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Abstract

The aim of this study was to evaluate the effects of elevated CO, concentration on acclimation mechanisms related to gas
exchange, photochemical activity, photorespiration, and oxidative protection in cashew plants exposed to salinity. Thirty-
day-old cashew plants were irrigated with nutrient solution without (control) or with supplemental NaCl (100 mM) for 2
weeks in the greenhouse. Afterward, control and salt-stressed plants were transferred to the growth chamber and supplied
with atmospheric (380 umol mol™") or high CO, (760 umol mol~!) concentrations for 15 days. The results show that elevated
CO, alone reduced the CO, net assimilation rate (Py) without affecting stomatal conductance (gg) and transpiration rate (E),
whereas salinity and NaCl+ high CO, reduced the Py associated with a decrease in gg and E. The potential quantum yield
of photosystem II (Fv/Fm) was not altered, but a slight reduction in electron transport rate and photochemical quenching
(qP) in response to high CO, alone or combined with NaCl occurred. However, non-photochemical quenching increased
due to the effects of high CO, and NaCl alone and by their combination. High CO, alleviated the toxic effects of Na* favor-
ing the K*/Na™ ratio under salinity. High CO, coupled with salinity decreased glycolate oxidase activity and the contents
of hydrogen peroxide (H,0,), NH,*, and glyoxylate. Furthermore, we observed increase in membrane damage associated
with increased thiobarbituric acid-reactive substances levels under high CO,. High CO, also decreased ascorbate peroxidase
activity, but did not affect superoxide dismutase activity. In general, our data suggest that high CO, could induce acclima-
tion processes in plants independent of salinity, revealing a set of responses that are more associated with acclimation than
with protective responses.
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Communicated by G. Montanaro. Introduction

Elevated CO, acclimation processes in plants are not well
understood, especially when associated with other adverse
environmental factors such as salinity. Under abiotic stress,
such as water deficit and salinity, down-regulation of photo-
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synthesis can occur due to reduced carbon substrate (Goll-
dack et al. 2014). Decreases in CO, diffusion in the leaf
mesophyll have been studied and are responsible for induc-
ing important photosynthesis alterations. Following salinity-
induced stomatal closure and a decrease in CO, pressure
in the leaf mesophyll, de-activation of Rubisco carboxylase
has been observed, indicating a metabolic limitation of CO,
assimilation under these conditions. Thus, continuous CO,
supply for the carboxylation of Rubisco is required for main-
taining photosynthesis at normal conditions and especially
under stress as salinity (Xu et al. 2015).
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Several experimental evidences have shown that CO,
enrichment in atmosphere, especially throughout long term,
can trigger an increase in photosynthesis in plants exposed
to salt stress (Geissler et al. 2015; Pérez-Lopez et al. 2012,
2014). These effects of elevated CO, pressure on increased
photosynthetic activity (“photosynthetic acclimation™) are
attributed mainly to high CO, availability for carboxyla-
tion reactions in the chloroplast stroma (Xu et al. 2015).
However, beneficial effects of high atmospheric CO, on the
photosynthesis in plants subjected to salt stress are still con-
troversial. In fact, while some studies have reported benefi-
cial effects of high CO, pressure on carbon assimilation in
plants under salinity (Geissler et al. 2015; Yu et al. 2015;
Pérez-Lopez et al. 2014; Yi et al. 2015), others have reported
low (Ball et al. 1997) or even no effects on photosynthetic
activity (Bowman and Strain 1987).

These conflicting results regarding the photosynthetic
responses of plants exposed to high CO, pressure are
dependent on species and exposure time to elevated CO, as
well as the development stage of the plants exposed to this
condition (Leakey et al. 2006). Short-term exposure (days,
weeks) to high CO, pressure can positively affect plant
metabolism, but under increased exposure time, these ben-
eficial effects can be lost (Darbah et al. 2010). Besides, the
photosynthesis responses to high CO, are dependent on type
of carbon dioxide exposure such as closed growth chamber,
“open top” in greenhouse, and in the field by FACE system.
Indeed, plant acclimation and physiological responses will
be dependent on all these conditions.

Photosynthetic restriction under salt stress conditions
may be associated with an increase in the NADPH/NADP
ratio in the chloroplast stroma due to a decrease in the
reducing equivalent consumption by the Calvin cycle. In
addition to the excess energy produced due to lower CO,
pressure in photosynthetic cells under salinity, an increase
in the photorespiratory process can occur due to a lower
CO,/0, ratio in the leaf and the stimulation of the Rubisco
oxygenase activity (Xu et al. 2015). The photorespiratory
pathway in C; plants has, as the main role, the recovery of
the carbon lost by the Rubisco oxygenase activity. However,
this process represents a loss of approximately 25% of the
CO, fixed during photosynthesis in C; plants under normal
environmental condition. Moreover, this response might be
increased in plants submitted to abiotic stress, as salinity
(Foyer et al. 2009).

In addition to the carbon loss under stress conditions
associated with photorespiration, this process represents
the main pathway responsible to produce hydrogen per-
oxide (H,0,) in the peroxisomes of plant cells (Foyer and
Noctor 2003). On the other hand, superoxide radicals (O;")
are produced by photosynthesis by the direct electron trans-
fer to oxygen, producing H,0, through the Mehler reac-
tion. However, this reaction consumes less than 10% of the
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photosynthetic electron flow (Heber 2002). The glycolate
oxidase (GO) reaction, which generates glyoxylate in the
peroxisomes, can produce similar H,O, amounts (Foyer
et al. 2009). Thus, the increase in CO, pressure under restric-
tive conditions to photosynthesis, such as salinity, might
reduce the photorespiratory activity and attenuate oxidative
damage due to less H,0, generation (Geissler et al. 2015).

