

 

2.50 × 10¹⁰ 

 

-- 

3.  Yuccagenin 2.31 × 10¹⁰ -- 

4.  Caffeoyl tyrosine 1.96 × 10¹⁰ HMDB0029295 

5.  Pheophorbide a 1.64 × 10¹⁰ METPA1634 

6.  Epicatechin 1.57 × 10¹⁰ HMDB0001871 

7.  3-hydroxypentadecanoic acid 1.54 × 10¹⁰ HMDB0061657 

 

Table 02. List of predominant metabolites detected in the desiccated stage along with their corresponding 

mean abundance values. The metabolites were processed using RD-Kit-based analysis. Mean abundance 
values represent the average intensity of each metabolite across desiccated stage. 



2.3.1.1    Arachidoyl Ethanolamide (C22H45NO2): Synonyms: Eicosanoyl-EA, N-eicosanoyl-ethanolamine, 

Ref. Chem:1084061, and N-(2-hydroxyethyl)icosanamid (PubChem, 2026.).  

Arachidoyl ethanolamide (N-arachidoyl ethanolamine; C20:0-EA), a member of the N-acylethanolamine (NAE) 

family, was detected in the desiccated stage of Oeosporangium elegans, indicating that NAE metabolism forms 

part of the lipid remodelling associated with desiccation. NAEs are generated from N-acyl 

phosphatidylethanolamines (NAPEs), and their composition generally reflects the fatty acid profile of membrane 

lipids. Thus, the occurrence of arachidoyl ethanolamide is consistent with stress-induced membrane turnover and 

the reorganization of lipid metabolism during dehydration (Blancaflor et al., 2014). Although NAEs have been 

implicated in plant development and responses to environmental stress, arachidoyl ethanolamide has received 

little attention in plant systems, making its detection in O. elegans. 

Previous studies have shown that NAEs participate in developmental regulation and stress adaptation, particularly 

during seed desiccation and germination, where elevated NAE levels are associated with growth arrest and 

maintenance of the desiccated state (Chapman et al., 1998; Chapman, 2004; Blancaflor et al., 2014). NAEs have 

also been reported to interact with abscisic acid (ABA)-mediated signalling, suggesting a broader role in 

coordinating stress responses (Teaster et al., 2007; Blancaflor et al., 2014). Whether arachidoyl ethanolamide 

performs similar regulatory functions in O. elegans. 

To our knowledge, arachidoyl ethanolamide has not previously been reported in association with DT in plants. Its 

occurrence in desiccated O. elegans therefore expands the range of NAEs implicated in dehydration responses 

and identifies this saturated lipid as a candidate metabolite for future functional studies.  

2.3.1.2 4-methoxy-7-glycosyloxymethyl furochromone 

4-Methoxy-7-glycosyloxymethyl furochromone, a phenolic secondary metabolite is structurally similar to 

chromone and flavonoid compounds. It is likely associated with phenylpropanoid-derived metabolism. Phenolic 

compounds are well recognized for their roles in plant stress responses. They act as antioxidants and 

photoprotective molecule. The accumulation of such metabolites suggests activation of secondary metabolic 

pathways involved in ROS scavenging and protection against photooxidative damage under desiccation (Agati & 

Tattini, 2010; Vogt, 2010; Brunetti et al., 2013). 

The identification of 4-methoxy-7-glycosyloxymethyl furochromone in this study represents a previously 

unreported metabolite in the context of DT, suggesting a potential but unexplored role of furochromone derivatives 

in stress adaptation. 

2.3.1.3 Yuccagenin 

Yuccagenin is a steroidal sapogenin derived from the terpenoid backbone biosynthesis pathway, representing an 

important class of secondary metabolites associated with plant adaptation to extreme dehydration stress. Water 

loss imposes severe biophysical constraints on cellular membranes, including disruption of hydration shells, 

increased lipid packing, and phase transitions that can compromise membrane integrity. Under such conditions, 

maintaining membrane stability becomes essential for cellular survival (Upchurch, 2008; Shajar et al., 2025; Dong 

& Qi, 2025). 



Yuccagenin also acts as steroidal saponin precursor, which is implicated in stress-responsive metabolic 

modifications. The accumulation of yuccagenin suggests activation of terpenoid metabolism. Which is associated 

with protective responses under abiotic stress. These metabolites may also participate in regulating stress 

signalling pathways and cellular homeostasis during desiccation ( Osbourn, 1996; Isah, 2019). 

