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Abstract
Dipteryx alata is an important plant species in the Brazilian Cerrado. In this work, we evaluated biochemical and physi-
ological changes in plants exposed to the following treatments for 15 days: control (plants grown in ideal conditions, without 
stress), drought, flooding, and salinity. Each treatment had six replicates of one plant per pot, evaluated concerning their water 
relations (water potential, osmotic potential, and daily transpiration), physiological processes (chlorophyll a fluorescence, 
gas exchange, respiration, and photorespiration), and biochemical parameters (sugars, proline, hydrogen peroxide, malon-
dialdehyde, and antioxidant enzymes). Drought and salinity decreased the leaf water potential and the osmotic potential, 
indicating osmotic adjustment, but sugars and proline did not contribute to this process. All three stresses decreased the 
photosynthetic rate by inducing stomatal closure. Salt stress and hypoxia, however, also altered pigment concentration and 
electron transport, and promoted limitations to photosynthesis. Only plants subjected to drought stress showed increased 
photorespiration, which although is a source of  H2O2, may have helped to protect photosystems. The balance in antioxidant 
enzyme activities varied significantly among treatments, but membrane damage was observed only in plants grown at high 
salt concentrations. Although drought is commonly considered the main abiotic stress responsible for tree mortality, the 
vulnerability index and the hierarchical grouping of plants indicated that D. alata seedlings showed greater sensitivity to 
flooding and salinity stress. These results are consistent with the evolutionary history of this species and highlight the det-
rimental effects of land misuse on species conservation in the Cerrado Domain.
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Introduction

The Cerrado (Brazilian Savanna) is one of the main Brazil-
ian domains in terms of territorial extension and species 
diversity. This domain has two well-defined seasons (dry 
and rainy) and is considered the most biodiverse savanna in 
the world (dos Santos et al. 2021; Lima et al. 2022). How-
ever, this great biodiversity is threatened by several factors, 
such as fires, low legal protection, and land use for agricul-
ture (Sano et al. 2019; dos Santos et al. 2021). In addition, 
several climate models predict a significant increase in the 
frequency of extreme weather events (e.g., increasing heat 
waves, drought, waterlogging, and soil salinization) in virtu-
ally all regions covered by the Cerrado for the next decades 
(IPCC 2021). If these predictions are confirmed, profound 
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changes may occur in plant communities, as species will be 
exposed to abiotic factors that do not naturally occur where 
they have evolved. Therefore, plants may not have effective 
defense mechanisms to cope with these new adverse condi-
tions. In fact, although drought is identified as the main fac-
tor responsible for the widespread mortality of forest species 
(Senf et al. 2020), other stresses that will be magnified by 
changes in climate, such as flooding and salinity, also have 
negative consequences for plant growth, development, and 
survival (Analin et al. 2020; Hartman et al. 2021).

Different stressors trigger similar damage to plant cells 
and the most common is the increase in the generation of 
reactive oxygen species (ROS) (Dumanović et al. 2020). Due 
to its high chemical reactivity, the accumulation of ROS can 
lead to the oxidation of membrane proteins and lipids, inhi-
bition of enzymatic activities, and damage to nucleic acids 
(Dumanović et al. 2020). Numerous defense mechanisms 
are activated by the cell to maintain low ROS levels, and 
one of the first lines of defense is the action of antioxidant 
enzymes, such as superoxide dismutases (SOD), catalases 
(CAT), ascorbate peroxidases (APX), peroxidases (POX), 
and glutathione reductase (GR) (Noctor et al. 2018). How-
ever, studies comparing the effectiveness of these mecha-
nisms in species subjected to different stresses are scarce 
(Zandalinas and Mittler 2022).

In addition to the generation of ROS, each abiotic stress 
triggers changes inherent to its nature. Under drought condi-
tions, for example, reductions in the stomatal opening, car-
bon assimilation capacity, and hydraulic conductivity are 
commonly observed (Ahluwalia et al. 2021). Water restric-
tion also affects leaf area expansion, chlorophyll content, 
leaf abscission, and water and nutrient uptake (Khatun et al. 
2021). Similarly, water excess can be harmful to plant devel-
opment and triggers the switch from aerobic to fermentative 
metabolism (Hartman et al. 2021). The effects of hypoxia 
(i.e., low  O2 concentration) on plant tissue are diverse and 
generally affect root permeability due to the closure of aqua-
porins, reduction of stomatal opening, cytosolic acidosis, 
and cell wall impairments (Tong et al. 2021; Lehmann et al. 
2021; Khan et al. 2020). Soil salinization, in turn, exposes 
plants to an excess of ions in the root region, particularly 
sodium  (Na+) and chloride  (Cl−), which triggers two types of 
stresses: osmotic (limits water absorption) and ionic toxicity 
(cellular toxicity due to ions accumulation) (Vaishnav et al. 
2019). Both osmotic stress and ionic toxicity are considered 
primary stresses and trigger a series of other cellular altera-
tions, such as enzymatic inactivation and reductions in pho-
tosynthetic capacity (Liang et al. 2018; Analin et al. 2020).

Given the above facts, it is clear that the increase in 
drought, flooding, or salinization events, as a result of cli-
mate change or human activities, can cause the death and 
even the replacement of species within and across diverse 
forest communities (Menezes-Silva et al. 2019). To prevent 

this process, several countries have intensified the imple-
mentation of restoration programs to conserve biodiver-
sity and mitigate the damages caused by climate change 
(Schmidt et al. 2019; Bieng et al. 2021). Through decree 
nº 8.952/2017, the Brazilian government is committed to 
support the restoration of native vegetation of at least 12 mil-
lion hectares by 2030 (Schmidt et al. 2019). Such an action 
will require a large number of seedlings of native species. 
However, far beyond planting, it is important to understand 
the physiology of these seedlings to ensure their survival. 
Indeed, young plants tend to be more sensitive to stress and 
degraded areas tend to be more subject to different abiotic 
stresses (Grossnickle and MacDonald 2018), which can 
compromise the growth and survival of seedlings of native 
species.

