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GROWTH AND PHOTOSYNTHETIC EFFICIENCY OF Atriplex nummularia
UNDER DIFFERENT SOIL MOISTURE AND SALINE TAILINGS'

ALINE SHEYLA LEAL DE OLIVEIRA®*, EDUARDO SOARES DE SOUZA?Z LUIZ GUILHERME MEDEIROS
PESSOAZ, SERGIO LUIZ FERREIRA-SILVA?, RODOLFO MARCONDES SILVA SOUZA3, ANTONIO CELSO
DANTAS ANTONINO?

ABSTRACT - The disposal of the tailings (wastes) from desalinators is a growing problem, especially in semi-
arid regions, and it is necessary to study halophytes such as Atriplex nummularia for the reuse of these saline
waters. Thus, the objective of this study was to evaluate the effect of the interaction between levels of soil
water content and salinity of irrigation water, gas exchange and growth of Atriplex nummularia Lindl. The
plants were cultivated in vases with soils under two moisture levels (50 and 100% of the field capacity) and
irrigated with saline waters from dilution of the desalinator waste, to obtain the following electrical
conductivities (EC) of 0.39; 1.54; 2.15; 2.79; and 3.63 dS m™". The experiment was conducted in a greenhouse
for 160 days, with a triple factorial arrangement of 2x5x3, in a randomized complete block design with four
replications. The photosynthetic, biometric and plant biomass parameters were evaluated. Irrigation with saline
water reduced the net photosynthetic rate (4), stomatal conductance (g;), the effective quantum yield of
photosystem II (4F/Fm’), photochemical quenching (¢P) and the electron transport rate (E7R) of the plants for
the two conditions of soil moisture. However, it did not impair the efficiencies of water use (WUE) and
carboxylation (EIC) of plants. Plant growth rate and leaf biomass were stimulated under irrigation with saline
water (EC < 3.63 dS m™), and when associated with soil moisture of 100% FC leaf biomass gains > 100% were
obtained.

Keywords: Photosynthesis. Halophyte. Water reuse. Salinity.

CRESCIMENTO E EFICIENCIA FOTOSSINTETICA DE Atriplex nummularia SOB DIFERENTES
UMIDADES DO SOLO E REJEITOS SALINO

RESUMO - O descarte do rejeito dos dessanilizadores ¢ um problema crescente sobretudo nas regides
semidridas, sendo necessario o estudo de plantas halofitas como a Atriplex nummularia para o reuso dessas
aguas salinas. Dessa forma, objetivou-se avaliar o efeito da interag@o entre niveis de teor de agua solo e de
salinidade da agua de irrigagdo, nas trocas gasosas e no crescimento de Atriplex nummularia Lindl. As plantas
foram cultivadas em vasos com solos sob dois niveis de umidade (50 e 100% da capacidade de campo) e
irrigadas com aguas salinas provenientes de diluicdo de rejeito de dessalinizador obtendo as seguintes
condutividades elétricas (EC) de 0,39; 1,54; 2,15; 2,79; € 3,63 dS m'. O experimento foi conduzido em casa de
vegetacdo durante 160 dias, com o arranjo fatorial triplo de 2x5x3, em delineamento em blocos ao acaso, com
quatro repetigdes. Foram avaliados os pardmetros fotossintéticos, biométricos e a biomassa das plantas. A
irrigacdo com agua salina reduziu a taxa fotossintética liquida (4), a condutancia estomatica (g;), o rendimento
quantico efetivo do fotossistema Il (4F/Fm’), o quenching fotoquimico (¢P) e a taxa de transporte de elétrons
(ETR) das plantas para as duas condigdes de umidade do solo. Contudo, nio prejudicou a eficiéncia do uso de
agua (WUFE) e de carboxilagdo (EIC) das plantas. A taxa de crescimento das plantas e a biomassa foliar foi
estimulada sob irrigagdo com agua salina (EC < 3,63 dS m™), e quando associada a umidade de solo de 100%
FC obteve ganhos de biomassa foliar > 100%.

Palavras-chave: Fotossintese. Hal6fita. Reuso de 4gua. Salinidade.
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INTRODUCTION

At the global level, arid and semi-arid regions
are more susceptible to salinization due to the
association of soil characteristics with climatic
factors, such as low and irregular rainfall
precipitation, high temperatures and high potential
evapotranspiration (PEDROTTI et al., 2015). In the
Brazilian Semiarid region, water resources available
in dams, lowlands and underground wells, the main
reservoirs for agricultural use in the region, have
their water quality compromised due to high content
of salts (SOUSA NETO et al., 2011). It is estimated
that more than 800 million hectares are affected by
salinity (RENGASAMY, 2010), representing 6% of
the world's total area (GEISSLER et al., 2015) and
more than 30% of irrigated soils in the world (FAO,
2011). In Brazil, it is estimated that 9 million
hectares in the semiarid area of the northeast are
affected by soil salinity, where about 11% of the
irrigated land is salinized (DREGNE; CHOU, 1992).

