Integrative Phenotypic and Exploratory Metabolomic Profiling Reveals Candidate Climate-Responsive Biomass Traits in Forage Cactus (Nopalea cochenillifera)
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Abstract
Climate change increasingly threatens biomass productivity and crop stability in tropical dryland agriculture, creating an urgent need to better understand adaptive responses that support sustainable production under environmental stress. This study explored the integration of phenotypic assessment and untargeted metabolomic profiling to investigate candidate climate-responsive biomass traits in Nopalea cochenillifera, a drought-adapted forage cactus with potential for climate-smart production systems. Field evaluation was conducted under tropical dryland conditions in Sumbawa Island, Indonesia, using three irrigation regimes representing optimal water supply, moderate water limitation, and severe water limitation. Phenotypic characterization included biomass production, relative water content (RWC), chlorophyll index, and water-use efficiency (WUE). Untargeted metabolomic profiling was performed using UPLC–HRMS to characterize metabolic responses associated with environmental stress. Integrated analysis was conducted using principal component analysis (PCA), partial least squares discriminant analysis (PLS–DA), and exploratory integration of metabolic and phenotypic variables. Results indicated that moderate water limitation maintained biomass productivity while improving water-use efficiency and preserving physiological performance. Metabolomic analysis revealed exploratory metabolomic signatures characterized by differential accumulation of putative metabolites associated with flavonoid-, phenolic-, and organic acid-related pathways. Integration of metabolic and phenotypic information identified candidate metabolic indicators and exploratory associations linked to adaptive biomass responses. These findings provide preliminary evidence that integrated phenotypic–metabolomic approaches may improve understanding of adaptive responses in forage cactus. Further targeted metabolomic validation is required before broader application in climate adaptation or breeding programs.
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Introduction
Climate change has emerged as one of the most critical constraints affecting agricultural sustainability and global biomass production. Increasing temperatures, irregular rainfall patterns, prolonged drought episodes, and intensified environmental variability are reshaping crop productivity across tropical and subtropical regions. These pressures are particularly severe in dryland ecosystems, where conventional forage and biomass-producing species frequently exhibit reduced growth performance and unstable yields. Consequently, identifying plant species and functional traits capable of maintaining productivity under climatic disturbances has become a strategic priority for climate-resilient agriculture (Allwood et al., 2021; Anzano et al., 2022; Carrera et al., 2021; Dixit et al., 2024). Recent advances increasingly emphasize that adaptation should extend beyond yield stability and include physiological efficiency, metabolic plasticity, and long-term ecosystem resilience.
Among drought-adapted crops, forage cactus has attracted substantial scientific interest due to its exceptional capacity to maintain biomass accumulation under water-limited environments. Species belonging to the genera Opuntia and Nopalea possess crassulacean acid metabolism (CAM), a photosynthetic pathway associated with high water-use efficiency and improved tolerance to environmental stress. In particular, Nopalea cochenillifera has demonstrated remarkable agronomic potential in semiarid regions because of its ability to sustain succulent biomass production while requiring substantially lower water inputs than conventional forage crops. Beyond its ecological adaptation, this species contributes to climate-smart production systems through carbon-efficient growth and improved resource-use efficiency (Dubeux Jr et al., 2021; Hernández-Becerra et al., 2022; Jardim et al., 2021; Montecchiarini et al., 2021).
Although forage cactus is increasingly recognized as a strategic crop for climate adaptation, current breeding and selection approaches remain predominantly dependent on conventional morphological and productivity indicators. Such approaches often underestimate the complex biochemical mechanisms that govern stress tolerance and biomass functionality. Climate resilience is a multidimensional phenotype resulting from interactions among metabolic regulation, physiological adjustment, and environmental responsiveness. Therefore, relying exclusively on phenotypic observations may limit the identification of superior genotypes capable of maintaining productivity under future climate scenarios (Arya, 2021; Cavill et al., 2016; Li & Gaquerel, 2021; Poltash et al., 2018).
Metabolomics has emerged as a transformative approach for uncovering biochemical signatures underlying plant adaptation and resilience. By enabling high-throughput profiling of primary and secondary metabolites, metabolomic platforms provide direct insight into the physiological status of plants exposed to environmental stress. Unlike genomic markers that indicate potential responses, metabolite profiles represent the integrated outcome of gene expression, environmental interaction, and cellular regulation. Recent studies have demonstrated that metabolomics can successfully identify compounds associated with drought resistance, oxidative stress regulation, osmotic adjustment, and adaptive metabolic pathways in crops exposed to abiotic challenges (Allwood et al., 2021; Carrera et al., 2021; Parida et al., 2018; Tinte et al., 2021).
The integration of metabolomic information with phenotypic selection has therefore become an emerging strategy to accelerate climate-resilient breeding. Integrated phenomics–metabolomics frameworks enable the identification of functional biomarkers that explain observable agronomic traits and improve predictive selection accuracy. Rather than selecting plants solely based on external performance, this approach links biomass accumulation, physiological behavior, and metabolic regulation into a unified selection model. Such integration has shown increasing relevance for breeding programs targeting environmental adaptation and sustainable (Cavill et al., 2016; Li & Gaquerel, 2021).
In forage cactus, initial metabolomic investigations have already revealed substantial biochemical diversity among cultivars and demonstrated the utility of metabolite-based screening for identifying adaptive characteristics. Integrated UPLC-HRMS and chemometric analyses identified specific flavonoid-related compounds associated with resistance responses in Nopalea and Opuntia species, highlighting the potential of metabolite signatures as selection targets in future breeding programs (Matos et al., 2021). These findings suggest that secondary metabolite networks may serve as indicators not only of biotic defense but also of broader climate-adaptive capacity through enhanced oxidative protection and physiological stability.
Despite these advances, studies integrating metabolomic signatures with phenotypic performance to identify climate-resilient biomass traits in Nopalea cochenillifera remain limited. Existing research has largely focused on productivity, nutritional quality, or isolated stress responses, while a systems-level understanding linking metabolic composition with adaptive biomass formation is still underdeveloped. Addressing this gap is necessary to support next-generation climate-smart horticultural systems and improve the strategic utilization of drought-resilient biomass crops.
Therefore, this study aimed to integrate metabolomic and phenotypic selection approaches to identify climate-resilient biomass traits in Nopalea cochenillifera. We hypothesized that combining metabolic biomarkers with agronomic and physiological indicators would reveal functional traits associated with enhanced environmental adaptation and stable biomass production under climate-related stress conditions. The outcomes are expected to contribute to developing metabolite-informed breeding strategies and strengthen the role of forage cactus as a sustainable component of climate-resilient agriculture.