In this scenario, understanding the responses of young 
plants to different abiotic stresses represents the first step for 
seeking and proposing conservation strategies. The elabora-
tion and implementation of management and reforestation 
programs within the context of climate change will require 
extensive knowledge of the different mechanisms and strate-
gies used by plants to overcome different stressful situations 
(MacKenzie and Mahony 2021). Thus, the main objective of 
this study was to evaluate the physiological and biochemical 
responses in seedlings of Dipteryx alata exposed to different 
abiotic stresses (drought, salinity, and hypoxia). D. alata dis-
tribution in Brazil is restricted to the Cerrado (Brazil Flora 
Group 2021) and was chosen because it is a key species for 
the conservation of this hyperdiverse domain. D. alata has 
a high growth rate and reproductive success, and produces 
fleshy pulp in the dry season, important to feed the fauna 
during this period (Sano 2004; dos Santos et al. 2018; Alves 
et al. 2020). Although this species also has great potential 
for reforestation of degraded areas, its use for this purpose is 
still very limited (Lima et al. 2022). We tested the hypothesis 
that different abiotic stresses will affect the physiological 
and biochemical aspects of the specimens at varied inten-
sities, with the plant being more sensitive to stresses that 
are not frequent in their natural habitat (e.g., hypoxia and 
salinity).

Materials and methods

Plant material and treatments

The experiment was performed in a greenhouse at the Labo-
ratory of Ecophysiology and Plant Productivity at the Goi-
ano Federal Institute of Education, Science, and Technology, 
Campus Rio Verde, Goiás, Brazil. Seedlings of Dipteryx 
alata (4 months old) were acquired in a forest nursery and 
transplanted to a substrate prepared from a mixture of Red 
Latosol soil (LVdf) and sand (2:1). The fertilization was 
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carried out according to chemical analysis of the soil. The 
plants were grown in polyethylene pots (6 L), containing 
5 kg of the substrate described above.

After 30 days of acclimatization to growing conditions, 
the plants were subjected to the following treatments: 1—
control (plants irrigated daily to maintain field capacity 
(FC)); 2—water deficit (WD) (gradual suspension of irri-
gation, until the soil reached 30% of the FC); 3—hypoxia 
[plants subjected to waterlogging (water kept 3 cm above the 
ground)]; and 4—salt (plants subjected to 100 mM NaCl). 
The field capacity of the soil was previously determined 
using the retention curve method (de Oliveira et al. 2015a, 
b). When irrigation is applied to the soil, all the soil pores 
get filled with water. After the gravitational drainage, the 
large soil pores are filled with both air and water, while the 
smaller pores are still full of water. At this stage, the soil is 
said to be at full field water capacity, i.e., 100% FC. At field 
capacity, the water and air contents of the soil are ideal for 
crop growth (Rai et al. 2017). For drought imposition, after 
irrigation suspension, the soil dried naturally and gradu-
ally until the soil moisture reached 30% of FC. The plants 
exposed to salinity were irrigated daily with saline solu-
tion (100 mM NaCl), and the soil was washed with running 
distilled water every 3 days to leach the salts, to avoid the 
accumulation of NaCl in the soil solution in a concentration 
greater than 100 mM (Aktas et al. 2006; Al-Khaliel 2010). 
The plants subjected to hypoxia were irrigated abundantly 
until the establishment of 3 cm layer of water on the top of 
the soil surface, thus creating a flooded environment. Water 
was replenished whenever necessary to maintain the water 
level constant. Each treatment had six replications, with 
each replication represented by a pot with a plant. The plants 
remained under these conditions for 15 days and were then 
used for the analysis of the traits described below.

Water relations

Predawn (Ѱpd) and midday (Ѱmd) water potential were 
measured using a Scholander pressure chamber (model 
3005–1412, Soilmoisture Equipment Corp., Goleta, CA, 
USA). Measurements of Ѱpd were made between 04:00 and 
05:00 a.m., while Ѱmd measurements were made between 
12:00 and 13:00 h. Leaf osmotic potential (Ѱs) was meas-
ured according to Pask et al. (2012) using a vapor pressure 
osmometer (model 5600, VAPRO, Wescor, Logan, Utah, 
USA). The daily transpiration rates per unit leaf area (Ed) 
of whole plants were evaluated at 05:00 a.m. and at mid-
day, using the gravimetric method, through the difference in 
the weight of the pots (Lima et al. 2006; Silva et al. 2013). 
The extraction of proline and total soluble sugars (TSS) fol-
lowed the protocols proposed by Carillo and Gibbon (2011). 
The TSS was estimated following the protocol proposed 
by Dubois et al. (1951) and expressed in percentage. The 

proline levels were determined according to Bates (1973) 
and expressed as mmol g of dry weight (DW).

Physiological traits

The concentration of chloroplastic pigments was determined 
after the extraction with 80% acetone. Briefly, approximately 
0.3 g of leaf samples were macerated in liquid nitrogen with 
acetone, filtered through filter paper, then read in a UV–VIS 
spectrophotometer (model Evolution 60S, Thermo Fisher 
Scientific Inc.) at wavelengths 663, 645, and 652 nm for 
chlorophylls a, b and total, respectively, and 470 nm for 
carotenoids. The results were then expressed in mg  g−1 DW 
(Arnon 1949).

