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Effect of Altitude on Volatile Organic and Phenolic Compounds of Artemisia brevifolia Wall ex Dc. From the Western Himalayas












	 
	ORIGINAL RESEARCH
published: 12 May 2022
doi: 10.3389/fevo.2022.864728





[image: image]

Effect of Altitude on Volatile Organic and Phenolic Compounds of Artemisia brevifolia Wall ex Dc. From the Western Himalayas

Nandita Nataraj1†‡, Manzoor Hussain2,3‡, Mohd Ibrahim2, Alexander E. Hausmann4, Srinivas Rao1,5, Satwinderjeet Kaur2, Jabeena Khazir6, Bilal Ahmad Mir3,7* and Shannon B. Olsson1*

1National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bengaluru, India

2Department of Botanical and Environmental Sciences, Guru Nanak Dev University, Amritsar, India

3Department of Botany, University of Kashmir, Kargil, India

4Division of Evolutionary Biology, Ludwig-Maximilians-Universität München, Planegg, Germany

5National Institute of Pharmaceutical Education and Research, Guwahati, India

6Department of Chemistry, Govt. Degree College Eidgah (Affiliated to Cluster University Srinagar), Srinagar, India

7Department of Botany, University of Ladakh, Ladakh, India

Edited by:
Michael Rostás, Georg August University, Germany

Reviewed by:
Christoph Crocoll, University of Copenhagen, Denmark
Shahinoor Rahman, Georg August University, Germany

*Correspondence: Bilal Ahmad Mir, meerbilal82@gmail.com; Shannon B. Olsson, shannon@nice.ncbs.res.in

†Present address: Nandita Nataraj, Department of Evolutionary Neuroethology, Max Planck Institute for Chemical Ecology, Jena, Germany

‡These authors have contributed equally to this work

Specialty section: This article was submitted to Chemical Ecology, a section of the journal Frontiers in Ecology and Evolution

Received: 28 January 2022
Accepted: 13 April 2022
Published: 12 May 2022

Citation: Nataraj N, Hussain M, Ibrahim M, Hausmann AE, Rao S, Kaur S, Khazir J, Mir BA and Olsson SB (2022) Effect of Altitude on Volatile Organic and Phenolic Compounds of Artemisia brevifolia Wall ex Dc. From the Western Himalayas. Front. Ecol. Evol. 10:864728. doi: 10.3389/fevo.2022.864728

Adaptation to changing environmental conditions is a driver of plant diversification. Elevational gradients offer a unique opportunity for investigating adaptation to a range of climatic conditions. The use of specialized metabolites as volatile and phenolic compounds is a major adaptation in plants, affecting their reproductive success and survival by attracting pollinators and protecting themselves from herbivores and other stressors. The wormseed Artemisia brevifolia can be found across multiple elevations in the Western Himalayas, a region that is considered a biodiversity hotspot and is highly impacted by climate change. This study aims at understanding the volatile and phenolic compounds produced by A. brevifolia in the high elevation cold deserts of the Western Himalayas with the view to understanding the survival strategies employed by plants under harsh conditions. Across four sampling sites with different elevations, polydimethylsiloxane (PDMS) sampling and subsequent GCMS analyses showed that the total number of volatile compounds in the plant headspace increased with elevation and that this trend was largely driven by an increase in compounds with low volatility, which might improve the plant’s resilience to abiotic stress. HPLC analyses showed no effect of elevation on the total number of phenolic compounds detected in both young and mature leaves. However, the concentration of the majority of phenolic compounds decreased with elevation. As the production of phenolic defense compounds is a costly trait, plants at higher elevations might face a trade-off between energy expenditure and protecting themselves from herbivores. This study can therefore help us understand how plants adjust secondary metabolite production to cope with harsh environments and reveal the climate adaptability of such species in highly threatened regions of our planet such as the Himalayas.
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INTRODUCTION

Altitude plays an essential role in determining the type of organisms living in a particular ecosystem, as both biotic, as well as abiotic factors change with an increase in elevation. With an increase in altitude, organisms face extreme abiotic changes, such as temperature decrease, irradiation increase (especially UV-B irradiation that increases 18% per 1,000 m altitude (Blumthaler et al., 1997), wind speed increase, snow cover increase, oxygen content decrease, drier soils, frozen soils in winter, atmospheric pressure decrease, and others (Körner, 2003). Plants cope with such situations by producing chemical compounds like phenolics, alkaloids, flavonoids, tannins, and terpenoids as specialized metabolites (Wink, 2018). These specialized metabolites are synthesized by plants as volatile or non-volatile compounds and have evolved certain physiological and ecological functions which help the plant adapt to different environmental conditions (Holopainen et al., 2018).

