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Mechanisms of salt tolerance in seedlings of six woody native
species of the Brazilian semi-arid?

Mecanismos de toleréncia a salinidade em mudas de seis espécies arboreas
nativas do semidarido brasileiro

Michele Campos Bessa?, Claudivan Feitosa Lacerda?, Aiala Vieira Amorim®*, Antonio Marcos Esmeraldo
Bezerra* and Alan Diniz Lima?

ABSTRACT -The aim of this study was to evaluate the salt tolerance and physiological responses of six woody native species
of the Caatinga ecosystem, on a soil salinity gradient in a greenhouse. The experimental design was of randomized blocks in a
split-plot scheme; six plant species native of the Caatinga in the plots, and five levels of soil salinity in the sub-plots (1.2, 2.7,
4.7, 6.7 and 8.4 dS m?), with five replications. The results demonstrate that species of the Caatinga ecosystem display a high
capacity for adaptation in soils of low and moderate salinity. However, considering the reduction in total dry matter production
at the highest salinity level, it was seen that only the species M. urundeuva was tolerant to salinity, and H. impetiginosus and E.
velutina behaved as moderately tolerant. In the present study, it was also not possible to establish a clear relationship between
the leaf gas exchange or the accumulation of organic solutes in the leaves with the degrees of salt tolerance. On the other hand,
a strong relationship was seen between the Na*/K* ratio and the degree of tolerance of the species under study, with the more
tolerant species displaying less variation and lower values with the increases in soil salinity. These species, however, showed a
low capacity for retaining Na* in the stems, which may be a limiting factor on their use in revegetation projects of those areas
degraded by secondary salinization.

Key words: Salt stress. Caatinga ecosystem. Woody plants. Leaf gas exchange.

RESUMO - No presente trabalho buscou-se avaliar o grau de tolerancia a salinidade e os mecanismos fisiolégicos de mudas
de seis espécies lenhosas nativas da caatinga, sob um gradiente de salinidade do solo, em casa de vegetacdo. Utilizou-se
um delineamento em bloco ao acaso, em parcelas subdivididas, com cinco repeticdes, sendo as parcelas formadas pelas seis
espécies e as subparcelas pelos niveis de salinidade do solo (1,2; 2,7; 4,7; 6,7; e 8,4 dS m™). Os resultados demonstram que
as espécies da Caatinga exibem uma elevada capacidade de adaptacdo em solos de salinidade baixa e moderada. Entretanto,
considerando-se os graus de redugdo na producdo de matéria seca total, no maior nivel de salinidade, observou-se que apenas a
espécie M. urundeuva mostrou-se tolerante a salinidade; H. impetiginosus e E. velutina se comportaram como moderadamente
tolerantes. No presente estudo, também ndo foi possivel estabelecer uma relagéo clara entre as trocas gasosas e o acumulo de
solutos orgénicos nas folhas com os graus de tolerancia ao sal. Por outro lado, uma forte relacdo foi observada entre a razao Na*/
K* e o grau de tolerncia das espécies em estudo, com as espécies mais tolerantes apresentando menos variagdo e valores mais
baixos com o aumento da salinidade do solo. Estas espécies, contudo, mostraram uma baixa capacidade de retencdo de Na*
nos caules, que pode ser um fator limitante na sua utilizacdo em projetos de revegetacdo em areas degradadas por salinizacéo
secundaria.

Palavras-chave: Estresse salino. Caatinga. Plantas lenhosas. Trocas gasosas.
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INTRODUCTION

Caatinga, the predominant vegetation of the
Brazilian semi-arid region, includes species with a high
potential for use as timber, which are readily adaptable
to different soil conditions as well as to the natural
difficulties of the semi-arid climate. These species can
be an important alternative in the utilization of saline
areas where exploiting many agricultural species is not
viable economically, and can contribute to supply of
plant products in the northeast, and in reducing pressure
on the native vegetation. However, information on the
adaptability to saline conditions of species of the Caatinga
is still scarce.

