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Abstract: Rhodiola linearifolia Boriss., a perennial alpine plant from the Crassulaceae family, is renowned
for its unique medicinal properties. However, existing research on this species is limited, particularly
regarding the impact of altitude on its physiological and medicinal compounds. The current study
employed morphophysiological and anatomical methods to explore the adaptive mechanisms of
R. linearifolia across different altitudinal gradients, while also examining photosynthetic pigments and
metabolomic changes. Our results indicate that despite the simultaneous effects of various mountain
abiotic factors, significant correlations can be identified between altitude and trait variation. An
optimal growth altitude of 2687 m above sea level was identified, which is pivotal for sustainable
ecosystem management and potential species introduction strategies. It is noted that increasing
altitude stress enhances the synthesis of secondary antioxidant metabolites in R. linearifolia, enhancing
its pharmaceutical potential.
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1. Introduction

Plants growing at high altitudes face a variety of abiotic stresses daily, including
fluctuations in temperature, humidity, solar radiation, and atmospheric pressure [1,2].
These environmental challenges significantly influence their growth and development.
High-mountain plants have evolved a range of physiological and chemical strategies to
cope with high-stress environments. Species adapted to large altitudinal gradients develop
complex, multifaceted adaptive features to survive [3].

Generally, high-altitude plants are understudied yet possess significant phytochemical
potential due to their unique metabolic adaptations, making them promising candidates
for pharmaceutical applications. Extensive research indicates that the synthesis and accu-
mulation of biologically active compounds in these plants are intimately linked to their
environmental conditions [4-7]. Additionally, elevation-dependent natural climate gra-
dients offer valuable insights for biologists studying plant responses to climate change.
Such studies are crucial for predicting phenotypic adaptations, phenological synchroniza-
tions, and secondary metabolite biosynthesis, which are key survival strategies in evolving
ecosystems [2,3,8,9].

The Shymbulak tract is situated on the northern slope of the Ile Alatau range, part of
the Ile-Alatau State National Park which spans over 200,000 hectares, at elevations ranging
from 2200 to 3200 m above sea level (m a.s.l.). It falls within the Zailiyskiy mountain
subprovince of the Dzungar—Northern Tien Shan province, in the Iran-Turan subregion
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and the Sahara—Gobi Desert region, according to the latest botanical and geographical
zoning of Kazakhstan and Central Asia [10]. The climate of the area is characterized by
its continental highland nature, featuring sharp temperature fluctuations both daily and
annually. Seasonal influences include warm subtropical air masses from Iran and Central
Asia, which can cause brief winter warm-ups. Conversely, the intrusion of cold air from
Siberia brings clear, frosty conditions. Atlantic winds introduce cloudy weather with heavy
snowfalls in winter and showers in summer. The region receives an average of 2467 h
of sunshine annually, with a significant increase from winter (124-140 h per month) to
summer (285-316 h per month). Total annual solar radiation under clear skies reaches
7439 MJ m~2, with winter direct solar radiation ranging from 266 to 391 M] m~2 and sum-
mer values rising to 824-958 M] m 2. The average annual air temperature at Shymbulak
is 4.4 °C, peaking at 14.9 °C in July and dropping to —6.0 °C in January, with an annual
temperature range of 20.9 °C. The frost-free period averages 104 days. The average annual
temperature reaches negative values at elevations above 2700 m a.s.l. Annual precipitation
totals 935 mm, with 693 mm falling between April and October, accounting for 74% of
the yearly total (http://ecodata.kz:3838 /dm_climat_ru/). The study area, located within
the subalpine-type juniper-steppe-meadow belt at 2500-3000 m a.s.1., is noted for its re-
markable floristic and phytocoenosis diversity. The vegetation predominantly consists of
medium-grass, cryophyte, subalpine-type meadows dominated by cereals such as Dactylis
glomerata, Alopecurus soongoricus, Avenastrum pubescens, Poa sibirica, Hierochloe odorata, and
Agropyron ugamicum. The area is also rich in forbs including Rhodiola linearifolia, Doron-
icum turkestanicum, Pyrethrum karelinii, Phlomis oreophila, Trollius dschungaricus, Delphinium
confusum, and Aquilegia glandulosa. Extensive juniper thickets (Juniperus pseudosabina and
J. sabina) with a creeping form cover large areas. The soils are primarily mountain-meadow
subalpine and high-mountain meadow-steppe leached types. While the vegetation of the
Ile Alatau is generally well documented, the specific area around the Shymbulak Mountain
Resort remains underexplored in botanical studies.