As a result of the food demand of the growing
world population, the intense exploitation of land
and water resources has generated serious
environmental and social imbalances. Among the
various problems faced by the expansion of
agricultural activities, salinity increase is one of the
most important issues in world agriculture (DONG et
al., 2010), and is even more worrying in arid and
semi-arid regions. Soil salinity affects agricultural
production with the inhibition of seed germination,
plant growth and development due to osmotic
effects, nutritional imbalance or toxicity of saline
ions (Na" and CI'), resulting in reduction of the
yields and quality of crops (SAIRAM; TYAG]I,
2004); and the environment, with reduction of the
remaining forest areas, increased exploitation of
marginal lands and pollution of water sources
(PEDROTTI et al., 2015).

The need for better quality water, both for
agricultural use and for human consumption, has
increased the use of desalinators in the region, which
come to launch between 40 and 60% of saline
tailings (wastes) in the environment, contributing to
the contamination of the soil and groundwater
(PORTO; AMORIM; SILVA JUNIOR, 2001;
SOUSA NETO et al., 2011). In view of this fact, it is
necessary to establish strategies for the disposal of
these tailings, and an alternative would be the
mixture of saline water from the tailings of
desalinators with water of low salinity (fresh water)
for irrigation purposes (CHOUDHARY;
GRATTAN; MINHAS, 2011). Thus, the use of this
mixture in the irrigation of halophyte plants of the
genus Atriplex, constitutes a low-cost and promising
technique for semiarid regions (LEAL et al., 2008;
SANTOS et al., 2011).

Atriplex nummularia is a species of great
importance for this purpose due to its adaptability to
salinity and water deficiency. Several studies have

investigated water and saline stresses separately, but
few have evaluated their interactions (GLENN et al.,
2012). It is necessary to investigate the performance
of Atriplex to salts in the presence of low and high
water content in the soil, as well as to investigate the
physiology of tolerance to water and saline stresses,
in order to understand the crop regarding the limits
and compensations of tolerance to salts. In this sense,
photosynthetic rates are among the main metabolic
phenomena affected by water and saline stress
(GLENN et al., 2012).

Based on the tolerance of Atriplex to salinity,
it is assumed that the higher water availability
associated with higher salt concentration in irrigation
water, maximizes the growth and production of
biomass by the influence of photosynthetic
processes. Studying the interactive effect between
soil moisture levels and salinity helps to understand
how physiological and growth responses interfere
with Atriplex productivity, considering that water is
an important and limiting element in arid and
semiarid regions. In view of the above, the objective
was to evaluate the possible effect of the interaction
between soil moisture levels and irrigation water
salinity on gaseous exchange and growth in Atriplex
plants.

MATERIAL AND METHODS

The experiment was conducted in a
greenhouse at the Serra Talhada Academic Unit of
the Federal Rural University of Pernambuco (UAST/
UFRPE), municipality of Serra Talhada-PE (7° 57
10.8” S and 38° 17° 39.55” W). The study period was
from 12/10/2016 to 22/03/2017, totaling 160 days of
evaluation. The climate of the study area according
to the Kopen classification is of type BSWH' (hot
and dry), with average annual precipitation of 632
mm, with the rainy period from January to April,
with about 65% of the annual rainfall, with the
occurrence of temperatures higher than 32°C from
November to January (COSTA et al., 2015). The
average monthly maximum temperature varies from
23.6 to 27.7°C and the minimum from 18.4 to 21.6°C
(COSTA et al., 2015).

The experimental period was characterized by
mean daily temperature of 28.99 + 2.02°C, with a
maximum of 34.47 + 2.20°C and a minimum of
19.87 £ 1.98°C, in the external environment of the
greenhouse. The mean daily relative humidity was
42.32 + 11.34%, with a maximum and minimum of
78.63 + 11.31% and 17.93 + 10.67%, respectively.
During the 160 days it rained 213.2 mm, with
October and November being the months with the
lowest rainfall of 0.2 and 6.6 mm, respectively, and
February the month of highest accumulated value
with 100.6 mm (INMET, 2018) (Figure 1).