Photorespiration and the photosynthetic metabolism are
major sources of reactive oxygen species (ROS). These
excess ROS can cause oxidative damage to proteins, lipids,
and nucleic acids, which can lead to cell death. To avoid
oxidative damage, plant cells have developed a complex
array of enzymatic and non-enzymatic antioxidants. Cata-
lase (CAT), superoxide dismutase (SOD), and ascorbate
peroxidase (APX) are the main enzymatic antioxidants.
SOD is an important enzyme avoiding ROS accumulation;
this enzyme is present in various cell organelles scavenging
O, and generating H,O, (Sharma et al. 2012). Together,
these antioxidants can avert damage and promote efficient
cell protection, constituting a set of responses that is species
and genotype dependent.

Cashew plants (Anacardium occidentale) are commonly
cultivated in Brazil, primarily in the semi-arid coastal
regions. This species is an important crop in Brazil, India,
and East Africa due to their economical importance (Fer-
reira-Silva et al. 2010). The two main commercial products
are the nuts and the juice extracted from the pseudo-fruit,
generating a productive chain responsible for the genera-
tion of employment and income. As a wild species, it has
evolved in environments with combined stresses promoting
specific development related with acclimation to these con-
ditions, as salinity, drought, and high temperature (Silveira
et al. 2003; Ferreira-Silva et al. 2011). Recently, our group
showed that high temperature was essential to increase the
oxidative protection under salinity in cashew leaves (Fer-
reira-Silva et al. 2011). The data suggest that these plants
were able to trigger efficient physiological mechanisms to
acclimate to combined stress conditions. These protective
mechanisms are related with the modulation of enzymatic
and non-enzymatic antioxidants.

Some studies have demonstrated the harmful effects of
salinity and high CO, on plant metabolism disturbances,
especially photosynthesis. However, to date, none work
has been reported regarding integrative studies involving
the combined effects of these factors (salinity +high CO,
concentration) under short-term exposure in cashew plants.
This species, although a tropical fruit crop widely exploited
in semi-arid regions, still needs further studies related to the
impacts of abiotic factors on its production performance. In
this study, we aimed to evaluate the acclimation mechanisms
related to the processes of gas exchange, photochemical
activity, photorespiration, and oxidative protection in cashew
plants exposed to high CO, and salinity.
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Materials and methods
Plants material and treatments

Seeds of cashew (Anacardium occidentale L.) plants, genotype
CCP 09, were provided by Empresa Basileira de Pesquisa Agt-
opecuaria (EMBRAPA), Ceara, Brazil. The seeds were sown
in a 1:1 mixture of sand and vermiculite (v/v) in 3.0-1 pots and
irrigated daily with distilled water under greenhouse condi-
tions. Afterward, the plants were watered every 2 days with
300 ml of nutrient solution (Hoagland and Arnon 1950) con-
taining 3 mM Ca(NOs),, 2 mM NH,CI, 1 mM K,HPO,, 1 mM
MgSO,, 6 mM KNO;, 100 pM Fe-EDTA, 40 pM HBO;, 9 pM
MnClI2, 3 pM CuSO4, 7 pM ZnSO,, and 0.1 pM Na,MoO,,
for 15 days. For salt acclimation, 30-day-old plants were
irrigated every 2 days with 300 ml of full-strength nutrient
solution without (0 mM) or with NaCl (100 mM) for 15 days.
During the experiments in the greenhouse, the air temperature
was between 25 and 35 °C. The relative humidity was approxi-
mately 65%. The maximum photosynthetic photon flux density
(PPFD) was 1350 umol m~2 s™! with a photoperiod of 12 h.

For CO, treatments, plants were placed in a growth cham-
ber, with controlled conditions (photoperiod of 12/12 h
light/dark; day temperature of 28 +2 °C; night temperature
of 25+2 °C; 65+5% of relative humidity; and PPFD of
400 umol m~2 s71). In these conditions, plants exposed to
salinity or without salt stress were exposed to ambient atmos-
pheric (380 umol mol~") or high (760 umol mol~!) CO, con-
centration for 15 days. Both CO, treatments were applied using
the same growth chamber. In addition, using the same growth
chamber minimized the inter-chamber effect (Alonso et al.
2009). The environmental gradients effects inside the chamber
were also minimized by the random repositioning of the pots
inside the chamber every week.

The full salt treatment lasted 30 days: during the first
15 days, the plants were subjected only to salt stress in green-
house, whereas for the latest 15 days, plants were exposed to
CO, treatments. The moderate luminosity (400 umol m™=*s™")
was used to mitigate the effect of excess light on oxidative
damage, isolating the effects of salinity on ROS generation.
At the end of the experiment, gas exchange and chlorophyll
fluorescence parameters were assessed in mature leaves, and
leaf discs (10 mm diameter) were harvested for the estimation
of membrane damage. Leaves were then frozen in liquid N,
and stored at — 80 °C for further analyses.

Gas exchanges and chlorophyll fluorescence
analyses

Gas exchange and chlorophyll fluorescence parameters were
measured with an IRGA with a coupled LED source on the
leaf chamber (IRGA LI-6400XT, LI-COR, Lincoln, USA).

Measurements of net photosynthesis (Py), transpiration rate
(E), stomatal conductance (gg), and intercellular CO, con-
centration (C;) were carried between 10:00 and 11:00 h, on
the 6th leaf from the basis in the cashew plants at 60 days
after planting. The instantaneous carboxylation efficiency
(P\/C ratio) was calculated. During gas exchange meas-
urements, the PPFD was set to 1000 pmol m~2s~!, the con-
centrations of CO, as treatments (380 umol mol~! CO, and
760 pumol mol~!' CO,, respectively), 1.0 +0.2 kPa VPD at
28 °C. To maximize the stomatal aperture, blue light was
set to 10% of the PPFD (Flexas et al. 2007).

In vivo chlorophyll a fluorescence was measured using
an LI-6400-40 fluorometer (LI-COR, Lincoln, NE, USA)
coupled with the IRGA. The actinic light to measure both
gas exchange and chlorophyll a fluorescence was set to
1000 pmol m~2 s~! PPFD, a saturating light for cashew
according to previous studies in our lab. The fluorescence
parameters were measured by the saturation pulse method in
leaves exposed to light and 30-min dark-adapted conditions
(Klughammer and Schreiber 1994).

