Journal of Agricultural Science; Vol. 12, No. 12; 2020
ISSN 1916-9752  E-ISSN 1916-9760
Published by Canadian Center of Science and Education

Diurnal Variations in Water Potential and Gas Exchanges in
Two-Hybrid Oil Palms Under Water Deficit

Igor V. de Oliveira', Rodrigo O. Aguiarz, Clenes C. Lima?, Roberto L. Cunha®, Wilton P. da Cruz’,
Claudete R. da Silva?, Vicente F. A. Silva?, Josiane P. da Silva’, Fabio I. M. Carvalho?, Luiza H. da S. Martins?,
Priscilla A. Silva® & Hugo A. Pinheiro®

! Federal University of South and Southeast Para, Maraba, Brazil
2 Federal Rural University of the Amazon, Belém, Brazil
3 Laboratory of Sustainable Systems Analysis, Embrapa Eastern Amazon, Belém, Brazil

Correspondence: Priscilla A. Silva, Federal Rural University of the Amazon, Belém, PA, Brazil. Tel:
55-91-981-443-174. E-mail: prisciandra@yahoo.com.br

Received: August 17,2020 Accepted: October 19, 2020 Online Published: November 15, 2020
doi:10.5539/jas.v12n12p75 URL: https://doi.org/10.5539/jas.v12n12p75
Abstract

Oil palm (Elaeis guineensis Jacq.) presents considerable sensitivity to water deficit and the identification of
stress-tolerant hybrids is a strategy to improve the adaptation and growth of plants throughout the annual dry
seasons. For this reason, we examined possible differences in water deficit tolerance in two oil palm hybrids
(BRS Manicoré and BRS C 2501) subjected to moderate drought conditions. The comparison of hybrids was
performed using diurnal curves of leaf water potential (¥,,), gas exchanges, and biochemical variables, such as
chloroplast pigments and enzymes analysis. The experiment was carried out in a completely randomized design,
in a 2 x 2 x 13 factorial scheme resulting from the combination of two hybrids versus two water regimes, and
thirteen evaluation schedules. Regardless of the water regime, the maximum average value of net assimilation
rates of CO, (4), stomatal conductance to water vapor (g;), and water use efficiency (4/E) in both hybrids was
registered at 8 h. Peaks of 4, g, and A/E coincided with milder climatic conditions during the morning. While
decreases in these variables were observed with increases in air temperature and vapor pressure deficit between
leaf and atmosphere throughout the day. The water deficit induced significant increases in the total carotenoids
levels of BRS C 2501 (62%) and BRS Manicoré (220%), while chlorophyll a content was significantly reduced
only in BRS C 2501 (36%) and chlorophyll b only in Manicoré (34%). It also mediated significant increases in
the activities of glycolate and catalase oxidase in both hybrids; however, such increases were more expressive in
BRS C 2501 than in BRS Manicoré. In conclusion, it can be inferred that BRS Manicoré presents more favorable
physiological and biochemical responses to the water deficit imposed compared to BRS C 2501.
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1. Introduction

Elaeis guineensis (Jacq.) and FElaeis oleifera [(H.B.K.) Cortes] are oil palm species of relevant agronomic
interest. The first is used in the formation of commercial plantations for oil production given the great
productivity and yield of the fruits. The second; being more rustic, is used as a source of genetic variability for
improving the first (Chia, Lopes, Cunha, Rocha, & Rios, 2012). Palm oil has great economic value due to its use
in the manufacture of food, medicines, cosmetics, soaps, and; more recently, biodiesel (Homma, Furlan Janior, &
Carvalho, 2000; Veiga & Furia, 2000; Trindade, Poltronieri, & Furlan Janior, 2005; Boari, 2008).

The State of Para is the largest national producer of oil palm, accounting for about 83% of the Brazilian
production of fruit bunches, covering 58 895 hectares of planted area (Brazilian Institute of Geography and
Statistics [IBGE], 2014). However, oil palm plantation areas in Brazil are small when compared to 17.32 million
hectares (Mha) areas cultivated worldwide, being the average production 3.214 t/ha (Food and Agriculture
Organization [FAO], 2015).

The planting of oil palm is limited by several factors, among them the climatic requirements inherent to the
species itself, which does not tolerate periods of water deficiency (Bastos et al., 2001). Temperature variations
throughout the day and between seasons in Pard are small and therefore, should not affect the production of
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species. However, the water deficit in some regions, as reviewed by Carvalho (2000); Gawankar, Devmorel,
Jamadagni, Sagvekar, and Hameed (2003), can lead to a reduction in female inflorescence and consequent fruit
formation problems, since the number of fresh fruit bunches depends upon the number of female productive
inflorescences. As reported by Waraich, Ahmad, Ashraf, Saifullah, and Ahmad (2011), the water deficit reduces
photosynthetic rate, chlorophyll content, stomatal conductance, transpiration rate, relative leaf water content, and
destroys some physiological processes, which ultimately reduce plant growth and development.