Materials and Methods
Study site and experimental conditions
The study was conducted in a tropical dryland agroecosystem located in Sumbawa Island, West Nusa Tenggara Province, Indonesia (approximately 8°–9° S and 116°–119° E). The experimental field represented semiarid production environments that are increasingly exposed to climate variability and prolonged seasonal drought. Sumbawa was selected because the island constitutes one of the major dryland agricultural regions in eastern Indonesia and has been identified as highly sensitive to shifts in rainfall distribution and increasing climate uncertainty. Recent climatic analyses indicate that several areas of Sumbawa exhibit dry to moderately dry climate characteristics with prolonged dry periods and increasing exposure to water deficits, making the region suitable for evaluating climate-adaptive plant traits (Yasa et al., 2023). Future climate projections for Nusa Tenggara Barat also suggest increasing rainfall variability and elevated pressure on agricultural production systems under ongoing climate change scenarios (Kirono et al., 2016; McGregor et al., 2016).
The experiment was established under open-field conditions during one complete growing cycle of Nopalea cochenillifera. The site was characterized by dry tropical conditions with average daily temperature ranging from approximately 26–32°C, relative humidity between 65–85%, and distinct wet and dry seasonal patterns. Meteorological observations, including air temperature, precipitation, relative humidity, and solar radiation, were continuously recorded using an automated weather station installed adjacent to the experimental plots (Matteoli et al., 2020; Ouda & Zohry, 2022). Soil moisture content was monitored weekly using portable moisture sensors to maintain target environmental treatments and support interpretation of climate-resilient responses.
Plant materials and experimental design
Uniform cladodes of Nopalea cochenillifera were selected from healthy mother plants and established under field conditions. Planting materials were standardized according to cladode age, dimensions, and visual health status before transplanting. The experiment followed a randomized complete block design (RCBD) consisting of three environmental treatments representing climate-related stress intensity:
· Control (C): optimal irrigation (100% crop water requirement)
· Moderate stress (MS): 70% crop water requirement
· Severe stress (SS): 40% crop water requirement
Each treatment consisted of five biological replicates.
Irrigation management was performed using soil moisture monitoring to maintain target water availability. The experimental duration covered one complete biomass accumulation cycle.
The use of controlled water gradients is widely adopted for identifying adaptive traits and evaluating physiological resilience in drought-tolerant crops (Allwood et al., 2021; Carrera et al., 2021).
Phenotypic characterization and biomass assessment
Phenotypic evaluation was performed at the end of the growth period using integrated morphological and physiological measurements. Measured variables included in Table 1.
Table 1. Phenotypic trait categories and measured variables used for integrated climate-resilient biomass selection in Nopalea cochenillifera
	Trait category
	Variables