Salinity is one of the abiotic stresses that most
limits plant production. It is estimated that 19.5% of
the irrigated areas in the world, corresponding to 45
million hectares, are facing problems because of salinity.
In Brazil, although the information on the salt affected
areas is not well defined, it is estimated that 20 to 25%
of irrigated areas in the Northeast region face problems
of soil salinization (FAO, 2006). Part of these degraded
saline areas, which are unsuitable for conventional
crops, can be used to grow alternative plants to serve
as a source of food, fuel, fodder, fiber, resin, essential
oils and pharmaceutical products, and also for landscape
reintegration (JOSEPH et al., 2013; RAISON, 2006).

In many parts of the world, an extensive area
of secondary salinity is caused by bad management
practices, poor water quality and the replacement of deep-
rooted, perennial native vegetation by shallow-rooted
annual species (DALE; DIETERS, 2007). These facts
contribute to a rise in the water table, bringing the salt
stored deep in the profileto the soil surface. One solution
to landscape salinity lies in the reintegration of trees and
other perennial species back into agricultural systems with
the aim of returning hydrological functions to a condition
which mimics that of the original landscape (BARRETT-
LENNARD, 2002).

Several authors have reported the effects of salinity
on development in perennial species (BUSH et al.,
2013; FEIKEMA; BAKER, 2011), with the majority of
studies concentrating on the early stages of development
(MORAIS et al., 2012; PATEL; PANDEY, 2007). These
studies are important, since the success of reforestation is
dependent, among other factors, on the ability of seedlings
to withstand, and become established under adverse
environmental conditions (NOVOA et al., 2013).

An excess of salts in the soil can disturb the
physiological and biochemical functions of cells, leading
to the death of the plant. Plants exposed to high salt
concentrations generally face two problems: the first is the

absorption of water from soil with a low osmotic potential,
the second results from the accumulation of toxic ions in
the cytoplasm, which inhibit many metabolic reactions.
This osmotic and ionic imbalance leads to a reduction
in carbon assimilation, in the absorption of nutrients and
in the growth of the plant (MUNNS; TESTER, 2008).
The inhibition of carbon assimilation has been attributed
to reductions in stomatal conductance, as well as to the
accumulation of the Na* and/or CI- ions, which adversely
affect the biochemical and photochemical processes
involved in photosynthesis (NEDJIMI, 2009).

The aim of this study therefore was to evaluate
the tolerance and physiological responses of six woody
native species of the Caatinga ecosystem (Myracrodruon
urundeuva, Handroanthus impetiginosus, Bauhinia
unguculata, Erythrina velutina, Mimosa caesalpiniifolia
and Luetzelburgia auriculata), on a soil salinity gradient in
a greenhouse, with a view to benefitting the establishment
of species which are promising under field conditions.
These species chosen have high wood production potential
in the Northeast Brazil, being considered of high economic
importance (FIGUEIROA et al., 2005).

MATERIAL AND METHODS

The experiment was carried out in a greenhouse
located on the Pici Campus of the Federal University of
Ceara (UFC) in Fortaleza, in the state of Ceara, Brazil
(3°44’ S, 38° 33" W and 20 m altitude). The experimental
design was of randomized blocks in a split-plot scheme;
six woody native species of the Caatinga in the plots,
and five levels of soil salinity in the sub-plots, with
five replications, giving 300 experimental units. An
experimental unit consisted of two pots containing one
plant each.

The six species of plants used from the Caatinga
were:

1. Myracrodruon urundeuva Fr Allemao - represented
by MU;

2. Handroanthus impetiginosus, represented by Hl;

3. Bauhinia unguculata L. - represented by BU;

4. Erythrina velutina Willd. - represented by EV;

5. Mimosa caesalpiniifolia Benth. - represented by MC;

6. Luetzelburgia auriculata (Allemao) Ducke -
represented by LA.

The seedlings were grown in a greenhouse under 50%
shade. They were planted in styrofoam trays each of 128
cells, and a substrate of sand + vermicompost in a ratio of 2:1,
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where they remained for 20 days, irrigated daily by means
of a micro-sprinkler system with well water at an electrical
conductivity of 0.7 dS m.

