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Abstract

A greenhouse study was carried out to evaluate the effects of increasing sodium chloride
(NaCl) concentrations in a nutrient solution on growth-related morphophysiological and
biochemical features during development of young plants of African mahogany (Khaya
senegalensis). The NaCl concentrations were 0 mM (1.0 dS m™), 20 mM (3.38 dS m™?), 145
mM (15.14 dS mt), 270 mM (29.90 dS m™?), 395 mM (42.61 dS m™) and 520 mM (53.60 dS
m™). Morphological features were negatively affected by increasing NaCl concentrations,
except for plant height, which had no significant effect. Relative water content was not
affected, whereas water potential decreased, suggesting osmotic adjustment. Whole plant dry
mass was reduced, especially on roots, whose dry mass reduced up to 66% lower than in
control. Regarding biochemical features, chlorophyll, chlorophyll content was reduced by
salinity stress from 15.14 dS m™, whereas reducing sugars, starch and proline contents were
increased. We conclude that in the early development Khaya senegalensis is tolerant to
salinity stress, since plant height was not affected, whereas the other morphophysiological
parameters became significantly lower than the control only from moderate salinity levels.
Salinity tolerance must have probably been favored by the osmotic adjustment provided by
increased compatible osmolytes.

Keywords: African mahogany, chlorophyll, carbohydrate, proline, salinity stress
1. Introduction

Salinity is one of the most limiting abiotic stress to plant growth and productivity and its
origin is often attributed to increasing use of poor quality water for irrigation and soil
salinization. Part of the saline-degraded land unsuitable for conventional crop could be used
for non-food crops such as alternate plants that can serve to wood as well as landscape
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reintegration (Joseph et al., 2013).

Several studies have reported salinity effects on woody plant development (Niknam and
McComb, 2000; Feikema and Baker, 2011; Morais et al., 2012; Rahneshan et al., 2018).
Nevertheless, little is known about these effects on mahogany — one of the most valuable
tropical woody species worldwide (Nikiema and Pasternak, 2008), whose wood reaches high
market value. Khaya senegalensis is the African mahogany species that shows greater
rusticity and adaptability to regions with low rainfall (Pinheiro et al., 2011).

Soils with electrical conductivity from 4 dS m™* (e.g. NaCl 40 mM) are referred as saline soils,
where osmotic pressure is close to -0.2 MPa (Munns and Tester, 2008). In many species,
salinity stress causes decreased chlorophyll levels as a typical symptom of oxidative stress,
which has been attributed to inhibition of chlorophyll synthesis, together with activation of its
degradation by the chlorophyllase enzyme (Ta'®i et al., 2016).

Under salinity stress, changes in metabolites content such as soluble sugars and starch, as
well as proline content, eventually negatively affect certain plant morphological features —
e.g., reducing leaf area and leaf number (Acosta-Motos et al., 2017). Carbohydrates can act in
osmoprotection, carbon storage, and scavenging of reactive oxygen species and accumulated
toxic sodium ion (Gupta and Huang, 2014; Thalmann and Santelia, 2017; Yang and Guo,
2018). Proline, also an osmoprotectant, has antioxidant properties and can act as an enzyme
protectant, thus improving plant tolerance to environmental stresses (Verbruggen and
Hermans, 2008; Acosta-Motos et al., 2017; Mansour and Ali, 2017; Rahneshan et al., 2018).

This greenhouse reasearch aimed to evaluate the effects of increasing NaCl concentrations
within a nutrient solution on some growth-related morphophysiological and biochemical
features in young plants of Khaya senegalensis.

2. Material and Method

The study site (14983' S, 4048' W; 881 m asl) was a greenhouse located at the Southwest
Bahia State University, in Vit&ia da Conquista, Bahia state, Brazil. During the experimental
period, 15 L pots filled with washed and sieved (0.005 mm mesh) sand were kept in the
greenhouse with natural sunlight, from Feb (mid-summer) to Jun (late autumn) 2018. The air
temperature was maintained between 23 and 26 <C, and relative humidity between 68 and
76%.