Gas exchange parameters were measured in fully 
expanded leaves with an infrared gas analyzer (IRGA, model 
LI-6800xt, Licor, Lincoln, Nebraska, USA) to determine 
the net rate of carbon assimilation (A, μmol  CO2  m−2  s−1) 
and stomatal conductance (gs, mol  H2O  m−2  s−1). Measure-
ments were performed between 8:00 a.m. and 10:00 a.m. 
under constant photosynthetically active radiation (PAR, 
1000 μmol photons  m−2  s−1), and at  CO2 concentration (Ca) 
of 400 μmol  mol−1, temperature (∼25 °C) and relative air 
humidity (48–65%). Based on the traits described above, the 
carboxylation efficiency (A/Ci, µmol  mol−1  CO2  m−2  s−1), 
and the relationship between the internal and external con-
centrations of  CO2 (Ci/Ca) were estimated. The dark respi-
ration rate  (Rdark, µmol  CO2  m−2  s−1) was measured before 
dawn using the infrared gas analyzer mentioned above. The 
ratio of dark respiration to the net rate of carbon assimilation 
 (Rdark/A) was also estimated.

For the determination of chlorophyll a fluorescence traits, 
first evaluations were conducted on dark-adapted leaves 
when reaction centers were fully opened (all oxidized pri-
mary acceptors) with minimum heat loss. Then a saturating 
light pulse (> 6000 μmol  m−2  s−1) was applied for 0.8 s to 
determine the maximal fluorescence (Fm), and the potential 
quantum yield of photosystem II (PSII) (Fv/Fm) was calcu-
lated from these values (Van Kooten and Snel 1990). The 
leaf tissues were then exposed to actinic light to obtain the 
steady-state fluorescence (F). Subsequently, a saturating 
pulse was applied to obtain the maximum fluorescence in 
a light-adapted state  (Fm’). The effective quantum yield of 
photosystem II (ΦPSII) was calculated according to Genty 
et al. (1989) and Hendrickson et al. (2004). The photochemi-
cal quenching (qP), non-photochemical quenching (qN), and 
the fraction of opened PSII reaction centers (qL) were also 
measured (Maxwell and Johnson 2000). The electron flux 
used for carboxylation (ETRc) and oxygenation (ETRo) of 
RuBisCO, as well as the photorespiration rate  (PR µmol  CO2 
 m−2  s−1) was obtained using the equations proposed by Val-
entine et al. (1995). The ratios ETRc/ ETRo, and  PR/A were 
also estimated.
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Biochemical analysis

Evaluation of cellular damage

For the determination of hydrogen peroxide  (H2O2), leaf tis-
sues (0.2 g) were macerated in liquid nitrogen and homog-
enized in 2 mL of 50 mM potassium phosphate buffer, pH 
6.5, containing 1 mM hydroxylamine. After filtration, the 
homogenate was centrifuged at 10 000 g for 15 min at 4 ℃ 
(Kuo and Kao 2003). Aliquots of 150 μL of the superna-
tant were added to a reaction medium consisting of 250 μM 
FeNH4(SO4), 62.5 mM sulfuric acid, 1 mM xylenol orange, 
and 400 mM sorbitol (Gay and Gebicki 2000). After 30 min 
in the dark, the absorbance of the samples was determined 
at 560 nm in a UV–Vis spectrophotometer. Levels of  H2O2 
were estimated based on an  H2O2 standard curve (0–2 μM), 
expressed as μg per μmol  g−1 DW.

The level of lipid peroxidation was measured by esti-
mating malondialdehyde (MDA), a decomposition product 
of the peroxidized polyunsaturated fatty acid composition 
of the membrane lipid following the method of Heath and 
Packer (1968). Leaf samples (0.160 g) were homogenized in 
2 mL 1% (w/v) trichloroacetic acid (TCA) with 20% polyvi-
nylpyrrolidone (PVPP), and the homogenate was centrifuged 
at 12,000 × g for 15 min at 4 ℃. The supernatant (500 μL) 
was mixed with 2 mL of TBA reagent (0.5% [w/v] of TBA 
in 20% TCA). The reaction mixture was heated at 95 °C for 
20 min in a water bath and then quickly cooled in an ice bath 
and centrifuged at 3000 × g for 4 min. The absorbance of 
the colored supernatant was monitored at 532 and 600 nm 
using a UV–Vis spectrophotometer. The concentration of 
MDA was calculated using the molar extinction coefficient 
of 155  mM−1  cm−1 (Heath and Packer 1968). The concentra-
tion of MDA in leaves was expressed as nmol MDA  g−1 DW.