Furthermore, desiccation is often accompanied by oxidative stress due to impaired electron transport and increased 

production of ROS. Yuccagenin may limit the lipid peroxidation by free radicals and reduce ROS propagation 

within cellular compartments by stabilizing membrane structures. This indirect protective role complements the 

action of phenolic antioxidants to indicating coordinated interaction between lipid-derived and phenolic defense 

systems (Upchurch, 2008; Isah, 2019). 

Although yuccagenin is known as a steroidal sapogenin involved in plant defense and membrane interactions. Its 

role in DT has not been documented. Its detection in the present study is a potentially novel observation. Its 

accumulation highlights the importance of steroidal components in preserving cellular integrity during 

desiccation. It also demonstrates that DT in Oeosporangium elegans is driven by integrated metabolic 

reprogramming involving both lipid stabilization and antioxidant defense mechanisms. 

2.3.1.4 Caffeoyl tyrosine  

Caffeoyl tyrosine is a conjugated phenolic metabolite formed from caffeic acid and tyrosine, and it acts as an 

intermediate of the phenylpropanoid pathway. Phenolic conjugates of this class form part of plant secondary 

metabolism under abiotic stress. Desiccation imposes severe oxidative stress by disrupting cellular homeostasis 

and increasing ROS generation (Farrant, 2000; Michalak, 2006). Phenolic conjugates also support 

photoprotection, since they filter excess ultraviolet radiation and limit photooxidative damage under high light. 

Such protection is relevant in exposed habitats, where desiccation coincides with intense solar irradiance. A second 

function of phenylpropanoid-derived metabolites is structural: they reinforce the cell wall through lignin and 

related components, which strengthens mechanical stability and reduces dehydration-induced damage (Agati & 

Tattini, 2010; Vogt, 2010). 

Accumulation of caffeoyl tyrosine in Oeosporangium elegans under desiccation supports a role for 

phenylpropanoid metabolism in DT through oxidative stress mitigation, photoprotection, and maintenance of 

cellular integrity. To the best of our knowledge, this metabolite has not been reported previously in association 

with DT in plants. 

2.3.1.5 Pheophorbide a 

Detection of pheophorbide a in desiccated Oeosporangium elegans indicates activation of chlorophyll catabolism 

during dehydration. The compound occupies a central position in porphyrin and chlorophyll metabolism, since it 

forms during the stepwise breakdown of chlorophyll and then serves as the substrate for pheophorbide a oxygenase 

(PAO), the committed enzyme of the PAO/phyllobilin route. Turnover through this step prevents phototoxic 

chlorophyll derivatives from accumulating and driving ROS formation under stress (Pružinská et al., 2003; Tanaka 

& Tanaka, 2006; Kräutler, 2008; Schelbert et al., 2009; Hörtensteiner & Kräutler, 2011). 



Accumulation of pheophorbide a agrees with the decline in chlorophyll content measured here during desiccation, 

which places pigment breakdown within the regulated desiccation response rather than uncontrolled degradation. 

In DT plants, controlled chlorophyll catabolism limits photooxidative damage by clearing phototoxic 

intermediates while cellular integrity is maintained through dehydration (Pružinská et al., 2003; Schelbert et al., 

2009; Hörtensteiner & Kräutler, 2011). The process also recovers carbon- and nitrogen-containing metabolites 

that can be redirected into stress-responsive pathways, which improves metabolic efficiency under severe water 

deficit (Hörtensteiner, 2006). 

Enrichment of the porphyrin and chlorophyll metabolism pathway, and of its chlorophyll degradation branch in 

particular, reinforces this reading of regulated catabolism during desiccation. Ordered dismantling of the 

photosynthetic apparatus likely curbs oxidative damage while freeing metabolites for reallocation, contributing to 

DT in O. elegans and to recovery after rehydration. To our knowledge, pheophorbide a has not been reported in 

association with DT, which makes its detection here a novel observation. 

