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Abstract
Adenanthera pavonina is a medicinal species, which economic value depends on the richness of its phytocompounds. Extreme 
climatic conditions are becoming frequent worldwide, but despite their impact on plant productivity these weather events 
also modulate plants’ metabolism increasing the production of important phytocompounds. We aimed to characterize the 
physiological and metabolite adjustments in A. pavonina leaves induced by drought and UV-B radiation. Plants were exposed 
to drought (DS), UV-B radiation (UV-B), and drought + UV-B (DS + UV-B), and photosynthesis, lipophilic metabolites, and 
antioxidant status were evaluated. The stress conditions compromised the photosynthetic performance and induced oxidative 
stress (DS and UV-B plants). However, plants activated protective mechanisms (increased antioxidant activity and flavonoids 
in all treatments, total phenols in DS and DS + UV-B, and catechols in UV-B and DS + UV-B) and modulated their lipophilic 
profiles (accumulation of fatty acids and TCA cycle-related metabolites, and reduction of carbohydrates) to cope with the 
stress. We demonstrate for the first time that DS and UV-B radiation can enrich A. pavonina leaves with antioxidants and 
fatty acids increasing their medicinal value.
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Introduction

Due to climate change, the frequency of extreme weather 
events is forecasted to increase in the next decades (IPCC 
2014), influencing forest- and agro-ecosystems. Drought is 
one of the most persistent stressors, and to adapt to drought, 
plants change root growth and architecture and alter their 
physiology (e.g., hormone signalling cascades and stomata 
closure). These modulations modify the flux of cellular 

signals, that can result in a decline of growth and yield (Ma 
et al. 2020). Drought is increasingly being accompanied by 
UV-B radiation (280–315 nm), which elicits a variety of 
plant photomorphogenic responses but at high levels may 
potentially damage plants’ DNA, proteins, or other cellular 
components (Escobar-Bravo et al. 2021). 

Under stress conditions, the production of reactive oxy-
gen species (ROS) can increase (Ma et al. 2020). How-
ever, plants possess enzymatic and non-enzymatic defence 
mechanics that work together to control the levels of ROS 
and oxidative stress. Secondary metabolites, like flavonoids 
and hydroxycinnamic acids (Huang et al. 2019), are able to 
scavenge O2

•−, OH• and 1O2, especially the ortho-dihydroxy 
B-ring substituted flavonoids that have a high antioxidant 
capacity (Brunetti et al. 2013). Besides helping plants cope 
with stressful conditions, the accumulation of these metabo-
lites derives from shifts in the cell secondary metabolism, 
altering plants’ antioxidant and nutritional characteristics 
(Dias et al. 2020a, 2020b).

Climatic conditions influence important primary and 
secondary metabolic pathways, changing metabolite pro-
files that affect several species’ pharmaceutical properties 
(Machado et al. 2017; Gupta et al. 2019). Medicinal plants 
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are rich in specific phytocompounds, being used in popular 
medicine or raw material for many pharmaceutical and food 
industries (Omidi et al. 2018). Medicinal species produce a 
wide variety of free radical scavenging molecules (e.g., phe-
nolics, terpenes/terpenoids, alkaloids, vitamins, and other 
secondary metabolites), as well as primary metabolites with 
antioxidant properties (e.g., amino acids, sugars, fatty acids, 
and intermediates of the tricarboxylic acid (TCA) cycle) 
(Gupta et al. 2019). UV-B radiation modulates the plant’s 
secondary metabolism leading to the increase of phenolic 
compounds, namely flavonoids and glucosinolates, depend-
ing on the species and dose (Schreiner et al. 2016; Wu et al. 
2021).

Adenanthera pavonina L., known as a red lucky seed or 
red sandalwood tree, is an agroforest species widely culti-
vated in the tropics (Acevedo-Rodríguez and Strong 2012) 
in regions currently under high environmental pressure due 
to climate change. It is a multipurpose species, used as a 
windbreak, ornamental species, source of wood and ani-
mal fodder, and for nitrogen soil fixation (Zarnowski et al. 
2004; PROSEA 2012). Its leaves and seeds are highly rich 
in bioactive compounds (such as flavonoids, alkaloids, cou-
marins, anthraquinones, saponins, tannins, steroids, triter-
penoids, glycosides, carbohydrates and fatty acids), being 
widely used in traditional medicine and phytotherapy for 
anti-inflammatory, antidiarrheal, antinociceptive, antimicro-
bial and anticancer purposes (Geronço et al. 2020). Being 
an emerging species for the agro-pharmaceutical industry, it 
is important to know its tolerance to climate change related 
stressors, such as drought or high UV-B radiation and how 
these stressors modulate leaf metabolite profile.