The intensity of the saturation light pulse was
8000 pmol m~2 s~! and its duration of 0.7 s. The maximum
quantum yield of photosystem II (PSII) was calculated as
[Fv/Fm = (Fm —Fo)/Fm] and measured in dark-adapted con-
dition. The effective quantum yield of PSII was calculated
as [AF/Fm'=(Fm'—Fs)/Fm'] which was measured in leaves
adapted to actinic light at 1000 pmol m~2 s~! PPFD for at
least 30 min. The photochemical quenching coefficient was
calculated by [qP = (Fm’' —Fs)/(Fm'—Fo')], the non-photo-
chemical quenching was calculated by [NPQ = (Fm — Fm')/
Fm’'], and the electron flow at PSII was calculated as
[ETR =(AF/Fm’'x PPFD X 0.5 x 0.84)].

To ETR calculation, 0.5 was used assuming the equal
partition of the excitation energy fraction distributed to PSII
and 0.84 as the fraction of absorbed light by the leaves. Fm
and Fo are the maximum and minimum fluorescence in dark-
adapted leaves, respectively; Fm' and Fs are the maximum
and steady state fluorescence in leaves adapted to light and
Fo' is the minimum fluorescence after far-red illumina-
tion. All measurements were assessed in plants exposed
to 30 days of salinity, as 15 days only exposed to salinity
(0 or 100 mmol 17! NaCl) and the other 15 days exposed
to salt-stress coupled to ambient (380 umol mol~!) or high
(760 umol mol™~!) concentration of CO,.

Na* and K* concentration, K*/Na* ratio, chlorophyll,
carotenoids, and anthocyanin contents in leaves

For extraction of Na* and K* ions, the leaves were initially
lyophilized and dry samples (200 mg) were transferred to
tubes with deionized water and heated in a 100 °C water
bath for 1 h. The extracts were filtered and used for Na*
and K* determination by flame photometry (Micronal B462)
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as described by Silva et al. (2010). Chlorophylls and carot-
enoids contents were extracted in acetone (80%) and read
with a spectrophotometer (biochrom Libra S60) at 665 and
649 nm (Lichtenthaler and Wellburn 1983). The anthocya-
nin contents were measured in accordance with Lees and
Francis (1972).

NH;, N total, total free amino acids, and total
soluble sugar content

Dry leaf samples were extracted in deionized water in closed
tubes and heated in a water bath at 100 °C for 1 h. The
concentration of ammonium ion (NH,*) and total nitrogen
in leaves was performed according to Silveira et al. (2003).
In addition, the total free amino acids, sucrose, and soluble
sugar contents were determinated as previously described
by Silva et al. (2010).

Electrolyte leakage (EL), hydrogen peroxide,
glyoxylate content, and lipid peroxidation

The membrane damage, an indicator of cellular integrity,
was estimated by the electrolyte leakage (Silva et al. 2015).
Twenty leaf discs were extracted in 10 ml of deionized water
and incubated at 25 °C in a water bath for 6 h. After that the
electrical conductivity (L,) was measured. The samples were
boiled at 100 °C for 1 h, and after cooling to 25 °C, a sec-
ond measurement (L,) was obtained. The electrolyte leakage
(EL) was calculated as: EL (%) =(L,/L,) x 100.

The hydrogen peroxide content was measured accord-
ing to Cheeseman (2006). Samples of fresh leaves (0.1 g)
were powdered in liquid nitrogen and were extracted with
100 mM potassium phosphate buffer (pH 6.4) with 5 mM
KCN. The reaction was assessed for 30 min at 25 °C and the
absorbance was read at 560 nm. A standard curve was per-
formed and the H,0O, concentration was expressed in pmol
(gFW)~!.

Lipid peroxidation was determined by measuring the con-
tent of the thiobarbituric acid-reactive substances (TBARS)
in accordance with the Heath and Packer (1968). Leaf
samples (0.1 g) were powdered in liquid N, nitrogen and
were homogenized with 1 ml of 6% (w/v) trichloroacetic
acid (TCA). The samples were centrifuged at 12,000xg for
15 min at 4 °C. Aliquots of the supernatant were mixed with
2 ml of 20% (w/v) TCA with 0.5% (w/v) thiobarbituric acid
(TBA). The mixture was heated for 30 min at 95 °C in tubes
and then quickly cooled in an ice bath. The absorbance was
read at 532 and 660 nm. The complex MDA-TBA was cal-
culated using the molar extinction coefficient of 155 mM™~".

To determinate the glyoxylate content, samples of fro-
zen leaves (0.1 g) were powdered in 1 ml of 100 mM HCI
as described by Baker and Tolbert (1966). The extract
was centrifuged at 12,000 rpm for 10 min at 8 °C, and the
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supernatant was used to determinate the glyoxylate content.
The reaction was started by adding 200 ul of extract, 300 ul
of 1% (v/v) phenylhydrazine in 100 mM HCI. The mixture
was heated in water bath at 95 °C for 2 min. The reaction
was stopped in ice bath and the absorbance was read at
324 nm. The glyoxylate content was calculated using the
molar extinction coefficient of the glyoxylate—phenylhydra-
zine complex (17 mM~! cm™") and expressed as umol g~!
FWw.

Protein extraction and activity determination

Frozen leaf samples (0.1 g) were powdered in the presence
of liquid N, in a mortar and pestle and extracted in 100 mM
Tris—HClI buffer (pH 8.0) with 30 mM DTT, 20% (v/v) glyc-
erol (Ferreira-Silva et al. 2011). The pH of the buffer was
adjusted to 7.0 for (SOD) and APX extraction and 1 mM
of ascorbate was added. The protein content was measured
by Bradford (1976) with bovine serum albumin (BSA) as
standard.

The activity of ascorbate peroxidase (APX; EC:
1.11.1.11) was assayed by the addition of the leaf tissue
extract (described above) a 0.1 ml of 30 mM H,0,. The
absorbance was monitored for 300 s at 290 nm (Nakano
and Asada 1981). APX activity was calculated by the molar
extinction coefficient of ascorbate (2.8 mM~! cm™!) and
expressed as pmol ASA g~! FW min~".