Rhodiola linearifolia Boriss., a perennial high-mountain plant, grows from the upper
forest line, on rocky terrains up to 3000 m a.s.l. R. linearifolia is native to the northeastern
Tianshan mountain system. In some literature, it is occasionally merged with R. kirilowii,
which has a broader distribution, extending from the western Tianshan across the Pamir
Mountains to the Himalayas. Notably, R. kirilowii occupies higher altitudes within the
Tianshan region [11]. This species is of particular interest due to the renowned medicinal
properties of its family, Crassulaceae, notably the well-known yet endangered Rhodiola
rosea L. Botanically related plants often share similar chemical compositions, suggesting
that other Rhodiola species could exhibit comparable pharmacological effects. R. rosea, for
instance, is celebrated for its stimulating and adaptogenic properties [12]. Kyrgyz scientists
have observed significant stress-protective effects from a liquid extract of R. linearifolia,
particularly in models of acute stress exposure. This extract normalized peripheral blood
and biochemical indices affected by stress [13]. Despite these findings, comprehensive
studies on R. linearifolia remain scarce, particularly regarding how altitude affects its
physiological and medicinal properties. In addition, we believe it is crucial to study the
properties of the above-ground parts of the plant without damaging the root system, to
prevent the loss of the species, as occurred with Rhodiola rosea L. The current study utilized
morphophysiological and anatomical methods to explore the adaptive mechanisms of
R. linearifolia across different altitude gradients. A quantitative and qualitative assessment
of leaf pigments served as a sensitive indicator of the plant’s physiological state and
photosynthetic apparatus, highlighting directional adaptive responses to stress factors.

We assume that as altitude increases, the combination of stress factors affecting plants
also intensifies. Consequently, high-altitude plants must employ various adaptation mech-
anisms for their growth and development, with the efficiency of these mechanisms likely
correlating with the altitude at which the plants grow. Understanding the clear link be-
tween the physiological adaptation mechanisms of the high-mountain medicinal species
R. linearifolia and changes in its metabolome will allow us to identify biologically active
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substances that not only support the plant’s survival in extreme highland conditions but
may also possess valuable properties for human use.

The examination of plant metabolome variations at varying altitudes provided insights
into the physiological, biochemical, phenotypic, and morphological responses of plants
to environmental changes [6,7,14,15]. The application of GC-MS metabolomics has been
particularly effective in analyzing plant metabolic adaptations under stress conditions [16].

The findings obtained in the current research are critical not only for understanding
how morphophysiological mechanisms and secondary metabolites assist plants in coping
with abiotic stress in high-altitude ecosystems, but they also have significant implications
for pharmacology, sustainable ecosystem management, and the potential introduction of
valuable species.

2. Results
2.1. Morphometric Parameters
Figure 1 illustrates that the height and leaf area of R. linearifolia plants significantly

decreased with increasing altitude. Notably, there was a slight increase in leaf area at
2687 m a.s.l. compared to the lowest altitude.
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Figure 1. R. linearifolia morphometric parameter alterations depending on altitude. Note: (a) plant
height, cm; (b) leaf area, cm?. Different letters within one parameter show significant difference
(p < 0.05).

2.2. Anatomical Parameters

Figure 2 demonstrates the anatomical structure of R. linearifolia leaves.

Changes in leaf size and their anatomical components are visually apparent. According
to Table 1, almost all measured anatomical leaf parameters generally decreased with
increasing altitude. Notably, the thicknesses of both the abaxial and adaxial epidermis
significantly decreased at the higher altitudes (2855 and 3100 m a.s.l.) compared to the
lowest elevation measured.

Table 1. Changes in anatomical structures (um) of R. linearifolia leaves depending on altitude.

Altitude, m a.s.l.
Parameter p-Value
2500 2687 2855 3100
Adaxial epidermis T 31.0 +3.58 29.24+1.53 29.0 +1.59 26.6 + 4.58 0.445
Abaxial epidermis T 435+ 238a 419+1.70a 41.6+1.13a 353+3.07b <0.01
Central vein T 615+ 29.1b 703 +539a 629 + 19.8 ab 567 + 3.67 b <0.01
Central vascular bundle D 277 +£25.1b 347 +26.2a 216 £ 3.85¢ 299 4+ 19.1 ab <0.001
Mesophyll T 319 +24.0 314 +475 296 + 19.9 312 +21.7 0.808
Mesophyll cell D 434 + 3.69 48.4 + 6.46 43.2 +4.51 392 +£242 0.181

Note: T—thickness; D—diameter. Different letters within one parameter show significant difference (p < 0.05).
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2855 m a.s.l. 3100 m a.s.l.

Figure 2. Anatomical structure of R. linearifolia leaves depending on altitude. Note: a—adaxial
epidermis; b—abaxial epidermis; c—mesophyll; d—central vascular bundle. Scale bar = 100 um.