Under conditions of water deficit, photosynthesis can be reduced in response to a breakdown and/or reduction in
electron transport rates and quantum production of photosystems, verified through chlorophyll a fluorescence
variable (Asada, 1999). These photochemical responses probably preceded by reductions in the activities of
several enzymes related to the biochemical phase of photosynthesis, reducing the fixation of CO, and production
of trioses-phosphates (Lawlor, 1995).

On the other hand, the management of plant nutrients is very helpful to enhance water use efficiency (4/F) by
reducing the toxicity of reactive oxygen species (ROS) produced under water-limited conditions, increasing the
concentration of antioxidants like superoxide dismutase (SOD); Catalase (CAT) and peroxidase (POD) in the
plants' cells. These antioxidants scavenge ROS, reduce photo-oxidation, maintain the integrity of chloroplast
membrane, and increase the photosynthetic rate in the crop plants, which in turn enhances the A/E (Waraich,
Ahmad, Ashraf, Saifullah, & Ahmad, 2011).

Since different oil palm hybrids can show relative variability in their responses to water deficit (Suresh,
Nagamani, Kantha, & Kumar, 2012), the use of oil palm genotypes more tolerant to water shortage could be an
interesting strategy to alleviate the production problem of areas subject to long periods of drought. Thus, the
objective of this work was to evaluate the capacity of water deficit tolerance of the BRS Manicoré¢ and BRS C
2501 oil palm hybrids through physiological and biochemical variables.

2. Material and Methods
2.1 Plant Material and Experimental Conditions

In Brazil, Embrapa Western Amazon developed two oil palm hybrids (BRS Manicoré and BRS C 2501) for
greater resistance to fatal yellowing and greater productivity (Cunha & Lopes, 2010). For this reason, these two
genetic materials have been very much in demand for the implementation of new crop plantations. However, the
responses of these hybrids to the water deficit are not yet well known.

The experiment was carried out at the greenhouse of the Agrarian Science Institute of the Federal Rural
University of the Amazon, Belém-PA, Brazil (01°28'03" S, 48°29'18" W) in July 2013. Pre-germinated oil palm
seeds of the BRS Manicoré and BRS C 2501 hybrids were sown in polyethylene trays. After 30 days, the
seedlings were transplanted into 50 L polyethylene pots filled with 40 kg of Yellow Latosol, medium-texture,
air-dried, and sieved. The substrate pH was corrected to 6.0 using 30 g of dolomitic limestone per pot. Additional
fertilization was applied as 5 g of NPK 20-20-20 (w/w) at 15-day intervals and 2.5 g of magnesium sulfate at
30-day intervals per pot (Franzini & Silva, 2012). The Irrigation was daily performed early in the morning and
the volume of water applied was estimated to replace the water lost by evapotranspiration (~1.5 L per pot),
determined by the method of the weight difference of each experimental unit (pot + soil + plant) concerning its
saturated and drained weights (in field capacity).

When the seedlings were twelve months old, they were used for the definitive experiment, which consisted of
two treatments: (i) Irrigated, whose plants were irrigated diurnal, and (ii) Water deficit, induced by the
progressive evapotranspiration in the soil-plant system due to complete suspension of irrigation. Treatments were
compared when leaf water potential in the morning (¥%,,,), measured between 4:00 and 5:00 h, it reached about
-2.0 MPa for the stressed plants of both hybrids. For the comparison of treatments, the physiological variables
(water potential and gas exchange) were determined throughout the day, between 6:00 and 18:00 h, at hourly
intervals between measurements. Biochemical variables (chloroplast pigments and enzymatic assays) were
determined only at the time of day corresponding to the maximum 4.