	Morphological
	Plant height, cladode number, cladode thickness

	Biomass traits
	Fresh biomass yield, dry biomass yield

	Physiological
	Relative water content (RWC), chlorophyll index

	Functional traits
	Water-use efficiency (WUE), biomass stability index


Fresh biomass was measured immediately after harvest using digital weighing. Dry biomass was determined after oven drying at 65°C until constant weight.
Relative water content was calculated according to:

where FW = fresh weight, TW = turgid weight, and DW = dry weight.
Water-use efficiency was estimated as dry biomass produced per unit of water applied.
Trait acquisition followed recommendations for climate-resilient phenotyping and biomass characterization in drought-adapted crops (Jardim et al., 2021; Li & Gaquerel, 2021).
Metabolite extraction and metabolomic profiling
Metabolomic analysis was conducted using untargeted metabolite profiling. Fresh cladode tissue samples were collected at physiological maturity, immediately frozen in liquid nitrogen, and stored at −80°C prior to analysis. Approximately 100 mg of freeze-dried tissue was homogenized and extracted using methanol solution (80:20, v/v), followed by sonication and centrifugation. Metabolite separation was performed using ultra-performance liquid chromatography coupled with high-resolution mass spectrometry (UPLC–HRMS). Instrument conditions included in Table 2.
Table 2. Chromatographic and mass spectrometric conditions for UPLC–HRMS-based untargeted metabolomic profiling of Nopalea cochenillifera
	Parameter
	Condition