The activity superoxide dismutase (SOD; EC: 1.15.1.1)
was determined by the addition of 50 pL of the leaf extract,
13 mM L-methionine, 75 mM p-nitro blue tetrazolium
chloride (NBT), 2 mM riboflavin, and 100 mM EDTA into
50 mM potassium phosphate buffer, pH 7.8. The reaction
was illuminated (30 W fluorescent lamp) at 25 °C (Giano-
politics and Ries 1977). SOD activity unit was expressed
as AU g~! FW min~!. An AU was defined as the amount of
enzyme required to inhibit 50% NBT photoreduction.

The glycolate oxidase activity (GO; EC: 1.1.3.15) was
assayed by the formation of the complex glyoxylate—phe-
nylhydrazone read at 324 nm (Baker and Tolbert 1966).
The GO assay mixture was a 100 mM phosphate buffer
(pH 8.3), 100 mM L-cysteine, 40 mM glycolic acid, and
100 mM phenylhydrazine. The reaction started by adding
FMN 1 mM. The GO activity was calculated by the molar
extinction coefficient of the glyoxylate—phenylhydrazone
complex (17 mM~! cm™") and expressed as umol glycolate
g ' FW min~L.

The glutamine synthetase (GS; EC: 6.3.1.2) was extracted
in a 100 mM potassium phosphate buffer pH 7.4, 1 mM
EDTA. The GS activity was assessed by the addition of
500 pl of the enzymatic extract to a solution containing
Tris—HCI 0.25 M buffer pH 7.0, sodium glutamate 0.3 M,
ATP 30 mM, and MgSO, 0.5 M. Hydroxylamine solution
(1:1) was used at substrate and the y-glutamyl hydroxamate
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(GGH), following method of Elliott (1953). The activity glu-
tamine synthetase isoenzymes (GS2) were measured from
extracts obtained under the same conditions activity GS
described to increase total glucosamine-6-phosphate 1 mM.
The GS2 activity is sensitive to feedback inhibition by amino
acids or glucosamine-6-phosphate, and then being inhibited
in the reaction. The readings at 540 nm provided activity of
GS1, and subsequently calculated the activity of GS2 by the
difference between GS activity and GS1.

Experimental design and data analysis

The experiment was performed in a completely randomized
design. Here, the effects of salinity (0 and 100 mM) and CO,
concentration (380 and 760 pmol mol~!) were investigated.
Data were subjected to ANOVA procedures and the mean
values (four replicates) were compared using Tukey’s teste
at a confidence level of 0.05. The standard deviation was
plotted in all tables and figures. In addition, the data were
analyzed in a factorial arrangement involving two NaCl lev-
els (0 and 100 mM) and two CO, concentrations, for evaluat-
ing the interactive effects among the factors on the different
variables.

Table 1 Leaf CO, net assimilation rate (Py), stomatal conductance
(gg), transpiration rate (E), intercellular CO, concentration (Cp),
and instantaneous carboxylation efficiency (Py/Cy) of cashew plants

Results and discussion

Changes in gas exchange and photochemical
parameters in response to salinity followed by high
and normal CO, concentrations in cashew plants

To analyze the potential protective role of high CO, on dis-
turbances caused by salt stress on gas exchange and pho-
tochemical activity, cashew plants were initially grown
in the absence (0 mM) or presence of salinity (100 mM
NaCl) for 15 days. Afterward, the plants were exposed to
ambient (380 umol mol™") or high (760 pumol mol~') CO,
concentrations for 15 days more under salinity. The data
show that gas exchange measurements and chlorophyll a
fluorescence parameters were differentially affected by salin-
ity and high CO, treatments (Tables 1, 2). Plants exposed
to isolated high CO, showed a reduction in leaf CO, net
assimilation rate (Py) compared with reference plants (0 mM
NaCl 4380 umol mol™"). In contrast, isolated salinity or in
combination with high CO, induced a higher reduction (by
65%) in photosynthesis, demonstrated by a significant inter-
active effect between these two factors (Table 4), and this
effect was associated with restrictions in gq (Table 1).

The intercellular CO, concentration (Cy) was significantly
higher (~210%) in plants subjected to high CO, alone or in
combination with NaCl than in reference plants. The instan-
taneous carboxylation efficiency (P\/C;) was significantly
reduced in all the studied treatments, mostly under high

exposed to salt stress for 15 days followed by high (760 umol mol~!)
or atmospheric CO, concentrations for 15 more days under salinity

Treatment Py (umol CO, m™2 s7h g, (mol H,0 m™> s‘l) E (mmol H,O m™2 s_l) C; (umol mol‘l) Py/Cy (umol m2s7! Pa‘l)
Reference 7.03+0.05a 0.120+0.011a 1.31+0.08a 200.28 +19.4b 0.035+0.0021a
High CO, 5.09+0.44b 0.121+0.013a 1.35+0.07a 646.42+27.7a 0.002 +0.0004c
Salt stress 2.51+£0.23¢ 0.062+0.007b 0.69+0.02b 235.15+21.5b 0.012+0.0001b
Salt+high CO, 1.96+0.21c 0.081+0.009b 0.77+0.08b 664.00+31.2a 0.002 +0.0002¢

The means (n=4) within each column followed by the same letter do not differ according to the Tukey test (P <0.05)

Table 2 Potential quantum yield of photosystem (PSII) (Fv/Fm); pho-
tochemical (qP) and non-photochemical (NPQ) quenching; apparent
electron transport rate (ETR); and the ETR/Py ratio of cashew plants

exposed to salt stress for 15 days followed by high (760 umol mol™");
or atmospheric CO, concentrations for 15 more days under salinity

Treatment Fv/Fm ETR qP NPQ ETR/Py

Reference 0.693 £0.008a 38.03+0.35a 0.223+0.011a 0.88£0.025¢ 5.40+0.097b
High CO, 0.705£0.009a 31.23+0.34b 0.200+0.002b 1.23+0.017b 6.13+0.076b
Salt stress 0.701£0.005a 33.15+0.71b 0.226 +0.003a 1.57+£0.061b 13.20+0.793a
Salt+high CO, 0.697+£0.010a 27.62+0.07b 0.204 +0.003b 2.34+0.031a 14.09+0.100a

The means (n=4) within each column followed by the same letter do not differ according to the Tukey test (P <0.05)
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CO, concentrations alone as well as under high CO, + NaCl
conditions (Table 1). The gas exchange data showed that
reduced CO, assimilation under high CO, was not attributed
to stomatal closure, but under salinity, the stomatal limita-
tion should be a determinant for the restriction of CO, fixa-
tion in cashew. Moreover, the data indicate that high CO,
did not benefit Py under salinity conditions. These results
suggest that Py restriction under high CO, alone is not
attributed to stomatal limitation and also indicates that salt
stress may affect CO, assimilation by both stomatal and non-
stomatal factors.