The increasing demand of high quality phytocompounds 
for pharmaceutical and food industries (Omidi et al. 2018) 
highlights the necessity to address how climate conditions 
modulate medicinal species performance, including redox 
status. This study investigates how A. pavonina reconfigure 
its physiology and antioxidant status to cope with drought 
and high UV-B radiation episodes and unravelling if these 
stressors improve leaves phytocompounds, promoting their 
nutritional level and the economic value of this species.

Material and methods

Plant material and treatments

Adenanthera pavonina L. seeds were collected in a 
Dili orchard (East-Timor). At the University of Aveiro 
(20/01/2015), seeds were disinfected with commercial 
bleach at 10%, immersed in sulfuric acid for 20 min, washed 
3 × with distilled sterile water, and then placed in a petri dish 
in wet cotton and incubated at 22 ± 2 ºC. After 6 to 7 days, 
seedlings were transferred to plastic pots (300 mL) with a 

mixture of turf and perlite (3:1). After 40 days of growing in 
a climatic chamber at 22 ± 2 ºC, a photoperiod of 16 h day, 
and with a light intensity of 500 ± 20 µmol m−2 s−1, plants 
(Fig. 1) were divided into 4 groups of 8 plants each: control 
(C, n = 8), drought stress (DS, n = 8), ultraviolet B radia-
tion (UV-B, n = 8) and drought stress + UV-B (DS + UV-B, 
n = 8). Before applying the specific treatments, plants were 
kept watered at 100% field capacity. Control plants were 
maintained in the same growing conditions and watered dur-
ing the whole experiment. DS plants remained in the same 
growing conditions but were not watered for 7 days. Plants 
from the UV-B treatment were exposed to a total effective 
dose of 10.8 kJ m−2 [5.4 kJ m−2 per day, and for 2 days, 
calculated according to Correia et al. (2012)]. DS + UV-B 
plants were not watered for 7 days, and at the 6th and 7th 
days of water holding, plants were exposed to UV-B radi-
ation of 5.4 kJ m−2 d. A system composed of ten UV-B 
lamps (Sankyo Denki G8T5E, Kanagawa, Japan), with an 
energy spectrum of 280–320 nm and an emission peak at 
306–312 nm, was used. This system contained a borosilicate 
glass filter to block radiation below 290 nm (UVC, 0 kJ m−2) 
(Dias et al. 2018). Light UV-B radiation homogeneity was 
confirmed every day, before treatments, with a 254 and 312 
VLX radiometer (Vilber Lourmat, Marnela-Vallée Cedex, 
France), and the spectral sensitivity and correction factor 
determined as described in Correia et al. (2012). According 
to Dias et al. (2018) this UV-B dose can be considered as 
moderate. At the end of the treatments, gas exchange and 
chlorophyll fluorescence were measured in situ in the same 
leaves. Relative water content (RWC) and cell membrane 
permeability (CMP) were measured in fresh leaves. Addi-
tionally, leaf samples were harvested, immediately frozen in 
liquid nitrogen, and kept at − 80 °C.

Determination of leaf water status, photosynthesis 
and pigments

Leaves were weighted to determine the fresh weight, and 
then immersed in water for 24 h at 4 ºC to determine the tur-
gid weight. After that, leaves were dried at 80 ºC for 3 days 
to determine the dry weight (Brito et al. 2021). The rela-
tive water content (RWC in %) was calculated as 100 × (leaf 
fresh weight – leaf dry weight)/(leaf turgid weight – leaf 
dry weight).

Fig. 1   Adenanthera pavonina plants after 40 days of growing
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Leaf gas exchange, and chlorophyll a fluorescence were 
determined in situ with a portable photosynthesis system 
LI-6400XT (LI-COR, Lincoln, Nebraska, USA) between 
10 and 12 am. Leaf gas-exchange (net CO2 assimilation 
rate, transpiration rate and stomatal conductance) measure-
ments were performed at growth ambient conditions and 
with a light intensity of 500 ± 20 µmol m−2 s−1. The inter-
cellular CO2 concentration and extracellular CO2 concen-
tration were calculated. For chlorophyll a fluorescence, the 
maximum quantum efficiency of PSII (Fv/Fm = (Fm – F0)/
Fm) was determined by measuring the fluorescence signal of 
dark-adapted leaves after a pulse saturating light (5000 µmol 
photons m−2 s−1, for 0.8 s). Then, leaves were adapted to 
light, the steady-state fluorescence was determined for 2.5 s, 
and after exposure to a saturating light for 0.8 s, the maxi-
mum fluorescence was averaged. Leaves were shaded for 
5 s with a far-red light to establish the F0’. The effective 
photochemical efficiency of PSII [ФPSII = (Fm’ – Fs)/Fm’], the 
efficiency of excitation energy capture by open PSII reaction 
centres [Fv’/Fm’ = (Fm’ – F0)/Fm’], photochemical quenching 
[qP = (Fm’ – Fs)/(Fm’ – F0’)] and non-photochemical quench-
ing [NPQ = (Fm – Fm’)/Fm’) were calculated.