Volatile organic compounds (VOCs) synthesized by plants mediate interactions with pollinators, herbivores, pathogens and pests, microbes, and other surrounding plants (Bouwmeester et al., 2019). VOCs, help to attract beneficial organisms such as pollinators (Schiestl, 2015; Proffit et al., 2020) and natural enemies of herbivores (Amo et al., 2013; Aartsma et al., 2017; Turlings and Erb, 2018), as well as repel the herbivores themselves (De Moraes et al., 2001). The VOCs can inhibit the growth and development of plant pathogens (Neri et al., 2007; Marques et al., 2014; Quintana-Rodriguez et al., 2018), and produce allelopathic effects on competitive plant species (Arimura et al., 2010; Santonja et al., 2019). Volatile blends can also result in chemotypes of the same plant species under different conditions (Karban et al., 2014, 2016). VOCs can further act as a priming stimulus and activate defense responses against both biotic and abiotic stress (Brilli et al., 2019). Abiotic stress such as light and temperature (Monson et al., 1992; Loreto et al., 2006), salt (Loreto and Delfine, 2000), drought (Fortunati et al., 2008), UV-B radiation (Harley et al., 1996; Tiiva et al., 2007), and atmospheric CO2 (Scholefield et al., 2004) can also lead to emission of VOCs from plants. Plants also synthesize non-volatile phenolic compounds like phenolic acids and flavonoids for defense against abiotic stress and acclimatization to harsh environmental conditions (Sharma et al., 2019a; Samec et al., 2021). In addition, phenolic compounds play a crucial role in protection against biotic stressors such as attack by pathogens (bacteria, fungi, and viruses) and insects (Wallis and Galarneau, 2020).

The higher altitudes in the Ladakh region in the Western Himalayas are often referred to as “cold desert” (Kumar et al., 2011b) because diurnal and seasonal fluctuations in temperature have been observed with temperatures varying from −40°C in winters to about + 35°C in summer (Shafiq et al., 2016), and the area is semi-arid with very sparse vegetation. The precipitation is usually low with a mean annual precipitation of 68 mm in winter and 102 mm in summer, during the period of 1901–2000 (Shafiq et al., 2016). The altitude ranges from 2,800 to 6,700 meters above sea level (masl), which differentiates the region from the rest of the earth’s cold deserts (Schmidt and Nüsser, 2017). This region covers a geographical area of about 98,000 sq km and lies between 32°15[image: image] and 36°15[image: image]N latitude and 75°15[image: image]–80°15[image: image]E longitude (Kala, 2011). The combination of extreme altitudinal and climatic conditions makes this region particularly suitable for examining how plants use specialized metabolites to adapt to harsh environments. Such alpine ecosystems are further considered to be especially sensitive to warming and, hence, it is relevant to understand trait plasticity and how species can cope with extreme climatic changes.

Artemisia is one of the largest genera of the Asteraceae family and consists of shrubby herbs, with about 500 species of Artemisia reported across the globe (Shah, 2014). Many of the Artemisia species are medicinal and aromatic plant species. Some Artemisia species are reported from the Western Himalayas, one such as A. brevifolia Wall ex DC. (syn. Seriphidium brevifolium, commonly referred to as wormseed) (Kumar et al., 2011a). This species is commonly found in the Ladakh region across elevational gradients. At higher altitudes, it is usually found as a stand-alone species. Pollination in A. brevifolia is reported to occur both via anemophily as well as entomophily (Bharti et al., 2019), and this dual mode of pollination might also help in the acclimatization of A. brevifolia to the harsh climatic conditions of the region.