The decrease in gg under high CO, may limit the CO,
fixation, but it can lead to increase in water use efficiency,
promoting plant growth under adverse conditions that limit
stomatal opening (Xu et al. 2016). However, plant responses
to high CO, are relatively complex and still little character-
ized, and these effects are influenced by plant species, expo-
sure time and interactions with other environmental factors.
Stomata have a key function in controlling gas exchange
through leaves to the atmosphere. Carbon dioxide can reach
the carboxylation site of Rubisco after CO, gas diffusion via
boundary layer, stomata, and intercellular air spaces near to
chloroplast (Aranjuelo et al. 2009).

In the present study, the C; of plants under high CO, was
much higher than the atmospheric CO,-treated plants under
both saline and non-saline conditions. This suggests that
non-stomatal limitations (e.g., photosystem II [PSII] activ-
ity and/or lower carboxylation efficiency) are the main cause
of the reduced Py observed under high CO, treatments.
Together, these data indicate that both stomatal and non-
stomatal limitations could occur under salinity and these
responses indicate a potential negative interactive effect
between high CO, and salinity involving CO, assimilation
in cashew plants, possibly due to enhancement in stomatal
closure as demonstrated by Souza et al. (2005).

It has been amply reported that elevated atmospheric CO,
should potentially benefit net CO, assimilation under condi-
tions of restrictive photosynthesis, such as water deficit and
salinity, due to CO, concentration in the leaf mesophyll (Yu
et al. 2015; Xu et al. 2015). On the other hand, biochemical
processes that inhibit carbon assimilation may be determin-
ing factors to limit CO, fixation despite high carbon pressure
near to the carboxylation sites. The obtained data in this
current study suggest that despite the increased C; values,
biochemical factors should be contributing to the reduction
in carbon fixation. Although this parameter (Py/C;) is not
conclusive regarding the presence of possible non-stomatal
limitations, some authors have used this parameter (carboxy-
lation efficiency) as an indicator to show that factors other
than the stomata can reduce photosynthesis (Ribeiro et al.
2009).

C; plants exposed to short-term high CO, are unable to
saturate Rubisco, which can lead to a transient increase in
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net photosynthesis (Aranjuelo et al. 2009). This increase in
photosynthesis could be related with CO, been the main sub-
strate of photosynthesis reaction, and high CO, can attenu-
ate the Rubisco’s oxygenase. Due to that, high CO, could
alleviate photorespiration (Xu et al. 2015). However, longer
exposure to high CO, can result in an acclimation in some
species. This acclimation in photosynthesis is characterized
by decreases in gas exchange and photochemical activity
(Long et al. 2004).

Although the initial increase in photosynthesis associ-
ated with high CO, is occasionally retained during long-
term exposure, the high rate is often reversed during the
photosynthetic acclimation process (Aranjuelo et al. 2009).
The down-regulation of photosynthesis by high CO, is
accompanied by changes in gas exchange that can indicate
reduced carboxylation capacity (Ainsworth and Rogers
2007). Indeed, in the present study, exposure to high CO,
alone decreased the CO, assimilation rate. This response in
plants exposed to elevated CO, may be attributed to carbo-
hydrate production that could have exceeded the capacity to
generate new sinks. It is common for plants to reduce their
photosynthesis to adequate the balance in source-sink activ-
ity, which can be explained by a possible feedback regula-
tory mechanism due to excess sugars (Aranjuelo et al. 2009).

This hypothesis for the down-regulation of Py attrib-
uted to sugar accumulation is compatible with the results
obtained here, since elevated CO, induced an increase in
soluble sugar content associated with reduced Py in both
non-salinized and salinized plants (Table 1, Fig. 2). High
CO, can increase the rate of carboxylation of ribulose-
1,5-bisphosphate relative to the rate of the oxygenation
reaction in C; plants, resulting in a higher Py and lower
photorespiration (Foyer et al. 2009). However, long-term
(weeks and months) exposure to elevated CO, could lead to
reductions in both Rubisco content and the maximum rate
of the carboxylation reaction, which are thought to represent
an acclimation process to high-CO, conditions (Long et al.
2004).

Although seemingly associated with elevated CO, and
sugar content, the reduction of Py in these conditions should
also be influenced by other metabolic disturbances, such as
lower photochemical efficiency. This is particularly possible
to occur in plants exposed to salinity alone, as these plants
presented unaltered sugar levels associated with reduced Py
Regarding chlorophyll fluorescence parameters analyzed in
this study, our data showed that cashew plants did not exhibit
photo-damage [evidenced by the maintaining of maximal
photochemical efficiency (Fv/Fm) values], as shown in
Table 2. In addition, the electron transport rate (ETR) and
photochemical quenching (qP) were slightly lower under
high CO, and high CO, + NaCl treatments than in the refer-
ence plants. In contrast, the non-photochemical quenching
(NPQ) increased by 39%, 78%, and 165% in response to high
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CO,, NaCl, and high CO, +NaCl treatments, respectively,
compared with those of the reference plants (Table 2). The
ETR/Py ratio (an indicator of alternative electron sinks)
was strongly influenced by the salinity and high CO, 4+ NaCl
treatments, as both reached values nearly 2.5 times greater
than those of the plants under reference conditions.