	Column
	C18 reverse phase

	Mobile phase A
	Water + 0.1% formic acid

	Mobile phase B
	Acetonitrile

	Flow rate
	0.30 mL min⁻¹

	Injection volume
	5 μL

	Ionization mode
	Positive and negative ESI


Identification of candidate metabolites was performed through comparison with publicly available spectral libraries and mass databases. Untargeted metabolomics has become a robust strategy for uncovering biochemical signatures associated with stress adaptation and plant functional diversity (Li & Gaquerel, 2021; Tinte et al., 2021).
Metabolite annotation and quality control
To improve analytical transparency and support interpretation of untargeted metabolomic data, additional procedures for metabolite annotation, preprocessing, and quality control were implemented. Metabolomic analysis was performed using an ultra-performance liquid chromatography system (ACQUITY UPLC, Waters Corporation, Milford, MA, USA) coupled with a high-resolution quadrupole time-of-flight mass spectrometer (Xevo G2-XS QTOF, Waters Corporation). Data acquisition was conducted in both positive and negative electrospray ionization (ESI) modes over a mass range of m/z 100–1500. Instrument resolving power was maintained at approximately 30,000 full width at half maximum (FWHM). Source temperature was set at 120°C and capillary voltage was adjusted to 2.5 kV for positive ionization and 2.0 kV for negative ionization.
Raw spectral files were processed using Progenesis QI software (version 3.0, Nonlinear Dynamics, Newcastle, UK) for peak detection, retention time alignment, feature extraction, and normalization. Retention time alignment tolerance was set at ±0.20 min. Signal intensities were normalized using total ion current (TIC) normalization to minimize technical variation among samples. Blank subtraction was performed to remove background signals originating from extraction solvents and instrument carryover. Features containing more than 20% missing values across samples were excluded prior to statistical analysis.
Quality control procedures were implemented throughout analytical acquisition. A pooled quality control (QC) sample was prepared by combining aliquots from all experimental extracts and injected at the beginning of the analytical sequence and after every five sample injections to monitor instrumental stability. Metabolic features exhibiting relative standard deviation (RSD) greater than 30% across pooled QC injections were excluded from downstream analyses. Putative metabolite annotation was conducted through comparison of accurate mass values and fragmentation patterns against publicly available metabolomic databases including HMDB (Human Metabolome Database), METLIN, MassBank, and GNPS (Global Natural Products Social Molecular Networking). Annotation tolerance was maintained within ±10 ppm mass error. Metabolite confidence levels were assigned according to the Metabolomics Standards Initiative (MSI) framework. Metabolites reported in this study were assigned as putative annotations (MSI level 2–3) and were not confirmed using authentic analytical standards.
Integration of metabolomic and phenotypic selection
Integrated analysis was conducted to identify climate-resilient biomass traits. First, principal component analysis (PCA) was used to visualize clustering patterns among treatments. Second, partial least squares discriminant analysis was applied to identify metabolites contributing to environmental adaptation. Variables with VIP score > 1.0, Fold change > 1.5, and P < 0.05 were retained as candidate adaptive biomarkers. Subsequently, Pearson correlation networks were constructed to evaluate relationships between metabolomic variables and phenotypic traits. A composite Climate-Responsive Biomass Score (CBS) was generated by integrating standardized biomass yield, water-use efficiency (WUE), relative water content (RWC), and metabolomic scores derived from multivariate analyses. Higher CBS values indicated greater responsiveness to climate-related stress conditions. The CBS was developed as an exploratory composite indicator intended to summarize multidimensional phenotypic and metabolomic responses. The index has not undergone external validation and should not be interpreted as a validated selection tool. Multi-omics integration approaches have shown improved predictive power for identifying adaptive traits beyond conventional selection frameworks (Carrera et al., 2021; Dixit et al., 2024).
Statistical analysis
Data normality and homogeneity were evaluated using Shapiro–Wilk and Levene tests. Differences among treatments were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Principal component analysis (PCA) and Pearson correlation analysis were used as exploratory approaches to evaluate associations between metabolic features and phenotypic traits. Correlation networks were visualized using Cytoscape. Significance was accepted at P < 0.05. All statistical analyses were performed using R software (version 4.5).

Results and Discussion
Climate-related water limitation altered phenotypic performance and biomass formation in Nopalea cochenillifera
Environmental stress treatments generated measurable differences in morphological, physiological, and biomass responses of Nopalea cochenillifera (Table 3). Although all plants remained viable throughout the experimental period, progressive reductions in water availability significantly influenced plant performance (P < 0.05). The moderate stress treatment maintained relatively stable biomass production, whereas severe stress caused substantial reductions in fresh biomass accumulation and plant water status. Interestingly, several adaptive indicators remained comparatively preserved despite reduced water input, suggesting the presence of compensatory mechanisms supporting environmental resilience.
Table 3. Phenotypic responses and Climate-Responsive Biomass Score (CBS)
	Variable
	Control
	Moderate stress
	Severe stress
	P-value

