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ABSTRACT

Pecan [Carya illinoinensis (Wangenh.) K. Koch.] is a deciduous tree whose fruits (nuts) are of high economic
value and offer excellent nutritional benefits. However, soils high in sulphates can limit its growth and develop-
ment. Working with 5-year-old trees of ‘Western Schley’ pecan grown in soils high in sulphates, the levels of pro-
line and oxidative metabolism were recorded in the leaflets. Results showed that different levels of visible leaflet
damage (‘sufficiency’, ‘low’, ‘moderate’ or ‘severe’) were associated with different levels of leaflet sulphates
(mg kg−1): ‘sufficiency’ (≤40), ‘low’ (41–60), ‘moderate’ (61–80) and ‘severe’ (80–100). ‘Severe’ sulphate damage
was associated with significant reductions in chlorophyll (TChl) (17.04 μg g−1), relative water content (RWC)
(50%) and leaf area (LA), and with increases in the concentrations of total carotenoids (TC) and proline (Prl).
Increases were also observed in the activities of the oxidative metabolism enzymes: superoxide dismutase
(SOD) (1.82 units min−1 g−1), catalase (CAT) (2.86 μmol H2O2 min−1 g−1) and antioxidant capacity (AC)
(87% DPPH inhibition). However, guaiacol peroxidase (GP) showed a reduction (2.97 nmol GSH min−1 g−1).
An inverse relationship was found between the sulphate concentration in the leaflets with respect to the evaluated
parameters of TChl, TC, RWC, LA, AC, and GP. Proline synthesis and antioxidant enzymatic activity indicate salt
stress in pecan leaflets in orchards irrigated with deep-well water high in sulphates.
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1 Introduction

In many arid and semi-arid regions of the world, salinity stress limits agricultural and horticultural
production. With pecans, [Carya illinoinensis (Wangenh.) K. Koch], this occurs especially where poor-
quality irrigation water contributes to the accumulations of various salts in the upper soil layers [1,2].
Excessive accumulations of Na+, Mg2+, Ca2+, Cl−, SO4

2− or HCO3
−/CO3

2− are all associated with salt
stress. In many areas of commercial pecan production, SO4

2− is the dominant salt at issue [3]. Among
tree fruit species, the pecan is one of the most sensitive to salt stress [1,2]. The preferred ecological niche
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for this tree is on the banks of rivers with alluvial soils. Therefore, its cultivation has led to the establishment
of many orchards on soils with high salt content, low moisture retention and poor drainage [4].

The main areas for pecan production are in northern Mexico and the southeastern USA, where the
irrigation tends to be either gravity fed or pumped [5]. The irrigation water is often high in salts, and
these tend to be deposited as a crust on the soil surface because in these areas evaporation greatly
exceeds precipitation [6,7]. Other factors that contribute to the accumulation of salts in soils are excessive
applications of chemical fertilizers and inappropriate tillage, especially in clay soils with poor drainage
[4]. Pecan trees growing in soils with excessive salts show signs of distress indicated by stomatal closure,
reduced vegetative growth, necrosis of leaf margins and early leaf senescence [8,9]. Consequently, the
accumulation of biomass and the yield and quality of the nuts are all reduced [1].

Salt stress affects tree water relations by reducing the osmotic potential in the rhizosphere, which
consequently reduces water uptake and significantly reduces the uptake of nutrients (Na+, Cl− and SO4

2−)
[10]. A more negative soil osmotic potential also reduces photosynthesis and thus the availability of
energy (carbohydrates) for essential metabolic functions and interfering with the trees’ normal growth and
development [11,12]. Among the range of defense mechanisms that reduce damage caused by
accumulations of salts in plant tissues are the synthesis and accumulation of proline, an amino acid that
serves as an osmotic and protective agent that reduces tissue dehydration and the consequent damage to
cell organelles [2,13].