To determine pigments, frozen leaves (~ 50 mg) were 
macerated with 1 mL of acetone and 50 mM Tris pH 7.8 
(80:20, v/v), and then centrifuged at 5000  g for 5  min 
at 4 °C. The absorbance was read at 470, 537, 647, and 
663 nm. The contents of chlorophylls and carotenoids were 
determined as described by Sims and Gamon (2002).

Total antioxidant activity, total phenols, catechols, 
and flavonoids

For the total antioxidant activity, total phenols, catechols, 
and flavonoids, 100 mg frozen leaves were macerated with 
1.25 mL of methanol and incubated for 30 min at 40 °C. 
Then, the homogenate was centrifuged at 5000 g for 15 min 
at 4 °C, and the supernatant was used for analysis. The total 
antioxidant activity was determined by the ABTS+• free 
cation radical scavenging activity method (Re et al. 1999). 
The leaf extract (5 µL) was mixed with 200 µL of the ABTS 
solution [2,20-azinobis(3-ethylbenzothiazoline-6-sulphonic 
acid)]. After 10 min at 30 °C the absorbance was measured 
at 734 nm. The total antioxidant activity was determined 
using a calibration curve prepared with known concentra-
tions of gallic acid. For total phenols quantification, the leaf 
extract (5 µL) was mixed with 405 µL of a Folin-Ciocalteu 
mixture and 75 µL Na2CO3 (20%). After incubation at 37 °C 
for 30 min, the extract was read at 765 nm (López-Orenes 
et al. 2018). Total phenols content was calculated based on 
a gallic acid standard curve. Catechols were assessed using 
the molybdate assay. 40 µL of sodium molybdate solution 
(5% w/v in 50% methanol) was mixed with 5 µL of the leaf 
extract (Giertych et al. 1999). After 15 min at 20 °C the 

absorbance was read at 370 nm and the content of catechols 
was calculated using a gallic acid calibration curve. For fla-
vonoid quantification, 5 µL of the extract was homogenized 
with 37.5 µL of methanol (López-Orenes et al. 2018). Then, 
75µL of NaNO2 at 5% was added, and mixed and 75 µL 
AlCl3 at 10% was also added. After mixed and incubated 
6 min in dark, 125 µL NaOH (1 M) was added, and the 
absorbance read at 510 mn. Flavonoid’s amount was deter-
mined based on a rutin calibration curve.

Oxidative stress markers

Lipid peroxidation was evaluated by quantifying the malon-
dialdehyde (MDA). Frozen leaves (100 mg) were homog-
enised with 1.5 mL of 0.1% (w/v) trichloroacetic acid (TCA) 
and centrifuged at 10,000 g for 10 min at 4 °C. An aliquot of 
the supernatant was added to 20% TCA (w/v) and ascribed 
as a negative control. Another aliquot was added to 20% 
TCA (w/v) and 0.5% thiobarbituric acid (w/v) and ascribed 
as the positive control. The groups of the positive and nega-
tive controls were incubated in a water bath at 95 °C for 
30 min, cooled and then centrifuged for 10 min at 10,000 g 
and 4 °C. The absorbance was measured at 440, 532, and 
600 nm, and MDA equivalents calculated (Hodges et al. 
1999).

The permeability of the cell membranes (CMP) was 
calculated by the electrolyte leakage (Araújo et al. 2016). 
Leaves were placed in closed vials with de-ionised water 
and left all night on a rotary shaker at 22 ºC. The electri-
cal conductivity was assessed (Lt). Then, leaves were auto-
claved at 120 ºC for 20 min and conductivity was deter-
mined (L0) again. Electrolyte leakage (%) was determined 
as Lt/L0 × 100.

Chromatography analysis

Leaves (1 g) were mixed with 150 mL of n-hexane, and 
the homogenate was stirred for 72 h at room temperature. 
After this extraction, the n-hexane was evaporated using 
a rotatory evaporator and reused in the next cycle. Each 
cycle was repeated three times. The leaf extracts were 
dried and silylated. For the silylation, 200 μL of the leaf 
extracts (~ 10 mg mL−1) were added to a mixture of 250 
μL of pyridine, 250 μL of N,O-bis(trimethylsilyl)trifluoro-
acetamide, 50 μL of trimethylsilyl chloride. Finally, 200 
μL of tetracosane (0.46 mg mL−1), the internal standard, 
were added and then incubated at 70 °C for 40 min. Sam-
ples were injected in a gas-chromatography mass spec-
trometer (GC–MS, QP2010 Ultra Shimadzu) with a cap-
illary column (DB-5 J&W, 30 m × 0.25 mm id and a film 
thickness of 0.25 μm) as described previously by Dias 
et al. (2020a). The peaks of the chromatogram were identi-
fied by comparison with library entries of the mass spectra 
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database (NIST14 Mass spectral and WILEY RegistryTM 
of Mass Spectra Data) and/or with retention time and mass 
spectra of standard compounds. For quantification analy-
sis, calibration curves of reference compounds (palmitic 
acid, octadecane, octadecanol, cholesterol, maltose, and 
alanine) representative of the major compounds present 
in the leaves were performed.