	Plant height (cm)
	74.8 ± 3.5ᵃ
	71.6 ± 3.1ᵃ
	63.4 ± 2.8ᵇ
	0.012

	Cladode number
	11.9 ± 0.8ᵃ
	11.2 ± 0.7ᵃ
	9.5 ± 0.6ᵇ
	0.018

	Fresh biomass (kg plant⁻¹)
	8.42 ± 0.42ᵃ
	7.86 ± 0.39ᵃ
	6.31 ± 0.35ᵇ
	0.004

	Dry biomass (kg plant⁻¹)
	1.62 ± 0.08ᵃ
	1.54 ± 0.07ᵃ
	1.28 ± 0.06ᵇ
	0.009

	RWC (%)
	87.4 ± 1.9ᵃ
	83.7 ± 2.1ᵃ
	75.8 ± 2.4ᵇ
	<0.001

	Chlorophyll index
	41.5 ± 1.6ᵃ
	40.1 ± 1.4ᵃ
	36.8 ± 1.8ᵇ
	0.021

	WUE (kg m⁻³)
	6.12 ± 0.28ᵇ
	7.45 ± 0.34ᵃ
	7.11 ± 0.30ᵃ
	0.015

	CBS
	0.82 ± 0.04ᵃ
	0.91 ± 0.03ᵃ
	0.61 ± 0.05ᵇ
	<0.001


Note: Values are presented as mean ± standard deviation (n = 5). Different superscript letters within rows indicate significant differences according to Tukey’s multiple comparison test. P-values were obtained from one-way ANOVA. Statistical significance was accepted at P < 0.05. CBS = Climate-Resilient Biomass Score; RWC = Relative Water Content; WUE = Water-Use Efficiency.
The relatively high CBS observed under moderate stress suggests that Nopalea cochenillifera maintained integrated physiological and metabolic responsiveness despite reduced water availability. Because CBS is an exploratory composite score, the observed patterns should be interpreted as preliminary evidence requiring validation in independent populations and environments. This response aligns with evidence that forage cactus species sustain productivity through enhanced water conservation and photosynthetic regulation associated with CAM metabolism (Dubeux Jr et al., 2021; Hernández-Becerra et al., 2022; Jardim et al., 2021; Montecchiarini et al., 2021). Unlike conventional forage species that often exhibit rapid productivity decline under drought, forage cactus maintaine biomass stability and improved water-use efficiency. The increase in WUE under moderate stress suggests adaptive adjustment rather than simple growth suppression, supporting its suitability for climate-smart production systems (Allwood et al., 2021; Dixit et al., 2024).
Metabolomic profiling revealed distinct biochemical signatures associated with climate resilience
Untargeted UPLC–HRMS profiling detected substantial metabolic reprogramming among environmental treatments. Principal metabolite groups associated with adaptive responses included flavonoids, phenolic derivatives, osmoprotective organic acids, and antioxidant-related compounds. Plants exposed to moderate stress exhibited increased accumulation of protective metabolites, whereas severe stress induced broader metabolic disruption and reduced adaptive coordination (Table 4).
Untargeted UPLC–HRMS analysis detected 3,214 spectral features across all samples. Following quality-control filtering, peak alignment, and normalization procedures, 2,745 features remained for downstream statistical analysis. Differential analysis identified 124 features that significantly varied among irrigation treatments (FDR < 0.05 and VIP > 1.0). Putative annotation based on accurate mass matching and public spectral databases resulted in the assignment of 18 candidate metabolites, which were subsequently grouped into major biochemical classes including flavonoids, phenolic compounds, organic acids, amino acid derivatives, and lipid-related metabolites.
Table 4. Summary of metabolomic feature processing and annotation
	Parameter
	Value