Another defense mechanism is the modification of the activity and the physiological behavior of the
tree’s antioxidant enzyme systems, mainly superoxide dismutase, catalase and guaiacol peroxidase [14].
These enzymes are among the most efficient in reducing or eliminating oxidative stress due to the
presence of reactive oxygen species (ROS) produced under conditions of high salt concentrations [15].
There is little information related to salt stress and its effects on the physiological behavior of pecan.
A reason for this is the difficulty of working on immature trees in their different phenological stages
under greenhouse conditions, and the associated short exposure times to salinity [1,5]. The objective of
this study was to evaluate the effects of salt stress on young, productive pecan trees induced by sulphates
and their impact on photosynthetic pigments, proline accumulation and oxidative metabolism.

2 Materials and Methods

Study area, plant material and orchard management. The experiment was carried out during the 2019 and
2020 production cycles in Jiménez, Chihuahua, Mexico. The geographical location of the experimental site is
27°16′26.65″N, 104°49′44.52″W. The orchard was at an altitude of 1262 m.a.s.l., a mean annual temperature
of 27°C and a mean annual rainfall of 350 mm. The plant material consisted of pecan trees [Carya
illinoinensis (Wangenh.) K. Koch ‘Western Schley’]. Trees were established in 2014 on native rootstocks
at a 12 × 12 m spacing (70 trees ha−1). Nutrient supply was by a surface application of dry fertilizer (120
N: 100 P2O5: 96 K2O). Irrigation during the production phase (April-October) was by sprinkler with
average applications of 130 mm at 20-day intervals. Analysis of the soil physicochemical properties and
irrigation water are presented in Table 1. During flowering in 2019, 24 young, productive trees were
selected with mean trunk diameters of 11.96 ± 2 cm, mean heights at 5 ± 0.5 m and different severities of
leaflet margin necrosis–presumably caused by accumulations of sulphates. From the four cardinal points
of the canopy, at mid-height (1.5 m), 30 pairs of leaflets were collected from vegetative and fruiting
shoots of the previous season’s growth. Leaflets were analyzed for sulphate using the method described
by Novozamsky et al. [16]. Subsequently, the measured sulphate concentrations were correlated with the
severity of marginal damage in the leaflets [17]. Four levels of sulphate visible damage were identified:
‘sufficiency’ (Sf), ‘low’ (L), ‘moderate’ (M) or ‘severe’ (S). These four visual damage levels (Sf, L, M
and S) were found to correspond to four ranges of sulphate concentration (mgkg−1): Sf ≤ 40, L = 41–60,
M = 61–80 and S = 80–100.
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At the hardening stage of the shell (July 25 of the study years), 50 pairs of leaflets were collected
from each experimental unit, using the method of Rodríguez-Jiménez et al. [18]. Briefly, the leaflets were
divided into two groups: the first group was placed in transparent plastic bags and frozen at −80°C for
later enzymatic analysis. The other group was immediately taken to the laboratory for determination of
total chlorophyll, carotenoids, relative water content, leaf area and proline.

2.1 Experimental Design
A completely randomized experimental design was used with trees homogenized by trunk diameter and

height. Six replications were used in which the measured sulphate levels were considered as levels.

2.2 Parameters Evaluated
The foliar pigment content (total chlorophyll and total carotenoids) was determined by the method

described by the AOAC [19]. Acetone (80%) was used for the extraction and the absorbance was
measured at 470, 666 and 653 nm using a spectrophotometer. Data are reported in μg g−1. For each

Table 1: Physicochemical properties of the soil and water of the study area

Parameter Soil Parameter Water

Total CaCO3 (%) 32.38 Total dissolved solids
(mg kg−1)

782

Organic material (%) 1.52 pH 7.14

pH 8.34 CE (dS⋅m−1) 3.1

CE (dSm−1) 4.63 Sodium adsorption ratio 0.01

Texture Saline Classification C3-S1

Nutrients (mg kg−1) Soluble salts (mg L−1)