Determination of enzyme activity

To determine the activities of superoxide dismutases (SOD, 
EC 1.15.1.1), ascorbate peroxidases (APX, EC 1.11.1.11), 
peroxidases (POX, EC 1.11.1.7), and glutathione reductase 
(GR, EC 1.6.4.2), 0.3 g of leaf tissue were ground into a 
fine powder using a mortar and pestle with liquid nitrogen. 
The powder was then homogenized in an ice bath in 2 mL 
of a solution containing 0.1 M potassium phosphate buffer, 
pH 6.8, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 
and 2% polyvinylpolypyrrolidone (PVP). The homogenate 
was centrifuged at 12,000×g for 15 min at 4 ℃, and the 
supernatant was used as a crude enzyme extract (Peixoto 
et al. 1999; Carlberg and Mannervik 1985). The activity of 
SOD was determined by measuring its ability to photochem-
ically reduce p-nitrotetrazole blue (NBT). After 5 min of 
light exposure, the light was interrupted, and the production 
of formazan blue, which resulted from the photoreduction 

of NBT, was monitored by the increase in absorbance at 
595 nm in the UV–Vis spectrophotometer. The reaction mix-
ture for the control samples was kept in darkness for 10 min, 
and the absorbance was measured at 595 nm. The values 
obtained were subtracted from the values obtained from 
the samples of the replications of each treatment exposed 
to light. One unit of SOD was defined as the amount of 
enzyme necessary to inhibit NBT photoreduction by 50% 
DW (Giannopolitis and Ries 1977). APX activity was meas-
ured by ascorbate oxidation rate at 290 nm using a UV–Vis 
spectrophotometer for 3 min at 25 °C. The POX activity 
was measured at 420 nm in a UV–Vis spectrophotometer 
for 1 min at 25 ℃. The GR activity was determined with the 
decrease in absorbance at 340 nm using a UV–Vis spectro-
photometer for 1 min at 30 ℃. The following molar extinc-
tion coefficients were used: 2.8  mM−1  cm−1 (APX; Peixoto 
et al. 1999), 2.47  mM−1  cm−1 (POX; Peixoto et al. 1999) 
and 6.22  mM−1  cm−1 (GR; Carlberg and Mannervik 1985). 
The enzymatic activities were expressed as  min−1  mg−1 DW.

Vulnerability index (VI)

Vulnerability to different stresses was calculated based on 
the percentage of changes in physiological parameters com-
pared to the ideal condition (control). Five parameters were 
used in the calculation: Fv/Fm, ɸPSII, A, Clh totals, and MDA. 
These traits were chosen since they represent plant fitness 
and the final result of key physiological processes (Chl totals 
represent the set of chlorophylls; Fv/Fm and ɸPSII represent 
the efficiency of the photochemical process; A represents the 
effective carbon fixation; and MDA represents the result of 
all the mechanisms of production and elimination of ROS). 
For each parameter, the percentage change was calculated 
using the following formula (Valladares et al. 2000; Couso 
and Fernández 2012):

where Mmax is the treatment with the highest values (con-
trol) and Mmin is the treatment with the lowest values (stress 
condition).

Then to calculate the VI, the percentage change average 
was taken for the five parameters evaluated in each of the 
repetitions.

Statistical analysis

The experimental design was completely randomized, with 
six replicates. The data were subjected to Fisher’s univariate 
analysis of variance. Treatment means were then compared 
by the Newman–Keuls test (α = 0.05). The analyses were 
performed using the software SISVAR v.5.6 (Ferreira 2018). 
Graphs were generated using Sigma Plot software (Systat 

Percentage change (%) =
(

(Mmax−Mmin

)

∕Mmax)
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Software v.10.0). Treatment means were clustered based on 
the Euclidean distance for Ward’s method of hierarchical 
clustering. The definition of the groups was performed con-
sidering the sum of the inertia of each group and the greatest 
relative loss of inertia (Lê et al. 2008). A principal compo-
nent analysis (PCA) was also performed to verify the results 
of the clustering of means and to measure the importance of 
variables in the total variability. To avoid biased results due 
to the difference in the scale of variables, the multivariate 
analyses were performed with the standardized version of 
the treatment means, to zero mean, and unit standard devia-
tion. A biplot method was used to represent the result of 
PCA. The multivariate analysis was performed in R v. 4.2.0 
(R Core Team 2020).

Results

Water relations

The exposure of Dipteryx alata seedlings to contrasting abi-
otic stresses for 15 days affected the water relations of the 
plants (Fig. 1). Concerning the predawn water potetial (Ѱpd), 
significant reductions were observed in all stresses but more 
intense in plants exposed to NaCl (Fig. 1A). The midday 
water potential (Ѱmd) was more negative in plants subjected 
to both drought and salinity than in control and hypoxia 
treatments. Leaf osmotic potential (Ѱs), in turn, decreased 
in all treatments compared to control (Fig. 1C), while the 
daily transpiration rates per unit leaf area decreased only in 
plants submitted to drought (Fig. 1D). All stresses decreased 
total soluble sugars (TSS) in comparison to control plants 
(Fig. 1E), whereas no statistical difference was observed for 
proline (Fig. 1F).

Photosynthetic pigments

The levels of chlorophylls a and b were reduced in salt and 
hypoxia treatments, while the water deficit remained statis-
tically equal to the control (Fig. 2A, B). The concentration 
of total chlorophylls decreased under all stresses, but such 
reductions were more accentuated in seedlings submitted to 
salt stress and hypoxia (Fig. 2C). Conversely, the different 
stresses had no significant impact on the carotenoid content 
of D. alata seedlings (Fig. 2D).

Chlorophyll a fluorescence

The potential quantum yield of PSII (Fv/Fm) did not change 
in any of the treatments analyzed (Fig. 3A). In contrast, the 
effective quantum yield of PSII (ΦPSII) was lower in salt and 
hypoxia treatments than in the control (Fig. 3B). Both the 
photochemical quenching coefficient (qP) and the fraction 

of opened PSII reaction centers (qL) decreased only in seed-
lings exposed to hypoxia, whereas significant differences in 
the non-photochemical quenching (qN) were not observed 
among treatments (Fig. 3C, E).