Khaya senegalensis 180-day-old seedlings, after grown in little conical tubes, were
transplanted into the experimental pots. The completely randomized experiment consisted of
six treatments with following NaCl concentrations: 0 mM (1.0 dS m1), 20 mM (3.38 dS m™),
145 mM (15.14 dS m), 270 mM (29.90 dS m™?), 395 mM (42.61 dS m™) and 520 mM
(53.60 dS m™). Each treatment was replicated four times. The solutions were prepared by
adding NaCl to Hoagland solution (Hoagland and Arnon, 1950). The solution pH was
adjusted to 6.5 by adding H2SOa. Salt treatments were imposed in Feb 2018. The plants were
irrigated once a day in order to maintain the substrate humidity close to the field capacity and
to prevent increasing electrical conductivity (EC) in the root zone.
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At 120 days after the imposition of salt treatments, the plants were removed from the pots, for
measurements and analysis of morphophysiological and biochemical features. First, plant
height and stem diameter were measured. Then the plants were divided as leaves, stem and
roots.

A\\ Macrothi“k Journal of Agricultural Studies

Water potential and relative water content were measured in mature leaves from the middle
part of the canopy, at pre-dawn. A pressure chamber (Model 1000, PMS) was used for water
potential measurement (Scholander et al., 1965). For relative water content (RWC), fresh
(FM), dry (DM) and turgid (TM) leaf discs mass was checked. RWC was obtained by the
formula RWC = [(FM-DM) / (TM-DM)] (Weatherley, 1950).

Leaf number was verified and a leaf area meter (Li-Cor, model Li-1300, USA) was used for
total leaf area measurements. Leaves, stems and roots dry mass were obtained after dried at
70 <T in an air forced oven for 48 h.

For chlorophyll extraction, acetone 80% was used, according to Arnon (1949). Extract
filtration and preparing followed Amarante et al. (2009) and spectrophotometer analisys was
performed according to Wellburn (1994).

Reducing sugars extraction was performed in fully expanded and adult dry leaves using 15
mL of potassium phosphate buffer 0.1 M. Extracts were submitted to three 45 minutes
centrifugations at 2,500 g. Anthrone was added to supernatant and reducing sugars content
was determined according to Yemm and Willis (1954).

Starch extraction was performed according to McCready et al. (1950). First, boiling ethanol
was added to fully expanded and adult dry leaves, followed by maceration, 10 minutes
centrifugation at 2,000 g, and supernatant removing, aiming soluble sugars, pigments,
phenols and other soluble solutes elimination (Amaral et al., 2007). The precipitate was dried
at 65 <C for 24 h and resuspended using 52% perchloric acid, followed by resting for 30
minutes and two 15 minutes centrifugation at 2,000 g. Phenol-sulfuric acid was added to the
supernatant, and starch content was determined by spectrophotometer analysis.

Proline content was measured according to Bates et al. (1973). A portion (0.5 g) of tissues
was homogenized in 10 ml of 3% aqueous sulfosalicylic acid, and the homogenate was
centrifuged at 2,000 g for 5 minutes. Aliquots from the extract were added to 2 mL of acid
ninhydrin solution, 2.0 mL of glacial acetic acid and 1.5 mL of water. The reaction mixture
was incubated for 1 h at 100 <C in a water bath. After cooling to ambient temperature, 4 mL
of toluene was added to the reaction mixture, for complete proline extraction, followed by
stirring, thereby forming a supernatant. Proline content was measured at 520 nm.