The surface layer (0 - 20 cm) of a non-saline
and non-sodic haplic Cambisol (EMBRAPA, 2013)
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(RICHARDS, 1954) was used, of sandy loam
textural class (Table 1). This material was dried in
air, passed in a 4 mm sieve, homogenized and
packaged in vases 30.5 cm high and 26 cm in
diameter with capacity for 20 kg of dry soil. Soil

samples were collected at the beginning, for
characterization, and at the end of the experiment, to
compare the chemical attributes after the application
of treatments.
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Figure 1. Mean daily temperature values (Tair °C), relative humidity (RH%) and rainfall (mm) recorded at the site during

the experiment (INMET, 2018).

Table 1. Characterization of the physical and chemical attributes of the Haplic Cambisol used in the experiment.

Physical attributes

Chemical attributes

Saturation extract

Sortive complex

Coarse sand (g kg™) 384.1 EC.'(dSm™)

Fine sand (g kg™) 320.8  Ca® (mmol, L")
Silt (g kg™) 181.2  Mg® (mmol, L")
Clay (gkg™) 113.9 Na" (mmol, L")

D, (g em™) 1.56 K" (mmol, L")

D, (gem?) 2.67  RAS® (mmol, L ™)™
P (%) 41 -

047 pH 7.4
9.73  Ca*" (cmol, kg™ 441
372 Mg* (cmol, kg™) 0.88
453  Na'(cmol kg™) 0.39
502  K'(cmol kg™) 0.54
1.75  CEC® (cmol, kg™) 6.22
- P (mgkg™) 62.04
- PST’ (%) 6.27

'Soil density; Particle density; *Total porosity; “Saturation extract eletric conductivity; *Sodium adsorption ratio;

SCation exchange capacity; 'Sodium exchange percentage.

Soil moisture in the field capacity was
standardized for vases according to the methodology
of Casaroli and Van Lier (2008). Four vases were
immersed with soil in water for 24 hours for soil
saturation. Then the vases were covered to avoid
evaporation and the drying procedure was initiated
through drainage of the vases. The vases were
weighed at intervals of 0; 12.27; 23.83; 36.12; 47.75;
59.0; 70.68; 81.72; 92.93 and 116.45 hours after
saturation. The moisture was obtained by the
difference between the initial mass of the soil/vase
set and the mass obtained in the previous intervals.
The moisture in the field capacity was obtained by

adjusting the parameters of equation 1 to the data of
the variation of the humidity in the time:

0=0;+(0,—0;).exp(—t/t,) 1

where 6 is the water content (cm’ cm™) when
¢t tends to infinity, 6, is the initial water content
(cm’cm™) at time zero and ¢, is the the time interval
(h) that 8, reduces 1/e (~ 0.368) times from the
initial value. For the soil used, the moisture in the
field capacity (FC) was 0.27 (cm’® cm?)
corresponding to 100% FC and 0.135 (cm® cm™)
corresponding to 50% FC.

The saline tailings used came from the
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Instituto Agrondmico de Pernambuco (IPA), located
in the municipality of Serra Talhada-PE. The plants
were irrigated with different dilutions of saline
tailings using good quality water. At each irrigation,
samples of the water used in each treatment were
collected, corresponding to the following average
electrical conductivities (EC): 0.39 + 0.07 dS m™ for
the control (100% of water with good quality); 1.54
£0.05dS m™ (25% saline tailings); 2.15 + 0.07 dS m
1 (50% saline tailings); 2.79 + 0.18 dS m™ (75%
saline tailings) and 3.63 + 0.12 dS m™ (100% saline
tailings). The treatments were arranged in
randomized blocks using a triple factorial scheme
(2x5x3), with: 2 soil water contents x 5 EC levels
(dS m™) of the irrigation water x 3 time intervals (17,
46 and 79 days), with four replicates each.

Atriplex seedlings aged 180 days were used,
propagated by cuttings in organic compost substrate
and sand (2:1). In the final vases, the seedlings were
irrigated with non-saline water for 12 days, when the
treatments were initiated with saline water. The
volume of water returned weekly was calculated
based on two reference vases (without plants)
maintained with the two soil water contents (50 and
100% FC). Before each irrigation, the residual water
content of the soil of the reference vases was
determined, to know the replacement volume
required for the soils of the potted plants to reach the
specific water contents (50 and 100% FC).

Gaseous exchanges were measured at 17, 46
and 79 days of saline induction in the 40 Atriplex
plants, where it was determined: the net
photosynthetic rate (4 - pmol CO, m? s'), the
stomatal conductance (g, - mol H,0O m?” s™), the
efficiency of water use (WUE - (umol CO, m™ s/
mmol H,0 m™ s) and the efficiency of instant
carboxylation (EIC - pmol CO, m? s'/umol CO,
mol™). Water use efficiency (WUE) was obtained by
the relationship between the net photosynthetic rate
and transpiration (4/T), and the efficiency of instant
carboxylation (EIC) by the ratio between the net
photosynthetic =~ rate  and  the intracellular
concentration of CO, (4/C)).