At an altitude of 2687 m a.s 1., there was a notable increase in the thickness of the central
vein and the diameter of the central vascular bundle of the R. linearifolia leaf compared
to the lowest latitude, surpassing values observed at 2855 and 3100 m a.s.l. However,
the lowest values for the diameter of the central vascular bundle and the thickness of the
mesophyll were recorded at 2855 m a.s.L.

Figure 3 illustrates the anatomical parameters of the R. linearifolia stems.

Similar to leaf sections, stem sections of R. linearifolia showed visually discernible
changes in anatomical structures, including a reduction in vascular bundles. Notably,
red inclusions were observed in the sclerenchyma of stems collected at higher altitudes
(2855 and 3100 m a.s.1.), which are visible in unstained preparations. This may suggest an
increased accumulation of secondary metabolites.

According to Table 2, all measured stem anatomical parameters also tended to de-
crease with increasing altitude. However, at 2687 m a.s.l., certain parameters such as
stem collenchyma, chlorenchyma, and parenchyma thicknesses were significantly higher
compared to the lowest altitude, surpassing values at 2855 and 3100 m a.s.l. Conversely,
chlorenchyma thickness, vascular bundle diameter, and parenchyma thickness were the
lowest at 2855 m a.s.l.

To evaluate our hypothesis on the influence of altitude on photosynthetic parame-
ters, the content of photosynthetic pigments, including chlorophyll a, chlorophyll b, total
chlorophylls (a + b), the chlorophyll a/b ratio, and chlorophyll content in light-harvesting
complexes in R. linearifolia shoots at various altitudes, was measured (Figure 4). The content
of chlorophylls a and b in the shoots increased with increasing altitude. However, while
the chlorophyll a/b ratio also rose, the total chlorophyll content in the light-harvesting
complexes significantly decreased (Figure 4).
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Figure 3. Anatomical structure of R. linearifolia stems depending on altitude. Note: a—phloem;
b—xylem; c—chlorenchyma; d—parenchyma; e—sclerenchyma; f—collenchyma; g—epidermis.
Scale bar = 100 pm.

Table 2. Changes in anatomical structures (um) of R. linearifolia stems depending on altitude.

Altitude, m a.s.l.

Parameter p-Value
2500 2687 2855 3100
Epidermis T 31.5 £ 3.56 30.2 £ 4.57 28.0 £ 4.16 26.6 £2.73 0.443
Collenchyma T 56.8 +2.18 ab 69.3 +£5.10a 50.1 +£9.05Db 50.6 £4.54b <0.05
Chlorenchyma T 513 +4.74b 608 £ 60.9 a 378 £20.1c 399 £259¢ <0.001
Conductive bundle D 489 £293a 390 +329b 268 £4.28 c 294 £154c <0.001
Parenchyma T 120 + 8.98 ab 131 £139a 923 £897c 102 + 6.60 be <0.01
Sclerenchyma T 61.2 +£4.82 56.5 & 8.59 55.8 +7.74 53.8 + 8.96 0.696
Endoderm T 55.1 £4.56 a 51.8 £ 6.52a 47.0 £ 3.97 ab 39.0+£394b <0.05
Cell D 115+ 134a 113+ 114a 90.8 +4.71 ab 85.1+5.13b <0.01

Note: T—thickness; D—diameter. Different letters within one parameter show significant difference (p < 0.05).

Carotenoids play a crucial role not only in plant photosynthesis but also in coloring
petals and fruits. Observing an intensification of flower color with increasing altitude in
R. linearifolia (Figure 5), the total carotenoid content in the flowers and shoots of plants at
various altitudes was analyzed (Figure 4).

Carotenoid content in R. linearifolia flowers and shoots showed a direct increase with
altitude, rising from 0.49 £ 0.001 to 1.41 £ 0.12 mg g_l FW and from 0.21 + 0.01 to
1.82 4 0.02 mg g~ ! FW, respectively (Figures 4 and 6). Additionally, the ratio of chlorophyll
a + b to carotenoids displayed a notable peak at 2687 m a.s.l,, followed by a decrease at
higher altitudes.
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Figure 4. Chlorophyll pigments content (mg g~ FW) in R. linearifolia shoots depending on altitude.
The bars are arranged with increasing altitude from left to right. Different letters within one parameter
show significant difference (p < 0.05).
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Figure 5. R. linearifolia flower color alterations depending on altitude.
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Figure 6. Changes in carotenoid content in flowers and shoots of R. linearifolia depending on altitude.
The bars are arranged with increasing altitude from left to right. Different letters within one parameter
show significant difference (p < 0.05).
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2.3. Metabolome Alterations

Results of metabolic analysis revealed significant changes in R. linearifolia plants
depending on altitude (Figure 7, Tables S1 and 52)). Notably, an increase in the concentra-
tion of phenolic compounds in both the flowers and shoots was observed as the altitude
increased.