Statistical analysis

Parameters were measured in the eight plants (n = 8) used 
in all treatments, except the gas exchange (in C plants, 
leaves were damaged during measurements), pigments, 
flavonoids and catechols where the leaf material was suf-
ficient to measure at least five replicates (n ≥ 5). Data 
were analysed by One-Way Analysis of Variance or by 
the Mann–Whitney U Statistic test when the normality 
failed using the program SigmaStat for Windows version 
3.1 (SigmaPlot, Systat Software, San Jose, CA). The sig-
nificance level was 0.05. Pearson’s correlation (Pearson 
1895) was performed to determine the linear relationship 
presented between the dependent variables analyzed, using 
the program SigmaStat for Windows, version 3.1. (Sig-
maPlot, Systat Software, San Jose, CA). Fold change was 
determined in the Microsoft® Excel for windows (version 
10).

Results

Plant water status and photosynthesis

DS and DS + UV-B treatments induced a significant reduc-
tion of the RWC compared to the control (Fig. 2). Control 
and UV-B plants showed similar RWC values. The Fv/Fm 
was similar in control and all stressed groups (Fig. 3A). 
The ΦPSII decreased in DS and DS + UV-B plants, but in the 
UV-B plants these values were similar to control (Fig. 3B). 
All stress treatments decreased the Fv´/Fm´, with DS plants 
showing the lowest value (Fig. 3C). The net CO2 assimila-
tion rate were similar in control, DS and DS + UV-B plants, 
only the UV-B plants showed a net CO2 assimilation rate sig-
nificantly lower than control plants (Fig. 4A). The transpira-
tion rate in control plants were higher than in the DS, UV-B, 
and DS + UV-B plants (Fig. 4B). The stomatal conductance 
in C plants was higher than in the UV-B and DS + UV-B 
(Fig. 4C). However, DS, UV-B and DS + UV-B showed sim-
ilar stomatal conductance. No significant differences were 
observed in the Ci/Ca between control and stressed groups 
(Fig. 4D). The Ci/Ca in DS + UV-B plants was lower than 
in UVB plants (Fig. 4D).

Alcohols, carboxylic acids and carbohydrates 
profiles

Twenty-four compounds were identified, the alcohol 
triacontanol, the polyols myo-inositol and glycerol, car-
boxylic acids (stearic, α-linolenic, linoelaidic, palmitic, 
coumaric, citric, threonic, malic, undecanoic, butanoic, 
pipecolic and oxalic acids) and carbohydrates [sucrose, 
turanose, D-trehalose, 3-α-mannobiose, D-glucose (iso-
mer I and II), β-D-galactofuranose, fructose, and D-(-)-
tagatofuranose] (Table 1). Triacontanol and glycerol were 
not detected in DS + UV-B plants. In DS plants, these 
compounds’ levels were significantly lower than the 
ones of the control and plants exposed to UV-B. Plants 
exposed to DS and UV-B showed myo-inositol levels 
lower than control, and this compound was not detected 
in DS + UV-B plants.

The fatty acids stearic, α-linolenic, linoleic, and pal-
mitic showed a response profile similar in the stressed 
plants. While control plants had the lowest values, DS 
plants showed the highest values, followed by UV-B and 
DS + UV-B plants. The undecanoic and butanoic acids 
increased in UV-B plants compared with the control, and 
were undetectable in DS and DS + UV-B plants.

The highest levels of malic acid were found in DS and 
UV-B plants, while DS + UV-B plants showed the lowest 
values. Oxalic acid reached maximum and minimum val-
ues, respectively, in DS and controls plants, while in DS and 
DS + UV-B plants its levels were similar. The levels of the 
organic acids changed according to the conditions. The cou-
maric, citric, and threonic acids were not found in DS + UV-B 
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Fig. 2   Leaf relative water content in control, DS, UV-B and 
DS + UV-B plants of A. pavonina. Values are means ± standard devia-
tion (n = 8). Different letters indicate statistical differences between 
treatments (p < 0.05)



Acta Physiologiae Plantarum (2023) 45:139	

1 3

Page 5 of 13  139

plants but responded to DS and UV-B treatments. DS showed 
the highest levels of these three acids, while the control had the 

lowest ones. Pipecolic acid reached maximum values in UV-B 
plants, but was not detected in DS plants.