The readings were taken during the morning
(9:00 - 12:00 h), in fully expanded leaves of the
middle third of the plants, with an infrared gas
analyzer (IRGA), model Licor Li 6400 XT, under
light and concentration of environmental
CO, (380 ppm), and photosynthetically active
radiation of 1000 umol m™ s”. The chlorophyll a
fluorescence parameters were measured together
with the gaseous exchanges using a fluorometer
coupled to IRGA. Also calculated were the effective
quantum yield of photosystem II (4F/Fm’)
(SCHREIBER et al, 1998), photochemical
quenching (¢P) (VAN KOOTEN; SNEL, 1990) and
the electron transport rate (ETR). The gaseous
exchanges were measured for a period of 79 days
because the stabilization of the photosynthetic
variables occurred until that moment. Thus,

irrigation with the treatments was maintained, plant
growth was evaluated and only at the end of the
experiment, was leaf water potential (‘V}),
chlorophyll content and biomass determined. Plant
growth rate was measured monthly, GR (cm day™),
and at the end of the experiment (160 days), the leaf
water potential (¥),), chlorophyll content and
biomass of all plants were examined. The leaf water
potential (W},) was measured between 5:00 - 6:00 h
in the morning using a Scholander chamber (model
3005F01), with a pressure capacity of 100 bar. For
this, we used the completely expanded leaves of the
third branch, counted from the apex.

The contents of chlorophyll (Chl a, Chl b, Chl
total and the Chl a/b ratio) were obtained for
approximately 138 mg of fresh leaves (MF plant™),
and extracted in 5 mL of 80% acetone (ARNON,
1949). The concentrations of chlorophylls were
determined with the aid of a spectrophotometer
(BioChrom) at absorbances of 645, 652 and 663 nm,
so that the final chlorophyll pigments were
calculated (WHITHAM; BLAYDES; DEVLIN,
1971).

After 160 days of cultivation, Atriplex plants
were collected, separating leaves, stems and roots,
and placed in an oven with circulation of hot air at
65°C for 72 hours to determine the dry mass. Then,
the soils in the vases were sampled for determination
of the electrical conductivity of the saturated paste
extract (EC,) and the soluble contents of K* and
Na', were analyzed by flame emission photometry
(RICHARDS, 1954). The data obtained were
subjected to analysis of variance by the F test (p <
0.05), and for comparison of averages the Tukey test
(p < 0.05) was used, and regression functions were
adjusted. For analyses, we used the statistical
program R version 3.0.1, and the package ExpDes.pt
(R CORE TEAM, 2018).

RESULTS AND DISCUSSION

The gaseous exchanges of atriplex plants
occurred differently in two moments (Figure 2): 1)
after 17 days of exposure to soil salinity, a decrease
in gas exchanges (4 and g,) was initiated, which
lasted up to 46 days, a response apparently
associated with the osmotic effect of saline stress
(Figures 2A, B, D and E); ii) From 46 to 79 days,
gaseous exchanges reached stabilization in time,
indicating an apparent acclimatization of the plants
to salinity (Figures 2B, C, E and F). This response
may be associated with high accumulation of organic
and inorganic osmosolutes in this species when
exposed to salinity, an essential physiological
mechanism for osmoprotection (SILVEIRA et al.,
2009). Thus, the prolonged maintenance of stomatal
opening and assimilation of CO, under salinity
observed here must have occurred due to osmotic
adjustment, as part of the salt stress tolerance process
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of these plants. The different amounts of salts
brought by irrigation to vases with Atriplex, during a
period of 17 days, did not interfere in the metabolism
of the plants, according to the Tukey test (p < 0.05)
with the highest values of the net photosynthetic rate
(4) and the stomatal conductance (g;) for the two
conditions of moisture (50 and 100% FC), compared
to 46 and 79 days. After 46 days, the effect of
reducing the soil water content (50% FC) associated
with the salts through irrigation was more intense,
reducing the mean values of 4 (Figures 2B and C)
and g, (Figures 2E and F). The values of 4 and g
from 46 to 79 days, despite decreasing with EC, only
showed difference (p < 0.05) between the control
(0.39 dS m™) and the treatment with higher salinity
(3.63dSm™).