. b) 100% 3 n
. - 90% 17.8
® 1,4-dioxin derivatives 2341 109 13.6 Alcohols & D
5(4H)-oxazolone derivatives m Aldehydes & D
238 Alcohols & D 8% &l 469
[ 3,70 | uAAS&D
= Aldehydes & D 70% 127
) 8.19 164 " CAs&D
m Amides 10.8
10.7 m Dioxepine derivatives 60% Carbohydrates & D
mEsters &D aem 15.0 14.0 i1 Dioxolanone derivative
50% N
FAs and FAs esters 8 4.15 FAs and FAs esters
17.6 o 3.86
m Furan & pyran derivatives 40% 1n.7 9.20 Furan & pyran derivatives
m Ketones &D m Ketones &D
m Nitriles 30% 4.07 »
17.6 ™ Nitriles
® Phenolic compounds
o — 20% = Oximes
m Pyrimidine derivatives 3.56
24.8 . )
SMCH T 5.40 m ® Phenolic compounds
o
Terpenes E!I Terpenes
1.2 8.81 1.7
6.51 &
0%
3100 2500 2687 2855 3100

Figure 7. Metabolome alterations in flowers (a) and shoots (b) of R. linearifolia depending on altitude.
Note: AA—amino acid; CA—carboxylic acid; D—derivatives; FA—fatty acid; SMCH—saturated
monocyclic hydrocarbons.

With increasing altitude, the flowers of R. linearifolia exhibited a tendency to increase
the content of nitriles, oximes, ketones, and their derivatives, while a tendency to decrease
in furan and pyran derivatives was observed (Table S1).

In the shoots, there was a notable rise in nitriles, along with a tendency toward an
increase in fatty acids, fatty acid esters, and terpenes. Conversely, there was a decrease in
the concentration of carbohydrates and their derivatives, aldehydes and their derivatives,
amino acids and their derivatives, dioxolanone derivatives, as well as furan and pyran
derivatives (Table S2)

Altitude correlated positively with the levels of chlorophyll 4, b, carotenoids, and the
chlorophyll a to b ratio (Figures 8 and 9). Conversely, plant height (—1), leaf area (—0.87),
and chlorophyll content in LHC (—0.83) negatively correlated with altitude.

Considering the metabolite content in plant flowers, a sufficiently strong negative
correlation was observed between altitude and six metabolites, specifically furan and pyran
derivatives (—0.84), alcohols and their derivatives (—0.82), dioxepine derivatives (—0.79),
1,4-dioxin derivatives (—0.75), amides (—0.75), and saturated monocyclic hydrocarbons
(—0.75). Furthermore, phenolic compounds (0.89), nitriles (0.81), and ketones and their
derivatives (0.74) positively correlated with altitude (Figure 8).

In the case of metabolite content in plant shoots, the content of furan and pyran
derivatives (—0.93), aldehydes and their derivatives (—0.96), carbohydrates and their
derivatives (—0.93), amino acids and their derivatives (—0.92), dioxolanone derivatives
(—0.89), alcohols and their derivatives (—0.80), and carboxylic acids and their derivatives
(—0.72) negatively correlated with altitude (Figure 9). Nitriles (0.88), phenolic compounds
(0.87), and terpenes (0.73) content positively correlated with altitude. The content of fatty
acids and fatty acid esters, ketones and their derivatives, and oximes showed no correlation
with altitude (Figure 9).
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Figure 8. Pearson correlation heatmap (for the metabolite content in flowers). Note: Car—carotenoids;
LHC—light-harvesting complex; D—derivatives; FA—fatty acid; SMCH—saturated monocyclic
hydrocarbons.
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Figure 9. Pearson correlation heatmap (for the metabolite content in shoots). Note: Car—carotenoids;
LHC—light-harvesting complex; D—derivatives; AA—amino acid; CA—carboxylic acid; FA—fatty acid.
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Among the eight groups of metabolites identified in both flowers and shoots of
R. linearifolia, (i) fatty acids and fatty acid esters showed no correlation with altitude in either
flowers or shoots; (ii) alcohols, their derivatives, and furan and pyran derivatives exhibited
a negative correlation with altitude in both flowers and shoots; (iii) nitriles and phenolic
compounds positively correlated with altitude in both flowers and shoots; (iv) in flowers,
aldehydes, their derivatives, and terpenes showed no correlation with altitude, while
in shoots, aldehydes and their derivatives correlated negatively, and terpenes correlated
positively with altitude; (v) ketones positively correlated with altitude in flowers, but no
correlation was observed in shoots.