NO3
− 2.95 Ca2+ 41.27

P 5.24 Mg2+ 22.85

K+ 1058 Na+ 0.07

Fe2+ 2.14 K+ 5.54

Zn2+ 1.33 CO3
− 0.72

Cu2+ 1.23 HCO3 8.28

Mn2+ 1.28 Cl− 6.16

Soluble salts (meq L−1) SO4
2− 44.01

Ca2+ 9.13 - -

Mg2+ 5.25 - -

Na+ 4.55 - -

K+ 0.13 - -

CO3
2− 0.83 - -

HCO3
− 3.95 - -

Cl− 4.12 - -

SO4
2− 8.31 - -

Notes: EC-Electrical conductivity. C3-High salinity but can be used to irrigate well-drained soils. Use in crops tolerant to salinity. Keep track of soil
salinity. S1-Water with low sodium content, suitable for irrigation in most cases. However, problems may arise with crops that are very sensitive to
sodium.
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replicate, leaflet length and width were measured and the product length × width × 0.70 was used to estimate
leaflet area [20]. The relative leaf water content (RWC) was determined by the method proposed by Ings et al.
[21] with slight modifications. For this, 10 leaflets were weighed per replicate and recorded as fresh weight
(FW). They were subsequently immersed in distilled water and left to rest for 24 h. After this period, the
saturation weight (S) was recorded. They were then dehydrated in a drying oven) at 70°C for 24 h. The
weight after dehydration was recorded as the dry weight (DW). The calculation of relative water content
used the expression: RWCð%Þ ¼ FW�DW

S�DW

� �� �� 100.

The extraction and quantification of proline used the method proposed by Ings et al. [21] with slight
modifications. Briefly, 0.5 g of plant material was homogenized with 5 mL of 96% ethanol (v:v) and then
with 5 mL of 70% ethanol (v/v). The mixture was centrifuged at 3740 rpm for 10 min. Next, 2.5 mL of
ninhydrin reagent, 2.5 mL of 99% glacial acetic acid and 4 mL of deionized water were added to the
supernatant and vigorously stirred for 1 min. The mixture was placed in a water bath for 45 min. Last,
5 mL of 99% benzene was added and it was allowed to stand for 15 min. Once this period had elapsed
the absorbance was measured at 515 nm using a spectrophotometer. Proline concentration was expressed
as μg g−1 of fresh weight based on a standard proline curve [22].

The activity of superoxide dismutase (SOD EC 1.15.1.1) was determined by the control method
involving the photochemical reduction inhibition of nitroblue tetrazolium (NBT) described by Yu et al.
[23] with modifications. Samples (20 g) of leaflets were homogenized in a mortar for 2 min with 1.5 g of
quartz sand and 10 mL of a solution composed of 50 mmol HEPES buffer at pH 7.6 and 0.1 mmol
Na2EDTA. The mixture was first centrifuged at 11,000 rpm for 10 min at 4°C and then filtered with
qualitative filter paper MN 617. The extract obtained was used for the analysis of SOD and protein
concentration, the latter by the Bradford method (1976), in which bovine serum albumin (BSA) was used
as standard. Total SOD activity was determined in a 5 mL reaction mixture containing 50 mmol HEPES
at pH 7.6, 0.1 mmol EDTA, 50 mmol Na2CO3 (pH 10), 13 mmol methionine, 0.25% Triton X-100 (w/v),
63 μM NBT, 1.3 μM riboflavin and an appropriate aliquot of enzyme extract. The reaction mixtures were
illuminated for 15 min at a photosynthetic photon flux density of 380 μmol m−2 s−1. Identical reaction
mixtures that were not illuminated were used to correct for background absorbance. The enzymatic
activity was reported as unit min−1 g−1, where one unit of SOD activity corresponds to the amount of
enzyme required to cause 50% inhibition of the reduction of NBT evaluated at 560 nm.