Plants subjected to treatments (water content
x salinity) did not differ in water use efficiency
(WUE) (Figures 2G, H and I) and efficiency of
instant carboxylation (EIC) (Figures 2J, K and L).
The amount of salts brought by irrigation waters with
different levels of EC did not interfere with the WUE
and EIC values that remained constant over time.
Atriplex has the ability to increase WUE in response
to salts by minimizing the amount of water that must
be transpired for each assimilated carbon unit,
resulting in increased growth efficiency (GLENN;
BROWN; BLUMWALD, 1999). The decrease in
transpiration is a consequence of the decrease in the
g, resulting in less water loss by the plant, which in
saline environment is difficult to absorb due to the
reduction of the soil water potential (OLIVEIRA et
al., 2017). However, this physiological phenomenon
of g, reduction for WUE maintenance is
characterized as an adaptive mechanism of tolerance
to excess salts in the soil solution, rather than merely
a negative consequence of the influence of these ions
(MEGDICHE et al., 2008).

On the other hand, the reduction of g limits
the uptake and diffusion of CO, to the carboxylation
sites, leading to a decrease in intracellular CO,
concentration and consequently to 4 (GEISSLER et
al., 2015), as observed in this study when subjecting
plants to increase of salts in the soil via irrigation

water. However, in the C4 metabolism of halophyte
plants of the genus Atriplex, this decrease of 4 does
not occur in direct proportion, thus they manage to
remain efficient in the process of water use and
instant  carboxylation = (GLENN; BROWN;
BLUMWALD, 1999). In addition to these
characteristics, the species A. nummularia under
saline stress may present changes in carbon
metabolism resembling CAM plants, Crassulacean
acid metabolism (CUNHA; RUIZ; FREIRE, 2015).

At 17 days of saline induction, the levels of
salts deposited in the soil did not compromise the
activity of photosystem II of the plants, presenting
maximum values of the effective quantum yield of
photosystem II (A4F/Fm’), photochemical quenching
(¢P) and the electron transport rate (ETR) (Figures
3A, 3D and 3G). For this period, the increasing EC
levels stimulated these photochemical parameters,
differing from the other times, 46 and 79 days
(Figure 3). The reduction of AF/Fm' is related to the
photoinhibition process and consequent effect on
photochemical efficiency, resulting in the reduction
of ETR, which in turn is influenced by abiotic factors
such as soil salinity (BACELAR et al., 2007).

The reduction of the leaf water potential (\V},)
of the plants caused a decrease in g, over time,
evidencing a decrease in the utilization rate of ATP
and NADPH for CO, assimilation, leading to the
reduction of AF/Fm' (BENDALY et al., 2016). In the
restriction of CO, in leaves cells due to the reduction
of g;, the photosynthetic system is more susceptible
to photochemical damage, where low CO,
assimilation rate can cause disturbances in the
photochemical reactions, such as the occurrence of
excessive light energy in photosystem II (SILVA et
al., 2010). Thus, the low values of the fluorescence
parameters of chlorophyll a (4F/Fm', gP and ETR)
in Atriplex plants, are probably due to the reduction
of g, and A4 associated with the saline environment
(SILVEIRA et al., 2010). Besides Atriplex being a
halophyte, it has been found that this species may
have reduced photochemical efficiency depending on
the time of subjection to saline stress.

Rev. Caatinga, Mossoro, v. 32, n. 2, p. 493 — 505, abr. — jun., 2019 497



GROWTH AND PHOTOSYNTHETIC EFFICIENCY OF Atriplex nummularia UNDER DIFFERENT SOIL MOISTURE AND SALINE
TAILINGS

A.S. L. OLIVEIRA et al.

17 days 46 days 79 days
35
= A B = sowrc C = s0%FC
- 30 - R?=0.894:p <0.05| —— R?=0.585;p <0.05
@ { e 100%FC e 100%FC
plE 254 { a R¥=0.736;p <0.10| _| - = RY=0.685:p <001
S 20 % 1 | i
O 54
g - —
5 10 -
< 5+ ® S50%FC - .
. 1009%FC
0 T T T T T T
0.25
. D E = s0%FC F = soaFC
T —— R?=0.929;p <0.01 —— R?=0.607: p <0.05
2 0.20+ . *  100%FC n e 100%FC
= - = R¥=0.643;p <0.01 - = R*=0837;p <005
o 0.15 t i . .
[ ]
jun
= 0.10H } =
g
= 0059 o searc 7]
&0 *  100%FC
0.00 , : :
o 7
= G = 50%FC H = 50%FC I " 50%FC
- ®  100%FC ®  100%FC *  100%FC
c 64 . -
:
= 37 1 .
S
= 47 - ? .
=
= 3 - _
&3]
=)
3 2 I I 1 | I I | I
8 35
2 J = 50%FC K = 50%FC L = 50%FC
T 3.0 e 100%FC| — e 100%FC| e 100%FC
g 25- - -
=
= 20+ B -
o
O 1.5 — ]
S 1o- _ - |
2 0.5 {
o ¥1s i i ; § ; $ i - }
= - n
=00 T T T T T T T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

EC (S m™)

Figure 2. Net photosynthetic rate (4), stomatal conductance (g;), efficiency of water use (WUE) and instantaneous
carboxylation (EIC) in Atriplex nummularia L., after 17, 46 and 79 days of subjection to irrigation with increasing levels of
salinization (EC equal to 0.39; 1.54; 2.15; 2.79 and 3.63 dS m™") and two soil water contents (50 and 100% FC).