	Raw spectral features detected
	3,214

	Features after QC filtering
	2,745

	Differential features (FDR < 0.05)
	124

	Features with VIP > 1.0
	86

	Putatively annotated metabolites
	18

	Major metabolite classes identified
	5


The progressive reduction from raw spectral features to annotated metabolites reflects the stringent quality-control and statistical filtering procedures commonly applied in untargeted metabolomics. Although only a subset of detected features could be putatively annotated, these metabolites represented the most biologically informative compounds associated with treatment responses and were subsequently evaluated for their potential contribution to climate-responsive biomass performance.
Among the 124 differential features identified, 18 metabolites could be putatively annotated based on accurate mass matching and comparison with publicly available spectral databases. These annotated metabolites were classified into major biochemical groups associated with plant stress adaptation and biomass regulation. The most prominent metabolite classes included flavonoids, phenolic compounds, organic acids, amino acid derivatives, and lipid-related metabolites. Relative abundance analysis indicated that moderate water stress promoted the accumulation of several protective metabolites, suggesting coordinated metabolic adjustment in response to climate-related stress conditions. A summary of the putatively annotated metabolite classes and their biological relevance is presented in Table 5.
Table 5. Putatively annotated metabolite classes associated with treatment responses
	Metabolite class
	Relative abundance (MS vs C)
	VIP score
	P-value
	Biological interpretation

	Flavonoids
	+1.92
	1.83
	0.002
	Oxidative protection

	Phenolic compounds
	+1.68
	1.74
	0.005
	Stress signaling

	Organic acids
	+1.44
	1.61
	0.013
	Osmotic adjustment

	Amino acid derivatives
	+1.39
	1.52
	0.021
	Metabolic homeostasis

	Lipid metabolites
	−1.21
	1.35
	0.037
	Membrane restructuring


Note: Relative abundance indicates fold change relative to control conditions. VIP = Variable Importance in Projection derived from PLS–DA analysis. P-values represent significance from multivariate metabolomic comparison after normalization and multiple testing adjustment. Variables with VIP > 1.0 and P < 0.05 were considered significant biomarkers.
Metabolic enrichment patterns indicate that climate resilience in Nopalea cochenillifera extends beyond morphological tolerance and involves coordinated biochemical adjustment.  To improve interpretability of untargeted metabolomic outputs, the most discriminative metabolic features were further summarized as putative annotations based on accurate mass matching and spectral comparison (Table 6).
Table 6. Putative metabolite annotation associated with climate-responsive biomass traits in Nopalea cochenillifera
	Feature ID
	RT (min)
	m/z
	Ion mode
	Putative annotation
	Molecular formula
	VIP score
	Fold change (MS vs C)
	MSI level

	M001
	3.24
	301.07
	ESI+
	Quercetin derivative
	C15H10O7
	1.83
	1.92
	Level 2

	M002
	4.11
	317.09
	ESI+
	Myricetin derivative
	C15H10O8
	1.79
	1.84
	Level 2

	M003
	5.36
	287.06
	ESI−
	Kaempferol derivative
	C15H10O6
	1.72
	1.76
	Level 2

	M004
	2.89
	153.02
	ESI−
	Protocatechuic acid
	C7H6O4
	1.68
	1.71
	Level 2

	M005
	6.22
	353.09
	ESI−
	Chlorogenic acid
	C16H18O9
	1.65
	1.68
	Level 2

	M006
	1.96
	191.02
	ESI−
	Citric acid
	C6H8O7
	1.61
	1.44
	Level 2

	M007
	2.35
	133.01
	ESI−
	Malic acid
	C4H6O5
	1.58
	1.39
	Level 2

	M008
	4.88
	195.09
	ESI+
	Aminobutanoic acid derivative
	C8H13NO4
	1.54
	1.36
	Level 3

	M009
	7.15
	255.23
	ESI+
	Palmitic acid derivative
	C16H32O2
	1.42
	−1.21
	Level 3