Here we use a variety of field and laboratory chemo-analytical techniques to examine the diversity and concentration of phytochemical constituents produced by A. brevifolia at different elevations of the Ladakh region. Specialized metabolites play a crucial role in survival, helping to ameliorate various stresses and maintaining ecological interactions in the given niche. The presence and concentration of these compounds are also known to be affected by the abiotic environment (Radwan et al., 2017; Kopaczyk et al., 2020; Mahdavi et al., 2020; Pagadala Damodaram et al., 2021; Peron et al., 2021). This study can therefore help us understand how species adapt their specialized metabolite production to cope with harsh environments such as high-altitude cold deserts, and can also shed light on the climate adaptability of such species in highly threatened regions of our planet such as the Himalayas.



MATERIALS AND METHODS


Study Sites

Four study sites were selected in different parts and at different altitudes (2,897–4,446 masl) of the Ladakh region. However, two of our study sites were at approximately the same altitude (2,897–2,927 masl), but at different geographical locations (Table 1). At each site, 20 fully grown mature plants with no obvious sign of stress, herbivory, pathogen attack, or other damage were randomly selected for sampling, which was performed July 1–9 and August 20–23 2019. The plants did not exhibit any obvious signs of stress and we did not observe microstructural changes such as trichome or stomata differences. However, we did observe that plants at higher altitudes were small in overall size. Polydimethylsiloxane (PDMS) tube samples were collected for analysis of VOCs from all individual plants. Furthermore, 6 out of the 20 sampled plants from each site were selected at random and 5 young and 5 mature leaves were collected from each of those plants for analysis of phenolic defense compounds. The samples for VOCs, as well as phenolic defense compounds at each site, were collected in the morning from about 7:00 to 11:00 a.m.


TABLE 1. Study sites in the Ladakh region (average temperature as measured during sample collection).
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Solid-Phase Extraction for Volatile Compounds

The collection of volatile organic compounds was performed using Solid-phase extraction (SPE) as described in Nordström et al. (2017) and Nair et al. (2018). Briefly, SPE was performed using polydimethylsiloxane (PDMS) tubes (Carl Roth, Karlsruhe, Germany) with a length of approximately 5–8 mm. The tubes were soaked in a 100 ml beaker containing a mixture of HPLC grade Acetonitrile and Methanol in the ratio of 1:1 for 4 h. The tubes were dried and then conditioned using a Gerstel Tube Conditioner (C-200) (Gerstel, Mülheim an der Ruhr, Germany) by heating the tubes with a constant supply of nitrogen gas. The above procedure was repeated to obtain complete conditioning of the PDMS tubes (Nair et al., 2018). After conditioning, the tubes were flushed with Nitrogen gas to remove impurities. The tubes were then transferred to inert Amber glass vials and stored in the freezer until further use. PDMS tubes were placed on sterilized wire inside a plastic cup, at a distance of 3 inches from the plant for about 4 h (as in Nordström et al., 2017). After sampling, the tubes were transferred and stored in labeled and sterilized glass vials. Two tubes taken as control were exposed to the environment and then transferred to an empty glass vial as an environmental control.



Thermal Desorption System

Thermal desorption was performed using a Gerstel Thermal Desorption Unit system (TDU). Two tubes were placed into the TDU by a Gerstel Multipurpose Sampler (MPS) controlled by Gerstel MAESTRO software. Inside the TDU, the temperature was increased from 30 to 200°C with a rate of 100°C per minute. Desorbed volatiles were transferred to a Cooled Injection System (CIS) maintained at −50°C using liquid Nitrogen. The total time for the whole process of TDU-CIS was roughly 13 min.



GC-MS Analysis

Volatile analysis was carried out using an Agilent 7890B GC system (Agilent Technologies, Santa Clara, US) coupled with 5977A MSD quadruple mass spectrometer using an HP-5 MS column at an initial temperature of 40°C for 1 min increased to 180°C at 5°C/min and then increased to 270°C at 25°C/min and held for 5 min, for a total run time of about 37.6 min. Helium was used as carrier gas at a flow rate of 1 ml/min. Ionization energy of 70 eV was used for electron impact ionization. Analysis was performed using Agilent MassHunter Qualitative Analysis version B.07.00. Chromatograms of samples were compared with those of controls to check for environmental contaminants as described by Nordström et al. (2017) and Nair et al. (2018). The different VOCs were identified by comparing their spectra, molecular weight, and Kovats-Retention index (RI) values with NIST and authentic standards. Relative ratios were calculated by dividing peak areas of the detected compounds by the area of the internal standard (Octamethylcyclotetrasiloxane) to compare compounds across elevations (Nordström et al., 2017).