The extraction and analysis of total H2O2 were carried out with the method modified by Brennan et al.
[24]. In this method, the hydroperoxides form a specific complex with titanium (Ti4+), which can be
measured by colorimetry at 415 nm. The peroxide concentration in the extracts was determined by
comparing the absorbance against a standard curve representing a 0.1 to 1 mmol titanium-H2O2 complex.
The results were expressed in μmol H2O2 min−1 g−1.

The extraction and determination of catalase activity (CAT EC 1.11.1.6) were carried out using the
method described by Sanchez et al. [25] with some modifications. The fresh plant material was macerated
in a 50 mmol Tris-acetate buffer solution at pH 7.5 and with 5 mmol 2-mercaptoethanol, 2 mmol
1,4-dithio-DL-threitol (DTT), 2 mmol ethylenediaminetetraacetic acid (EDTA), 0.5 mmol phenyl
methylsulfonyl fluoride (PMSF) and 1% (p:v) polyvinylpyrrolidone (PVP). The mixture was placed on a
two-layer filter and a sample was centrifuged at 11500 rpm for 20 min at 4°C. The supernatant was used
for CAT analysis, for which bovine serum albumin was used as a standard. CAT enzyme activity was
determined following guaiacol oxidation and H2O2 consumption by changing A485 and A240, respectively.
Control extracts were boiled and subsequently analyzed to confirm that the reactions were due to enzyme
activity.

The extraction and determination of the guaiacol peroxidase (GP) activity were carried out as described
by Sanchez et al. [25]. A sample (0.5 g) of foliar material was macerated with liquid nitrogen and
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homogenized with 5 mL of 25 mmol HEPPES-HCl buffer at pH 7.8 and 0.2 mmol EDTA-Na was added with
70% PVPP. The homogenate was filtered, and the supernatant was recovered by centrifugation at 11,500 rpm
for 10 min at 4°C. The GP activity was determined using a 3 mL reaction mixture containing 500 μL of
25 mmol sodium phosphate buffer at pH 7.0, 500 μL of 0.4 M EDTA-Na, 750 μL of 0.05% guaiacol
(v/v), 750 μL of 10 mmol H2O2 and finally 500 μL of the enzyme extract. The enzyme extract was then
added, and the absorbance change readings (485 nm) were taken at 3 min, both for the plant tissue
samples and the blanks. The same reaction mixture was used as a blank, in which the enzyme extract was
replaced with 25 mmol of sodium phosphate buffer. The results were expressed as nmol GSH min−1g−1.

The antioxidant capacity was evaluated according to the method described by Brand-Williams et al. [26]
with modifications. To 0.3 mL of extract was added 5.7 mL of DPPH compound (2,2-diphenyl-1-
picrylhydrazyl at a concentration of 0.0375 g L−1). The mixture was kept in the dark for 30 min. The
decrease in the DPPH radical was measured at 515 nm with a UV-visible spectrophotometer. The results
were expressed as % inhibition of DPPH. The following equation was used for their calculation:
% DPPH inhibition ¼ A0�A1

A0

� �
� 100; where A0 is the initial absorbance (methanolic solution of DPPH)

and A1 is the absorbance of the sample.

2.3 Statistical Analyses
With the information obtained, a test of homogeneity of variances was carried out with the Kolmogorov-

Smirnov test. When the variances were homogeneous, the analysis of variance was performed for a
completely randomized design with repeated measures (years). Tukey’s multiple comparison test of
means was used (P ≤ 0.05) to detect treatment effects. For heterogeneous variances, the Kruskal-Wallis
test was used and after a treatment effect, the Mann-Whitney test was used to assess significant
differences (P ≤ 0.05) between treatments. Subsequently, a Pearson correlation analysis was performed to
determine the degree of association between the evaluated variables. The SAS (Statistical Analysis
System) version 9.3 was used in all cases.