3. Discussion

It is well documented that challenging conditions along elevation gradients, such as
increasing soil pH and decreasing temperature coupled with increasing solar radiation,
significantly influence plant growth [9,17]. These factors contribute to a notable negative
correlation between altitude and morphological features, predominantly impacting plant
traits and resource allocation in high-mountain regions [18]. Typically, phenotypic plasticity
and physiological adaptations result in decreased plant height and leaf area with increasing
altitude [19,20], aligning with our experimental data. Plants adapt by slowing growth
and allocating more resources to defensive structures to enhance survival in environments
with increased radiation and lower temperatures [21]. For instance, a reduced leaf area
diminishes solar energy absorption and transpiration, thereby mitigating leaf damage from
intense UV radiation and strong winds [22]. These adaptations necessitate higher energy
expenditure in forming denser tissue layers for structural protection [23]. However, our
findings reveal that these morphometric and anatomical changes do not strictly follow a
linear trend with altitude increases. Interestingly, a slight increase in leaf area and certain
anatomical parameters at 2687 m a.s.l. suggests this elevation may be more conducive for
R. linearifolia growth compared to our initial reference point of 2500 m a.s.l. In contrast,
the stress effects on plants were more pronounced at 2855 m a.s.l.,, underscoring that the
optimal conditions for Rhodiola populations are above 2500 m a.s.l. but below 2855 m a.s..,
and closer to 2687 m a.s.L.

The photosynthetic apparatus is fundamentally composed of light-harvesting pigment-
protein complexes within the photosynthetic membranes. These complexes convert sun-
light into electron excitation energy, which is then transferred to the photosystems’ reaction
centers for primary energy storage [24,25]. The content of photosynthetic pigments, such
as chlorophylls and carotenoids, is crucial for assessing plant viability, environmental
response, and resistance to abiotic stresses. These pigments not only influence biomass
yield but are also indicative of species-specific traits [26,27]. Given their role in light ab-
sorption and photochemical reactions in chloroplasts, analyzing the pigment pool of the
photosynthetic apparatus is essential for understanding the dynamics of photosynthesis.

In particular, the concentration of chlorophyll is crucial for photosynthesis and the
biological productivity of plants, and parameters such as the chlorophyll a/b ratio are
key indicators of a plant’s adaptability to environmental changes [28,29]. In our study,
an increase in altitude corresponded with a significant rise in both total chlorophylls and
the chlorophyll/carotenoids ratio, aligning with the literature [30]. The chlorophyll a/b
ratio typically ranges from 2 to 3.5 in many terrestrial plant species [31,32], reflecting
findings from our experiments except at the lowest altitude, where R. linearifolia showed
suboptimal ratios. Chlorophyll 2 dominates the total chlorophyll pool, while chlorophyll
b, which functions protectively and screens the photosynthetically active chlorophyll g, is
more susceptible to stress damage and can be converted into chlorophyll g, resulting in an
observed increase in chlorophyll a content under stress [33-36]. Therefore, the observed
increase in the chlorophyll a/b ratio with altitude might serve as a protective mechanism,
potentially reducing damage from reactive oxygen species (ROS) [37].

With increasing altitude, starting from 2687 m a.s.1., the proportion of chlorophylls
in the light-harvesting complexes (LHC) of R. linearifolia significantly decreased. This
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observation suggests that high-altitude conditions induce notable structural changes in
the photosynthetic machinery, possibly due to accelerated degradation of chlorophyll
under stress or disruptions in its biosynthesis [34,38]. This degradation likely results from
damage to chloroplast membranes and structures, heightened chlorophyllase activity, and
chlorophyll photooxidation [39].

Carotenoids, critical lipid compounds with unsaturated double bonds, enhance the
flexibility of chloroplast membranes, thereby stabilizing the photosynthetic apparatus
under stress [32,40]. As auxiliary pigments, carotenoids efficiently transfer absorbed
energy to chlorophyll (15-90% efficiency) and shield it from excessive light intensity,
preventing the photooxidation of protoplasmic organic compounds in the presence of free
oxygen [26,40,41].

Although limited information exists on the relationship between carotenoid variations
and altitude adaptation in plants, significant correlations have been observed. For example,
a study on Tibetan peach fruit found that carotenoid levels and diversity, which are substan-
tial at high altitudes, play a crucial role in plant adaptation to such conditions [42]. Typically,
carotenoid content in land plant leaves varies from 0.2 to 5.1 mg g~ ! and closely correlates
with chlorophyll levels [32]. In our study, a strong positive correlation between carotenoids
and chlorophylls a and b was noted (Figure 8). We observed a marked decrease in the
chlorophyll-to-carotenoid ratio (Chl (a + b)/Car) starting from the altitude of 2687 m a.s.1.,
alongside an increase in carotenoid levels. This suggests a misalignment between light
absorption and photosynthetic activity [43], indicating that the increased carotenoid content
may serve a protective function by dissipating excess energy and scavenging free radicals.

