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ABSTRACT

Atriplex nummularia L. is one of the most studied halophytes in research on phytoremediation of salt-affected soils.
However, the optimization of biomass requires studies that indicate the appropriate way to evaluate the photosynthesis.
The objective of this study was to investigate the photosynthetic efficiency of A. nummularia irrigated with saline
water in order to indicate the best range of photosynthetically active radiation (PAR) that should be used. Plants were
subjected to daily irrigations (0, 50, 100, 200, 250 and 300 mmol L' of NaCl). The light curves were determined at 15
and 84 days applying twenty light intensities (2000, 1750, 1500, 1250, 1000, 750, 500, 250, 200,175, 150, 125, 100, 75, 50, 25,
15, 10, 5, 0 pmol m? s PAR). The highest values of photosynthesis rate were observed at PAR of 2000 pmol m? s and
of 800 umol m2 s to 15 and 84 days of evaluation, independent of the NaCl concentration. The present study provides
data that support the choice of the ideal PAR in evaluations of gas exchange in A. nummularia.
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INTRODUCTION

Plants of the genus Atriplex are popular because they
are used in phytoremediation programs in several
regions of the globe (Calone et al., 2021, Ahmadi et
al., 2022). Their cultivation ranges from arid envi-
ronments with salinity problems to coastal regions.
Many of these sites have in common the presence of
salts at high concentrations in soil and different wa-
ter regimes. However, they differ with respect to the
incidence of light radiation (Falasca et al., 2014; Melo
et al., 2017; Alharby et al., 2018; Tawfik et al., 2019).

Among the abiotic factors that interfere in plant
development, solar radiation is one of the most im-
portant with regard to photosynthesis performan-
ce, as it affects plant growth and yield. Different
climatic zones have different light intensities or
show variations according to the seasons (Khalifa
et al., 2018). Therefore, photosynthesis performan-
ce can vary greatly depending on the amount and
duration of light interception (Zhang et al., 2022).

The photosynthetic performance of A. nummular-
ia has been extensively investigated in warm-cli-
mate countries of South America (De Tafur et al.,
1997; El-Sharkawy and Tafur, 2010; El-Sharkawy et
al., 2012). However, a detailed description of pho-
tosynthesis x irradiance curves of this species in
response to the increase of NaCl in irrigation wa-
ter remains unexplored, leading to lack of infor-
mation on its tolerance to high light intensities or
acclimation to irradiance.

Variations observed in photosynthesis curves in re-
sponse to different light intensities can be reliably
used to indicate the photosynthetic performance
of plants under different conditions of abiotic and
biotic stress, including stresses by light (Park et
al., 2020), nutrients (Lachapelle and Shipley, 2012),
competition (Gao et al., 2015), disease (Habermann
et al., 2003), pollution (Lin ef al., 2015) and salinity
(Geissler et al., 2015).

Soil salinity, in turn, is one of the main abiotic
stresses that affect crop yield as it reduces growth
and affects different physiological functions of
plants, especially those of agronomic interest (Ka-
laji et al., 2016). However, thanks to the develop-
ment of various mechanisms at the cellular and
molecular level responsible for protecting the
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photosynthetic apparatus from salinity through-
out the evolution, halophytes are able to develop
even in environments with high concentrations of
salts (Rozentsvet et al., 2017).

Atriplex nummularia, for example, is a xerohalo-
phyte species widely used in studies aimed at the
recovery of salt-degraded areas due to its phytore-
mediation potential (Souza et al., 2014; Cunha et
al., 2017; Lam et al., 2017, Miranda et al., 2018). For
some years, research groups have been striving to
understand the physiological mechanisms that en-
able the high performance of this species in envi-
ronments degraded by salinity (Silveira et al., 2009;
Souza et al., 2012, 2014; Melo et al., 2016, 2017; Lins
et al., 2018). Nevertheless, data on the physiological
responses of this species to different light intensi-
ties are scarce, especially those related to the dam-
age caused by the osmotic and ionic effects on the
photosynthetic apparatus.

In general, the effect of salts on the plant occurs
in two main distinct phases: a rapid response to
the increase in osmotic pressure of the soil solu-
tion that is independent of the nature of the ions
involved and can occur from minutes to days; and
a second phase, which in turn occurs over a period
of days to weeks and is related to a slower response
associated with the effects of accumulation of so-
dium and chloride ions at toxic concentrations in
the shoots (De Souza et al., 2013; Coelho et al., 2014).

In halophyte plants the protection of the photosyn-
thetic apparatus can also occur through heat by
means of the xanthophyll cycle, which is consid-
ered the first line of defense against damage caused
by excessive excitation energy or by the consump-
tion of excess electrons in the photosystem I (PSI)
by the water cycle. Another way to prevent exces-
sive reduction of the electron transport chain and
protect other components of photochemistry is
through the inactivation of photosystem II (PSII)
(Jaleel et al., 2007; Taiz and Zeiger, 2015). In studies
aimed at investigating the physiological responses
of plants to the effects of salt stress, it is common
to evaluate photosynthesis, given the known dele-
terious effect of salts on the photosynthetic appa-
ratus of plants. In general, these evaluations are
performed using equipment that quantifies gas ex-
change, such as IRGA, at a fixed photosynthetical-
ly active radiation (PAR) around 1500 pmol m2s.