Regarding carbohydrates, control plants showed the high-
est levels of D-glucose (isomer I and II), and the DS + UV-B 
had the lowest values. Control plants also showed the highest 
sucrose values, which decreased to the lowest detectable levels 
in UV-B plants and undetected values in DS + UV-B. Turanose 
compounds were also higher in control plants, decreasing in 
stressed plants, with UV-B and DS + UV-B plants showing 
similar values, and not being detected in DS plants. The sug-
ars β-D-galactofuranose, fructose, and D-(-)-tagatofuranose 
were not detected in DS + UV-B plants. The contents of D-(-
)-tagatofuranose were similar in control, DS and UV-B plants. 
DS plants showed levels of β-D-galactofuranose significantly 
higher than UV-B plants, but similar to control plants. Fructose 
levels were significantly higher in DS, compared to control and 
UV-B plants. The 3-α-mannobiose was at the highest levels in 
the control plants and was not detected in DS and DS + UV-B 
plants. D-trehalose was only identified in control plants.

In Table 1 it is represented the fold changes in metabolites 
in A. pavonina leaves exposed to DS, UV-B, and DS + UV-B 
conditions. The profile of response of most fatty acids, polyols, 
and sugars to different stresses is similar, presenting in general 
a decrease of the respective metabolite, while the profile of 
carboxylic acids showed a positive response (an increase of 
these metabolites).

Pigments, oxidative stress and antioxidant response

Plants exposed to DS showed a level of Chl a significantly 
lower than the control plants (Fig. 5A). No changes were 
observed in Chl b content between treatments (Fig. 5B). Carot-
enoids levels were similar in control, DS and UV-B plants, but 
decreased in DS + UV-B plants (Fig. 5C).

Electrolyte leakage in UV-B plants was higher than in 
control plants (Fig. 6A). The levels of MDA were highest in 
the DS plants (Fig. 6B). The antiradical activity (ABTS+●) 
increased in DS, UV-B and DS + UV-B plants (Fig. 6C). The 
levels of total phenols in DS and DS + UV-B plants were also 
higher than in the control and UV-B plants (Fig. 6D). More-
over, DS plants showed the highest levels of total phenols. 
Concerning catechols, plants exposed to the UV-B treatment 
showed the highest levels, followed by the DS + UV-B plants. 
The lowest levels of catechols were observed in control and DS 
plants (Fig. 6E). Flavonoids levels were higher in UV-B and 
DS + UV-B plants, followed by DS plants (Fig. 6F).

Discussion

A. pavonina leaves are a source of important nutraceutical 
compounds, and their composition is characterized here. 
A. pavonina leaves are rich in fatty acids, particularly the 
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polyunsaturated α-linolenic and linoleic acids that are asso-
ciated with reduced risk of cardiovascular disease (Sokoła-
Wysoczańska et al. 2018), antioxidants and carbohydrates, 
and metabolites related with TCA cycle, which act in con-
trolling multiple diseases (Martínez-Reyes and Chandel 
2020). In addition, a long-chain fatty alcohol, the triaco-
ntanol, with anticancer characteristics (Zhou et al. 2018) 
was identified in high amounts, highlighting this species’ 
the industrial potential.

Our work also demonstrates that climate change-related 
episodes of drought and/or high UV-B irradiance can affect 
leaves´ metabolism to enable plants to counteract these 
stress conditions’ negative effects. These metabolic adap-
tations enriched its antioxidant potential and fatty acids 
pool, increasing the leaves’ nutritional quality. Previous 
GC–MS analyses of A. pavonina leaf extracts also showed 
high amounts of triterpene squalene (a compound with ROS 
scavenger properties), and the anticancer compound phytol 
(Geronço et al. 2020).

DS and DS + UV-B activated some stress protection 
mechanisms related to water loss, like reducing stomata 
conductance and transpiration rate, which, however, did not 
prevent the plant from reducing its RWC. Both treatments 
induced a loss of the plant water status, but being the RWC 
values above 80%, the plants were subjected to moderate 
water deficit (Dias et al. 2014). This relation between H2O 
movement and stomata aperture was particularly strong in 
the DS and DS + UV-B plants, as suggested by the positive 
correlation between RWC and transpiration rate (r > 0.74 
and p < 0.02). Stomata closure is considered one of the first 
responses of plants to water deficit. Besides water deficit, 
stomata movements are also influenced by other factors such 
as UV-B radiation. It has been reported that the fluence and 
dose of UV-B can induce closure or opening of the stomata 
(Jansen 2002). Our data corroborate these findings, showing 
that the excessive UV-B promoted stomata closure. Besides 
restricting water movement, stomata closure also controls 
CO2 influx, reducing net CO2 assimilation rate (Dias et al. 
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centration (Ci/Ca) in control, DS, UV-B and DS + UV-B plants of 