3. Results

At the end of the experimental period, the results exhibited diverse toxic effects of increasing
NaCl concentration on growth-related features in young plants of Khaya senegalensis. In our
study, no significant effects was found on plant height; however, stem diameter, leaf number,
total leaf area and leaf, stem and root dry mass were significantly affected by increased
salinity.
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Stem diameter became significantly lower than the control with increasing electrical
conductivity from 29.90 dS m; comparing only the plants subjected to salt treatments, there
was a decreasing linear effect on stem diameter (Figure 1). Leaf number and total leaf area
became significantly lower than the control from 42.61 dS m™ and 53.60 dS m respectively;
comparing only plants subjected to salt treatments, both parameters showed a linear decrease
(Figure 2). Salinity played a significant negative effect, marked by a linear decrease on whole
plant dry mass, although this effect varied in intensity, depending on which part of the plant
(Figure 3). In leaves, for example, dry mass became significantly lower than in control only
under 53.60 dS m™*, whereas in roots this difference was observed from 15.14 dS m™*; in stem,
dry mass in all salinity levels was lower than in control. The negative effect of salinity stress
was more pronounced for roots, whose dry mass declined up to 66% lower than in control,
followed by leaves (57%) and stem (54%).
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Figure 1. Stem diameter of young plants of Khaya senegalensis grown in pots containing
sand + nutrient solution, in the 120th day after imposition of NaCl treatments and their
corresponding electrical conductivities. Vertical bars in columns indicate the standard error of
the average of four replications. Within each electrical conductivity, mean values having the
same letters indicate that there is no significant difference (Dunnett test, p < 0.05) between
control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl treatment
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Figure 2. Leaf number and total leaf area of young plants of Khaya senegalensis grown in
pots containing sand + nutrient solution, in the 120th day after imposition of NaCl treatments
and their corresponding electrical conductivities. Vertical bars in columns indicate the
standard error of the average of four replications. Within each electrical conductivity, mean
values having the same letters indicate that there is no significant difference (Dunnett test, p <
0.05) between control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl

treatment
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Figure 3. Leaf, stem and root dry mass of young plants of Khaya senegalensis grown in pots
containing sand + nutrient solution, in the 120th day after imposition of NaCl treatments and
their corresponding electrical conductivities. Vertical bars in columns indicate the standard
error of the average of four replications. Within each electrical conductivity, mean values
having the same letters indicate that there is no significant difference (Dunnett test, p < 0.05)
between control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl treatment

The increase in NaCl concentration affected plant water status only with respect to leaf water
potential (Figure 4), which became significantly lower than in control with increasing
electrical conductivity from 15.14 dS m™. Comparing only the plants subjected to different
levels of salinity, the increase in electrical conductivity caused a decreasing quadratic effect
on leaf water potential. The relative water content, however, was not affected by the increase
in salinity. The decrease in leaf water potential, therefore, must have been mainly due to the
increase in osmotically active solute concentrations, suggesting osmotic adjustment.
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Figure 4. Leaf water potential at pre-dawn, on young plants of Khaya senegalensis grown in
pots containing sand + nutrient solution, in the 120th day after imposition of NaCl treatments
and their corresponding electrical conductivities. Vertical bars in columns indicate the
standard error of the average of four replications. Within each electrical conductivity, mean
values having the same letters indicate that there is no significant difference (Dunnett test, p <
0.05) between control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl
treatment

Chlorophyll content at all electrical conductivity levels was significantly lower than in
control. Results showed an inverse relationship between salinity and chlorophyll content:
comparing only the plants subjected to salt treatments, there was a decreasing linear effect

(Figure 5).
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Figure 5. Chlorophyll content in leaves of young plants of Khaya senegalensis grown in pots
containing sand + nutrient solution, in the 120th day after imposition of NaCl treatments and
their corresponding electrical conductivities. Vertical bars in columns indicate the standard
error of the average of four replications. Within each electrical conductivity, mean values
having the same letters indicate that there is no significant difference (Dunnett test, p < 0.05)
between control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl treatment