Non-volatile Phenolic Compounds Analysis

The collected leaves were packed with silica gel in zip-lock bags and dried at room temperature, then transferred to the lab and stored in the refrigerator at 4°C until extraction (Nybakken et al., 2008). For extraction of phenolic compounds, the leaves were crushed in liquid nitrogen and transferred to pre-weighed Eppendorf vials for weighing. 50 mg of the weighed sample was added to 500 μl of 90% MeOH and vortexed. After sonication for 2 min, the samples were centrifuged at 14,800 rpm for 5 min. Ten microliter of supernatant was then injected into the HPLC-PDA system for further analysis.

For the analysis of phenolic compounds, a Shimadzu Nexera UHPLC system (Shimadzu Corporation, Kyoto, Japan) was used with an Agilent Eclipse Plus C18, 5 μm, 250 mm × 4.6 mm column. The samples were eluted using 10 mM ammonium acetate in water (0.1%FA) and acetonitrile (0.1%FA) as the mobile phase. The temperature of the auto-sampler was kept at 10°C whereas the column oven temperature was 45°C. The samples were eluted using a gradient of acetonitrile as shown in Supplementary Table 1. A photodiode array detector was used for detecting the phenolic compounds with a range of 190–600 nm. The identification of compounds was performed according to their retention times and UV-spectra, quantified at 270 nm, and their respective concentrations were calculated using standards. A total of 15 standards were used (Supplementary Table 2 and Supplementary Figure 1): caffeic acid, catechin, chlorogenic acid, coumaric acid, coumarin, epicatechin, ferulic acid, gallic acid, kaempferol, myricetin, naringenin, picein, quercetin, taxifolin, and vanillic acid. Most of these compounds (except for epicatechin, ferulic acid, picein, and taxifolin) were reported from various Artemisia species, namely A. armeniaca, A. incana, A. tournefortiana, A. haussknechtii, A. scoparia, A. annua, and A. absinthium (Ferreira et al., 2010; Lee et al., 2013; Kursat et al., 2015). Caffeic acid, catechin, chlorogenic acid, coumaric acid, ferulic acid, myricetin, picein, quercetin, and vanillic acid were also reported from some alpine plants such as Bistorta vivipara, Dryas octopetala, Salix reticulate, and Lobelia rhynchopetalum (Nybakken et al., 2008; Lemma et al., 2019). The calibration curve for our 15 standards was prepared using MeOH as a solvent to get a concentration of 1 mg/ml. 10 μl each of 4 standards (catechin, chlorogenic acid, epicatechin, and myricetin) and 5 μl each of remaining 11 standards were pooled together to reach a volume of 1 ml 90% MeOH using LC-MS grade water and 100% MeOH. Then the mixtures were serially diluted (twofold) in 90% MeOH to get a set of concentrations that allows for an 8-point calibration curve (for catechin, chlorogenic acid, epicatechin and myricetin: 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, and 0.78125 ng on column; and for the other 11 standards: 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125, and 0.390625 ng on column).



Statistical Analyses

All analyses were performed in R, version 3.6.1 (R Core Team, 2019). VOC data from one sample replicate from Khumbathang was excluded from the analyses, as 6 compounds were uniquely detected in this sample, a sign of contamination (Supplementary Table 3). We fitted several statistical models to our VOC data. To determine how elevation affected the presence/absence of single VOCs, we used generalized linear models (GLMs) with binomial error structure, including elevation, compound names, and their interaction as fixed effects. VOCs detected in samples from only one elevation (considering Drass (2,897 m) and Khumbathang (2,927 m) as the same elevation) were excluded from this analysis (Supplementary Table 3). We fitted an additional GLM of equal structure to the presence/absence data, where instead of the compound names, we included the natural logarithm of their vapor pressure as a covariate (see Supplementary Table 12). We also modeled the effect of elevation on the total number of VOCs detected per sample, using a GLM with Poisson error structure, with only elevation as a fixed effect. To determine how elevation affects the relative ratio of individual compounds, we fitted a linear model (LM) to the natural logarithm of the relative ratio of a compound (resulting in a normally distributed response variable), including elevation, compound names, and their interaction as fixed effects. For this model, ratios of 0 (i.e., compound not detected) were not included. For our data on phenolic defense compounds, we fitted the same types of model structures, except that we didn’t fit a model for the effect of vapor pressure. Also, instead of approximating the relative ratio of a compound (as for VOCs), we could use actual concentration values. Estimated marginal means (EMMs) and their 95% CIs were extracted from all models using the emmeans package (Lenth, 2019), which was also used to perform statistical tests. Test statistics were based on the link-scale of the respective GLM. All p-values for slopes of interaction terms involving individual compounds (from logistic regression models and models for concentration or relative ratio) were corrected using the “false-discovery rate” method. PCAs were performed on presence/absence data (for VOCs) and concentration data (for phenolic compounds; note that values were not log-transformed as for the LM, however, they were scaled and centered). For the former, we used the logisticPCA package (Landgraf and Lee, 2020).