3 Results and Discussion

No significant effect was found for years (P ≤ 0.05), which enables the analysis to be performed by the
treatment. Sustained strong growth in the commercial demand for nuts of all species has encouraged an
increase in the area planted in pecans. However, productivity is low for orchards established on soils
suffering salinity problems [1]. In this study, the lowest TChl values corresponded to leaflets from trees
showing ‘moderate’ (23.66 μg g−1) to severe (17.04 μg g−1) salinity damage (Table 2). This behavior is
often associated with stomatal closure and a reduction in intracellular CO2 concentration [13]. Likewise,
previous studies have reported the negative effects of high concentrations of NaCl and Na2SO4 on the
activity of RuBisCO (ribulose−1,5-bisphosphate carboxylase/oxygenase), PEP (phosphoenolpyruvate
carboxylase) and AC (carbonic anhydrase) all of which impact the efficiency of photosynthesis in leaflets
of pecan tree [27]. Our results are like those reported for pistachio (Pistacia vera L.) [28] and pecan
[(Carya illinoinensis (Wangenh.) K. Koch)] [2]. On the other hand, this behavior may also be associated
with the hydrolysis of the ester bond of the chlorophyll molecule, because of increases in the enzymatic
activity of chlorophyllase [27,28]. Similarly, a significant increase in the concentration of carotenoids was
also observed, with values fluctuating between 9.95 and 14.25 μg g−1 (Table 2). In this sense, a response
to various stress conditions is associated with the synthesis and accumulation of secondary metabolites,
including carotenoids [29]. These compounds actively participate in inhibiting, reducing, and eliminating
superoxide, hydroxyl and singlet oxygen ions generated by the plant under conditions of salinity stress
[8,30]. In addition, they are a precursor of the synthesis of abscisic acid which is involved in the opening
and closing of stomata [31].
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The RWC is an appropriate estimate of the water status of the plant in terms of cellular hydration (water
potential and osmotic adjustment) [32]. The results here show an inverse relationship between the observed
damage and the RWC with mean values of 50%, 57%, 64% and 71% corresponding to severe, medium, low
and sufficiency foliar damage, respectively (see Table 2). Various studies report that a high concentration of
sulphates hinders the movement of water from the soil to the plants by reducing the conduction of water from
the roots and affecting the relative water content of the shoot at the cellular level [10]. This is attributed to a
reduction in the partial pressure of intracellular CO2 in the leaves, induced by the accumulations of Na+, Cl−,
SO4

2− and their negative effects on leaf expansion and stomatal opening [15,31]. Except for the sufficiency
damage, the pecan leaflets with sulphate damage showed severe problems of wilting and marginal necrosis,
which coincides with the report of Moreno-Izaguirre et al. [2].

A high concentration of salts is correlated with reductions in biomass, leaflet area and height by
modifying the ionic balance, mineral nutrition, stomatal behavior, and photosynthetic efficiency [15]. In
this study, severely damaged leaflets showed a significant reduction in the leaflet area (26.90 cm2)
(Table 2). Hoang et al. [33] reported a 43% reduction in a foliar area with respect to the controls when
evaluating the application of calcium sulphate (Ca, 2.5 mmol) to the soil under salinity conditions
(100 mmol NaCl) in red amaranth (Amaranthus tricolor L.). On the other hand, Stoeva et al. [34]
reported significant reductions in the foliar area of 64% and 67% when applying NaCl (50 mM) and
Na2SO4 (100 mmol), respectively, in beans (Phaseolus vulgaris L.) ‘Lody’. Previous studies in corn (Zea
mays L.) and soybean (Glycine max (L.) Merr.) report inhibition of N uptake under salinity conditions
[34]. Nitrogen is a macronutrient linked to the structure of the chlorophyll molecule, amino acids and
nucleic acids [35].