Considering that most halophytes evolved in en-
vironments characterized by high luminosity, a
large number of studies may be generating under-
estimated values of photosynthetic rates and mis-
takenly attributing them to salinity. For these rea-
sons, the objective of this study was to investigate
the photosynthetic efficiency of A. nummularia un-
der a wide range of salt concentration in irrigation
water by constructing light curves in vivo in order
to identify and indicate the best range of photosyn-
thetically active radiation that should be used in
research studies involving the performance of this
species under salinity.

MATERIAL AND METHODS
Plant material and stress conditions

Atriplex nummularia plants were propagated by
cuttings, using a single plant as parent, in order to
minimize genetic variability. Cuttings of approx-
imately 12 cm were placed to root in a protected
environment in polyethylene tubes containing
washed sand.

Plantlets aged two months completely rooted and
acclimated were transplanted to pots with 5 L ca-
pacity containing soil. During the entire exper-
imental period, the plants were cultivated in soil
with moisture content corresponding to 80% of the
pot capacity. The saline treatment began to be ap-
plied 15 days after transplantation. Irrigation was
always carried out in the late afternoon, replacing
the water lost by evapotranspiration, using irri-
gation waters with six different concentrations of
NaCl (0, 50,100, 200, 250 and 300 mmol L), in four
replications

Irrigation with the saline waters was performed
gradually to prevent the plants from suffering
osmotic shock, so the saline treatments were es-
tablished through the addition of a 50 mmol
Lt NaCl solution until the concentration of the re-
spective treatment was reached.

Experimental Configuration

The present study was conducted in a protected en-
vironment located in the Department of Agronomy

(DEPA), at the main campus of the Federal Rural
University of Pernambuco (UFRPE), whose coor-
dinates are 8°01’00” South latitude, 34°59'40” West
longitude. During the experiment, the average
temperature and relative humidity in the green-
house were 28.59 © C and 70%, respectively.

The experiment was conducted using polyethylene
pots with 5 L capacity filled with soil classified as
Fluvisol (IUSS Working Group WRB, 2015), col-
lected in the municipality of Pesqueira - PE. The
soil collection site is located on Nossa Senhora
do Rosario farm, whose coordinates are 8° 34'11”
South latitude, 37°48’54” West longitude and is lo-
cated at 630 m above sea level. According to Kop-
pen’s classification, the climate of the soil collec-
tion region is BSh (extremely hot and semi-arid),
with total annual average precipitation of 730 mm
and average annual reference evapotranspiration
of 1.683 mm.

Table 1 - Mean values (n=10) of the chemical characteristics
of the saturation extract, sorption complex and
physical characteristics of the soil used for the
cultivation of Atriplex nummularia under different
salinity levels

Characteristics Value
Saturation extract®
pH 7.77
Electrical Condutivity (dS/m) 2.17
Na* (mmol/L) 13.26
K* (mmol/L) 1.83
Ca*2(mmol/L) 3.15
Mg*2 (mmol/L) 1.36
CI- (mmol/L) 14.37
Sodium adsorption ratio 8.5
Exchangeable complex »
pH (1:2.5) 6.85
Na* (cmol, /kg) 1.64
K*(cmol, /kg) 3.7
Ca*?(cmol, kg) 7.78
Mg?(cmol, kg) 1.73
Sum of bases (cmol_ kg) 14.85
Exchangeable sodium percentage (%) 11.07
Physical characteristics
Fine sand (g/kg) 435.00
Coarse sand (g/kg) 17.00
Silt (g/kg) 386.00
Clay (g/kg) 162.00
Soil bulk density (g/cm?) 1.36
Soil particle density (g/cm?) 2.66
Total porosity (%) 49.57

2 USSLS (1954); ® (EMBRAPA, 1997).
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The soil was collected in the 0-30 cm layer, air-
dried, pounded to break up clods and sieved
through a 4-mm mesh to preserve microaggre-
gates and subsequently fill the pots. For chemical
characterization (Table 1), ten individual samples
of the total soil volume were collected and sieved
through a 2 mm to obtain air-dried fine earth
(ADFE). The value of the initial characterization
refers to an average of ten samples.

Light curves

Carbon assimilation responses were evaluated
when plants were subjected to different levels of
Photosynthetically Active Radiation (PAR) incident
on the leaf surface, using PAR variation between 0
and 2000 pmol photons m? s? (0, 5, 10, 15, 25, 50,
75, 100, 125, 150, 175, 200, 250, 500, 750, 1000, 1250,
1500, 1750, 2000). This evaluation was performed
at 15 and 84 (DAT) using a portable Infrared Gas
Analyzer (IRGA), LICOR Li-6400 model, from 9 am
to 11 am.

Prior to the incidence of the highest PAR, the leaf
was subjected to light acclimation at 500 pmol pho-
tons m?2 s for 5 minutes. CO, concentration, block
temperature and relative humidity were 400 pmol
m? s, 27 °C and 50-60%, respectively.

To construct the light saturation curves, plants
representative of each treatment were selected and
readings were performed on healthy, fully expand-
ed leaves from the middle third. The values of pho-
tosynthesis (A) were recorded after the coefficient
of variation was lower than or equal to 0.3%, for
each PAR variation.

Analysis of the light curve allowed the determina-
tion of the maximum photosynthesis rate (Amax),
light saturation constant (K), respiration in the
dark (Rd), light compensation point (LCP) and pho-
tosynthesis efficiency (¢). The values of the respira-
tion rate in the dark (Rd) used to fit the curve were
obtained when PAR was 0.0 pmol m2 s™.