The content of reducing sugars, starch and proline, at all levels of electrical conductivity,
were significantly higher than in control. Comparing only plants subjected to salt treatments,
there was an increasing linear effect of increasing NaCl concentration on the contents of these
organic compounds (Figures 6 and 7).
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Figure 6. Reducing sugars and starch content in leaves of young plants of Khaya senegalensis
grown in pots containing sand + nutrient solution, in the 120th day after imposition of NaCl
treatments and their corresponding electrical conductivities. Vertical bars in columns indicate
the standard error of the average of four replications. Within each electrical conductivity,
mean values having the same letters indicate that there is no significant difference (Dunnett
test, p < 0.05) between control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl
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Figure 7. Proline content in leaves of young plants of Khaya senegalensis grown in pots
containing sand + nutrient solution, in the 120th day after imposition of NaCl treatments and
their corresponding electrical conductivities. Vertical bars in columns indicate the standard
error of the average of four replications. Within each electrical conductivity, mean values
having the same letters indicate that there is no significant difference (Dunnett test, p < 0.05)
between control (NaCl 0 mM, electrical conductivity 1.0 dS m™) and the NaCl treatment

4. Discussion

Salinity stress inhibits plant growth mainly due to osmotic and toxic effects resulting from
increased salt concentration in the soil solution. Regarding to osmotic stress, salt
accumulation in soil reduces the chemical potential of salt solutions which results in an
imbalance of water potential between the apoplast and symplast, causing a reduction in cell
turgor pressure. At the conditions of a turgor pressure reduction, there is a significant
inhibition of growth (Isayenkov, 2012). In addition, the salt outside the roots plays a toxic
affect and negative impact on the establishment of an adequate balance of nutrients required
for normal growth in plants (Munns and Tester, 2008).

In the present work, almost all growth-related morphophysiological features, such as stem
diameter, leaf number, total leaf area and leaf, stem and root dry mass, were negatively
affected by the salinity stress (Figures 1-3). All these changes in plant growth can be
considered as responses to the osmotic effect of the salt, and are similar to drought responses.
That this reduction is largely due to the osmotic effect of the salt is supported by other
experiments using concentrated Hoagland’s solution (Termaat and Munns, 1986).

Reduction in leaf number in the canopy area is a typical response to salinity stress reported in
different papers. This effect can be considered to prevent salinity stress because it both
reduces water loss through perspiration (Ruiz-Sénchez et al., 2000) and contributes to the
toxic ions being restricted to the roots, preventing their accumulation in the part (Munns and
Tester, 2008). The decrease in total leaf area, in turn, results from changes in cell wall
properties, which induce a reduction in leaf turgor and photosynthesis rate (Lima et al., 2018;
Rahneshan et al., 2018). According to Munns (1992), salt accumulation in older leaves
accelerates their abscission, thus inhibiting the expansion of younger leaves, which become
lacking in carbohydrates and hormones for their development. The fact that plant growth is
limited by a reduction in the photosynthesis rate and by an excessive uptake of salts affects
the production of specific metabolites that directly inhibit growth (Azza Mazher et al., 2007).
In addition, stem growth is also usually inhibited by increasing salt concentrations
(Acosta-Motos et al., 2017). These salinity stress-related responses have been reported by
different authors (Alvarez and Sénchez-Blanco, 2014, 2015; Cirillo et al., 2016).

Decreased dry mass has been observed in all plant tissues subjected to saline stress
(Acosta-Motos et al., 2017). Leaf dry mass decrease has been associated to leaf number
reduction or leaf abscission (Chartzoulakis et al., 2002). Early events during the osmotic
phase of salinity stress promote leaf senescence, resulting from a hormonal imbalance
involving the levels of abscisic acid, indole-3-acetic acid and cytokine, prior to the massive
accumulation of toxic ions (Ghanem et al., 2008). However, it is the efficient conversion of
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aminocyclopropane carboxylic acid to ethylene that notably initiates oxidative damage,
decreases in chlorophyll fluorescence and massive Na* accumulation, leading to leaf
abscission (Albacete et al., 2008).