2.3.1.6   Epicatechin 

The flavonoid biosynthesis pathway represents a critical component of the plant stress response under desiccation 

conditions. The detection of epicatechin, a terminal flavan-3-ol metabolite. Provides strong evidence for the 

activation of phenylpropanoid-derived antioxidant mechanisms. Desiccation stress leads to excessive generation 

of ROS due to disruption of cellular homeostasis and impaired photosynthetic activity. Plants enhance flavonoid 

biosynthesis to counteract oxidative damage under stress ( Winkel-Shirley, 2001; Falcone Ferreyra et al., 2012). 

Epicatechin acts as a potent antioxidant that scavenges ROS and protects cellular macromolecules, including 

lipids, proteins, and nucleic acids, from oxidative damage. Its hydroxyl-rich structure supports efficient radical 

neutralization and blocks lipid peroxidation. The compound also contributes to photoprotection, since it absorbs 

excess radiation, dissipates surplus excitation energy, and reduces photooxidative stress under high light (Brunetti 

et al., 2013). Accumulation during desiccation agrees with a coordinated response within the wider flavonoid 

network that supports redox homeostasis and helps preserve cellular integrity (Rice-Evans et al., 1997; Agati et 

al., 2012; Nakabayashi et al., 2014).  

2.3.1.7 3-Hydroxypentadecanoic acid 

The detection of 3-hydroxypentadecanoic acid in desiccated Oeosporangium elegans suggests that lipid 

metabolism undergoes substantial reorganization during dehydration. This long-chain hydroxy fatty acid is 

generally regarded as a structural or metabolic lipid rather than a plant-specific signalling molecule, and its 

occurrence is consistent with enhanced membrane lipid turnover under stress conditions (Kutschera et al., 2019). 

Hydroxy fatty acids have been associated with membrane remodelling and oxidative lipid metabolism, indicating 

that their accumulation may reflect biochemical adjustments required to maintain membrane function during 

severe water deficit. 

Although the specific role of 3-hydroxypentadecanoic acid in plant DT has not been established, its identification 

in the desiccated metabolome supports the broader involvement of lipid remodeling in the adaptive response of 

O. elegans. To our knowledge, this metabolite has not previously been reported in studies of DT, making its 

occurrence a potentially novel observation. 



The metabolites span diverse biochemical classes, but their concurrent accumulation points to a coordinated 

response to desiccation rather than a set of independent changes. Arachidoyl ethanolamide and 3-

hydroxypentadecanoic acid are lipid-derived and map to membrane lipid remodelling. Epicatechin, caffeoyl 

tyrosine, and the furochromone derivatives belong to the phenolic and secondary metabolites linked to antioxidant 

defence. Yuccagenin adds a membrane-associated protective function, and detection of pheophorbide a indicates 

regulated chlorophyll degradation during dehydration. Each class acts through a distinct mechanism, yet the group 

as a whole covers membrane remodelling, oxidative stress protection, and photosynthetic adjustment. DT in 

Oeosporangium elegans therefore depends on coordinated metabolic reprogramming across several pathways 

rather than a single protective mechanism. 

Several metabolites were detected in the desiccated state of Oeosporangium elegans in the present study. Among 

these, pheophorbide a proved the most reliable biomarker of desiccation. The compound is a well-characterized 

intermediate in the chlorophyll degradation pathway within porphyrin and chlorophyll metabolism, and it 

accumulates when pigment breakdown is active. Its accumulation provides direct evidence for activation of 

chlorophyll catabolism, a process closely associated with the shutdown of photosynthetic activity under 

desiccation (Hörtensteiner, 2006). 

Our in vitro experiments show a substantial reduction in total chlorophyll content (Chl a + b) in O. elegans during 

desiccation (Rudresh et al., 2023). It declined from 1.84 mg g⁻¹ FW in hydrated fronds to 0.537 mg g⁻¹ FW in 

desiccated fronds. Literature strongly supports the decrease in total chlorophyll activity during desiccation of 

plants under going both homoiochlorophyllous desiccation tolerant (HDT) poikilochlorophyllous desiccation 

tolerant (PDT). We have observed the same in O. elegans, where there is a 70.8 % drop in total chlorophyll. 

Results from this study also show that pheophorbide a, is a central intermediate of the chlorophyll degradation 

pathway was found to be enriched during desiccation. Chlorophyll degradation therefore stands as an integral part 

of the desiccation response in Oeosporangium elegans. Its signature metabolite, pheophorbide a, accumulates 

specifically under dehydration and marks a defining feature of the desiccation-induced metabolic profile, one that 

reflects coordinated physiological adaptation and metabolic reprogramming. Metabolites resolved here give future 

work a starting point for dissecting the metabolic basis of DT and testing its relevance to drought resilience in 

crops. 