Curve data were analyzed using Statistix software

with the data fitted using the Michaelis-Menten
model (Michaelis & Mentel, 1913) (Equation 1).
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Asat PAR
A=———Rd
K+PAR

Equation (1)

Where: A= Net photosynthesis; Asat = a = Photo-
synthetic rate at maximum light saturation (Amax);
K= b = Light saturation constant (Defined as 2 of
saturating PAR); Rd= ¢ = Respiration rate; Light
compensation point (LCP) was calculated using
Equation 2:

bxc

LCP = — Equation (2)
a—c

Data Analysis

Gas exchange data were subjected to regression
analysis. The parameters derived from the light
curves were estimated through quadratic equa-
tions generated from the fit of the Michaelis-Ment-
en model to the data using Statistix software
(https://www.statistix.com/faq/).

RESULTS

Evaluations of the photosynthetic apparatus re-
sponses obtained by means of light curves per-
formed in the plants at 15 DAT demonstrated that,
despite the short time of exposure to stress, the
increase in NaCl concentration in irrigation water
led to significant reductions (p<0.05) in net photo-
synthesis, light saturation constant, respiration in
the dark and light compensation point (Table 2).

At 15 days of evaluation, plants irrigated using
water with 50, 100, 200, 250 and 300 mmol of Na-
Cl showed reductions of 24.47%, 41.43%, 58.07%,
and 45.97% in photosynthesis compared to those
in the control treatment, respectively. The light
saturation constant showed a significant reduction
(p<0.05) in response to increasing salinity. Reduc-
tions of 64.94% and 57.63% could be observed at
NaCl levels 250 and 300 mmol L, respectively. The
respiration variable showed small reductions in re-
sponse to the increase of NaCl in irrigation water,
with the highest ones observed at the NaCl lev-
els of 250 and 300 mmol L1 (23.70% and 34.22%),
respectively. In regard to the light compensation



Table 2 - Parameters obtained through the equations generated from the light curves at 15 and 84 days after the beginning of

the saline treatment

NaCl Amax K Rd LCP
(mmol L1) (umol CO, m2s) (umol m2s7) (umol CO, m2s) (umol m-2s)
15 DAT 84 DAT 15 DAT 84 DAT 15 DAT 84 DAT 15 DAT 84 DAT
0 38.78 a 9.57 a 691.98 a 2929 a 599 a 121a 126.39 a 4231 a
50 29.29b 5.46b 512.33¢ 129.47c 4.86d 1.19a 102.00c 36.12b

100 29.07b 2.30c 562.12b 131.76b 5.18c 0.08d 121.90b 4.66d
200 22.71c 2.30c 283.57e 128.50c 5.51b 0.16c 91.00e 9.53¢c
250 16.26e 0.58d 242.57f 22.03e 4.57e 0.04e 94.77d 1.72e
300 20.95d 0.94e 293.15d 70.76d 3.94f 0.31b 67.80f 35.06b

Amax= Maximum photosynthesis; K= Light saturation constant; Rd= Respiration rate; LCP= Light compensation point; 84 days after the beginning of saline treatment.
Means followed by equal letters in columns do not differ from each other by Tukey test, at 0.05% probability level.

point, the reductions were around 25%, but plants
showed a reduction of ~50% at the NaCl level of
300 mmol L.

The responses of plants to the variation of differ-
ent PAR levels, evaluated at 15 days after the be-
ginning of irrigation with saline waters, made it
possible to observe that, regardless of the light in-
tensity applied, there was a significant reduction
in all parameters derived from the light curve with
the increase in NaCl concentration in the irriga-
tion water, and this response was observed from
the treatment with 200 mmol L' of NaCl (Table
2). However, even plants irrigated using solutions
with the highest concentration of NaCl (300 mmol
L1) showed values of photosynthesis considered
high (20.95 pmol CO, m? s), which demonstrates
the ability of this species to develop under saline
conditions (Figure 1).

Plants irrigated using solutions with lower NaCl
concentrations in irrigation water (up to 100 mmol
L) at the beginning of the evaluations had a pro-
gressive increase in photosynthesis as the light
radiation pulse increased, with the highest values
observed at PAR of 2000 pmol m?2 s (Figure 1).

In plants irrigated with solutions more concen-
trated in NaCl (250 and 300 mmol L), significant
gains were observed in photosynthesis up to the
PAR of approximately 1400 pmol m? s*; however,
from this point on, the photosynthetic rates re-
mained virtually unchanged (Figure 1). For each of
these curves, the equations corresponding to each
level of saline treatment were fitted separately and
showed good performance in the modeling, with

A pmol m2s!

2000

PAR pmol m?s!

---@---0 NaCl
==-0---200 NaCl

---0---50 NaCl
---k---250 NaCl

--4--- 100 NaCl
---A---300 NaCl

Figure 1 - CO, assimilation curves as a function of photosyn-
thetically active radiation (PAR) intensity in Atri-
plex nummularia plants subjected to irrigation
using water with different NaCl concentrations at
15 days after the beginning of saline treatment.

R? values ranging from 0.72 to 0.99. These equa-
tions are described in Table 3.

Plants subjected to prolonged stress (84 DAT)
showed a pronounced reduction in net photosyn-

thesis when compared to plants evaluated at 15
days (Table 3).