Proline level can be an indicator of salt stress in plants [29]. Here, a direct relationship was found
between the concentration of sulphates and Prl (Table 2). These results agree with previous research that
affirms that proline increases in concentration as a response to stress due to drought, salinity, extreme
temperatures, or high light intensity [2,22]. A previous study by Moreno-Izaguirre et al. [2] with edaphic
applications of Na2SO4 (1000, 2000, 3000 or 4000 mg L−1) in pecan nut seedlings, reports a direct
relationship between the increasing concentrations of this salt and proline. However, these authors
reported that it was from 2000 mg L−1 of Na2SO4 that a significant variation was found in the
accumulation of biomass and in concentrations of chlorophyll and sulphates. The synthesis and
accumulation of proline as an osmotic agent are among the protection mechanisms against the loss of
turgor due to the presence of salts [8]. Furthermore, Prl can also be an initial source of N for recovery
from salinity-induced stress [11,36].

Table 2: Pigment content, leaflet area and proline in ‘Western Schley’ pecan trees grown under salt stress
induced by sulphate

Ds
(mg kg−1)

TChl
(μg g−1)

TC
(μg g−1)

RWC (%) LA (cm2) Prl
(mg g−1)

Sf (≤40) 32.27 ax 9.95 d* 71.42 a* 26.90 ax 6.49 b*

L (41–60) 30.14 a 11.59 c 63.98 b 23.90 a 6.60 b

M (61–80) 23.66 b 13.31 b 57.33 c 22.05 a 7.28 b

S (80–100) 17.04 c 14.25 a 49.57 d 19.90 b 8.83 a
Notes: DS-Damage scale; Sf-‘sufficiency’; L-‘low’; M-‘moderate’; S-‘Severe’; Tch-Total chlorophyll; Tc-Total carotenoids; Rwc-relative water
content; La-Leaflet area; Prl-Proline. *, xValues with the same letter within each column are not statistically different according to the Duncan and
Mann-Witney tests (P ≤ 0.05), respectively. Data correspond to the average obtained from 2019 and 2020.
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The results related to the enzymatic activity and AC are shown in Table 3. Pecan trees planted in areas
with excess soil sulphates present different adaptation mechanisms. Among these is their antioxidant
enzymatic activity (superoxide dismutase, catalase, guaiacol peroxidase, among others) [6]. These
enzymes play important roles in the detoxification of ROS (i.e., O2

−, •OH, ROO•, H2O2) generated by
this stress factor, and these ROS are harmful to proteins, lipids, and nucleic acids [27,37]. Our results
showed that the enzymatic activity of SOD was higher in those leaflets showing ‘medium’ and ‘severe’
damage with values of 1.89- and 1.82-units min−1 g−1, respectively (Table 3). This agrees with the results
of Wang et al. [7] in Juglans regia L. seedlings, irrigated with 50 mmol NaCl. The NaCl treatments
(0, 300, 450 and 600 mmol) evaluated by Mohammadi et al. [8] in Leptochloa fusca, indicate that the
highest SOD enzymatic activity (4.0 U mg of protein) was observed in the 450 mmol treatment, which is
associated with the ability of this species to buffer the negative effects of ROS. There is no evidence to
indicate the behavior of SOD with respect to the presence of sulphates in pecan. However, it has been
reported that pecan is a species sensitive to the presence of salts in the soil [4]. In this sense, pecan has a
vigorous root system, and feeder roots develop near the plant neck and are naturally associated with
ectomycorrhiza [38], which could be linked to adaptations to water stress and salinity.

The presence of sulphates in the soil significantly impacted the production of H2O2 in pecan nut leaflets
(Table 3). One of the physiological responses to stomatal closure and low CO2 availability is associated with
the production of H2O2 for the oxygenation of RuBisCO and the increase in photorespiration [9]. In this
sense, the behavior in the production of H2O2 is associated with the activity of SOD through the Haber
Weiss reaction [13,39].

The damage induced by the oxidative metabolism and the generation of H2O2 is regulated by CAT
(E.C.1.11.1.6), which catalyzes the dismutation of H2O2 to H2O and O2 [35]. The ‘severe’ damage
condition significantly increased CAT activity (2.86 μmol H2O2 min−1 g−1). Similar values (2.06 μmol
H2O2 min−1 g−1 and 3.54 μmol H2O2 min−1 g−1) were reported by Balandrán-Valladares et al. [40] in
‘Western Scheley’ pecan tree. This also fits with findings of Karimi et al. [41] who reported a five-fold
increase in CAT activity with respect to the controls when evaluating treatments of 100 mM Na2SO4,
CaCl2 and KNO3, 50 mmol Na2SO4 + CaCl2, 50 mmol Na2SO4 + KNO3 and 50 mmol CaCl2 + KNO3 in
Juglans regia ‘Chandler’.