The literature suggests that accelerated carotenoid accumulation may lead to a tran-
sition of chloroplasts into chromoplasts, affecting photosynthetic efficiency [44—46]. This
transition is particularly relevant in floral chromatics, where carotenoids like x-carotene
and (3-carotene enrich color intensity and diversity—a response likely modulated by spe-
cific gene expressions influenced by environmental factors such as solar radiation and
temperature changes [47].

Plants continually navigate a trade-off between growth and defense, particularly in
their primary and secondary metabolism [9,48]. This balance is guided by the optimal
defense theory, which posits that metabolomic changes ensure plants strategically allocate
resources between growth and defense based on their developmental needs and environ-
mental pressures [49,50]. In high-altitude environments, secondary metabolites play a
crucial role in plant adaptation. These metabolites help plants cope with stress factors
typical of mountain ecosystems, such as low temperatures, enhanced UV radiation, and
ROS presence [3,51].

In our study, the variation in the concentration of specific substances in plants growing
at different altitudes was often nonlinear, reflecting the complex impact of multiple abiotic
factors prevalent in mountainous environments. This complexity also extends to internal
plant dynamics, particularly the donor-acceptor interactions between shoots and flowers,
which challenges the strict application of the laboratory “principle of a single difference”.
Despite these complexities, it is possible to discern general trends in the changes in sub-
stance concentrations and to attempt explanations for the observed patterns. Notably,
during this stage of vegetation, the metabolomic spectrum of both shoots and flowers is
markedly diverse and rich, both quantitatively and qualitatively.

Oxidative stress experienced by high-altitude plants is found to stimulate antioxidant
enzymatic metabolism, crucially allowing chloroplasts to maintain low levels of lipid per-
oxidation. This adaptation involves fatty acids (FAs), synthesized de novo only in plastids,
which play a vital role in protecting against various stress factors [52,53]. Predominantly,
the mass spectra revealed that saturated palmitic acids (C16:0) and unsaturated FAs such
as oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids were detected not only in free
forms in flowers but also as esters in both flowers and shoots.

FAs are integral to various biological functions: they are components of cell membranes
in glycolipids, serve as carbon and energy reserves in triacylglycerol, act as extracellular
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barrier components, and function as precursors for bioactive molecules and stress signal
regulators [53-55]. Moreover, the proportion of unsaturated FAs in the plasma membrane
has been shown to correlate with membrane fluidity, which is pivotal for maintaining
cellular function under stress [56]. Particularly under stress, an increased content of
unsaturated FAs in the inner membranes of chloroplasts and mitochondria can alleviate
photoinhibition of PSII [57,58]. Despite the absence of significant correlations between
fatty acids and their derivatives and altitude in our observations, FAs and their derivatives
constituted a significant portion of the metabolites in flowers (16.4-54.4%) and were less
prevalent in shoots (6.92-15.0%), with the highest levels detected in plants at an altitude of
2687 ma.s.l.

Lipid composition in high-altitude plants is diverse, encompassing a range of compo-
nents such as hydrocarbons, esters, aliphatic aldehydes, primary and secondary alcohols,
(1.2-, 2.3-, -, and w-) diols, ketones, 3-diketones, and triacylglycerols. Notably, alcohols
and their derivatives dominate at lower altitudes (17.8-24.1%), but their concentration
diminishes significantly as altitude increases. Furthermore, there is a discernible decrease in
the levels of aldehydes in both flowers and shoots with increasing altitude. This aligns with
findings by Kumari et al. (2020) [15], who reported that carbon source—sink partitioning,
the tricarboxylic acid (TCA) cycle, ascorbate metabolism, and other metabolic pathways
play crucial roles in plant adaptation to alpine environments. Our findings also show a
consistent decrease in the concentration of saturated monocyclic hydrocarbons in flowers
and shoots alongside an increase in altitude, accompanied by a reduction in carboxylic
acids and their derivatives and carbohydrates in shoots. These changes may indirectly
reflect disruptions in photosynthesis as altitude increases. Moreover, the levels of furan
and pyran derivatives, which contain active alcohol, aldehyde, and ketone groups and are
known for their high biological activity [59], also declined in both flowers and shoots of
R. linearifolia with rising altitude.

In the case of ketones, we observed distinct patterns in their distribution in R. lin-
earifolia, where ketone levels increased in flowers but decreased in shoots with elevation
gain. This distribution is likely due to the dynamic regulation of metabolism, which opti-
mally directs metabolites—essential building blocks—to developing organs and tissues [60].
Such changes suggest that ketones and their derivatives may enhance the stress resilience
of R. linearifolia flowers under the influence of complex abiotic factors characteristic of
high-altitude environments.