The increase of salinity in irrigation water caused
more accentuated significant reductions (p<0.05) in
photosynthesis at 84 DAT than at 15 days. At the
level of 50 mmol L, there was a reduction of
42.94%. However, much higher reductions (93.93%)
were observed at the NaCl level of 250 mmol L.
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Table 3 - Equations generated from the fit of the Michaelis-Menten model corresponding to the NaCl levels at 15 and 84 days

of salt stress imposition

Treatament

Equations (15 DAT) R Equations (84 DAT) R2

—5.99 + 38.78PAR —1.21 + 9.57PAR

0 ~ 769198 + PAR 0.99 72929+ PAR 0.99
—4.86 + 29.29PAR —1.19 + 5.46PAR

50 ~ 51233 +PAR 0.99 T 712947 + PAR 0.95
—5.18 4+ 29.07PAR —0.08 + 2.30PAR

100 T 756212 + PAR 0.99 ~ 713176 + PAR 0.94
=551+ 2271PAR _ —0.16 + 2.30PAR

200 ~ 28357 +PAR 0.98 ~ 12850 + PAR 0.98
_ —437+1626PAR _ —0.04 + 0.58PAR

250 © 24257+ PAR 0.97 22.03 + PAR 0.72

_ —3.94+2095PAR _ —0.3140.94PAR
300 A=— 0.99 A=——D0"r— 0.96

22.03+PAR

Plants irrigated with water containing high con-
centrations of salts showed lower light saturation
constant and the values ranged from 292.9 pumol
m?2 s in plants of the control treatment to 22.03
pmol m? s in plants irrigated with water contain-
ing 250 mmol L of NaCl (Table 2).

For this parameter, it was possible to observe re-
ductions equivalent to 92.47 and 75.84% at Na-
Cl levels of 250 and 300 mmol L, respectively. Re-
garding respiration in the dark, plants evaluated
at 15 DAT experienced little or no reduction in this
parameter. However, when plants were evaluated
at 84 DAT, this parameter showed a large reduc-
tion already from the concentration of 50 mmol L~
and, in general, the reductions were around 80%,
demonstrating how debilitated the plants were
(Tables 2).

>
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R
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s e PO S
B .-
---- - ad
¢ -~ Ommmm e CSIERES RS I Yo S— o — S o
O
2 /,'g_'_ ..... RN, RS fap— ro S— e S, S fa T o
o kagston & & & & - N
" 200 400 600 800 1000 1200 1400 1600 1800 2000
2
-4
-6 PAR pmol m2s!

---@---0 NaCl ---O---50 NaCl ---#---100 NaCl ---3---200 NaCl ---&---250 NaCl ---A---300 NaCl

Figure 2 - CO, assimilation curves as a function of Photosyn-
thetically Active Radiation (PAR) intensity in Atri-
plex nummularia plants subjected to irrigation
using water with different concentrations of NaCl
at 84 days after the beginning of saline treatment.
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With regard to the light compensation point,
the decreases ranged from 14.63% at NaCl level
50 mmol L to 95.93% at NaCl level of 300 mmol L.

At 84 DAT, plants were very stressed and virtually
did not respond to the increase in light intensity.
Except for plants in the control treatment, which
exhibited an increase in net photosynthesis up to
PAR of 1000 umol m? s, all the others kept their
photosynthesis rates practically unchanged from
PAR of 800 umol m? s, evidencing the presence of
damage to the photosynthetic apparatus (Figure 2).

Stomatal conductance (Figure 3) was reduced as
NaCl increased. The average values varied be-
tween 0.052 mol m2s! and 0.01 mol m?2 s, corre-
sponding to the control and exposed plants with
concentrations of 0 and 300 mmol L' of NaCl],
respectively.

y = 0.0519- 0.0004x + 9E-07x2
R?=0.9275

100 150

Nacl (mmol L-1)

200 250

Figure 3 - Stomatal conductance (gs) in Atriplex nummularia
plants irrigated with saline water at 84 days after
saline treatment.



DISCUSSION

Although A. nummularia is a halophyte species
with C4 metabolic pathway, this study demonstrat-
ed that when these plants are subjected to irriga-
tions with concentrated saline solutions, they may
exhibit a sharp reduction in photosynthetic rate.

This type of response to increasing salinity is
probably the result of the activation of stomatal
closure, which leads to reduction of CO, diffusion
to carboxylation sites (Dourado et al., 2022). Stoma-
tal limitations, with subsequent reduction in pho-
tosynthesis and transpiration rates, can be consid-
ered as plant adaptation mechanisms to cope with
the imposed salt stress (Benzarti et al., 2012).

The physiological logic that explains reductions
in stomatal conductance in plants exposed to high
salt concentrations in the saturation extract sug-
gests that this mechanism may be the effect of the
attempt to reduce water loss under “physiological
drought” conditions imposed by salinity (Shaba-
la, 2013). In general, these responses are mediated
by the increase in the production of abscisic acid
(ABA) (Ashraf and Harris, 2013) or by the reduc-
tion in the availability of K* to maintain the turgor
pressure of guard cells (Anschiitz et al., 2014).

Under conditions of high salinity or prolonged salt
stress, the photosynthetic rate may also be compro-
mised due to the inhibition (synthesis or activity)
of various photosynthesis-related enzymes, such
as rubisco (Rivelli et al., 2002). In addition, ionic
imbalances caused by excess Na* and CI- ions in
cells can also lead to deficiency of ions such as po-
tassium and to phytotoxicity, resulting in a lower
photosynthetic efficiency (Abogadallah, 2010).