In general, chlorophyll a fluorescence data suggest
that photosynthetic acclimation mechanisms related to
lower CO, assimilation under salinity, high CO,, and high
CO, +salinity were not caused by photoinhibition, as indi-
cated by the maintaining of the Fv/Fm ratio. However, the
PSII activity was decreased in these plants in association
with induction of excess energy dissipation, possibly as heat
(indicate by increase in NPQ), evidencing that regulation of
these processes could have been important for photo-damage
protection in cashew leaves. The decrease in photochemical
activity and the increases in ETR/P) have been observed in
cashew plants under similar stress conditions as studied here
(Souza et al. 2005).

Such responses suggest that these changes could be part
of acclimation mechanisms instead of an indicator of harm-
ful effects on chloroplast (Ribeiro et al. 2009). Thus, these
photoprotective mechanisms are important to maintain the
primary electron acceptor of PSII in an oxidized state, lim-
iting the probability of photo-damage and photo-oxidative
stress in chloroplasts, as evidenced by the maintaining of Fv/
Fm values (Silva et al. 2010). This apparent photoprotection
also may be associated with other alternative mechanisms
for electron flux, such as water—water cycle and cyclic trans-
port around PSII and PSI (Lima Neto et al. 2017). Moreover,
we have shown that down-regulation of PSII activity can
also mitigate photo-oxidative damage induced by drought
associate with high light in cashew plants (Lima et al. 2018).
Together, the results exhibited by cashew plants demonstrate
that in the conditions studied here, elevated CO, did not
benefit photosynthetic CO, assimilation as in the absence
as well as in the presence of salinity.

Effects of salt stress and high CO,

on the chlorophylls, carotenoids, anthocyanin,
and sucrose contents; K* and Na* concentrations;
and the K*/Na* ratios of cashew leaves

In this study, we showed that salt stress and high CO, could
induce significant alterations in photosynthetic pigment
contents as well a strong antagonism between K* and Na™*
ions. The leaf chlorophyll content was slightly enhanced
(~ 15%) under all treatments compared with the reference
plants (Table 3). On the other hand, the carotenoid content
was similar in both stressed and reference plants. The antho-
cyanin content increased by 108% and 58% in response to
high CO, and high CO,+ NaCl treatments, respectively,
compared to reference plants (Table 3). The sucrose content
decreased by 28% only in the NaCl treatment, but remained
at control levels under high CO, and high CO,+ NaCl treat-
ments (Table 3).

The leaf K* content decreased by approximately 35%
under salinity, whereas that in plants subjected to salin-
ity + high CO, it decreased by only 20% in comparison
with the reference plants (Fig. 1a). Moreover, salinity alone
induced an increase in leaf Na™ content by 73%, but when
combined with high CO,, this increase was only 40% com-
pared to reference plants (Fig. 1b). The leaf K*/Na* ratio
was increased by high CO, alone (by 50%), but this ratio
decreased by 67% and 50% under salinity and salinity + high
CO, treatments, respectively, compared to reference plants
(Fig. 1c). These data suggest that high CO, might be ben-
efit to the K*/Na™ balance under salinity in cashew, par-
tially mitigating the negative effects of salinity on the ionic
homeostasis.

Regarding the accumulation of salt ions, our results show
that the high CO, treatment could alleviate in part the dan-
gerous effects of salinity favoring the K* nutrition, which
increased the K* content associate to lower the Na* content
in leaves. However, this beneficial effect of high CO, on the
ionic homeostasis was not related to the Py efficiency, sug-
gesting that CO, assimilation was more limited by osmotic
effect compared to ionic. According to Britto et al. (2010),
adequate ionic K*/Na* homeostasis is necessary for salt
tolerance, allowing K*/Na™ ratios greater than 1.0. Plants

Table 3 Chlorophyll (Chl), carotenoid (Car), anthocyanin (Ant), and sucrose contents in cashew plants subjected to salt stress for 15 days fol-
lowed by high (760 umol mol~!) or atmospheric CO, concentrations for 15 more days under salinity

Treatment Chl (mg g_1 DW) Car (mg g_1 DW) Ant (mg g‘l DW) Sucrose (mmol kg‘1 DW)
Reference 1.12+0.007a 0.71+0.003a 0.48 +0.052b 61.64+1.67a
High CO, 1.32+0.014a 0.75+0.007a 0.98 +0.040a 65.44+2.78a
Salt stress 1.36+0.018a 0.74 +£0.006a 0.56 +0.044b 44.58 +3.75b
Salt+high CO, 1.28 +£0.025a 0.78 £0.008a 0.76 £0.046a 60.75+4.25a

The means (n=4) within each column followed by the same letter do not differ according to the Tukey test (p <0.05)
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Fig.1 K* (a) and Na® (b) contents and the K*/Na* ratio (¢) in
cashew plant leaves exposed to salt stress for 15 days followed by
high (760 umol mol™!) (black bars) or atmospheric (380 umol mol™)
(white bars) CO, concentrations for 15 more days under salinity. Bars
represent the mean values (n=4)+SD. Values followed by different
capital letters show statistical differences at 5% probability among
salt treatments. Values followed by different letters show statistical
differences at 5% probability by Tukey’s test
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subjected to salinity alone presented a strong increase in
Na* levels coupled with a decrease in K™ content, result-
ing in a lower K*/Na™ ratio (Niazi et al. 2005; Britto et al.
2010). However, high CO, reduced the leaf Na' levels in
the absence and presence of salinity and increased the K*
content under salinity, favoring the K*/Na™ ratio under both
conditions. Thus, these results indicate that elevated CO,
could promote salt tolerance by involvement of ionic home-
ostasis in cashew plants involving interactive mechanisms
(Table 4).

Similarly, Pérez-Lopez et al. (2014) showed that under
combined conditions of salt stress and high CO,, barley
seedlings maintained increased uptake and translocation
rates of Na* and K*. This ability permitted the seedlings
to adapt to a higher demand under elevated CO, and to
grow more rapidly by allocating more photoassimilates to
the roots, promoting root growth and nutrient uptake and
translocation.