498 Rev. Caatinga, Mossoro, v. 32, n. 2, p. 493 — 505, abr. — jun., 2019



GROWTH AND PHOTOSYNTHETIC EFFICIENCY OF Atriplex nummularia UNDER DIFFERENT SOIL MOISTURE AND SALINE
TAILINGS

A.S. L. OLIVEIRA et al.

17 days 46 days 79 days
0.5
A = 50%FC B 50%FC C " S0%FC
R = 0.894; p < 0.05 1009 FC ®  100%FC
0.4 o 100%FC . - = RP=0727;p<0.10| |
= 03 . .
53
o
2 - - i
5 02 -- 4. i _-% { 1 i
0.1 . H ) $

1.0

0.8

50%FC F = so%rc
100%FC —— R*=0.851:p <0.05
R1=0762p <0.10| | ®  100%FC

A, -4 ;_ ?
> - -
0.4 - . i‘ _
" 50%FC
_ R*=0.947;p <001 | _| _
0.2 *  100%FC
- = R =0.853;p <0.05
0.0 T T T T T T T T |
200
G = s0%FC H 509%FC I " S50%FC
R2=0.812; p < 0.05 100%FC - ®  100%FC
150 4 *  100%FC i - - R2=0725p<0.10| _|]
[ |
ﬁ 100 - —
€3] - -
- - L ]
50 - ¥' - * ; ;
0 T T T T T T T T T
0 1 2 3 4 0 1 2 3 4 0 | 2 3 4
EC (dSm™)

Figure 3. Effective quantum yield (4F/Fm'), photochemical quenching (¢P) and the electron transport rate (E7R) in A.
nummularia L., after 17, 46 and 79 days subjection to irrigation with increasing levels of salinization (EC equal to 0.39,
1.54,2.15,2.79 and 3.63 dS m™) and two soil water contents (50 and 100% FC).

The total growth rate of the shoot (GR) of the
plants presented mean values of 0.109 and 0.140 cm
day™ for humidity conditions of 50 and 100% FC,
respectively, differing by Tukey's test (p < 0.01). At
115 days, plants with 50% FC had a greater mean
decrease in GR (0.076 cm day") than those with
100% FC (0.151 cm day™), differing by Tukey's test
(p < 0.01). The reduction of 99% of GR in Atriplex
plants with 50% FC, in comparison with those with
100% FC, is due to the lower water availability
associated with the osmotic effect of the salts present
in the soil. The decrease in GR in saline conditions
may be associated with lower carbon assimilation as
well as increased energy demand (ATP and
NADPH), due to the osmosolute biosynthesis
process  required for  osmotic  adjustment
(BELKHEIRI; MULAS, 2013). When exposed to
salinity, the plants initially undergo water stress,

which reduces shoot growth as a form of adaptation
to stress (SINGH; SARKAR, 2014). In general,
growth variables, such as growth rate and biomass
production, are good indicators of the plants' ability
to adapt to saline environments and/or with low
water availability (BENDALY et al., 2016).

When confronted at different levels of EC of
irrigation water, the chlorophyll levels (Chl a, Chl b,
Chl total and Chl a/b) in the leaves of Atriplex did
not show differences (Figure 4). On the other hand,
the mean values of the respective chlorophyll a
100% FC contents decreased in 27, 24 and 13% for
Chl a, Chl total and Chl a/b, in relation to the values
at 50% FC. Thus, the addition of salts in the soil for
160 days via irrigation water with EC < 3.63 dS m™,
only interfered in the photochemical processes of the
plants maintained at 100% FC.

The reduction of photosynthetic pigments is
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related to the competition of Na' ions with Mg”’,
during the absorption process, affecting the synthesis
and maintenance of the chlorophyll content in the
leaves of the plants. Chl a is responsible for the
photochemical process in chloroplasts and its
reduction and/or degradation compromises the
photochemical efficiency of the plants. Salinity may
affect the concentration of chlorophyll in the leaves
of plants by inhibiting chlorophyll synthesis or
accelerating its degradation (TAIZ; ZAIGER, 2010).