Under salinity, at 15 DAT, the maximum photosyn-
thesis decreased to almost half of that in plants of
the control treatment compared to those irrigated
with solutions containing 300 mmol L of NaCl
This could be visualized by observing the slope
point of the curve of response to photosynthesis.
Similar results, but with much lower values of pho-
tosynthesis, were observed at 84 DAT. Findings
similar to those found in our study were observed
by Geissler et al. (2015), who evaluated the effect of
salinity on photosynthesis of A. nummularia plants
by means of light curves.

Photosynthesis is considered an activity related
to the Calvin cycle and indicates the regeneration
capacity of rubisco under stress conditions. These
results suggest that, although photosynthesis was
inhibited by the reduction in CO, supply due to
stomatal closure, under both stress conditions,
the potential of the reaction system in the dark
was drastically reduced only when plants were
exposed to long period of salt stress (Ueda et al.,
2018).

In addition to stomatal closure, the reduction of
photosynthesis in response to the saline treatment
and prolonged exposure to salts can also be attrib-
uted to the reduction in chlorophyll concentration.
On the other hand, the latter can reduce the capaci-
ty of light absorption by the leaf (Lu et al., 2003; Sil-
va et al., 2013), which is evidenced by a lower light
compensation point. This is also correlated with
the decrease in photosynthetic efficiency (®c) and
is considered an important mechanism in relation
to the defense of the plant against oxidative stress
(Eisa et al., 2012).

In the present study, the effect of prolonged stress
under salinity was evident, since the greatest re-
ductions in photosynthesis were observed at the
end of the experiment, compared to the increase in
salt concentration in irrigation water, demonstrat-
ing that both photosynthetic efficiency and water
use were more preserved at the beginning of the
experiment. These results are in agreement with
reports from other studies (Eisa ef al., 2012, Huss-
in et al., 2013), and this is considered an important
characteristic that allows halophytes to survive in
saline environments during long periods of expo-
sure to salts (Koyro, 2000).

The results demonstrate that excess sodium in ir-
rigation water may have been responsible for the
degradation of the thylakoid membrane reflect-
ed in the decrease in chlorophyll according with
Geissler et al. (2015). Eisa et al. (2012), evaluating
the effect of different NaCl concentrations (0, 100,
200, 300, 400 and 500 mmol L") in quinoa plants
observed that the reduction in chlorophyll b con-
centration was accompanied by the increase in
chlorophyll a and led to a reduction in photosyn-
thesis efficiency in stressed plants.
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In the evaluations at 15 DAT, plants did not show
a reduction in photosynthesis efficiency; howev-
er, the prolonged exposure to irrigation observed
at 84 DAT led to a decrease in photosynthesis ef-
ficiency even in plants of the control treatment,
demonstrating that the decrease in this parameter
may have been caused by other factors, such as the
high temperatures of the protected environment
or the size of the pot, which may have acted as a
stress factor.

Eisa et al. (2012) also observed a decrease in pho-
tosynthetic efficiency (@) as a function of the in-
crease in NaCl concentration in irrigation water.
The authors attribute this reduction to the produc-
tion of reactive oxygen species (ROS), which conse-
quently leads to a reduction in the flow of electrons
through the photosystem. As observed by Hussin
et al. (2013), it was also noticed in the present study,
at both evaluation times, that the light compen-
sation point (LCP) decreased with the increase of
NaCl in irrigation water. For these authors, this
may be due to the greater stimulation of respira-
tion, biosynthesis of compatible solutes and may
be an adaptation mechanism of the plant to cope
with stress.

In both evaluations, the highest values of net pho-
tosynthetic rate were observed at PAR correspond-
ing to 2000 pumol m? s, and this result was inde-
pendent of the NaCl concentration in the irrigation
water. However, it was possible to observe that, at
a given time, the plants no longer responded to the
increase in light intensity. In plants evaluated at
15 days, the light intensity at which there was no
significant increments in net photosynthesis corre-
sponded to 1500, and this result could be observed
in the most stressed plants (250 and 300 mmol
NaCl L?).

On the other hand, in the evaluations performed
at 84 days, the light intensity at which the plants
did not show gains in photosynthesis was much
lower and corresponded to PAR of 800 umol m?2
s7, which demonstrates that in the case of salinity
for the species evaluated, the time of exposure to
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salts, and consequently the ionic stress, is the main
responsible for limiting the electron transport re-
action, rubisco activity or the metabolism of triose
phosphates.

CONCLUSIONS

Even in halophyte plants, such as A. nummularia,
prolonged stress under high salt concentrations
can cause damage to the photosystem both due
to the occurrence of stomatal damage and due to
the degradation of thylakoid membranes. The data
obtained from the construction of photosynthesis
x PAR curves demonstrated that the time of expo-
sure to stress reduced the tolerance of this species
to light stress.

In addition, the study provides data that support
the choice of ideal PAR in evaluations of gas ex-
change in Atriplex nummularia, since our results
clearly demonstrate under which condition of
PAR the photosynthesis is maximum.

The knowledge of the photosynthetic perfor-
mance of A. nummularia is relevant for application
in programs of phytoremediation in salt-affected
soils. Also, this research contributes effectively for
providing data to help in the management of this
species.