Effects of salinity and high CO, on nitrogen
metabolism, carbohydrate content,
and photorespiratory activity in cashew leaves

Salinity and high CO, promoted significant changes in the
levels of some nitrogenous compounds, sugar content and
some indicators of photorespiratory activity. The total N
content was not altered by stress conditions compared with
control (Fig. 2a). High CO, induced a slight reduction in the
leaf ammonium (NH,*) content (~ 18%), but the plants sub-
jected to NaCl and NaCl +high CO, presented an increase in
NH,* content by 83% and 41%, respectively, compared with
reference plants (Fig. 2b). The total free amino acid content
was significantly increased by salt stress, but this N fraction
was strongly higher when cashew plants were exposed to
combined stress (high CO,+NaCl) compared with reference
plants (Fig. 2¢). High CO, pressure attenuates the reduction
on N content salt-induce in barley plants (Pérez-Lopez et al.
2013). However, the free amino acid content in barley was
reduced by salinity and high CO, pressure did not restored
this salt effect, while that the salinized plants exposure to
high CO, resulted in an increase of leaf carbohydrate (Pérez-
Loépez et al. 2010).

The total soluble sugar content slightly increased under
high CO, (~17%) in the absence of salt, but decreased under
salinity by approximately 19%, whereas plants under salinity
combined with high CO, presented an increase of 39% in
soluble sugars, all compared to references plants (Fig. 2d).
GO activity was strongly increased under salinity (~57%),
but was unaffected by the high CO, and salinity + high
CO, treatments (Fig. 3a). The glyoxylate content decreased
(~23%) under the enriched CO, treatment compared with
the control conditions (Fig. 3b). On the other hand, plants
exposed to high CO, presented an increase in glutamine
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Table 4 Variance analyses for effect of salinity on the inorganic and organic solutes, enzymatic activity and oxidative damage indicators, photo-
chemical parameters and pigment contents, and gas exchange parameters under two CO, concentrations

Inorganic and organic solutes

K* Na* K*/Na* SP AA. NH,* TSS Sucrose
NaCl ke Hk skek * sk sk £ £
CO, ns ns * * ns * * ns
NaClx CO, wE ** wE ns wE * * ns
Enzymatic activity and oxidative damage indicators
SOD APX GO GS2 EL TBARS H,0, Glyoxylate
NaCl ns * Hok ns ns * ns ns
Co, ns * ns ok * * * *
NaClx CO, ns ns ns * ns ns ns ns
Photochemical parameters and pigment contents
Fv/Fm ETR qP NPQ ETR/Py Chl Car Ant
NaCl ns ns ns * ns ns ns *
CO, ns * * * * ns ns ns
NaClx CO, ns ns ns * ns ns ns *
Gas exchange parameters
Py 8s E G PG
NaCl * * * ns *
CO, * ns ns * *
NaClxCO, oK ns ns ns ns

SP soluble protein, A.A. free amino acids, 7SS total sugar soluble, SOD superoxide dismutase, APX ascorbate peroxidase, GO glycolate oxidase,

GS 2 glutamine synthetase, EL electrolyte leakage, TBARS thiobarbituric

acid-reactive substances, H,0, hydrogen peroxide, Fv/Fm maximum

quantum yield of photosystem, ETR apparent electron transport rate, gP photochemical quenching, NPQ non-photochemical quenching, ETR/Py
ratio, Chl chlorophylls, Car carotenoids, Ant anthocyanin, Py net photosynthesis, g stomatal conductance, E transpiration, C; intercellular CO,

concentration and Py/Cj ratio, ns not significant difference
*Significant at P <0.05, **Significant at P <0.01

synthetase (GS2 isoform) activity by 63% and 31% NaCl-
free and NaCl-treated plants, respectively, compared to ref-
erence plants (Fig. 3c).

Higher salinity tolerance in plants exposed to high CO,,
indicated by a favorable K*/Na* homeostasis, contrasts
with disturbances attributed to high contents of total free
amino acids and sugars. On the other hand, these two C
and N fractions are well known to act in the osmotic adjust-
ment mechanism in plants under salinity (Silva et al. 2015).
Bermudagrass plants grown under both elevated CO, and
salt stress exhibited a significant increase in osmotic adjust-
ment mechanisms due to the accumulation of osmo-solutes,
including soluble sugars, proline, and glycinebetaine (Yu
et al. 2015). In fact, some C; glycophyte plants, which have
the ability to adjust osmotically to salt stress, can improve
their salt tolerance when cultivated under high CO, environ-
ments (Singh et al. 2015).

Similar results were found by Pérez-Lopez et al. (2010)
that demonstrated in barley cultivars an efficient osmotic
adjustment under salt stress associated with elevated CO,.

In these stressful conditions, the osmotic adjustment was
greater than at ambient CO,. In fact, this response was posi-
tively correlated with the contribution of sugars and some
inorganic solutes each as: Na*, Cl-, and K*. Thus, barley
plants were likely to be successful in more salinized soils
due to its capacity for adjust osmotically under elevated CO,.

In cashew plants, the salt-induced increase in the con-
tents of amino acids, N H4+, and soluble protein is associated
more with nitrogen recycling than with effective osmotic
adjustment (Silveira et al. 2003), suggesting metabolic dis-
turbances related to acclimation to salinity. In the present
study, we observed an expressive increase in soluble pro-
tein content that was induced by salinity and high CO, and
an increase in NH,* and amino acid levels in response to
salinity alone. These results reinforce the salt-induced dis-
turbance of nitrogen metabolism in cashew plants, as the
increase in these nitrogenous compounds did not favor sto-
matal opening, which is a characteristic benefit of osmotic
adjustment (Singh et al. 2015). On the other hand, the
increase in NH,* content in salinized plants exposed to high
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Fig.2 Total nitrogen (a), ammonium (NH,*) (b), total free amino
acid (c), and soluble sugar (d) contents of cashew plant leaves
exposed to salt stress for 15 days followed by high (760 umol mol™")
(black bars) or atmospheric (380 umol mol™") (white bars) CO, con-
centrations for 15 more days under salinity. Bars represent the mean
values (n=4)+SD. Values followed by different capital letters show
statistical differences at 5% probability among salt treatments. Values
followed by different letters show statistical differences at 5% prob-
ability by Tukey’s test

CO, was lower than that in plants under salinity alone, sug-
gesting that the salt-induced disturbance of NH,* metabo-
lism was attenuated by elevated CO,.