Membrane remodelling emerges as a clear priority for cellular protection. The lipid-derived arachidoyl 

ethanolamide and hydroxy fatty acids point directly to this process and identify candidate targets for stabilizing 

membranes under desiccation. Phenolic compounds such as caffeoyl derivatives and flavonoids reinforce 

antioxidant defence and stress resilience. Considered together, these metabolites open practical routes for 

metabolite-assisted selection, physiological screening, and metabolic engineering aimed at crop varieties with 

stronger drought tolerance and improved performance under water-limited conditions. 

Although this study provides comprehensive insights into the metabolic reprogramming associated with DT in 

Oeosporangium elegans, the proposed functions of key metabolites are based on metabolite profiling and 

literature evidence rather than direct experimental validation. The proposed role of pheophorbide a as a biomarker 

requires validation in additional DT and desiccation-sensitive species. In addition, pathway assignments rely on 

the Arabidopsis KEGG database because of the lack of species-specific genomic resources. Future studies 



integrating functional validation with transcriptomic and proteomic analyses will further elucidate the molecular 

mechanisms underlying DT.  

3. Conclusion: 

This study shows that DT in Oeosporangium elegans involves a metabolic transition from growth-related 

processes in the hydrated state to protective and stress-responsive mechanisms under desiccation. Hydrated tissues 

showed enrichment of primary metabolic pathways along with constitutive secondary metabolism, which agrees 

with active cellular growth and maintenance. Under desiccation, metabolic reprogramming was extensive and 

included enhanced lipid metabolism, antioxidant-associated pathways, and regulated chlorophyll catabolism. 

Chlorophyll content declined and pheophorbide a accumulated, and these two observations provide evidence for 

controlled chlorophyll degradation during dehydration. Pheophorbide a therefore serves as a candidate biomarker 

of DT. The concurrent accumulation of lipid-derived and phenolic metabolites further indicates coordinated 

mechanisms involved in membrane maintenance, oxidative stress protection, and cellular stabilization. 

Collectively, these findings demonstrate that desiccation tolerance in O. elegans is supported by integrated 

metabolic reprogramming that preserves cellular function during severe water loss and facilitates rapid recovery 

following rehydration. 

4. Materials and Method: 

4.1 Plant Collection and Sample Preparation: 

Oeosporangium elegans was collected from inselberg crevices at higher elevations, where plants were directly 

exposed to intense sunlight and low ambient humidity. Sampling was carried out in the Devarayanadurga region 

of Tumkur district, Karnataka, India (13.378793° N, 77.202446° E), an area characterized by an annual 

temperature range of 18–25°C and rainfall of approximately 900–1800 mm. Collected samples were immediately 

placed in sealed plastic containers and transported to the laboratory for further processing. 

The collection of plant material were conducted in accordance with the applicable institutional, national, and 

international guidelines and legislation. The study was performed in accordance with the IUCN Policy Statement 

on Research Involving Species at Risk of Extinction and the Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES), where applicable. No specific collection permit or license was required 

for the collection of plant material from the study site under the applicable regulations. Plant material was 

collected only in the minimum quantity required for scientific research. The species was identified by Rudresh H. 

S. and Dr. R. G. Sharathchandra, Department of Studies and Research in Microbiology and Biotechnology, 

Tumkur University, by comparison with authenticated Herbarium JCB specimens, including Collection No. CS 

17023, and standard taxonomic literature (Sankara et al., 2019). 

Plants were initially hydrated by allowing them to absorb water until no further increase in fresh weight was 

recorded, and this fully saturated condition was designated as the hydrated (H) state. Hydrated samples were then 

subjected to atmospheric air drying, permitting gradual water loss until a constant dry weight was attained, 

confirming the absence of further moisture loss. This condition was defined as the desiccated (D) state (Rudresh 

et al., 2023). 