	M010
	7.82
	281.25
	ESI−
	Oleic acid derivative
	C18H34O2
	1.39
	−1.18
	Level 3

	M011
	5.74
	449.11
	ESI+
	Quercetin glycoside
	C21H20O11
	1.52
	1.63
	Level 2

	M012
	4.62
	433.11
	ESI+
	Apigenin glycoside
	C21H20O10
	1.48
	1.54
	Level 2

	M013
	3.92
	179.03
	ESI−
	Caffeic acid
	C9H8O4
	1.46
	1.47
	Level 2

	M014
	6.88
	373.11
	ESI−
	Feruloyl derivative
	C18H14O9
	1.43
	1.42
	Level 3

	M015
	2.47
	175.02
	ESI−
	Ascorbic acid derivative
	C6H8O6
	1.37
	1.35
	Level 3


Note: RT = retention time; VIP = Variable Importance in Projection derived from PLS–DA; Fold change calculated relative to control conditions (MS vs C); MSI = Metabolomics Standards Initiative confidence level. Metabolite identities represent putative annotations obtained from accurate mass and spectral matching against public databases and were not confirmed using authentic analytical standards.
Among the annotated features, putative flavonoid- and phenolic-related metabolites showed the highest discriminatory contribution (VIP > 1.5), suggesting a potential association with adaptive metabolic responses under moderate water limitation (Table 6). These compounds likely contributed to maintaining cellular stability through antioxidant activity and modulation of oxidative stress responses. Similar findings have been reported in recent metabolomic studies demonstrating that secondary metabolites function as major regulators of environmental adaptation and biomass persistence under drought conditions (Li & Gaquerel, 2021; Parida et al., 2018; Poltash et al., 2018; Tinte et al., 2021).
Phenolic enrichment may also indicate activation of signaling pathways involved in acclimation processes and long-term environmental resilience. Metabolomic studies increasingly suggest that adaptive biochemical plasticity provides a stronger predictor of plant performance than individual productivity indicators alone (Anzano et al., 2022; Carrera et al., 2021).
Integrated metabolomic–phenotypic selection improved identification of climate-resilient biomass traits
Integration of metabolomic and phenotypic datasets generated clearer discrimination among environmental responses than either dataset alone. Correlation analysis identified strong positive associations between metabolite abundance and adaptive traits (Figure 1).
[image: ]
Figure 1. Conceptual framework of integrated metabolomic–phenotypic selection for climate-resilient biomass identification
Positive correlations were observed between flavonoid accumulation and CBS (r = 0.84), and between phenolic abundance and WUE (r = 0.79), whereas severe metabolic disruption negatively affected biomass stability (r = −0.76). These findings may assist future hypothesis generation regarding adaptive responses and candidate trait associations. Rather than selecting genotypes solely based on yield performance, metabolite-informed frameworks capture underlying adaptive mechanisms and improve prediction of climate resilience.
Recent advances in plant phenomics and metabolomics emphasize that future climate-resilient breeding should combine functional metabolic indicators with field-level performance to accelerate identification of adaptive traits (Cavill et al., 2016; Li & Gaquerel, 2021; Poltash et al., 2018). Overall, the present findings suggest that Nopalea cochenillifera possesses coordinated physiological and metabolic plasticity that supports stable biomass formation under moderate climate stress. The integration of metabolomic and phenotypic indicators therefore represents a promising strategy for developing climate-smart forage systems in tropical dryland regions such as Sumbawa.
Study Limitations
Several limitations should be considered when interpreting the findings of this study. First, metabolomic characterization was based exclusively on untargeted profiling and therefore provides exploratory evidence rather than definitive metabolite identification. Second, no targeted metabolomic validation was conducted to confirm the identity and quantitative abundance of candidate metabolites. Third, the experiment was performed in a single environment and during a single growing cycle, which limits inference across broader climatic conditions. Fourth, the relatively small sample size may reduce statistical power and increase the risk of overestimating treatment-specific effects. Finally, the Climate-Responsive Biomass Score (CBS) was developed as an exploratory composite indicator and has not undergone external validation. Consequently, the index should not be interpreted as a validated breeding or selection tool.

Conclusion
This study provides preliminary evidence that integrating phenotypic measurements with exploratory metabolomic profiling may improve understanding of adaptive responses in Nopalea cochenillifera under climate-related water stress. Moderate stress conditions were associated with relatively stable biomass production, improved water-use efficiency, and distinct metabolomic responses characterized by enrichment of flavonoid- and phenolic-related compounds. The integration of phenotypic and metabolomic datasets through multivariate analysis generated an exploratory framework for assessing climate responsiveness in forage cactus. However, the metabolomic findings remain putative and require confirmation through targeted analytical approaches. Additional validation using independent populations, multi-environment trials, and targeted metabolomics is required before candidate markers can be translated into breeding applications.
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