RESULTS


Chemical Variability of Artemisia brevifolia Volatile Organic Compounds at Different Elevations

Across the four sampling sites with different elevations, a total of 24 volatile compounds were identified in the plant headspace using SPE and GC-MS analysis (Supplementary Table 3). The total number of volatile compounds in the plant headspace increased significantly with elevation (Figure 1A, Poisson GLM, n = 79, z-value = 3.228, p = 0.001). The low elevation sites in Drass (2,897 masl, mean number of compounds = 2.00) and Khumbathang (2,927 masl, mean number of compounds = 3.11) had a lower number of VOCs per sample than the higher elevation sites Fatula (4,072 masl, mean number of compounds = 3.50) and Khardungla (4,446 masl, mean number of compounds per sample = 4.05). This increase can be partly explained by a significant effect of the two-way interaction between elevation and vapor pressure on the probability that a compound is detected in a sample (binomial GLM, n = 79, z-value = −2.272, p = 0.023). Compounds with lower vapor pressure (i.e., lower volatility) were more likely to be detected in samples taken from higher elevation (Figure 1B and Supplementary Figure 2).


[image: image]

FIGURE 1. Effect of elevation and vapor pressure on overall presence of volatile organic compounds (VOCs). (A) Effect of elevation on number of VOCs detected per sample. Solid lines show the estimated marginal means from the GLM and the gray-shaded area shows the 95% confidence interval. Raw data is displayed as dots (n = 79), slightly jittered to avoid overlap. The significance of the effect is highlighted with common asterisk notation. (B) GLM estimates for the two-way interaction between elevation and vapor pressure on the probability that a compound was detected in a sample (n = 79). One of the squares represents a combination of values of elevation and vapor pressure. The color of a square shows the magnitude of the estimated proportion, with yellow squares denoting higher proportions. The vapor pressure axis was logarithmized.


The major compounds detected were eucalyptol/cineole and (L)-camphor. Eucalyptol/cineole was present across all elevations and in almost all samples. (L)-camphor, however, was only common in samples from the lower three sites, but entirely absent in Khardungla samples (4,446 masl). These compounds (together with alpha-and beta-thujone) also showed the highest relative ratios when present in a sample (Supplementary Figure 3 and Supplementary Table 10). The presence or absence of most VOCs in the headspace of a sample was significantly impacted by the elevation of the sampling site (Figure 2 and Supplementary Table 4). The presence of beta-thujone, alpha-thujone, 2,3-dichlorobenzaldehyde, geranyl isovalerate, 3-thujanone, camphor, and 2-hexadecanol increased significantly in samples with altitude of the sampling site, whereas the presence of (L)-camphor decreased significantly in samples with altitude (Figure 2; see statistical tests after correction for multiple testing in Supplementary Table 4). In a logistic PCA based on the presence/absence of compounds, samples clustered by elevation, and clusters of similar elevation were closer to each other than to other clusters (Supplementary Figure 4; loadings in Supplementary Table 5). The relative ratio of 57% of the analyzed VOCs increased with elevation (Supplementary Figure 5). However, for the only compound where a significant effect of elevation was visible (eucalyptol/cineole), the trend was negative (Supplementary Figure 5 and Supplementary Table 6, n = 79, t-ratio = −4.06, p < 0.001).


[image: image]

FIGURE 2. Effect of elevation on presence/absence of different volatile organic compounds (A–N). Solid lines show the estimated marginal means from the GLM and the gray-shaded area shows the 95% confidence interval. Compounds were sorted from top left to bottom right, according to their slope (on the logit-scale). Raw data is displayed at the lower end of each graph, with red lines denoting that a compound was not detected at a certain elevation and black lines denoting that it was detected (each n = 79). The lines are slightly jittered to avoid overlap. Significant effects are highlighted with common asterisk notation next to the panel label.