To make up the saline treatments, a soil classified
as Fluvent, was collected at five different points of the
Morada Nova Irrigated District, in Ceara, Brazil. The sites
were selected based on in situ analysis of the electrical
conductivity of the soil in the 0 to 20 cm layer, using a
Wet Jet sensor (Delta-T Devices, Cambridge, England).
After collection, all clumps were removed from the soil,
which was then passed through a 5 mm mesh sieve. The
electrical conductivity of the saturated soil (EC) was
measured, resulting in the five saline treatments used
(1.2, 2.7, 4.7, 6.7 and 8.4 dS m?). Measurement of the
EC was carried out directly on the saturated paste, and
presented a high correlation (r = 0.99) with the electrical
conductivity of the saturation extract, expressed by the
following equation: EC__ = 0.84EC. The main chemical
characteristics of the soil are shown in Table 1.

At 20 days after sowing, the seedlings were
selected according to their uniformity, and then
transplanted into 5-liter capacity, black plastic
polyethylene pots, containing a bottom layer of 3 cm
of gravel immediately followed by the soils at different
levels of salinity. To reduce the impact of direct
contact of the root system of the plants with the saline
soil, especially in those treatments at higher salinity
levels, a suitable amount of washed river sand was
added to the holes in each pot. After transplanting, the
plants remained in the pots for a period of 90 days,
being irrigated daily with well water at an electrical
conductivity of 0.7 dS m™* by means of a micro-
sprinkler system.

At 90 days after transplanting, measurements were
made of stomatal conductance (g), rate of transpiration
(E) and net assimilation rate (A), on fully expanded
leaves using an IRGA (Model ADC-System, ADC, UK).
The two measurements were taken between 8:00 am

Table 1 - Chemical characteristics of the soil used in the experiment

and 11:00 am under natural conditions (temperature and
CO, concentration) and coupled to an artificial lighting
at an intensity of about 1,500 umol m? s, From the
measurements obtained, the intrinsic water use efficiency
(A/g,) and momentary water use efficiency (A/E) were
estimated (SILVA et al., 2013).

Measurements of the photochemical efficiency
of photosystem Il using a fluorometer (Plant Efficiency
Analyser, Hansatech Instruments Ltd, Norfolk, England),
were also performed. These measurements were taken from
the same leaves used when measuring gas exchange.

At 90 days after transplanting, the shoots were
collected and, after drying in oven at 65 °C, the total
production of dry biomass was obtained. The percentage
losses were then calculated for the lowest salinity level
(reduction in %), which were used as indices to compare
the tolerance of the six woody native species, being
classified as tolerant (0 to 20% reduction), moderately
tolerant (21 to 40% reduction), moderately susceptible (41
to 60% reduction) or susceptible (above 60% reduction),
according to Fageria (1985).

Samples of the leaf blades were lyophilized and
ground, and then used in determining the levels of organic
and inorganic solutes. Crude extracts were prepared
according to the method of Cataldo et al. (1975). In the
extracts, concentrations were determined for soluble
carbohydrates (DUBOIS et al., 1956), soluble amino-
N (YEMM; COCKING; RICKETTS, 1955), proline
(BATES; WALDREN; TEARE, 1973), and Na*, K*
(GAINES; PARKER; GASCHO, 1984; MALAVOLTA,
VITTI; OLIVEIRA, 1989).

The data for each characteristic under evaluation
were submitted to variance analysis and, when
significant by F-test, submitted to the Tukey means
test at P<0.05 (comparison between species), and to
regression analysis (isolated effects of salinity and of
the interaction between factors). The Assistat 7.6 beta
software was used in the analysis.