Gas exchange

Exposure to abiotic stresses affected all parameters of 
gas exchange (Fig. 4). The net carbon assimilation rate 
(A) decreased in all treatments when compared to control 
plants, especially under hypoxia (Fig. 4A). A sharp drop was 
observed in stomatal conductance (gs) after exposure to the 
different stresses when compared to control plants, with no 
statistical difference among drought, salinity, and hypoxia 
(Fig. 4B). The Ci/Ca ratio decreased only in plants subjected 
to drought (Fig. 4C), while A/Ci decreased in plants culti-
vated under salt and hypoxia (Fig. 4D). The exposure of D. 
alata plants to stress did not change dark respiration rate 
 (Rdark), although an increase in dark respiration/photosyn-
thesis  (Rdark/A) ratio in plants submitted to hypoxia and salt 
stress was observed when compared to the control plants 
(Table 1).

Plants submitted to water restriction showed an increase 
in photorespiration rate  (PR), while in the salt-treated plants, 
 PR remained equal to the control and, in hypoxia, the pho-
torespiration decreased (Fig. 5A). The  PR/A ratio (Fig. 5B) 
increased in all stresses compared to the control (Fig. 5B). 
The electron flux used for carboxylation (ETRc) (Fig. 5C) 
was higher in control plants followed by plants exposed to 
water deficit, with the lowest values observed for plants 
under salt and flooding; whereas the highest values of elec-
tron flux used for oxygenation (ETRo) were observed in 
drought-treated plants (Fig. 5D). Only the flooded plants 
showed lower ETRo than the control. The ETRc/ETRo 
ratio (Fig. 5E) was lower in all stresses compared to control 
plants.

Cell damage and antioxidant metabolism

Plants submitted to water deficit and high concentrations of 
NaCl showed an increase in ROS, evidenced by the higher 
concentration of  H2O2 (Fig. 6A). In turn, an increase in 
the concentration of MDA was only observed in the salt 
treatment compared to the control (Fig. 6B). The occur-
rence of cellular damage activated the antioxidant defense 
system, although plant response varied according to the 
sort of stress. The activity of the enzymes superoxide dis-
mutases (SOD) increased considerably in the drought and 
hypoxia-treated plants (Fig. 6C), while a reduction in glu-
tathione reductase (GR) activity was observed only in plants 
under water restriction (Fig. 6D). Peroxidases (POX) had 
their activity increased in treatments with water deficit and 
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hypoxia (Fig. 6E), but APX increased in plants exposed to 
salinity and flooding (Fig. 6F).

Vulnerability index (VI)

The VI varied according to the nature of the stress, being 
similar in plants submitted to salt and hypoxia treatments and 
considerably lower in plants exposed to drought (Fig. 7A). 
The differential values of VI allowed the separation of three 
clusters by hierarchical cluster analysis, with plants exposed 

to salinity and hypoxia forming a single group, while control 
and drought formed separate groups (Fig. 7B).

Multivariate analysis

The impact of different stresses on D. alata was further 
investigated using a PCA, in which the first two compo-
nents explained 81.4% of the total variation (Fig. 8). The first 
and second components explained 54.7% and 26.7% of the 
total variation, respectively. Analyzing the main patterns of 

Fig. 1  Water relations and osmotic adjustment parameters in Dip-
teryx alata plants under full irrigation (control, light blue bar) or 
exposed to water deficit (brown bar), salinity (yellow bar) or hypoxia 
(dark blue bar). The graphs show the predawn (Ѱpd—A) and midday 

(Ѱmd—B) water potential, leaf osmotic potential (Ѱs—C), the daily 
transpiration rates per unit leaf area (Ed—D), total soluble sugars 
(TSS—E), and proline (F). Means followed by the same letter did not 
differ significantly from each other (P ≤ 0.05; Newman–Keuls test)
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variability, high stomatal conductance, high water potential, 
and high concentration of sugars were characteristics cor-
related with plants grown in an ideal water regime (control). 
Antioxidant enzymes were strongly correlated with flooding 
(GR and APX) and salt excess (SOD and POX). ROS and 
MDA concentrations were also important for the differen-
tiation of plants exposed to NaCl. The water deficit treat-
ment was marked by high photorespiration rate and proline 
levels, traits that were positively and strongly correlated. In 
addition, the physiological parameters were also compared 
among stress treatments, excluding the control. We observed 
once again that parameters that indicate the maintenance of 
plant fitness, such as high photosynthesis and high concen-
tration of pigments, occurred in plants subjected to water 
deficit (Fig. 9).

Discussion

Understanding different responses of the same species to the 
main abiotic stressors is extremely relevant when consider-
ing species from threatened domains such as the Cerrado. 

Although Cerrado plants face seasonal droughts, salinization 
(Hunke et al. 2015; Vilela et al. 2020) and hypoxia (Boga-
rín et al. 2022) have become increasingly common in this 
domain due to incorrect land use and climate change. Expos-
ing plants to new abiotic factors can result in greater sensi-
tivity, which, in turn, can trigger species replacement and/
or compromise reforestation programs. Here, we observed 
that, although drought is commonly considered the main 
abiotic stress affecting plant physiology (Menezes‐Silva 
et al. 2019), D. alata seedlings showed greater sensitivity 
to salt stress and flooding. These results probably reflect the 
species’ adaptive strategies and are possibly related to the 
habitat in which the species have evolved.