Additionally, terpenes, as well as other volatile components (aldehydes, alcohols, and
esters) found in green leaves, serve as plant-to-plant stress signals [61]. Diterpene hydro-
carbons, like phytols that form part of chlorophyll, are intricately linked to the R. linearifolia
stress response when photosynthetic activity significantly changes [5]. Research suggests
that volatile terpenes can mitigate oxidative stress effects either by direct intercellular
reactions with oxidants or by modifying ROS signaling pathways [53,62]. The observed
increase in terpene accumulation in shoots at higher altitudes, showing a high correlation
relationship with elevation gain, even if this increase does not have a strict linear relation-
ship, highlights the complex and varied nature of stress factors in mountainous regions,
which can fluctuate even within short intervals.

5(4H)-Oxazolones, or azlactones, which were detected in R. linearifolia flowers at
2855 m a.s.l,, serve as precursors for synthesizing a variety of biologically active substances,
including oxoacids, amino acids, and diverse carbocycles and heterocycles [63,64]. Their
presence is indicative of complex, ongoing transformations within the plant’s metabolome,
responsive to environmental changes. This aligns with broader observations in plant bio-
chemistry, where altitude is known to influence the accumulation of phenolic compounds,
which in turn correlates positively with enhanced photoprotection and radical scavenging
capabilities at higher elevations [65,66]. Phenols, capable of absorbing UV radiation across
the range of 210 to 350 nm, play a critical role in modulating plant antioxidant defenses
by mitigating ROS accumulation, thus enhancing stress tolerance at high altitudes [67-69].
While Hashim et al. [69] suggest that an increase in phenolic content could be due to a
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reduction in the activity of antioxidant enzymes, our current study did not measure these
enzyme levels. However, our prior research indicates that plants begin to activate antioxi-
dant enzymes as an early response to abiotic stress, well before any morphophysiological
changes become apparent. It is also noted that severe stress, causing a transition from
eustress to distress, might suppress antioxidant enzyme activities, suggesting a complex
interplay between enzymatic and non-enzymatic responses to environmental stressors [70].

Rhodiola is recognized as a cyanogenic species, which means it can release hydrogen
cyanide from damaged tissues—a mechanism that is part of a two-component chemical
defense system in plants. Despite this, research suggests that the antioxidant activity of
plants does not directly correlate with the presence of cyanogenic derivatives [71]. Over
evolutionary time, cyanogenic glycosides have been shown to enhance plant plasticity,
contributing to survival, viability, and resistance under environmental stresses. These com-
pounds can transform into oximes, which may act as volatile protective agents, and further
dehydration of these oximes can lead to hydroxynitriles [72]. This biochemical strategy
represents an evolutionary adaptation and a protective mechanism, facilitating the expan-
sion of habitat boundaries [73]. In our experiments, no clear correlation emerged between
the concentration of oximes in shoots and the elevation at which plants were growing.
However, a high correlation was observed between the increase in nitrile concentrations in
both flowers and shoots of R. linearifolia and increasing altitude above sea level.

Thus, the metabolic profiles, along with morpho-anatomical data, suggest more favor-
able developmental conditions for R. linearifolia at an altitude of 2687 m a.s.l. compared
to 2500 m a.s.l. Furthermore, the increased concentration of secondary metabolite antiox-
idants observed at 2855 m a.s.l. indicates a heightened environmental stress impact on
R. linearifolia.

4. Materials and Methods
4.1. Plant Materials

R. linearifolia is a perennial plant characterized by a robust rhizome. The basal leaves
are scale-like, gradually increasing in size toward a region just below the inflorescence,
then diminishing in size toward the first inflorescence branches. The larger leaves are
linear-lanceolate and broadened at the base, ending in a pointed tip. They are either
sparsely toothed or entire and sessile. Blooming occurs from May to July, producing a
dense, multi-flowered, corymbose inflorescence. The flowers are mostly 5-parted, though
less commonly 4-parted. The sepals are greenish, linear, pointed, and about 2.5 times
shorter than the petals, which are linear-lanceolate and obtuse and range in color from
yellow to brick-red. The stamens, 1.5 times the length of the petals, have red filaments and
bright yellow anthers. The fruit is 6-8 mm long with a short beak.

The collection of R. linearifolia samples for experimental purposes at Shymbulak
Mountain Resort was conducted on 26 June 2024, during the flowering phase. The sampling
sites are part of a single continuous population spread across the entire altitudinal range. It
covers almost the entire altitudinal distribution of the species. The characteristics of the
sampling sites are presented in Table 3.

Table 3. Characteristics of plant material sampling sites.