K Ca Na CCE!
EC (dS m?) ESP %
mmol_dm-
1.2 2.76 41.5 46.5 8.91 109.6 8
2.7 2.17 74.0 38.5 25.00 142.2 18
4.7 2.56 96.5 74.0 51.74 238.8 22
6.7 4.14 1315 108.5 121.74 370.0 33
8.4 3.76 94.0 75.0 127.83 302.3 42

1CCE = capacity of cations exchange; ESP = exchangeable sodium percentage
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RESULTS AND DISCUSSION

It can be seen in Table 2, that for an EC
of 2.7 dS m!, the six species under study were
classified as tolerant to salinity, with the lowest
percentage decreases being observed for the species
M. urundeuva, H. impetiginosus and E. velutina. This
trend was also seen for the other saline levels (4.7, 6,7 and
8.4 dS m), with the species L. auriculata, B. unguculata
and M. caesalpiniifolia achieving reductions close to or
greater than 50% with the treatment at the highest salinity;
the first two being classified as moderately sensitive and
the third as sensitive.

Leaf gas exchange differed between the species
under study, and were affected by the salinity (P<0.01
or P<0.05). However, the interaction between factors
was not significant (P<0.05), while none of the factors
influenced the Fv/Fm ratio (P>0.05).

In Figure 1A can be seen the differences in stomatal
conductance between the six woody native species. It
shows that B. unguculata and M. caesalpiniifolia did not
differ by Tukey test (p>0.05), having the largest values
for g, 0.436 and 0.371 mol m2 s* respectively. The
lowest values for g_ were observed in the M. urundeuva
and H. impetiginosus, which also had the lowest net
assimilation rate (Figure 1C) and transpiration (Figure
1E). Furthermore, itcan be seen thatthe salinity, regardless
of the species studied, resulted in linear decreases in
stomatal conductance (Figure 1B), net assimilation rate
(Figure 1D), and transpiration (Figure 1F).

The species M. urundeuva, H. impetiginosus and
E. velutina displayed the highest values for intrinsic
water use efficiency (A/g), while L. auriculata and M.
caesalpiniifolia had significantly lower values (Figure
2A). On the other hand, it can be seen that the salinity
resulted in a linear increase in the A/g_ratio regardless
of the species studied (Figure 2B).

The lack of interaction between species and levels
of soil salinity in relation to leaf gas exchange (Figure 1)
indicates that the effects of salinity on these physiological
variables were different from those observed in the
production of dry biomass, with only the latter allowing
the identification of different degrees of salt tolerance
in the six species (Table 2). However, greater stomatal
control (Figure 1A) and greater intrinsic water use
efficiency (Figure 2A) can be seen in the species that
display greater degrees of salt tolerance (Table 2), i.e. M.
urundeuva, T. impetiginosa and E. velutina. The first two
species displayed lower rates of net assimilation rate, but
due to strong stomatal control, succeeded in maintaining
high water use efficiency, which may have contributed to
the greater degree of salt tolerance observed.

Stomatal closure in response to increased salinity
plays an adaptive role because it controls the water
flow in the system and the transport of toxic ions to the
photosynthetic tissue, at the same time avoiding water
loss through transpiration. In this study, it was found that
salinity caused linear reductions in g, and A, with a larger
decrease in stomatal conductance and increase in the A/gs
ratio, but without affecting the maximum efficiency of
photosystem 1I, measured by the Fv/Fm ratio. A greater
difference between the species was also found in terms
of stomatal conductance than in terms of the rate of net
assimilation rate. These results suggest that stomatal closure
was primarily responsible for the reductions in carbon
assimilation (KOYRO et al., 2013).

Stiller (2009) found that moderate salt stress did
not affect the biochemical stage of photosynthesis in the
leaves of Taxodium distichum, but due to stomatal closure,
a 50% reduction was seen in the rate of leaf gas exchange
in plants subjected to salinity. This response represents
a mechanism of acclimation to salt stress, reducing the
amount of water lost by transpiration, but also restricting
CO, assimilation (MELONI; GULOTTA; MARTINEZ,
2008).