ACKNOWLEDGMENTS

The authors thank the Agronomic Institute of Per-
nambuco (IPA) for donating the parent plants used
for propagation, the Pernambuco State Science and
Technology Support Foundation (FACEPE), the
Coordination for the Improvement of Higher Edu-
cation Personnel (CAPES) and the National Coun-
cil for Scientific and Technological Development
(CNPq) for granting scholarships and funding the
research project.



REFERENCES

Abogadallah, G.M. (2010) - Antioxidative defense under salt stress. Plant Signaling and Behavior, vol. 5, n. 4,
p- 369-374. http://dx.doi.org/10.4161/psb.5.4.10873

Ahmadi, F., Mohammadkhani, N. & Servati, M. (2022) - Halophytes play important role in phytoremediation
of salt-affected soils in the bed of Urmia Lake, Iran. Scientific Reports, vol. 12, art. 12223. https://doi.org/10.1038/
541598-022-16266-4

Alharby, H.F.; Colmer, T.D. & Barrett-Lennard, E.G. (2018) - Salinization of the soil solution decreases the
further accumulation of salt in the root zone of the halophyte Atriplex nummularia Lindl. Growing above
shallow saline groundwater. Plant Cell and Environment, vol. 41, n. 1, p. 99-110. http://dx.doi.org/10.1111/
pce.12958

Anschiitz, U.; Becker, D. & Shabala, S. (2014) - Going beyond nutrition: regulation of potassium homoeostasis
as a common denominator of plant adaptive responses to environment. Journal of Plant Physiology, vol. 171,
n. 9, p. 670-687. http://dx.doi.org/10.1016/j.jplph.2014.01.009

Ashraf, M. & Harris, P.J.C. (2013) - Photosynthesis under stressful environments: An overview. Photosynthetica,
vol. 51, n. 2, p. 163-190. http://dx.doi.org/10.1007/s11099-013-0021-6

Benzarti, M.; Rejeb, K.B.; Debez, A.; Messedi, D. & Abdelly, C. (2012) - Photosynthetic activity and leaf
antioxidative responses of Atriplex portulacoides subjected to extreme salinity. Acta Physiologiae Plantarum,
vol. 34, p.1679-1688. http://dx.doi.org/10.1007/s11738-012-0963-5

Calone, R.; Cellini, A.; Manfrini, L.; Lambertini, C.; Gioacchini, P.; Simoni, A. & Barbanti, L. (2021) - The C4
Atriplex halimus vs. the C3 Atriplex hortensis: Similarities and Differences in the Salinity Stress Response.
Agronomy, vol. 11, art. 1967. https://doi.org/10.3390/agronomy11101967

Coelho, J].B.M.; Barros, M.F.C.; Bezerra Neto, E. & De Souza, E.R. (2014) - Physiological permanent wilting
point and osmotic potential of cowpea grown in saline soils. The Brazilian Journal of Agricultural and
Environmental Engineering, vol. 18, n. 7, p. 708-713. https://doi.org/10.1590/51415-43662014000700006

Cunha, J.C; Freire, M.B.G. dos S.; Ruiz, H.A. & Silva, ].D.G. (2017) - Phytoextraction Potential of Atriplex
Nummularia Plants under Nitrogen and Phosphate Fertilization. Communications in Soil Science and Plant
Analysis, vol. 48, n. 1, p. 20-36. http://dx.doi.org/10.1080/00103624.2016.1253716

De Souza, E.R.; Melo, H.F.; Almeida, B.G. & Melo, D.V.M. (2013) - Comparison of methods for extracting soil
solution. The Brazilian Journal of Agricultural and Environmental Engineering, vol. 17, n. 5, p. 510-517. https://
doi.org/10.1590/51415-43662013000500007

De Tafur, S.M.; El-Sharkawy, M.A. & Calle, F. (1997) - Photosynthesis and yield performance of cassava
in seasonally dry and semi-arid environments. Photosynthetica, vol. 33, p. 249-257. http://dx.doi.
org/10.1023/A:1022116414969

Dourado, P.R.M.; de Souza, E.R.; Santos, M.A.d.; Lins, C.M.T.; Monteiro, D.R. & Paulino, M.K.S.S.; Schaffer,
B. (2022) - Stomatal Regulation and Osmotic Adjustment in Sorghum in Response to Salinity. Agriculture,
vol. 12, n. 5, art. 658. https://doi.org/10.3390/agriculture12050658

Eisa, S.; Hussin, S.; Geissler, N. & Koyro, H. W. (2012) - Effect of NaCl salinity on water relations,
photosynthesis and chemical composition of Quinoa (Chenopodium quinoa Willd.) as a potential cash crop
halophyte. Australian Journal Crop Science, vol. 6, n. 2, p. 357-368.

El-Sharkawy, M.A. & de Tafur, S.M. (2010) - Comparative photosynthesis, growth, productivity and nutrient
use efficiency among tall- and short-stemmed rain-fed cassava cultivars. Photosynthetica, vol. 48, n. 2,
p-173-188. http://dx.doi.org/10.1007/s11099-010-0023-6

El-Sharkawy, M.A.; de Tafur, S.M. & Lopez Y. (2012) - Eco-physiological research for breeding improved
cassava cultivars in favorable and stressful environments in tropica/subtropical bio-systems. Environment
Research, vol. 6, p. 143-211.