2.2 Leaf Water Potential

It was determined using a Scholander pressure pump (mod. Pms Instrument Co., Corvallis, USA) as described
by DaMatta, Maestri, Barros, and Regazzi (1993). For evaluations of ¥, medium leaflets of the third or fourth
mature leaf were selected from the apex, that is, from the arrowleaf.
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2.3 Gas Exchange

The net assimilation rates of CO, (4), stomatal conductance to water vapor (g;), transpiration (E), the
intercellular concentration of CO, (C;), and leaf temperature (7)) were measured utilizing an infrared gas
analyzer (LCpro+, ADC BioScientific Ltd., Hoddesdon, UK). Photosynthetically active radiation (PAR) was
determined using a quantum sensor attached to the gas analyzer chamber. All evaluations were carried out under
natural CO, and PAR concentration, that is, the one available at each hour of the day. The vapor pressure deficit
between leaf and atmosphere (J.) was calculated from the data obtained for T,, and T}, (Landsberg, 1986) and
the instant water use efficiency (4/F).

2.4 Chloroplast Pigments

Chlorophylls a and b and the total carotenoids were extracted and quantified according to Lichthenthaler (1987),
with modifications. Leaf samples were macerated in 8 mL of 80 % acetone in the presence of 0.2 g of CaCO;
and the resulting homogenate was centrifuged at 3500xg, for 10 min, at 4 °C. Then, the supernatant was
collected and reserved. The extraction was repeated for the residue three times, with 5 mL of 80 % acetone each.
The supernatants resulting from each centrifugation were combined with the first to obtain the final extract,
which volume was adjusted to 25 mL with 80 % acetone. All these steps were performed in the presence of green
light, avoiding direct radiation in the samples. The absorbance (ABS) of the samples was obtained in a
spectrophotometer (GenesysTM'’series, Thermo Electron Co., Wisconsin, USA) at 470; 646.8, and 663.2 nm.
The total concentrations of chlorophylls and carotenoids (g pigment kg”' MS) were calculated according to
Lichthenthaler (1987).

2.5 Obtaining of Enzymatic Extracts

The extraction of glycolate oxidase (GLOy, E.C. 1.1.3.15) was carried out in 3 mL of 50 mM of Tris-HCI buffer
0.3 M (pH 7.8), with 5 mM of dithiothreitol, 0.01% (v/v) of Triton X-100, and 30 mg of PVPP (Booker, Reid,
Brunschon-Harti, Fiscus, & Miller, 1997). Catalase (CAT, E.C. 1.11.1.6) were extracted in TFK 50 mM (pH 7.0),
with 2 mM of EDTA, 0.1% (v/v) of Triton X-100, 20 mM of ascorbate and 30 mg of PVPP (Havir & McHale,
1987). The homogenates resulting from the extraction of GLO, and CAT were centrifuged respectively at
15,000xg (for 15 min) and 30,000xg (for 20 min), both at 4 °C. For the enzymatic analyzes, the obtained
supernatants were used, which concentrations of total soluble proteins were determined by the method of
Bradford (1976).

2.6 Glycolate Oxidase Activity

GLOy activity was determined by the formation of phenylhydrazone glycolate following the increase in ABS at
324 nm according to Booker et al. (1997). The extinction coefficient of 17 mM™ cm™ of the phenylhydrazine
glycolate was used for the calculations and the results expressed in mM min" mg™ protein. CAT activity was
determined by monitoring the decrease in ABS at 240 nm and for calculations, it was considered that 1 U of CAT
is the amount of enzyme capable of oxidizing 1 pmoL of H,0, min™' (Havir & McHale, 1987).

2.7 Result Analysis

The experiment was installed in a completely randomized design in a 2 x 2 x 13 factorial scheme, with two
hybrids (BRS Manicoré¢ and BRS C 2501), two water regimes (irrigated and water deficit), and thirteen
evaluation schedules 6:00, 7:00, 8:00, 9:00, 10:00, 11:00, 12:00, 13:00, 14:00, 15:00, 16:00, 17:00, 18:00h (local
time; UTC-03:00) and six repetitions per treatment combination. Being each repetition consisted of one plant per
pot. The diurnal curves of water potential and gas exchange were constructed from the means+tstandard deviation
(SD) of each variable at each of the pre-established times. From the diurnal curves, the maximum, minimum, and
diurnal averages of ¥,, and each gas exchange variable were obtained. These data, as well as those obtained for
chlorophylls, carotenoids, and enzymatic activities, were submitted to ANOVA and the comparisons between
averages performed by Tukey test (p < 0.05), using the SAS statistical package (v. 8.0, 1999, SAS Institute, Cory,
USA).