Table 2 - Percentage of reduction in total dry mass of six native woody species from Caatinga ecosystem under a gradient of soil salinity

Percentage of reduction (%)

Species
2.7dS m? 4.7dS m? 6.7 dS m? 8.4 dS m?
MU 4,167 9.727 15.277 19.997
HI 5.497 12.817 20.13M7 26.35MT
BU 10.747 24.36M7 37.98MT 49.55Ms
EV 5.267 12.277 19.297 25.25MT
LA 11.677 27.24M7 42.80Ms 56.03“s
MC 13.207 30.80MT 48.40Ms 63.36°

T MT MSand S - Tolerant, moderately tolerant, moderately sensitive and sensitive, respectively
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Figure 1 - Stomatal conductance (g,), net assimilation rate (A), and transpiration (E) of six native woody species from Caatinga
ecosystem (A, C and E), and as a function of soil salinity (B, D e F)
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Figure 2 - Intrinsic water use efficiency of six native woody species from Caatinga ecosystem (A), and as a function of soil salinity (B)
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The levels of organic solutes differed between
species (P<0.01), and it was found that the interaction
between the factors species and salinity significantly
influenced the levels of soluble amino-N (P<0.01), proline
(P<0 01) and carbohydrates (P<0.05).

The concentrations of soluble amino-N in the leaves
of B. unguculata, L. auriculata and M. caesalpiniifolia fit
the quadratic polynomial regression models, with only E.
velutina presenting a linear fit (Figure 3A). M. urundeuva
and T. impetiginosa did not fit any regression equation
and were the species with the lowest values at all salinity
levels. The greatest accumulations of soluble amino-N
were observed for E. velutinaand L. auriculata. In general,
the levels of soluble amino-N either increased or did not
change in response to the increase in soil salinity, with
the greatest increases being found for M. caesalpiniifolia
(29%) when comparing the extreme levels of soil salinity
(1.2and 8.4 dS m).

The species M. urundeuva and M. caesalpiniifolia
were noted for having the highest and lowest levels of
carbohydrates, respectively (Figure 3B). The response of
the plants fit the quadratic polynomial equations, except
for M. urundeuva and M. caesalpiniifolia, which had
cubic and linear adjustments, respectively. M. urundeuva
displayed losses of 7.4% in carbohydrate levels for the
increase in soil salinity, when comparing the extreme
levels (EC 1.2 and 8.4 dS m™), while E. velutina saw a
gain of 19.8% under the same conditions.

As to proline levels in the leaves (Figure 3C),
all of the regression curves fitted the quadratic or cubic
polynomial models. Among the six species, M. urundeuva
stands out due to a 71% decrease in proline levels when
comparing the extreme levels of soil salinity (EC 1.2 and
8.4 dS m), while other species had increases, reaching
108% in L. auriculata, 238% in M. caesalpiniifolia and
254% in H. impetiginosus.
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The accumulation of organic solutes may
represent an adaptive advantage to salinity for the
plants, in view of the role attributed to such solutes in
osmotic adjustment and the protection of cell structures
under conditions of salt stress (MELONI; GULOTTA;
MARTINEZ, 2008; NEDJIMI, 2009; RADIC et
al., 2013). However, in the present study it was not
possible to establish a clear relationship between the
accumulation of soluble amino-N, carbohydrates
and proline (Figure 3), and salt tolerance for the six
species being studied (Table 2). It is noteworthy that
M. urundeuva, which displayed a higher degree of
salt tolerance, showed both higher levels of soluble
carbohydrates, irrespective of the level of salinity,
and a reduction in proline levels, with the increase in
electrical conductivity of the soil. Also noteworthy is
the large accumulation of proline in M. caesalpiniifolia,
which displayed a greater sensitivity to the imposed salt
stress. This agrees with other authors who also found an
inverse correlation between proline levels and tolerance
to salt stress (LACERDA et al., 2003).

The greatest values for the Na‘*/K* ratio in
the leaves were seen in the species L. auriculata, B.
unguculata and M. caesalpiniifolia, showing that these
genotypes have a lower capacity for controlling the
absorption of these ions (Figure 4A), reaching values
higher than 1,0 in L. auriculata. Furthermore, the stem
Na* to leaf Na* ratio showed a linear increase in plants
of M. caesalpiniifolia, while the other species fit either
quadratic or cubic polynomial equations (Figure 4B),
with values of generally less than 1.0 for this ratio.