The results indicated that the negative effect of salinity stress was more pronounced on roots,
whose dry mass declined up to 66% lower than in control, followed by leaves (57%) and
stem (54%). This is a surprising result, as shoot growth is usually considered to be more
sensitive than root growth to salinity stress, and this effect is often attributed to a reduction in
leaf number and total leaf area in compared with root growth, aiming to decrease the water
use by the plant, thus allowing to conserve soil moisture and to prevent salt concentration in
the soil (Munns and Tester, 2008). In a study on salinity tolerance in six native woody species
from the Brazilian semi-arid region, less dry mass decrease in some species was correlated to
two factors — higher stomatal control and water use efficiency (Bessa et al., 2017). In the
present study, we considered that these factors may have been the reason why the dry mass
decrease in leaves was less pronounced than in roots.

Another interesting growth parameter is plant architecture, based on the relationship between
foliage size and plant height. For ornamental plants, for example, high values of this
relationship are indicators of plant compactness, which is a desirable aesthetic and
commercial feature, and is much appreciated by nurseries and consumers (Sanchez-Blanco et
al., 2014; Alvarez and Sanchez—Blanco, 2015). In the present study, however, plant height
was not affected by increased salinity, resulting in a decrease in the relationship between
foliage size and plant height. In general, it can be inferred that the stem meristem, under
increasing salt concentrations, can induce osmotic adjustment, thus avoiding reduction in
height growth (Abdul Qados, 2011).

There is no available information in the literature about the effect of salinity stress on
height-to-stem diameter ratio, and consequently on the balance between height and diameter
growth, in broad-leaved species. However, in a study conducted by Espinoza et al. (2013) on
a coniferous species (Pinus radiata D. Don) these authors observed that water stress
increased height-to-stem diameter ratio comparatively to well-watered treatment. In our
study, salinity stress effect resulted also in an increase in a height-to-stem diameter ratio
compared to control. This suggests that, under salinity stress, stem dry mass partitioning is
marked by the allocation of more resources for growth in height than in diameter. The reason
for this answer is unclear, but it may reflect strong plasticity of this species.

The decline in leaf water potential with increasing NaCl concentration, as observed in the
present study (Figure 4), is a known response of plants to salinity stress (Tattini and Traversi,
2009; Gupta and Huang, 2014). Decreased water potential under salinity stress may result
from loss of some water in plant tissues, which implies reduced cell volume and consequent
inhibition in cell division, among other deleterious physiological effects (Hsiao and Xu,
2000).

Under saline conditions, however, plants often make osmotic adjustment, in which they
reduce their osmotic potential by increasing the concentration of neutral salts and / or solutes,
thereby minimizing changes in pressure potential. The concentration of these compatible
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solutes within the cell is maintained either by irreversible synthesis of the compounds or by a
combination of synthesis and degradation (Gupta and Huang, 2014). Decreasing in water
potential by soluble osmolytes accumulation can mitigate water loss, thus maintaining turgor
and cell expansion, providing continuous growth under salinity stress (Apse and Blumwald,
2002).

In the present study, the chlorophyll content was significantly reduced by salinity treatments
(Figure 5). The decrease in chlorophyll levels in salinity-stressed plants has been considered
as a biochemical marker of salinity tolerance in plants as it is a typical symptom of oxidative
stress, with toxic Na* affecting more markedly chlorophyll biosynthesis than chlorophyll
breakdown by the enzyme chlorophyllase (Ashraf and Harris, 2013). It has been accepted that
the photosynthesis rate may drop due to a decrease in chlorophyll content. Nevertheless, our
results showed that photosynthesis apparently was not affected by the increase in electrical
conductivity up to 29.90 dS m™, where chlorophyll content dropped by 46.48%, since
growth-related leaf morphophysiological features such as leaf number, total leaf area and leaf
dry mass were not different from the control, suggesting tolerance to salinity stress.