Water balance in plants under different abiotic 
conditions

The Ψw is quite sensitive to environmental variations and 
usually decreases in plants subjected to drought, salinity, 
and hypoxia (Lin et al. 2018; Vaishnav et al. 2019; Tan 
et al. 2018). In D. alata seedlings, substantial reductions in 
Ψw were observed, especially in plants treated with NaCl 

Fig. 2  Variation in the concentration of pigments chlorophyll a (A), 
chlorophyll b (B), total chlorophylls (C), and carotenoids (D) in Dip-
teryx alata plants under full irrigation (control, light blue bar) or 

exposed to water deficit (brown bar), salinity (yellow bar) or hypoxia 
(dark blue bar). Means followed by the same letter did not differ sig-
nificantly from each other (P ≤ 0.05; Newman–Keuls test)
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and drought (Fig. 1A and B), reflecting the decline in soil 
water potential due to salt accumulation or lower water 
availability (Távora et al. 2001; Lacerda 2016). Despite 
this finding, Ψpd remained higher in plants exposed to 
drought probably as a result of the rehydration capacity 
when transpiration ceases, indicating good functioning of 
the xylem conducting vessels (García-Tejera et al. 2021; 
Venturas et al. 2017). In fact, plants under drought showed 
lower daily transpiration (Fig. 1D), which is crucial to 

survival in water-limited environments (Vilagrosa et al. 
2012).

In general, species exposed to flooding also tend to have 
a drop in plant water status, as observed here for Ψpd, which 
often involves inhibition of aquaporin activity in the mem-
brane of root cells (Tan et al. 2018). At midday, however, the 
water potential of plants under hypoxia was similar to that of 
control plants. Several studies obtained similar results, find-
ing no relationship between flooding and reductions in Ψw 

Fig. 3  Chlorophyll a fluorescence parameters in Dipteryx alata plants 
under full irrigation (control, light blue bar) or exposed to water defi-
cit (brown bar), salinity (yellow bar) or hypoxia (dark blue bar). The 
graphs show the potential quantum yield of photosystem II (PSII) 
(Fv/Fm—A), effective quantum yield of photosystem II (ΦPSII—B), 

photochemical quenching (qP—C), the fraction of PSII centers that 
are open (qL—E), and non-photochemical quenching (qN—D). 
Means followed by the same letter did not differ significantly from 
each other (P ≤ 0.05; Newman–Keuls test)
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even when plants sensitive to flooding were studied (Blanke 
and Cooke 2004; Herrera 2013; Oliveira et al. 2015a, b). Our 
results indicate that the impairment of water absorption may 
not be inherent to flooding stress or that plants presented 
strategies to deal with this constraint, as discussed below.

Maintaining an adequate flow of water through the 
soil–plant–atmosphere continuum requires the existence 
of a decreasing gradient of water potential, which can be 

a challenge for plants in saline or water-deficient soils due 
to their low soil water potential (Silva et al. 2022; Ven-
turas et al. 2017). D. alata seedlings exposed to NaCl and 
drought showed reduced osmotic potential (Fig. 1C), indi-
cating osmotic adjustment. This strategy helps to maintain 
a gradient that favors the absorption of water and, therefore, 
collaborates with the maintenance of high water potential 
and leaf turgor (Babita et al. 2010; Askari and Ehsanza-
deh 2015). It is interesting to note that plants submitted 
to hypoxia also had lower osmotic potential, although in 
this case, there was no decrease in soil water potential. It 
is likely that the osmotic adjustment in these plants might 
have helped to maintain the water uptake, counterbalanc-
ing the inhibition of aquaporin activity. Alternatively, the 
production of compatible osmolytes in plants exposed to 
flooding may be related to other aspects of cellular metabo-
lism. GABA, for example, is a compatible osmolyte that 
helps to restore the membrane potential under hypoxic 
conditions (Wu et al. 2021). Although the drop in osmotic 
potential in plants exposed to salt and drought may simply 
be a consequence of the lower water content in the cells, the 

Fig. 4  Leaf gas exchange parameters in Dipteryx alata plants under 
full irrigation (control, light blue bar) or exposed to water deficit 
(brown bar), salinity (yellow bar) or hypoxia (dark blue bar). The 
parameters included net photosynthesis rate (A, μmol  CO2  m−2   s−1) 
in (A), stomatal conductance to water vapor (gs, mol  H2O  m−2   s−1) 

in (B), relationship between the internal and external concentrations 
of  CO2 (Ci/Ca in (C), and carboxylation efficiency (A/Ci, µmol  mol−1 
 CO2  m−2 s.−1) in (D). Means followed by the same letter did not differ 
significantly from each other (P ≤ 0.05; Newman–Keuls test)

Table 1  Dark respiration rate  (Rdark, µmol  CO2  m−2   s−1) and ratio 
of dark respiration to photosynthetic rate  (Rdark/A) in Dipteryx alata 
plants under full irrigation (control) or exposed to water deficit, salin-
ity (salt) or hypoxia

Means followed by the same letter did not differ significantly from 
each other as determined by SNK’s test (α = 0.05)

Treatments Rdark Rdark/A

Control 2.08 ± 0.16 a 0.175 ± 0.01 c
Water deficit 2.01 ± 0.06 a 0.347 ± 0.03 bc
Salt 1.95 ± 0.08 a 0.508 ± 0.07 b
Hypoxia 1.91 ± 0.06 a 0.791 ± 0.15 a
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data obtained for plants under hypoxia point to an effective 
capacity of D. alata seedlings to produce a higher amount 
of osmotically compatible molecules.