Falasca, S.L., Pizzarro, M.]. & Mezher, R.N. (2014) -The agro-ecological suitability of Atriplex nummularia and
A. halimus for biomass production in Argentine saline drylands. International Journal of Biometeorology,
vol. 58, p. 1433-1441. http://dx.doi.org/10.1007/s00484-013-0744-x

Lins etal., Light-curve responses in Atriplex nummularia 113



Gao, K,; Chen, F. Yuan, L.; Zhang, F. & Mi, G. (2015) - A comprehensive analysis of root morphological
changes and nitrogen allocation in maize in response to low-nitrogen stress. Plant Cell and Environment,
vol. 38, n. 4, p. 740- 750. http://dx.doi.org/10.1111/pce.12439

Geissler, N.; Hussin, S.; El-Far, M.M.M. & Koyro, H.W. (2015) - Elevated atmospheric CO, concentration
leads to different salt resistance mechanisms in a C3 (Chenopodium quinoa) and a C4 (Atriplex nummularia)
halophyte. Environmental and Experimental Botany, vol. 118, p.67-77. http://dx.doi.org/10.1016/j.envexpbot.2015.06.003

Habermann, G.; Machado, E.C. & Rodrigues, ].D. (2003) - CO, assimilation, photosynthetic light response
curves, and water relations of Pera sweet orange plants infected with Xylella fastidiosa. Brazilian Journal
Plant Physiology, vol.15, n. 2, p. 79-87. https://doi.org/10.1590/51677-04202003000200003

Hussin, S.; Geissler, N. & Koyro, H-W. (2013) - Effect of NaCl salinity on Afriplex nummularia (L.) with special
emphasis on carbon and nitrogen metabolism. Acta Physiologiae Plantarum, vol. 35, p. 1025-1038. http:/
dx.doi.org/10.1007/s11738-012-1141-5

IUSS Working Group WRB. (2015) - World reference base for soil resources. World Soil Resources Reports 106.
FAO, Rome.

Jaleel, C.A.; Manivannan, P. & Sankar, B. (2007) - Induction of drought stress tolerance by ketoconazole
in Catharanthus roseus is mediated by enhanced antioxidant potentials and secondary metabolite
accumulation. Colloids and Surfaces B: Biointerfaces, vol. 60, n. 2, p. 201-206. http://dx.doi.org/10.1016/j.
colsurfb.2007.06.010

Kalaji, H.M.; Jajoo, A.; Oukarroum, A.; Brestic, M.; Zivcak, M.; Samborska, I.A.; Cetner, M.D.; Lukasik. L;
Goltsev, V. & Ladle, R.J. (2016) - Chlorophyll a fluorescence as a tool to monitor physiological status of
plants under abiotic stress conditions. Acta Physiologiae Plantarum, vol. 38, art. 102. http://dx.doi.org/10.1007/
s11738-016-2113-y

Khalifa, M.; Elagib, N.; Ribbe, L. & Schneider, K. (2018) - Spatio-temporal variations in climate, primary
productivity and efficiency of water and carbon use of the land cover types in Sudan and Ethiopia. Science
of The Total Environment, vol. 624, p. 790-806. http://dx.doi.org/10.1016/j.scitotenv.2017.12.090

Koyro, H.W. (2000) - Effect of high NaCl-salinity on plant growth, leaf morphology, and ion composition in
leaf tissues of Beta vulgaris ssp. maritima. Journal of Applied Botany, vol. 74, p. 67-73.

Lachapelle, P.P. & Shipley, B. (2012) - Interspecific prediction of photosynthetic light response curves using
specific leaf mass and leaf nitrogen content: effects of differences in soil fertility and growth irradiance.
Annals ofBotany, vol. 109, n. 6, p- 1149-1157. http://dx.doi.org/10.1093/aob/mcs032

Lam, E.J.; Canovas, M.; Galvez, M.E.; Montofré, [.L.; Keith, B.F. & Faz, A. (2017) - Evaluation of the
phytoremediation potential of native plants growing on a copper mine tailing in northern Chile. Journal
of Geochemical Exploration, vol. 182, part B, p. 210-217. http://dx.doi.org/10.1016/j.gexplo.2017.06.015

Lin, M.; Wang, Z.; He, L.; Xu, K; Cheng, D. & Wang, G. (2015) - Plant photosynthesis irradiance curve
responses to pollution shown non-competitive inhibited Michaelis-Kinetics. PLoS ONE, vol. 10, n. 11, art.
e0142712. http://dx.doi.org/10.1371/journal.pone.0142712

Lins, CM.T.; Souza, E.R.; Melo, H.F.; Paulino, M.K.S.S.; Magalhaes, P.R.D.; Leal, L.Y.C. & Santos, H.R.B.
(2018) - Pressure-volume (P-V) curves um Atriplex nummularia Lindl. for evaluation of osmotic adjustment
and water status under saline conditions. Plant Physiology and Biochemistry, vol. 124, p. 155-159. http://dx.doi.
org/10.1016/j.plaphy.2018.01.014

Lu, C; Qiu, N; Wang, B. & Zhang, J. (2003) - Salinity treatment shows no effects on photosystem
IT photochemistry, but increases the resistance of photosystem II to heat stress in halophyte Suaeda salsa.
Journal of Experimental Botany, vol. 54, n. 383, p. 851-860. http://dx.doi.org/10.1093/jxb/erg080

Melo, H.F.; Souza, E.R.; Almeida, B.G.; Freire, M.B.G.S. & Maia, F.E. (2016) - Growth, biomass reduction and
ions accumulation in Atriplex nummularia Lindl grown under abiotic stress. Revista Brasileira de Engenharia
Agricola e Ambiental, vol. 20, n. 2, p. 144-151. https://doi.org/10.1590/1807-1929/agriambi.v20n2p144-151

Melo, H.F.; Souza, E.R. & Cunha, J.C. (2017) - Fluorescence of chlorophyll a and photosynthetic pigments in
Atriplex nummularia under abiotic stresses. Revista Brasileira de Engenharia Agricola e Ambiental, vol. 21, n. 4,
p- 232-237. http://dx.doi.org/10.1590/1807-1929/agriambi.v21n4p232-237

114 Revista de Ciéncias Agrdrias, 2022, 45(3): 105-115



Michaelis, L. & Menten, M.L. (1913) - Die Kinetik der Invertinwirkung. Biochemische Zeitschrift, vol, 49,
p- 333-369.