Salinity and high CO, might modulate oxidative
damage and ROS-scavenging systems in cashew
leaves

In addition to the results mentioned above, we also investi-
gated the occurrence of membrane damage, ROS accumu-
lation, and oxidative protection under salt stress and high
CO,. Electrolyte leakage (EL) was significantly higher only
in the high CO, +NaCl treatment and remained at control
levels in the isolated treatments (high CO, or salinity), as
shown in Fig. 4a. However, lipid peroxidation [thiobarbituric
acid-reactive substances (TBARS) accumulation] was 37%
higher in plants under high CO,, salinity and salinity +high
CO, than in references plants (Fig. 4b). On the other hand,
the high CO, treatment induced a significant decrease (by
41%) in leaf H,0, content under both salinity and NaCl-free
conditions (Fig. 4c).

Although treatment with high CO, induced damage at the
membrane level and resulted in lipid peroxidation in salt-
stressed plants, high CO, was able to avert an increase in
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Fig.3 Glycolate oxidase (GO) activity (a), glyoxylate content (b), and
glutamine synthetase (GS2) activity (¢) in cashew plant leaves exposed
to salt stress for 15 days followed by high (760 umol mol™') (black bars)
or atmospheric (380 umol mol™") (white bars) CO, concentrations for 15
more days under salinity. Bars represent the mean values (n=4)+SD.
Values followed by different capital letters show statistical differences at
5% probability among salt treatments. Values followed by different letters
show statistical differences at 5% probability by Tukey’s test
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Fig.4 Electrolyte leakage (EL) (a) and thiobarbituric acid-reactive substance
(TBARS) (b) and hydrogen peroxide (H,0O,) (¢) contents in cashew plant
leaves exposed to salt stress for 15 days followed by high (760 umol mol~")
(black bars) or atmospheric (380 pmol mol™!) (white bars) CO, concentrations
for 15 more days under salinity. Bars represent the mean values (n=4)=+SD.
Values followed by different capital letters show statistical differences at 5%
probability among salt treatments. Values followed by different letters show
statistical differences at 5% probability by Tukey’s test

H,0, content. This response corroborates with the decreased
GO activity and NH,* and glyoxylate contents. These results
taken together indicate that the CO, concentration used in
this study attenuated photorespiration. Indeed, this reduced
photorespiratory activity under high CO, may be also be
corroborated by the unaltered SOD activity as well as by the
reduced APX activity, both of which indicate the apparent
absence of oxidative damage. APX is a peroxidase that acts
in the removal of excess H,0, generated during photores-
piration, and APX isoforms are present in the peroxisomes
and cytosol and are stimulated by increased ROS generation
(Foyer et al. 2009).

High CO, concentration induced an increase in total sol-
uble protein content under all stress conditions compared
to control (Fig. 5a). In this context, SOD activity was not
affected by high CO, or salinity, whereas APX activity
was significantly reduced only under high CO, concentra-
tions (Fig. 5¢). These indicators of redox change suggest
that salinity could not induce decrease in cellular integ-
rity despite the increase in lipid peroxidation under salin-
ity and high CO,. In addition, our results show that high
CO, avoided H,0, accumulation despite this treatment has
induced low APX activity.

These beneficial effects of high CO, on reduced pho-
torespiration under saline and non-saline conditions can
be attributed to an increase in the CO,/O, ratio in the leaf
mesophyll, as suggested by a higher C;. Plants exposed to
high CO, avert the occurrence of photorespiration by stimu-
lating the CO,/O, ratio, which reduces the oxygenase activ-
ity of Rubisco (Aranjuelo et al. 2009). In the present study,
lower GO activity and H,0, and glyoxylate contents were
observed, which were also associated with reduced NH; lev-
els under elevated CO,. This response can be attributed to
a reduction in the rate of conversion of glycine to serine in
mitochondria, a reaction of the photorespiratory cycle (Foyer
et al. 2009). Thus, this response might be closely associated
with lower photorespiratory activity caused by high CO,
pressure. On the other hand, lower NH; content under high
CO, may also have occurred due to increased GS2 activ-
ity in response to elevated CO,. This glutamine synthetase
isoform is presented in chloroplasts and is responsible for
the assimilation of NH; generated during photorespiration
into glutamine, averting the toxic effects of NH; as well as
promoting amino acid synthesis (Thomsen et al. 2014).

Conclusion

In summary, our data suggest that elevated CO, can induce
strong physiological and metabolic changes related to photo-
synthetic acclimation in cashew plants independent of salin-
ity. This process involves a reduction in CO, assimilation,
preservation of PSII, and lower photorespiratory activity.
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Furthermore, high CO, also favors ionic balance, which
may contribute to the amelioration of salt tolerance. The
accumulation of soluble sugars, amino acids, and proteins
is apparently associated with metabolic disturbances but
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«Fig.5 Total soluble protein content (a), superoxide dismutase

(SOD) (b), and ascorbate peroxidase (APX) (c¢) activities in cashew
plant leaves exposed to salt stress for 15 days followed by high
(760 umol mol™") (black bars) or atmospheric (380 pmol mol™1)
(white bars) CO, concentrations for 15 more days under salinity. Bars
represent the mean values (n=4)+ SD. Values followed by different
capital letters show statistical differences at 5% probability among
salt treatments. Values followed by different letters show statistical
differences at 5% probability by Tukey’s test

the involvement of these compounds in osmotic adjustment
should not be ruled. Together, our results reveal a set of
responses induced by high CO,, in the presence and absence
of salinity, that are more associated with acclimatize meta-
bolic processes than with stressful effects.
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