The Na*/K* ratio has been used as a criterion
in the selection of materials which are sensitive and
tolerant to salt stress, since many authors report a
correlation between salt tolerance, reductions in Na
accumulation and the proper maintenance of potassium

162 Rev. Ciénc. Agron., v. 48, n. 1, p. 157-165, jan-mar, 2017



Mechanisms of salt tolerance in seedlings of six woody native species of the Brazilian semi-arid

Figure 3 - Concentration of soluble N-amino (A), soluble carbohydrates (B), and proline (C) in leaves of six woody native species from

Caatinga ecosystem as a function of soil salinity
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= BU y=4,6334-1,2995%*x + 0,314*x? - 0,0205x** R?=0,993
R?*=0,8513
R2=0,9125
R2=0,8642

o EV

nutrition (MELCHIORRE et al., 2009; NEDJIMI,
2009). In the present study there was a strong
relationship between the Na*/K* ratio in the leaves
(Figure 4A) and the degree of salt tolerance obtained
based on the production of dry biomass (Table 2); the
most tolerant species (M. urundeuva, H. impetiginosus
and E. velutina) displaying the smallest variations and
lowest values with the increases in soil salinity.

y=0,4325 + 3,1145%%x - 0,2998%x?2

Despite some increases seen in the stem Na*/leaf
Na* ratio, these were smaller or slightly more than 1.0, a
value far lower than those observed in other studies. For
example, Aquino et al. (2007), working with sorghum
irrigated with saline water, found that the salinity caused
a 12-fold increase in the ratio between Na* in the stems
and sheaths relative to their levels in the leaf blades.
The above authors concluded that this increase is a good
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Figure 4 - Leaf Na*/K* ratio (A) and ratio between Na* concentration in stems and leaves of six native woody species from

Caatinga ecosystem as a function of soil salinity
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O HI y=0,2602-0,066%x + 0,025%x> - 0,002*x* R?>=0,5651

= BU y=0,336-0,0277**x - 0,0076*x> R?= 0,923

o EV y=0,3351-0,0254**x + 0,0034*x* R>=0,934
o LA y=-0,34-0,0973**x + 0,0208*x> R2=0,9395
x MC y=0,4333-0,0127*x + 0,0053*x> R?=0,9538

indicator of the capacity for retaining potentially toxic
ions, primarily Na*, suggesting that this species exports
little Na* from the stems to the leaves, thereby avoiding
an excess of the ion in photosynthetic tissue. The results
obtained in the present study (Figure 4) suggest that
the woody species being tested have little capacity for
retaining Na* in the stems and petioles, a fact that results
in greater sensitivity to salinity and which may contribute
to the replacement of native species by invasive species
in areas affected by salts.

CONCLUSIONS

1. Considering the reduction in total dry matter production
at the highest salinity level, it was seen that only the
species M. urundeuva was tolerant (T) to salinity, H.
impetiginosus and E. velutina behaved as moderately
tolerant (MT), L. auriculata and B. unguculata
moderately sensitive (MS), and M. caesalpiniifolia was
classified as sensitive (S);

2. Salinity caused a decrease in foliar gas exchange, with
no differences in terms of tolerance being seen based on
these physiological variables. However, greater stomatal
control and intrinsic water use efficiency are seen in
species that display higher degrees of salt tolerance, i.e.
M. urundeuva, H. impetiginosus and E. velutina;

3. A strong relationship was seen between the Na*/K*
ratio and the degree of tolerance of the species under

164

Na* stem / Na* leaf

.69 B

1.4 4 X

NS}
N
X 0

1,2 2,7 4,7
Niveis de salinidade (dS m™)

A MU y = 0,4409 - 0,0057*x + 0,0022%x R2=0,7209
OHL y=0,7318-0,121*x +0,0099%x> R2=0,6187
= BU y=0,5056+ 0,9535%*x - 0,2296%*x? + 0,016*x’
0 EV

O LA y=03729+0,070%*x - 0,0181**x2 + 0,0013*x* R2=0,7677
x MC

R?=0,9952

study, with the more tolerant species displaying less
variation and lower values with the increases in soil
salinity.
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