Chemical Variability of Artemisia brevifolia Phenolic (Defense) Compounds at Different Elevations

Out of 15 possible phenolic compounds used as standards, we detected 8 compounds in our A. brevifolia leaf samples (Supplementary Figure 6). Most of the detected compounds were phenolic acids, with the most highly concentrated compound being chlorogenic acid, followed by caffeic acid and coumaric acid, while the concentration of flavonoids was either low, such as for catechin and picein (Supplementary Figure 6 and Supplementary Table 11), or the compounds were not detected (coumarin, epicatechin, kaempferol, myricetin, naringenin, quercetin, and taxifolin). The concentration of individual compounds was highly affected by elevation (Figure 3). The concentration of most phenolic defense compounds decreased as elevation increased, in both young and mature leaves and this effect was significant in caffeic acid (young and mature leaves) as well as picein (only mature leaves; all statistical tests and p-values after correction for multiple testing can be found in Supplementary Table 7). We found no effect of elevation on total number of phenolic defense compounds detected in both young (Supplementary Figure 7A, n = 24, z-value = −0.202, p = 0.840) and mature leaves (Supplementary Figure 7B, n = 24, z-value = −0.095, p = 0.924). Similarly, the presence/absence of no single compound was affected by elevation (Supplementary Table 8). In PCAs based on compound concentration performed separately for samples from young and mature leaves, samples clustered by location and, to some extent, by elevation (Supplementary Figure 8, loadings in Supplementary Table 9).


[image: image]

FIGURE 3. Concentration of phenolic defense compounds decreases with elevation in young (A–G) and mature (H–N) leaves. Solid lines show the estimated marginal means from the GLM and the gray-shaded area shows the 95% confidence interval. Raw data is displayed as dots (each n = 24), slightly jittered to avoid overlap. Significant effects are highlighted with common asterisk notation next to the panel label. The concentration axis was logarithmized.





DISCUSSION

Elevational gradients of the Ladakh region of Western Himalaya offer a unique opportunity for investigating the adaptation of plants to a range of climatic conditions, as biotic and abiotic factors including resource availability sharply change with an increase in elevation in this cold desert region. The present study aimed to understand the impact of altitude on volatile and phenolic compounds produced by A. brevifolia with the view to understanding the survival strategies employed by this plant under these harsh climatic conditions. Our results show that the number of VOCs per plant increased with elevation, and VOCs of low volatility were more abundant at higher altitudes. However, the plants showed lower concentrations of phenolic compounds at higher elevations but no differences in their number. Two sites with similar elevations (i.e., Drass and Khumbathang) were included to examine the effect of sampling locations independent of elevation. The similarity in terms of concentration and composition of VOCs and phenolic compounds between these sites suggests that altitude was the major driving force causing variation.

Our results show that at higher altitudes of Khardungla (4,446 masl) the VOCs of low volatility were more abundant compared to lower altitudes of Drass (2,897 masl). Among the VOCs, we found that several compounds known to protect from oxidative stress increased in presence with elevation such as alpha-thujone (Németh and Huong Thi Nguyen, 2020), camphor (Suprasanna and Variyar, 2013), 2-hexadecanol (Shahzad et al., 2021) and geranyl isovalerate (Severino et al., 2007). Terpenoids, which comprised the major constituents of VOCs in our plants, are known to provide an adaptive strategy against abiotic stress such as drought, heat, and light stress (Vickers et al., 2009; Haberstroh et al., 2018). Small doses of monoterpenes such as camphor, eucalyptol, and thujone under UV-induced mutagenesis were reported to stimulate error-free DNA repair processes and acted as bio-antimutagens (Nikolić et al., 2011a,b), suggesting the role of these monoterpenes in the acclimatization of plants at high elevational ranges with high UV-B irradiation. In the sage plant (Salvia officinalis), monoterpenes (namely eucalyptol, camphor, and alpha/beta-thujone) accumulated under drought stress (Nowak et al., 2010) and their concentration doubled after 2 days of drought (Radwan et al., 2017). However, at the end of 2 weeks of continuous drought stress, the concentration of eucalyptol and camphor remained stationary, while the concentration of alpha/beta-thujone showed a steady increase (Radwan et al., 2017). These reports suggest the possible defensive roles of monoterpenes such as camphor, eucalyptol, and thujones against drought and UV radiation, and this might be one of the reasons that the presence of these monoterpenes increased with elevation in our results.