It has been observed that oxidative stress activates the antioxidant enzymatic systems (SOD, CAT, GP,
and others) which help regulate the levels of ROS [21]. However, the efficiency of these systems is affected
by the severity of the stress, the types of ROS present and the physiological condition of the plant [37].
Previous studies with halophytes (Atriplex lentiformis, Tamarix aphylla, Sporobolus marginatus, Suaeda
nudiflora, Urochondra setulosa, Arundo donax, Aeluropus lagopoides, Heliotropium ramossimum,

Table 3: Oxidative metabolism and antioxidant capacity in “Western Schley” pecan tree grown under salt
stress induced by the presence of sulphate

Ds
(mg kg−1))

SOD H2O2 CAT GP AC

Sf (≤40) 1.40 b* 0.33 c* 2.65 bx 5.14 a* 67.50 c*

L (41–60) 1.37 b 0.44 a 2.43 b 5.10 a 75.83 b

M (61–80) 1.89 a 0.41 ab 2.60 b 3.91 b 80.00 b

S (80–100) 1.82 a 0.39 b 2.86 a 2.97 c 86.83 a
Notes: DS-Damage scale; Sf-‘sufficiency’; L: ‘low’; M-‘moderate’; S-‘Severe’; SOD-Superoxide dismutase (unit min−1 g−1); H2O2-Hydrogen
peroxide (μmol g−1); CAT: Catalase (μmol H2O2 min−1 g−1); GP-Guaiacol peroxidase (nmol GSH min−1 g−1); AC-Antioxidant capacity (% DPPH
inhibition). *, xValues with the same letter within each column are not statistically different according to the Duncan and Mann-Witney tests (P ≤
0.05), respectively. Data correspond to the average obtained from 2019 and 2020.
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Atriplex nummularia, and Lecaptachloa under saline conditions (300 mmol NaCl) report increases in
the activity of the antioxidant enzymes (superoxide dismutase, catalase, ascorbate peroxidase and
peroxidase). This work highlights the genetic capacity of these species to minimize the negative effects of
ROS [14]. In an experiment with corn seedlings (Zea mays L.) subjected to treatment with NaCl
(75 and 150 mmol), Karimi et al. [41] report significant increases in oxidative stress in roots and mature
leaves but not in young leaves. This result may be because of the synthesis and joint activities of
polyphenols (non-enzymatic antioxidants) and the enzymatic activity of CAT.

In our study, leaflets with sufficiency levels of sulphate damage showed a maximum reduction in H2O2

level through the activity of the enzyme guaiacol peroxidase (GP) (5.14 nmol GSHmin−1 g−1). However, this
value was not significantly different from the low range (Table 3). According to previous physicochemical
analyses of soil and water, sulphate concentrations were 8.31 meq L−l (soil) and 44.10 meq L−l (water). These
results indicate that the trees in our pecan orchard may be subjected to oxidative stress induced by the
presence of sulphates. This could explain the low activity of GP under conditions of ‘moderate’ and even
‘severe’ damage. In this regard, Alayafi [37] point out an inverse relationship between oxidative stress
and the efficiency of the antioxidant enzyme system. This is, ‘severe’ damage under stress conditions can
minimize the activities of SOD, CAT and GP. In contrast, when the concentration of H2O2 is increased in
Panax ginseng seedlings, greater tolerance to salinity has been demonstrated by the activities of CAT and
GP [42]. This behavior may be linked to the homeostasis generated by the specific production of H2O2

and the activities of the antioxidant systems [9]. This contrasts with our observations for GP in leaflets
suffering ‘moderate’ and ‘severe’ damage.