A. pavonina. Values are means ± standard deviation (n = 5 for C and 
n = 8 for DS, UV-B, and DS + UV-B). Different letters mean statisti-
cal differences between treatments (p < 0.05)
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2014). In A. pavonina the UV-B treatment impaired net CO2 
assimilation rate and this reduction was more related with 
biochemical limitation, as suggested by the increase of Ci/Ca 
(r =  – 0.77 and p = 0.002). The photosynthetic apparatus is 
one of the main action targets of the UV-B radiation (Kataria 
et al. 2014). However, the effects of UV-B radiation on pho-
tosynthesis depend on several conditions, such as UV-B 
dose, flow rate and also PAR/UV-B radiation, plant growth 
stage and the interaction with other stresses (Kataria et al. 
2014). For instance, UV-B conditions can increase oxidative 
stress and reduce photosynthesis (decrease of chlorophyll 
levels, reduction of RuBisCO enzyme activity and content, 
degradation of D1 and D2 proteins in PSII) (Reyes et al. 
2019). Consequently, low photosynthetic carbon fixation 
led to unbalances between carbon assimilation and storage, 
resulting in reduced plant biomass production and ultimately 
in lower growth and productivity (Stitt et al. 2010; Reyes 
et al. 2019).

A different pattern of the response of A. pavonina plants 
was observed in the light-dependent reactions of photosyn-
thesis. For the UV-B treatment, ΦPSII was not affected and 
did not influence the net CO2 assimilation rate (r = 0.38 and 
p = 0.20). This leads us to assume that possible biochemical 
restrictions (e.g., RuBisCO activity and content decrease) 
could be the main cause of net CO2 assimilation reduction 

in UV-B plants, as suggested for other species exposed to 
UV-B (Fedina et al. 2010; Dias et al. 2018). However, the 
ΦPSII values in DS and DS + UV-B plants were affected, but, 
as discussed above, did not strongly influence the net CO2 
assimilation rate in plants of this treatment. The causes for 
ΦPSII reductions can be mainly associated with the decline 
in the Chl a content in DS plants (r = 0.63 and p = 0.03), 
instead of Fv/Fm (r = 0.52 and p = 0.06) and Fv´/Fm´ reduction 
(r = 0.48 and p = 0.06). In turn, in the DS + UV-B plants, the 
Fv/Fm reduction contributed more to the ΦPSII loss (r = 0.60 
and p = 0.04).

Carbohydrates are key end products of photosynthesis 
and play a critical role as energy resources. In A. pavonina, 
despite the net CO2 assimilation rate having the highest 
decrease in UV-B plants, a trend of reduced carbohydrates 
levels was notorious in plants of all stress treatments. This 
decline of leaf carbohydrate richness also might represent 
an increase in carbohydrates’ catabolism (e.g., for cellular 
maintenance), or shifts in metabolic pathways (e.g., favour-
ing the synthesis of compounds with a more important role 
in stress protection and adaptation) (Fig. 7). For instance, the 
TCA cycle metabolites oxalic, malic, citric, pipecolic and 
threonic acids, which play central roles in stress response 
(Návarová et al. 2012; Hu et al. 2015; Xu et al. 2016; Marček 
et al. 2019), accumulated in A. pavonina stressed plants 

Table 1    Lipophilic profile in C, DS, UV-B and DS + UV-B plants of A. pavonina 
Rt 

(min) 
Compound  

 
Treatments  Fold Change 

C 
(ng mg-1 DW) 

DS 
(ng mg-1 DW) 

UV-B 
(ng mg-1 DW) 

DS+UV-B 
(ng mg-1 DW) 

-3.8                                              0                                            +3.7 