Our study further indicates that the concentration of phenolic compounds decreased in both young and mature leaves of A. brevifolia with an increase in elevation. In many plant species, the content of phenolic compounds such as phenolic acids and flavonoids has been reported to increase under abiotic stress conditions (drought, heavy metal pollution, salinity, high/low temperature, and ultraviolet radiations) by enhancing the activity of the phenylpropanoid biosynthetic pathway (Mahdavi et al., 2015; Sharma et al., 2016, 2019b; Wang et al., 2019). Phenolic acids in plants are powerful antioxidants as they mediate the scavenging of harmful reactive oxygen species when a plant is experiencing a combination of abiotic stresses (Bistgani et al., 2019; Chen et al., 2019). Furthermore, there was an increase in the content of total phenol and flavonoid in Thalictrum foliolosum with increasing elevation, and the content of phenolic acids such as caffeic acid derivatives in Arnica montana also increased (Spitaler et al., 2006; Pandey et al., 2018). Therefore, the decrease in the concentration of these compounds in our study with increasing elevation is initially puzzling.

The unpredicted decrease in concentration in phenolics might be caused by the extreme conditions these plants are experiencing. Albert et al. (2009) reported in Arnica montana that enhanced UV-B radiation at higher altitudes might not contribute significantly to shifting the compositions of phenolic compounds, but that temperature might. A study in grapevine leaves found that the total content of phenolics, phenolic acids (caffeic acids, p-coumaric acid, and ferulic acid), and their antioxidant activity decreased under prolonged exposure to cold stress, which might be a survival strategy deployed to reduce the energy expenditure under such unfavorable environmental conditions (Król et al., 2015).

Secondly, the reduction in phenolic defense compounds might also reflect the reduced biodiversity at higher elevations. Phenolic acids such as chlorogenic acid, caffeic acid, gallic acid, etc. are efficient defense molecules against insect herbivores (Tosovic, 2017; Kundu and Vadassery, 2019; Punia et al., 2021). The abundance as well as the species richness of herbivorous Orthoptera decreased with elevation in the Central Alps (Pitteloud et al., 2020), and the highest species richness of insect herbivores was reported at elevations between 2,000 and 3,000 masl, in Hengduan Mountains in southwestern China (Wu et al., 2021). The decrease in herbivorous insects will also decrease herbivory pressure along elevation gradients; this should lead to an overall reduction in plant defenses or a lower level of plant resistance at high elevations (Pellissier et al., 2012). Finally, phenolic acids such as gallic acid, chlorogenic acid, caffeic acid, coumaric acid, hydroxybenzoic acid, ferulic acid, etc. (Li et al., 2010) also play an essential role in the communication of plants, by acting as a signaling molecule in plant-microbe interactions (Mandal et al., 2010). Phenolics were also reported from root exude of wild oat roots into their rhizospheric soil and these might adversely affect the growth of other plants grown in this soil (Iannucci et al., 2013). Fewer plant and microbial interactions could also impact phenolic concentrations as elevation increases.

Our results suggest that the changes in composition and concentration of phytochemical constituents might help A. brevifolia to survive the harsh conditions of the high altitudes and extreme drought of the overall Ladakh region to become one of the dominant plant species in the higher elevation sites studied. Further, examination of the expression of various pathway genes and antioxidant profiles vis-a-vis rhizomicrobiome at different altitudes are currently under investigation, and controlled transplantation studies could additionally assess whether changes in chemical profile are directly impacted by elevation, and subsequently, impact plant survival. Plant volatile compounds and specialized metabolites play an important role in a plant’s ecology and their diversity and concentration can be affected by changes in the abiotic environment. This can either be a passive process, directed by environmental constraints, or an active process, where plants tune their chemical profiles to the needs imposed by the environment (Shamala et al., 2020). Climate change progresses rapidly and alpine ecosystems are considered to be particularly affected. Understanding phytochemical plasticity in a dominant shrub species of the Western Himalayas can give us an idea of how organisms can survive under changing climatic conditions.
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