Miranda, M.F.A.; Freire, M.B.G.S.; Almeida, B.G.; Freire, A.G.; Freire, F.J. & Pessoa, L.M.M. (2018) -
Improvement of degraded physical attributes of a saline-sodic soil as influenced by phytoremediation
and soil conditioners. Archives of Agronomy and Soil Science, vol. 64, n. 9, p. 1207-1221. https://doi.org/10.1080/
03650340.2017.1419195

Park, S.-Y.; Lee, M.-Y.; Lee, C.-H. & Oh, M.-M. (2020) - Physiologic and Metabolic Changes in Crepidiastrum
denticulatum According to Different Energy Levels of UV-B Radiation. International Journal of Molecular
Science, vol. 21, art. 7134. https://doi.org/10.3390/ijms21197134

Rivelli, A.R; James, R.A.; Munns, R. & Condon, A.G. (2002) - Effect of salinity on water relations and growth
of wheat genotypes with contrasting sodium uptake. Functional Plant Biology, vol. 29, n. 9, p. 1065-1074.
http://dx.doi.org/10.1071/PP01154

Rozentsvet, O.A.; Nesterov, V.N. & Bogdanova, E.S. (2017) - Structural, physiological, and biochemical
aspects of salinity tolerance of halophytes. Russian Journal of Plant Physiology, vol. 64, n. 4, p. 464-477.
https://doi.org/10.1134/51021443717040112

Shabala, S. (2013) - Learning from halophytes: Physiological basis and strategies to improve abiotic stress
tolerance in crops. Annals of Botany, vol. 112, n. 7, p. 1209-1221. http://dx.doi.org/10.1093/aob/mct205

Silva, F.L.B.; Lacerda, C.F.; Neves, A.L.R; Sousa, G.G.; Sousa, C.H.C. & Ferreira, F.J. (2013) - Irrigacao com
aguas salinas e uso de biofertilizante bovino nas trocas gasosas e produtividade de feijao-de-corda. Irriga,
vol. 18, n. 2, p. 304-317. http://dx.doi.org/10.15809/irriga.2013v18n2p304

Silveira, ].A.G.; Aratjo, S.A.M.; Lima, ].P.M.S. & Viégas, R.A. (2009) - Roots and leaves contrasting osmotic
adjustment mechanisms in responses to NaClsalinity in Atriplex nummularia. Environmental and
Experimental Botany, vol. 66, n. 1, p. 1-8. http://dx.doi.org/10.1016/j.envexpbot.2008.12.015

Souza, E.R. de; Freire, M.B.G. dos S.; Cunha, K.P.V.; Nascimento, C.W.A. do; Ruiz, H.A. & Lins, CM.T.
(2012) - Biomass, anatomical changes and osmotic potential in Atriplex nummularia Lindl. cultivated in
sodic saline soil under water stress. Environmental and Experimental Botany, vol. 82, p. 20-27. http://dx.doi.
org/10.1016/j.envexpbot.2012.03.007

Souza, E.R. de; Freire, M.B.G. dos S.; Melo, D.V.M. & Montenegro, A.A. de A. (2014) - Management of
Atriplex nummularia Lindl. in a salt affected soil in a Semi Arid Region of Brazil. International Journal of
Phytoremediation, vol. 16, n. 1, p. 73-85. https://doi.org/10.1080/15226514.2012.759529

Taiz, L. & Zeiger, E. (2015) - Fisiologia de Desenvolvimento Vegetal. 6. Ed. Porto Alegre, Artmed.

Tawfik, M.M.; Badr, E. & Talooth, A.T. (2019) - Smart farming practices to promote growth and productivity
of Atriplex nummularia in saline habitats. International Journal of Agriculture, Forestry and Life Science, vol. 3,
p- 161-170.

Ueda, K.; Nakajima, T.; Yoshikawa, K; Toya, Y.; Matsuda, F. & Shimizu. H. (2018) - Metabolic flux of the
oxidative pentose phosphate pathway under low light conditions in Synechocystis sp. Journal of Bioscience
and Bioengineering, vol. 126, n. 1, p. 38—43. http://dx.doi.org/10.1016/j.jbiosc.2018.01.020

Zhang, Y.; Yang, ].; van Haaften, M.; Li, L.; Lu, S.; Wen, W.; Zheng, X; Pan, J. & Qian, T. (2022) - Interactions
between Diffuse Light and Cucumber (Cucumis sativus L.) Canopy Structure, Simulations of Light
Interception in Virtual Canopies. Agronomy, vol. 12, art. 602. https://doi.org/10.3390/agronomy12030602

Lins etal., Light-curve responses in Atriplex nummularia 115