The contents of reducing sugars, starch and proline increased with increasing NaCl
concentration (Figures 6 and 7). Under salinity stress, plants accumulate compatible solutes
such as soluble sugars and proline which are known for their osmoprotection activity (Gupta
and Hang, 2014). The accumulation of metabolites that act as compatible solutes is one of the
common responses of plants to changes in the external osmotic potential (Munns and Tester,
2008). In the presente study, we believed that the noticeable increase in leaf reducing sugar
content, with the increasing electrical conductivity, can be related to allocation of assimilates
which contribute to osmotic adjustment (Hajiboland et al., 2014). This understanding is
corroborated by the decrease in leaf water potential associated with the unchanged relative
water content. It has been observed that salinity stress increases the level of reducing sugars
within the cell in a number of plants belonging to different species (Kerepesi and Galiba,
2000).

In the present study, the increase in starch content was a result opposite to that observed in
many species when they are subjected to abiotic stresses. In the majority of the studies, leaf
starch content was reported to decrease in response to abiotic stress, irrespectively of the
analyzed species. Under environmental stress, plants often resort to stored starch as a source
of energy and carbon, making it a metabolic alternative to compensate for photosynthetic
limitations (Thalmann and Santelia, 2017). Thus, sugars resulting from starch degradation
can act as both osmoprotectors and compatible solutes to mitigate negative effects of stress
(Krasensky and Jonak, 2012). However, in some studies, an increase in starch content has
been found in plants under salinity stress (Kanai et al., 2007; Skirycz et al., 2010; Yin et al.,
2010; Wang et al., 2013; Monroe et al., 2014; Zanella et al., 2016). The reasons for the
variation in starch content as a response to salinity stress are not yet clear, because it may
depend on both the species or experimental conditions. In halophytes, for example, increased
starch content has been identified as a strategic mechanism for eliminating sodium (Kanai et
al., 2007). These alternative metabolic pathways for starch utilization, as even discrepant
responses to salinity stress, highlight starch plasticity and demonstrate that it cannot merely
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be considered a storage compound (Thalmann and Santelia, 2017).

Proline accumulation, as observed in the present study, is one of the most important changes
in plant metabolism in response to salinity stress. This effect is consistent with previous
reports in which proline accumulation was related to plant tolerance to increasing salt
concentrations (Ahmad et al., 2016; Nahar et al., 2016; Pardo-Domenech et al., 2016).
Proline usually increases more markedly than other amino acids in plants under salinity stress
(Choudhury et al., 2007; Slama et al., 2015). Besides being a compatible osmolyte, proline
also plays an enzyme-protecting role, free radical scavenger and cellular redox balancer
(Verbruggen and Hermans, 2008; Mansour and Ali, 2017).

5. Conclusion

After 120 days under increasing NaCl concentration in nutrient solution, the results of this
study showed that the salinity stress differently affects morphopysiological and biochemical
features in the early stages of Khaya senegalensis development. Among the growth-related
parameters, we highlight the fact that plant height, in particular, was not affected under all
salt concentrations. Moreover, most other morphophysiological parameters, such as stem
diameter, leaf number, total leaf area and leaf, stem and root dry mass, became significantly
lower than the control only from moderate salinity levels. These results allow us to conclude
that this is a species tolerant to salinity stress, at least in the early stages of its development.
Our study indicates that osmotic adjustment was one of the salinity stress tolerance strategies,
as the increase in electrical conductivity induced a decrease in leaf water potential, whereas
the relative water content was not affected. The decrease in chlorophyll content appers to
have been a plant response to the toxic effect of leaf salt accumulation. The increased levels
of reducing sugars and proline was a typical osmoregulatory plant response to increasing
salinity, whereas the increase in starch content may have helped to reduce the toxic sodium
ions accumulation.
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