The degradation of photosynthetic pigments is
initiated by external factors, such as water stress,
salinity, temperature, excessive luminosity, ethylene
increases, and pH of very acidic tissues (STREIT et
al., 2005). The concentration of Chl @ and b in
Atriplex plants reduces when salinity levels are
above 100 mmol, L™ of NaCl (ARAUJO et al., 2006;
GEISSLER et al., 2015), a concentration of salinity
lower than that of the present study.
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Figure 4. Content of chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (Chl total) and the ratio of chlorophyll a
and b (Chl a/b) in A. nummularia L., after 160 days subjection to irrigation with increasing levels of salinization (EC equal
to 0.39; 1.54; 2.15; 2.79 and 3.63 dS m™") and two soil water contents (50% and 100% FC).

Even Atriplex, after having its 4-rate and the
Cha-fluorescence reduced by the salts present in the
soil solution from salt water irrigation over time, the
plants were able to perform osmotic adjustment by
expressing a positive response in the growth and
production of shoot biomass (Figure 5), thus
confirming the halophyte properties of tolerance to
excess salts of the species.

These results can be justified by two factors:
i) Atriplex, a C4 metabolism plant, reduces stomatal
opening to reduce water losses during the day, due to
high irradiance, high temperatures, salinity and water
stress. However, it maintains active and efficient
photosynthetic rates, that is, even with the reduction
of g, (mol H,0 m™s™) can capture atmospheric CO,,
the main constituent for biomass synthesis (GLENN;
BROWN; BLUMWALD, 1999; TAIZ; ZAIGER,
2010; CUNHA; RUIZ; FREIRE, 2015); ii) the

500

change in the carbon metabolism of Atriplex plants
from C,; to the Crassulaceae acid metabolism
(CAM), makes it more efficient in the use of water,
inducing the reduction of g; during the day and
increase during the night, the assimilation of CO,
both in the daytime and at night (CUNHA; RUIZ;
FREIRE, 2015).

In soil with water content at 100% FC, the
increase of salts in the irrigation water promoted
increases in the dry mass of Atriplex leaves of 34,
58, 119 and 108% in relation to the control (Figure
5A). These results evidenced their high adaptability
to saline environments, corroborating with Geissler
et al. (2015), Melo et al. (2016) and Silva et al.
(2016).

The dry mass of the stems and roots presented
mean values of 16.52 and 7.64 g, respectively, in
humidity conditions of 50% FC, and 27.58 and
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11.97 g, in 100% FC, differing by the Tukey test (p <
0.01). When subjected to soil water content of 100%
FC, there was an increase of 40.1% in the dry mass
of the stem and 36.17% of the root (Figures 5B and
5C). The salinity levels tested did not have a
significant effect on the dry biomass of the stem,
roots and the shoot/root ratio of Atriplex. However,
water stress was verified in the plants with the lowest
soil water content (50% FC) (Figures 5B, 5C and
5D). The plants presented a greater accumulation of
dry matter when irrigated with water of higher EC
(2.79 and 3.63 dS m) and under soil moisture of
100% FC.

These results show that with the water content
at 100% FC, the salts were more available in the soil
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solution, leading to a greater absorption by the roots.
Thus, the transport of the salts to the shoot occurred
more intensely, where these salts constituted
essential elements, stimulating the growth and
accumulation of the biomass of Atriplex plants
(FLOWERS; COLMER, 2008), especially at 17
days.

Another relevant issue is that the tolerance of
halophytes to salts may not require large metabolic
energy expenditures in the processes of salts
compartmentalization (Na" and CI") in the vacuoles
of cells, which justifies the occurrence of high yields
of these species in environments with high salinity
(GLENN; BROWN; BLUMWALD, 1999).
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Figure 5. Dry mass of the leaves, stem and root and the relation of the dry mass of the shoot (stem + leaves) with the root in
plants of Atriplex nummularia L., after 160 days of being subjected to irrigation with increasing levels of salinization (EC
equal to 0.39; 1.54; 2.15; 2.79 and 3.63 dS m™) and two soil water contents (50 and 100% FC).

Thus, the adaptive responses of Atriplex
plants under irrigation with saline water over time
can be justified by the high tolerance to osmotic
stress and high concentrations of salt in the soil
solution, in addition to the ability to exclude salts
from the shoot (SINGH; SARKAR, 2014), where for
most species of the genus Atriplex it can be greater
than 50% of all salts transported to the shoot through
foliar epidermal trichomes (BELKHEIRI; MULAS,
2013).