4.2 Ultra Sonication Assisted Extraction of Metabolites: 



0.5 grams fronds of plant (H and D separately - three biological repeats) were weighed and subjected to solvent-

based extraction using ethyl acetate and methanol. The samples were homogenized and mixed with 10 mL of ethyl 

acetate and 10 mL of methanol separately. Homogenized samples were placed in an ultrasonic bath at a frequency 

of 35 kHz, at room temperature for 30 minutes to facilitate efficient metabolite extraction. After sonication, the 

extracts were centrifuged at 10,000 rpm for 10 minutes to separate the supernatant. The collected supernatant was 

then filtered through Whatman filter paper. The extraction procedure was repeated once using fresh solvent to 

ensure maximum recovery of metabolites. The pooled extracts were concentrated under reduced pressure at 

temperatures below 40 °C to prevent thermal degradation of metabolites. Finally, the dried extracts were stored at 

-20 °C until further analysis (Shen et al., 2023). 

4.3 LC–MS/MS Analysis: 

Chromatographic separation was performed using a reverse-phase C18 column (Kinetex®, 250 × 4.6 mm, 5 µm; 

Phenomenex). The mobile phase consisted of solvent A (water with 0.1% formic acid) and solvent B (methanol 

with 0.1% formic acid). A gradient elution program was applied at a constant flow rate of 0.5 mL/min. The gradient 

was initiated with low organic solvent composition and gradually increased to 95% solvent B, followed by re-

equilibration to initial conditions. The total run time was 35 min. The injection volume was maintained at 15 µL. 

Mass spectrometric detection was carried out using a high-resolution Orbitrap mass spectrometer (Thermo 

Scientific). Data were acquired in full scan mode with subsequent data-dependent MS/MS fragmentation to enable 

metabolite identification. 

4.4 LC–MS/MS Data Processing: 

The LC–MS/MS datasets obtained from all samples were subjected to an initial quality filtering step to ensure 

analytical reliability. Only features with a mass error within ±5 ppm was retained to ensure high-confidence 

annotation and reduce the likelihood of false identifications. Peak area values were used as an estimate of relative 

metabolite abundance (Zhou et al., 2012). 

Metabolites consistently detected across replicates were pooled within each experimental group to minimize 

variability, and the resulting dataset was analyzed to identify stage-specific patterns of metabolite distribution. 

Based on occurrence, metabolites were classified into three categories: those unique to the hydrated condition, 

those specific to the desiccated condition, and those common to both states. This classification integrated 

qualitative presence–absence information with quantitative abundance data, with presence–absence patterns 

across replicates evaluated first to establish consistency.  

Metabolites associated with the desiccation response were analyzed using the RDKit platform (Open-source 

cheminformatics software. http://www.rdkit.org), which enabled efficient structural processing and organization 

of the detected compounds. Following LC–MS/MS data acquisition, metabolites were sorted based on their 

relative abundance and consistent occurrence across biological replicates (Landrum, G., 2016).  

4.5 Metabolite Profiling and Principal Component Analysis: 

Peak area data from three biological replicates of the hydrated and desiccated stages were used for multivariate 

analysis. For the combine analysis, each metabolite was represented in a six-dimensional feature space comprising 

its three hydrated- and three desiccated-stage replicate intensities, with a zero value assigned where a metabolite 



was not detected in a given stage. Peak areas were log2(x + 1)-transformed and standardised prior to principal 

component analysis, with the full metabolite set retained throughout. Each stage was additionally analysed 

separately using its own set of replicate measurements. All analyses were performed in Python 3 (scikit-learn, 

SciPy, pandas, NumPy)(Van Rossum and Drake, 2009; McKinney, 2010; Harris et al., 2020; Pedregosa et al., 

2011; Virtanen et al., 2020; Hunter, 2007), with figures generated in matplotlib at 300 dpi; the full workflow was 

executed in Google Colab to ensure browser-based reproducibility, and the corresponding code is provided as 

Supplementary File S1. 

4.6 Metabolite pathway analysis: 

Metabolite pathway analysis was performed using the web-based platform MetaboAnalyst (version 5.0). 

Identified metabolites obtained from LC–MS/MS analysis for both hydrated and desiccated samples were 

compiled and subjected to pathway enrichment analysis. The metabolites list was uploaded in compound name 

format, and pathway analysis was conducted using the Arabidopsis thaliana pathway library from the KEGG 

database as a reference. Over-representation analysis was applied to identify significantly enriched metabolic 

pathway (Pang et al., 2021). 
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