Our leaflets showing ‘severe’ damage presented the highest AC value (87% DPPH inhibition) (Table 3).
These results do not agree with those reported in various genotypes of ‘beef’ tomatoes (Solanum
lycopersicum L.) cultivated under three levels of electric conductivity (2, 2.5 and 3 dS m−1) [43]. On the
other hand, an increase in antioxidant capacity is associated with an increased enzyme activity of SOD,
CAT and GP [39]. A direct relationship with proline concentration in leaflet tissues has been observed
previously [12]. This behavior affects the tolerance of pecan trees to the high concentration of sulphates.
Some pecan orchards in northern Mexico and southeast USA are exposed to salinity conditions due to
Na2SO4 or CaSO4 (among others) [4]. Pecan is known to be sensitive to Na+ salinity with a tolerance
threshold between 2 and 3 dS m−1. However, it has been reported that values of 3 dS m−1 can cause
significant depressions of tree growth [11]. Moreno-Izaguirre et al. [2] when evaluating applications of
Na2SO4 (1000, 2000, 3000 or 4000 mg L−1) to native pecan genotypes indicate reductions in biomass
accumulation, shoot length and tree height.

According to Pearson’s correlation analysis, an inverse relationship was found between the sulphate
concentration in the leaflets with respect to the evaluated parameters of TChl (−0.907), TC (−0.911),
RWC (−0.948), LA (−0.828), AC (−0.845) and GP (−0.845). These results suggest that the presence of
sulphates is an abiotic factor of saline stress that increases the oxidative metabolism and limits the
production of photoassimilates by pecan, also reducing stomatal conductance and growth of branches and
leaflets and reducing the uptake of soil water [40]. Significant reductions in chlorophyll concentration in
four-year-old ‘Wichita’ pecan have been reported by Ben Ali et al. [6]; however, these authors did not
observe effects on the growth (height or diameter) or development of trees irrigated with saline water
(4 dS m−1) or reverse osmosis water (8 dS m−1). On the other hand, accumulations of osmolytes (proline,
carotenes, and soluble sugars) of low molecular weight in mandarin ‘Kinnow’ Citrus reticulata (White)
increases the tolerance to reductions of water in the tissues due to the presence of salts [31]. Here, we
found that sulphate-damaged ‘Western Schley’ pecan leaflets showed significant increases in the synthesis
of proline and antioxidant enzyme activities along with changes in growth and development.
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4 Conclusions

Pecan orchards planted in northern Mexico and the southeastern United States have soil problems with
high concentrations of salts, including sulphates. In this study, the lowest total chlorophyll values
corresponded to leaflets from trees showing ‘moderate’ (23.66 μg g−1) to severe (17.04 μg g−1) salinity
damage. Similarly, there was an inverse relationship between the observed damage and the RWC with
mean values of 50%, 57%, 64% and 71% corresponding to severe, medium, low and sufficiency foliar
damage, respectively. Severely damaged leaflets showed a significant reduction in the leaflet area
(26.90 cm2). A direct, positive relationship was found between the increasing concentrations of sulphates
and proline. Our results showed that the enzymatic activity of SOD was higher in those leaflets showing
‘medium’ (1.89 units min−1 g−1) and ‘severe’ (1.82 units min−1 g−1) salinity levels. The ‘severe’ damage
condition significantly increased CAT activity (2.86 μmol H2O2 min−1 g−1). Leaflets with sufficiency
levels of sulphate damage showed a maximum reduction in H2O2 levels through the activity of the
enzyme guaiacol peroxidase (5.14 nmol GSH min−1 g−1); however, this later value was not significantly
different from the low salinity range. Our leaflets showing ‘severe’ damage presented the highest AC
values (87% DPPH inhibition). Proline synthesis and the antioxidant enzymatic activity indicate salt
stress in pecan leaflets in orchards irrigated with deep-well water high in sulphates.
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