Alcohols  

67.1 Triacontanol 38.8±2.28a 17.1±2.09b 42.4±5.02a Nd  

39.1 Myo-inositol 6.95±0.43a 1.06±0.07c 3.95±0.19b Nd  

16.4 Glycerol 9.28±1.37a 4.76±0.30b 8.18±0.68a Nd  

Carboxylic acids  

42.8 Stearic acid 7.99±0.35d 73.7±0.48a 43.9±0.55b 35.0±0.77c  

42.2 α-Linolenic acid 27.2±2.14d 83.1±0.69a 59.6±0.82b 36.3±0.01c  

42.1 Linoleic acid 15.0±1.32d 76.2±0.42a 48.1±0.43b 34.8±0.10c  

38.4 Palmitic acid 18.2±0.42d 83.0±1.00a 53.3±1.12b 37.0±0.50c  

35.8 Coumaric acid 11.6±0.56c 71.9±0.41a 43.9±0.36b Nd  

32.8 Citric acid 10.1±1.56c 71.8±0.32a 47.2±1.71b Nd  

25.6 Threonic acid 5.17±1.33c 70.1±0.05a 39.5±0.66b Nd  

23.5 Malic acid 50.1±8.38b 84.4±2.05a 80.0±2.28a 34.2±0.06c  

21.8 Undecanoic acid 7.29±0.71b Nd 40.1±1.22a Nd  

16.8 Butenoic acid 5.55±1.00b Nd 39.3±0.46a Nd  

16.0 Pipecolic acid 5.03±1.47c Nd 39.3±0.48a 34.4±0.24b  

7.1 Oxalic acid 7.39±0.75c 90.5±4.87a 44.9±5.37b 36.6±1.29b  

Carbohydrates  

50.4 Sucrose 164±11.9a 78.9±4.85c 114±1.31b Nd  

50.2 Turanose 7.60±0.90a Nd 3.84±0.16b 4.83±0.15b  

49.0 D-Trehalose  7.68±0.95 Nd Nd Nd  

48.3 3-α-Mannobiose 5.21±0.59a Nd 4.14±0.31b Nd  

36.9 D-Glucose isomer I 46.5±2.54a 29.2±1.72c 38.9±0.78b 3.19±0.13d  

34.6 D-Glucose isomer II 31.4±1.40a 20.0±0.63c 26.8±0.85b 2.90±0.09d  

33.4 β-D-Galactofuranose 5.99±1.04ab 7.01±0.80a 4.83±0.20b Nd  

32.5 Fructose 4.52±0.19b 6.19±0.13a 4.45±0.21b Nd  

32.3 D-(-)-Tagatofuranose 7.22±0.44a 7.30±0.56a 6.25±0.35a Nd  

Values are means ± standard deviation (n = 4). For each line, different letters mean statistical differences between treatments (p < 0.05). Fold 
changes [Log2 of (DS/C), UV-B/C) and (DS + UV-B/C)] of metabolites
Nd not detected
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(Fig. 7) and are negatively correlated with some main carbo-
hydrates (correlation between oxalic, pipecolic, malic, citric 
and threonic acids with sucrose and glucose isomer I: r ≥ 
– 0.90 and p ≤ 0.003; and between oxalic, pipecolic, malic 
and citric with glucose isomer II: r ≥ – 0.90 and p ≤ 0.002), 
supporting the metabolic shift hypothesis, specifically in DS 
and DS + UV-B plants. Higher levels of TCA intermediates 
(e.g., citric and malic acids) were found in stressed Cyno-
don transvaalensis × C. dactylon, Poa pratensis, and Festuca 
arundinacea plants, which reflected a higher mitochondrial 
activity for energy production (Hu et al. 2015). Also, the 
accumulation of oxalic and malic acids, and the non-protein 
amino acid pipecolic, is described to be related to osmoregu-
lation and/or antioxidant processes under drought conditions 
(You et al. 2019), while threonic acid accumulation was also 
reported in response to oxidative stress (Navascués et al. 
2012). These accumulations imply changes in primary and 
secondary metabolisms, as for example, oxalic acid results 
from carbohydrate metabolism and photosynthesis oxida-
tive processes (Gouveia et al. 2020), and threonic acid is 
the main product from ascorbic acid metabolism (Navascués 
et al. 2012).

Besides TCA cycle metabolites, the accumulation of the 
fatty acids stearic, linolenic, linoleic, and palmitic was pro-
moted by the stress conditions (Fig. 7). Moreover, these fatty 
acids’ accumulation shows a consistent negative correlation 
with some sugars in most conditions. For example, the nega-
tive correlation between these fatty acids with sucrose and 
glucose (r ≥ – 0.97 and p ≤ 0.001) in DS plants, with sucrose, 
glucose, turanose, 3-α-mannobiose and D-(-)-tagatofuranose 
(r ≥ – 0.85 and p ≤ 0.007) in UV-B plants, and with glucose 
and turanose (r ≥ – 0.94 and p ≤ 0.001) in DS + UV-B plants, 
highlights the putative metabolic shift of carbohydrates path-
ways to fatty acids production. Fatty acids increase may rep-
resent a source of energy reserve available to overcome the 
stress condition better. Considering that fatty acids are the 
main components of biomembranes and one of the main 
targets of the ROS (Liu et al. 2019), it is interesting to notice 
that A. pavonina responds to stress treatments by reducing 
the membrane fluidity (decrease of the ratio of unsaturated 
to saturated fatty acid, C = 1.6; DS = 1.0; UV-B = 1.1; and 
DS + UV-B = 0.9). Still, some oxidative damages occurred 
(UV-B-induced lipid peroxidation, and DS increased CMP). 
This suggests that A. pavonina may adapt to the stresses by 
adjusting its membrane fatty acid quantities that help stabi-
lize the membrane fluidity and alleviate the stress damage 
(Liu et al. 2019). Besides this stress protective mechanism, 
A. pavonina also increased the levels of other antioxidants. 
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For instance, DS stressed plants preferably used coumaric 
acid, total phenolics, flavonoids, and catechols to control 
lipid peroxidation and/or membrane leakage (r > 0.58 and 
p ≤ 0.03), while in UV-B or DS + UV-B plants the catechols 