No increase in proline concentration was observed 
in any of the analyzed treatments (Fig. 1F). A similar 
response was observed in D. alata exposed to drought 
(Alves 2020), indicating that proline does not partici-
pate in the defense mechanisms of this species and that 
other osmocompatible solutes may have contributed to 

osmotic adjustment (Servillo et al. 2011; Alves 2020). In 
the case of plants exposed to salt stress, it is likely that 
 Na+ and  Cl− ions accumulated in tissues, which also con-
tribute to the lower solute potential (Silva et al. 2009). 
Carbohydrates are another group of molecules commonly 
pointed out as important in osmotic adjustment (Macêdo 
et al. 2019). In our study, total soluble sugars (TSS) were 
reduced in leaves of plants exposed to the stresses, which 

Fig. 5  Changes in the photorespiration parameters in Dipteryx alata 
plants under full irrigation (control, light blue bar) or exposed to 
water deficit (brown bar), salinity (yellow bar) or hypoxia (dark 
blue bar). The graphs show the photorespiration rate  (PR µmol  CO2 
 m−2  s.−1—A), the ratio between photorespiration and photosynthe-

sis (Rp/A—B), the electron flux used for carboxylation (ETRc—C) 
or oxygenation (ETRo—D), and the ratio between the carboxylation 
rate and the oxygenation rate of Rubisco (ETRc/ETRo—E). Means 
followed by the same letter did not differ significantly from each other 
(P ≤ 0.05; Newman–Keuls test)
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may be the result of three factors: (i) soluble sugar translo-
cation to roots to promote organ growth and water uptake 
(Xu et al. 2015); (ii) greater metabolic demand to supply 
the defense mechanisms; and (iii) damage to the photosyn-
thetic process as a result of exposure to stressors. To verify 
the extent of these mechanisms in D. alata, we evaluated 
both the carbon balance and the antioxidant enzymatic 
machinery, as discussed in the following sections.

Physiological adjustments in Dipteryx alata 
subjected to stressful conditions

Photosynthesis integrates the physiological status of the 
plant and is, therefore, often used to assess plant fitness 
(Alves 2020). This key process was affected at different 
levels in D. alata subjected to stresses. In general, plants 
exposed to drought showed fewer damages than plants sub-
jected to other stresses. One example is the maintenance 

Fig. 6  Cell damage and antioxidant metabolism in Dipteryx alata 
plants under full irrigation (control, light blue bar) or exposed to 
water deficit (brown bar), salinity (yellow bar) or hypoxia (dark 
blue bar). The parameters investigated include hydrogen peroxide 
 (H2O2—A), malondialdehyde (MDA—B), superoxide dismutase 

(SOD—C), glutathione reductase (GR—D), peroxidase (POX—E) 
and ascorbate peroxidase (APX—F). Means followed by the same 
letter did not differ significantly from each other (P ≤ 0.05; Newman–
Keuls test)
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of pigment concentration (Fig. 2), considered a robust trait 
in stress tolerance (Carvalho et al. 2015; Ma et al. 2020). 
The reduction of photosynthetic pigments under salt stress 
and flooding may be a consequence of decreased chloro-
phyll synthesis, induction of chlorophyllase activity, distur-
bance in thylakoid membranes, and/or impaired absorption 
of nutrients such as iron (Latif and Mohamed 2016; Bose 
et al. 2017; Maswada et al. 2018; Hussain et al. 2021; Sey-
men 2021).

Changes in photosynthetic pigments were reflected in 
chlorophyll a fluorescence parameters (Fig. 3). In all treat-
ments, the Fv/Fm values remained constant (Fig. 3A), close 
to the values considered optimal for most species (around 
0.75–0.85), suggesting the absence of damage to proteins 
and PSII components (Baker 2008; Murchie and Lawson 
2013). Low ɸPSII values, on the other hand, were observed 
in the salt and hypoxia treatments (Fig. 3B). In the case of 
salt stress, the reduction in ɸPSII was not accompanied by 
changes in qP (Fig. 3C). This result indicates that the lower 
flow of electrons through the PSII was due to the low effi-
ciency in light absorption and transfer from the antenna com-
plex to the reaction center (Cousins et al. 2002), probably 

as a consequence of the decrease in pigments concentration. 
In hypoxia treatment, ɸPSII, qP, and qL were considerably 
reduced (Fig. 3B–D), indicating that in addition to the lower 
efficiency in light absorption and transfer, the availability of 
electron acceptors in PSII was also impacted (Cousins et al. 
2002; Liu et al. 2012).

All the stresses resulted in decreases in the net carbon 
assimilation rate due to diffusive limitations (Fig. 4 A and 
B). Stomatal closure is one of the first plant responses to 
water imbalances and is essential to decrease water loss to 
the atmosphere, although it also reduces  CO2 influx to the 
Rubisco carboxylation reaction (Baillie and Fleming 2020; 
Hussain et al. 2021). However, daily transpiration (Fig. 1D) 
was lower only in plants subjected to drought, and it is pos-
sible that, in addition to changes in gs, plants in this treat-
ment could also have other responses that delay water loss, 
such as changes in leaf area, stomatal anatomy, and/or in the 
cuticle composition (Machado et al. 2021). In plants exposed 
to salt and hypoxia, the Ci/Ca ratio remained similar to the 
control (Fig. 4C), suggesting that biochemical limitations 
also affected the photosynthetic process in these treatments 
(Bai et al. 2008; Osakabe et al. 2014). This hypothesis is 

Fig. 7  Vulnerability index 
(VI—A) and dendrogram 
obtained by hierarchical cluster-
ing analysis (B) in Dipteryx 
alata plants under full irrigation 
(control) or exposed to water 
deficit, salinity or hypoxia
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Fig. 8  Principal component analyses (PCA) with the mean values of 
physiological traits in plants of Dipteryx alata exposed to full irriga-
tion (control) or to different abiotic stresses (water deficit, salinity or 

hypoxia). The figure shows the variation in trait scores along the first 
two PCA axes with the percentages of explained variation given

Fig. 9  Schematic figure repre-
senting the physiological and 
biochemical changes triggered 
in Dipteryx alata after exposure 
to abiotic stresses. Up arrows 
indicate increase and down 
arrows indicate decrease in 
evaluated parameters. Only the 
parameters that were different 
between the stresses are repre-
sented in the figure (P ≤ 0.05; 
Newman–Keuls test)
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reinforced by the drop in the A/Ci ratio, which indicates the 
efficiency of the carboxylase activity of the Rubisco (Silva 
et al. 2022).