As the EC levels of irrigation water were
increased, there was an increase in the salt content
(potassium and sodium) in the soil solution (Figure
6). With additions of 39.54, 119.83, 237.26 and

144.99% of potassium in the soil for the humidity of
50% FC and 82.20, 94.53, 328.79 and 227.07% for
the humidity of 100% FC in relation to the control
(Figure 6A). Whereas for sodium the increase was in
the order of 39.5, 119.8, 237.3 and 145% for 50%
FC and 82.2, 94.5, 328.8 and 327.1% for 100% FC
(Figure 6B).

However, it is worth noting that even though
Atriplex was more efficient in biomass production,
according to the increase in the EC of irrigation
water, soil salinization at the end of the study was
observed for both soil moisture conditions (50 and
100% FC), mainly for greater soil moisture.
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Figure 6. Potassium (K") and sodium (Na") contents of the saturated soil paste extract after 160 days of cultivation with
Atriplex nummularia L., subjected to irrigation with increasing levels of salinization (EC equal to 0.39; 1.54, 2.15, 2.79 and

3.63 dS m™) and two soil water contents (50 and 100% FC).

There was a negative correlation of leaf water
potential (¥},) of Atriplex plants with the electrical
conductivity of the extract of the soil saturation paste
(ECq) (Figure 7). The W, of the plants decreases
with increase of the EC, in the two conditions of
humidity. This reduction of leaf ¥}, can be attributed
to high accumulation of salts in the leaf tissue,
including the toxic ions Na® and CI, partly
responsible for the osmotic adjustment mechanism in
Atriplex plants exposed to salinity (SILVEIRA et al.,

2009). The soil water content at 100% FC increased
P}, (-3.24 MPa) in the plants when compared to those
with soil water content at 50% FC (-3.41 MPa),
differing by the Tukey test (p < 0.01). In conditions
of water limitation, accentuated with salinity, the
decrease of W, in plant cells causes the roots to
absorb water from a medium rich in soluble salts
which are transported to the shoot, thereby
increasing the gradient of the potential energies
between the soil and the plant.
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Figure 7. Relationship between the leaf water potential (V) of Atriplex nummularia L. plants and the electrical
conductivity of the saturated soil saturation paste extract [EC (dS m™)] at the end of the experiment.
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Although Atriplex is highly tolerant to saline
stress and has a relative potential for
phytoremremediation practices (PORTO; AMORIM;
SILVA JUNIOR, 2001; LEAL et al., 2008; SOUZA
et al, 2011), it was observed that irrigation with
saline water (1.54 - 3.63 dS m™) contributed to soil
salinization. With increase in the EC of the irrigation
water there was an increment in the EC,, of the soil
as follows 168.67; 356.57; 748.90 and 956.70% for
50% FC and 241.97; 220.16; 1252.09 and 803.80%
for 100% FC, compared to the control at the end of
the experiment (Figure 7). Although it is believed
that its cultivation has contributed to the
phytoextraction of salts in the soils of the vases, this
extraction is very small compared to the amount
introduced by irrigation. The irrigation of Atriplex
for phytoremediation can be done with saline waters
in the range of 0.175 - 1.5 dS m" (LEAL et al.,
2008), less saline water than that used in this study.

On the other hand, the soil salts extraction
capacity of this species may depend on the
management employed, considering the successive
cycles associated with its phytomass production
potential. However, it is necessary to be conscious in
the use of saline tailings in the cultivation of
Atriplex, associating techniques such as the
application of leaching, to mitigate the salinization
of soils that receive the saline effluent.

CONCLUSION

After 17 days, the effect of irrigation with
saline water (EC < 3.63 dS m™") caused the reduction
of gaseous exchange and chlorophyll a fluorescence
of the plant Atriplex nummularia L. in both soil
moisture conditions (50 and 100% FC); however, the
efficiency of water use and carboxylation were not
impaired.

There was reduction in the levels of
Chlorophylls (Chl @, Chl total and Chl a/b), due to
the high levels of salts in the soil solution, resulting
from irrigation with saline water over time, Atriplex
plants responded well to the increase of soil
moisture, to higher photosynthesis, growth and
biomass when maintained at 100% FC.

The cultivation of atriplex irrigated with
saline water (1.54 < EC < 3.63 dS m™) provided an
increase in shoot biomass when compared to those
irrigated with good quality water (0.39 dS m™),
especially when associated with humidity of 100%
FC, where it comes to have an increase of more than
100%. Although Atriplex tolerated irrigation with
wastes from water desalination, the use of this water
promoted salinization of the soil, since the rate of
entry of salts into the system was higher than the rate
of exit by the extraction of the plant. In light of this,
further research is needed to assess the reduction of
environmental impacts.
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