and flavonoids (r > 0.61 and P ≤ 0.03) were more solic-
ited. These antioxidants are potent reactive oxygen species 
(ROS) scavengers and also may act as UV-B filters (Agati 
et al. 2012). These data evidence that the levels and type 
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Fig. 6   Electrolyte leakage, MDA, ABTS, total polyphenol, catechols 
and flavonoids in control, DS, UV-B and DS + UV-B plants of A. 
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total phenols). Different letters mean statistical differences between 
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of antioxidants in A. pavonina leaves can be modulated by 
DS, UV-B, and DS + UV-B conditions, contributing to the 
economical valorisation of this medicinal species.

The medium-chain fatty acid, undecanoic acid, can be 
found in small levels in several plant species (Doležalová 
et al. 2010). Undecanoic acid has antimicrobial and antibi-
ofilm properties against various human pathogens and can 
be used in plant pest management (insects and nematodes) 
(Cruz-Estrada et al. 2018). The acid’s specific role in plant 
response to abiotic stress is not clear, but its increase under 
high UV-B conditions suggests a protective role against this 
type of radiation. Another fatty acid that responds only to 
UV-B treatment is butanoic acid. Its accumulation in A. 
pavonina plants exposed to UV-B highlights its putative 
involvement in its stress acclimation (Hu et al. 2015). Inter-
estingly, these two fatty acids’ protective role was not evi-
dent when UV-B was combined with water deficit (Fig. 7), 
which deserves further studies.

The long-chain fatty alcohol, triacontanol, is a plant growth 
stimulant that promotes chlorophyll synthesis, photosynthesis, 
and growth, but also down-regulates stress factors (alleviating 
stress negative effects) (Naeem et al. 2011). A. pavonina leaves 
from control and UV-B plants are rich in this compound, but 
the DS and DS + UV-B conditions reduced triacontanol accu-
mulation (Fig. 7). The particular role of this compound in DS 
(and DS + UV-B) response is not clear and deserves further 

investigation, but could be related to specific oxidative stress 
and antioxidant response specifically mediated by drought (tri-
acontanol vs MDA: r = – 0.83 6, and p = 0.001; triacontanol vs 
total phenols and catechols r > – 0.82 and p < 0.004).

Other compounds, like polyols such as myo-inositol and 
glycerol were also identified in A. pavonina leaves and were 
negatively controlled by DS and UV-B conditions (Fig. 7). 
Besides their important role as carbon and energy sources, 
and as osmolytes, polyols may also act as stress signalling 
molecules, thereby modulating the plants' response to stresses 
(Bhattacharya and Kundu 2020). Down and up-regulation of 
myo-inositol and glycerol levels by UV-B conditions and DS 
were reported in several species (Conde et al. 2015; Lytvyn 
et al. 2016), which may represent induction of protective 
mechanisms against abiotic stresses (Lytvyn et al. 2016). For 
instance, in A. pavonina these polyols are negatively correlated 
with some antioxidants (UV-B: myo-inositol vs flavonoids and 
catechols r ≥ – 0.94 and p ≤ 0.001; and DS: myo-inositol and 
glycerol vs TAA, total phenols, flavonoids and catechols r ≥ 
– 0.79 and p ≤ 0.04).

Fig. 7   General overview of the metabolites change in A. pavonina 
leaves after DS, UV-B and combined DS + UV-B treatments. Relative 
levels [expressed as log2 (DS/control or UVB/control or DS + UV-B/
control)] are given besides each identified metabolite as a heatmap. 

White rectangles means metabolites not identified in the respective 
treatment. PN – net CO2 assimilation rate; E – transpiration rate; gs – 
stomatal conductance
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Conclusions

We have characterized the antioxidant and GC–MS pro-
file of the industrially emerging medicinal species A. 
pavonina, demonstrating that their leaves are a source of 
important fatty acids, fatty alcohols, TCA cycle-related 
metabolites antioxidants, and carbohydrates. Moreover, 
we showed for the first time that this species copes with 
DS, UV-B, and DS + UV-B stress by adjusting its physi-
ological performance and activating several stress protec-
tive mechanisms that eventually increase the nutritional 
and bioactive richness quality of these leaves, and thus 
its commercial value. Despite being associated with cli-
mate changes, UV-B, DS, or their combination can induce 
eustress in industrial plantations towards controlling and 
manipulating the nutritional and antioxidant richness of 
A. pavonina leaves, contributing, in this way, to the val-
orisation of this medicinal species and strengthening its 
potential for industrial exploitation.
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