In addition to affecting photosynthesis, stressful events 
can also limit de-assimilation processes, such as respira-
tion and photorespiration, with consequent changes in car-
bon balance (Hasibeder et al. 2015). Surprisingly, none of 
the treatments affected nocturnal respiration, although the 
Rdark/A ratio was higher in plants exposed to salinity and 
flooding due to the marked drops in carbon assimilation. 
Respiratory metabolism is flexible, with alternative routes 
in response to adverse stress conditions (Jethva et al. 2022), 
which were probably activated in D. alata plants. Pho-
torespiration increased in plants exposed to drought due to 
redirecting of electrons to oxidation reactions (Fig. 5A–E). 
These high photorespiratory rates were important for sep-
arating this treatment from the other stresses in the PCA 
(Fig. 8). Photorespiratory metabolism is important under 
stress conditions, and although it is a source of  H2O2, it con-
tributes greatly to preventing the accumulation of ROS in the 
plant cells (Voss et al. 2013; Sunil et al. 2019). In addition, 
photorespiration is a major sink for reducing equivalents as 
well as ATP to regenerate acceptors for the primary reac-
tions, connecting cyclic electron flow pathways (Foyer et al. 
2012; Voss et al. 2013) and helping to protect the PSI and 
PSII (Huang et al. 2012).

Biochemical changes and vulnerability to stress

The imposition of drought, salinity, and hypoxia required 
adjustments of physiological and biochemical processes for 
maintaining cellular homeostasis (Fig. 6). Maintenance of 
ROS levels involves the participation of enzymes capable 
of scavenging these radicals, such as superoxide dismutases 
(SOD), ascorbate peroxidases (APX), peroxidases (POX), 
and glutathione reductase (GR) (Farnese et al. 2016). In this 
study, increases in SOD activity were observed in plants 
under drought and hypoxia. This enzyme acts as the first line 
of defense against oxidative stress converting the superoxide 
anion  (O2

.−) into  H2O2, which can be eliminated from the 
cell by the action of specific enzymes (Farnese et al. 2016). 
Similar alterations were also observed for POX, indicating 
the activation of defense mechanisms to eliminate  H2O2 in 
plants subjected to water stress and hypoxia, while plants 
treated with NaCl showed higher activity of APX only. The 
joint action of these enzymes maintained constant con-
centrations of  H2O2 in the hypoxia treatment. Although 
increases in ROS concentration have been observed in both 
salt and water deficit treatments, MDA levels increased only 
in plants treated with NaCl. It is likely that the higher con-
centration of  H2O2 in plants under drought is correlated with 
the higher photorespiratory rates in this treatment. Indeed, 
under drought conditions, photorespiration can increase 

 H2O2 production by up to 70% (Noctor et  al. 2002). In 
photorespiration, however, ROS production predominantly 
occurs in the peroxisomes instead of the chloroplasts, pro-
tecting Calvin cycle enzymes, and is usually associated with 
the activation of specific defense mechanisms, such as the 
action of catalase (Noctor et al. 2002; Scheibe and Beck 
2011; Voss et al. 2013).

Conclusion

The analysis of the physiological and biochemical traits 
revealed that D. alata seedlings were more susceptible to 
the stresses triggered by flooding and NaCl as shown by 
the highest vulnerability index (Fig. 7A). This result was 
corroborated by the PCA since the traits that indicate dam-
age were more strongly associated with plants in the salt 
and hypoxia treatments (Fig. 8). Consequently, salt- and 
hypoxia-treated plants formed a single group in hierarchical 
clustering, while plants subjected to drought showed greater 
similarities with the control group (Fig. 7B). The compari-
son among stresses, illustrated in Fig. 9, demonstrated the 
main physiological and biochemical characteristics inherent 
to their nature, pointing out crucial responses for the survival 
of D. alata in environments with water scarcity and greater 
vulnerability in flooded and saline environments. These data 
are surprising when we consider that water deficit is the 
main abiotic factor responsible for the mortality of forest 
species, but they are fully consistent with the evolutionary 
history of D. alata. In Brazil, this species is restricted to the 
Cerrado Domain, which is characterized by having a dry sea-
son that lasts from 3 to 7 months a year (Brazil Flora Group 
2021). Thus, throughout its evolutionary history, D. alata 
was constantly exposed to cyclic drought events. Functional 
traits of plants are typically correlated with the environment 
where the species occurs and are determinants of plant per-
formance in the climatic conditions of that region (Li et al. 
2017). However, the misuse of land in the Cerrado regions, 
associated with the advance of climate change, has exposed 
plants of this domain to unfavorable conditions that they are 
not naturally adapted to, such as high temperatures, salinity, 
and even flooding. The results obtained in this study indicate 
that these changes can have harmful effects on D. alata con-
servation and probably on other Cerrado species, which may 
cause the loss and replacement of species and compromise 
the success of reforestation programs.
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