Sampling Sites
Parameter Unit
No. 1 No. 2 No. 3 No. 4
Altitude ma.s.l. 2500 2687 2855 3100
Temperature °C 285 27.3 26.2 24.6
Relative humidity % 52 52 51 46

Air temperature and relative humidity were measured using Teltonika BLE Multipur-
pose Sensors (BTSMP1/EYE SENSOR; Vilnius, Lithuania).
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4.2. Anatomical and Morphological Structure Analysis

Plant material conservation was performed using the Strasburger-Flemming method,
initially fixing the specimens in 70% ethanol and subsequently storing them in a 1:1:1
mixture of ethanol, glycerol, and water for preservation [74].

Anatomical sections were prepared using a MZP-01 microtome (Technom, Ekaterin-
burg, Russia), equipped with a freezing unit OL-ZSO 30 (Inmedprom, Yaroslavl, Russia).
with slice thicknesses ranging from 10 to 15 microns. Sections were treated with glycerin
and balsam following traditional methods [74]. Micrographs of the sections were captured
using a Micro Opix MX 700 (T) microscope (West Medica, Wiener Neudorf, Austria) and
a CAM V1200C HD-camera (WestMedica, Wiener Neudorf, Austria) with all anatomical
data obtained from 3-5 replicates, analyzing five plants per replicate, using a 40x objective.
For each experimental variant, at least five preparations were made. Each parameter was
measured in at least three replicates for each preparation.

Plant height was measured in cm under field conditions, and leaf area was determined
by the weight method. Paper cutouts of leaf contours were weighed, and leaf area was

calculated using the formula:

axC

where a represents the weight of the cutout leaf (mg), b represents the weight of a paper
square (mg), and C represents the area of the paper square (cm?).

4.3. Photosynthetic Pigment Content Determination

Chlorophylls 2 and b, along with carotenoids, were extracted using ethanol and mea-
sured post-centrifugation at 4 °C (14,000 rpm). Absorbance readings were taken at wave-
lengths of 665, 649, and 470 nm using a LEKI S52107UV spectrophotometer (MEDIORA
QOY, Helsinki, Finland), following the methods described by Lichtenthaler [75]. All mea-
surements were conducted with a minimum of three biological replicates. All data were
obtained from 3 replicates, analyzing 3-5 plants per replicate.

4.4. Metabolomic Analysis

The analysis of biologically active organic compounds in R. linearifolia was performed
using gas chromatography coupled with mass spectrometry (GC-MS) on an Agilent
7890A /5975C system (Agilent Technologies, Santa Clara, CA, USA). Plant tissues (from
3-5 plants per sample) were preserved in 96% ethanol at a ratio of 100 g to 500 mL and
extracted twice over 72 h each on an orbital shaker until the ethanol was clear and colorless.
Each sample (0.7 pL) was injected into the GC-MS at 310 °C without split flow, with three
technical replicates processed for each.

Compounds were separated on a DB-17MS capillary column (60 m x 0.25 mm X 0.25 pm;
Agilent Technologies, Santa Clara, CA, USA), with helium as the carrier gas at a flow rate
of 1 mL min~!. The oven temperature was programmed from 50 to 300 °C at 5 °C min !,
with a final 10 min hold at 300 °C. Detection was performed in SCAN m/z 34-800.

System control and data processing were conducted using Agilent MSD ChemStation
software (v. 1701EA, Agilent Technologies, Santa Clara, CA, USA), with retention times,
peak areas, and spectral data analyzed. The mass spectra were interpreted using the Wiley
7th edition and NIST 11 libraries, comprising over 550,000 spectra.

4.5. Statistical Analysis

The data analysis was conducted using RStudio software (version 2023.06.0 Build 421,
RStudio PBC, Boston, MA, USA, 2023). Tukey HSD tests were performed for the pairwise
comparisons of the means, while ANOVA was used to confirm statistical significance.
Subsequently, the treatments were categorized by letter in descending order, and graphs
were generated. Significance was declared at p < 0.05.
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5. Conclusions

The comprehensive analysis of morphophysiological and anatomical parameters, pho-
tosynthetic pigments, and the metabolomic spectrum of flowers and shoots of R. linearifolia
at varying altitudes supports the conclusion that stress on plants intensifies with increased
altitude. However, the diverse abiotic factors present in mountainous environments compli-
cate the establishment of a strict linear relationship between altitude and changes in these
traits. Nonetheless, among our study sites, the one at 2687 m a.s.l. seems to be the closest
to the optimal altitude for the population of studied species in our study system, which,
with further research, may be promising for sustainable ecosystem management and the
potential introduction of this valuable species. Additionally, the results suggest that the
heightened stress at increased altitudes enhances the synthesis of secondary antioxidant
metabolites, which could be significant for selecting plants for pharmaceutical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13192698/s1, Table S1. Change in content of SM in flowers
of Rhodiola linearifolia Boriss. on different altitude above sea level. Table S2. Change in content of SM
in shoots of Rhodiola linearifolia Boriss. on different altitude above sea level.
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