3. Results

Diurnal variations of ¥, in irrigated plants followed similar patterns among hybrids. The values of ¥, were
maximum between 6:00 and 8:00 h. The 7, of these plants reached the lowest values between 13:00 and 14:00 h
(Figures 1A and 1B). From 15:00 h onwards, the ¥, increased for both hybrids, reaching at 18:00 h values close

to those at 6:00 h (Figures 1A and 1B). Still, for irrigated plants, there was no difference between averages of ¥,
maximum and minimum or between diurnal averages of ¥, (Table 1).
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The stressed plants of the BRS C 2501 and BRS Manicoré hybrids always presented lower averages of ¥, than
their respective irrigated plants, regardless of the time, showing the negative effect of the water deficit on the
water status of the plant (Figures 1A and 1B). The ¥, of these plants was higher between 6:00 and 8:00 h and
lower between 09:00 and 15:00 h (Table 1). The lowest ¥,, average for hybrids BRS C 2501 was -2.71 MPa and
-2.61 MPa to BRS Manicor¢, registered at 14:00 h (Table 1). The diurnal average of ¥, was higher at BRS
Manicoré (Table 1).

Table 1. Maximum (Max.) and minimum (Min.) diurnal values and diurnal average (Ave.) of water potential (%)
in two oil palm hybrids (BRS C 2501 and BRS Manicoré) under full irrigation (Irrigated) and water deficit
(Water deficit)

Parameters/Reference BRS € 2501 BRS Manicore
Irrigated Water deficit Irrigated Water deficit
Max. -0.16 A* -23la -0.15 A* -2.13b
¥, (MPa) Min. -1.41 A* 271 a -1.62 A* -2.61a
Ave. -0.89 A* 251 a -0.86 A* -240b

Note. Data represent the averages of six repetitions. Upper and lower case letters on the line compare the
different hybrids in the same water regime. Asterisks compare plants from the same hybrid under different water
regimes. Different letters and an asterisk denote significant differences between means (Tukey test, p < 0.05).
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Figure 1. Diurnal course of leaf water potential (¥,,) in two oil palm hybrids (BRS C 2501 and BRS Manicoré)
under full irrigation (Irrigated) and water deficit (Water Deficit). The data are the average of six
repetitionststandard deviation (SD)

The diurnal variations of 4, g, E, and A/E followed similar patterns for irrigated plants compared to each other
and for plants in water deficit compared to each other (Figure 2). The maximum peak of A for irrigated plants
occurred at 8:00 h for both hybrids (Figures 2A and 2B), however, at this time, the average of the hybrid BRS
Manicoré was higher than in BRS C 2501 (Table 2). From that time on, the values of 4 decreased until reaching
the lowest diurnal values, recorded at 18:00 h (Figures 2A and 2B). It should be noted that the 4 of BRS
Manicoré¢ for this time was higher than that registered for BRS C 2501 (Figures 2A and 2B). The irrigated plants
of the BRS Manicoré also showed a higher diurnal average of A than the irrigated plants of the BRS C 2501
hybrid (Table 2).

The water deficit caused remarkable reductions in 4 for both evaluated hybrids, mainly between 7:00 and 16:00
h (Figures 2A and 2B). For plants under water deficit in both hybrids, the maximum peak of 4 also occurred at
8:00 h and as well as for irrigated plants, this peak was higher for BRS Manicoré than for BRS C 2501 (Table 2).

From 9:00 h onwards, the 4 of BRS C 2501 assumed values very close to zero, which only occurred for BRS
Manicoré¢ after 12:00 h (Figures 2A and 2B).
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Figure 2. Diurnal course of net assimilation rates CO, (4), stomatal conductance to water vapor (g;),
transpiration (£), and instant water use efficiency (4/F) in two oil palm hybrids (BRS C 2501 and BRS Manicor¢)
under full irrigation (Irrigated) and water deficit (Water Deficit). The data are the average of six repetitions=SD
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Table 2. Maximum diurnal values (Max.), minimums (Min.), and diurnal averages (Ave.) of the net assimilation
rate of CO,; (4), stomatal conductance to water vapor (g;), transpiration (£), and instant water use efficiency (4/F)
in two oil palm hybrids (BRS C 2501 and BRS Manicoré) under full irrigation (Irrigated) and water deficit
(Water Deficit)

BRS C 2501 BRS Manicoré
Parameter/Reference - - - -
Irrigated Water deficit Irrigated Water deficit
Max. 7.22 B* 0.36b 8.19 A* 0.84 a
A (pmol m?s™) Med. 1.81 B* 0.03 b 2.44 A* 0.20a
Min -0.49 A* -0.07b 20.13 A% -0.04 a
”””””””””””””” Max.  8B*  12b  94A*  26a
g, (mmol m™s™) Med 31 B* 3b 38 A* 8a
Min 8 A* 0a 11 A* 0a
”””””””””””””” Max.  137B*  026b  165A*  055a
E (mmol m? s Med 0.93 B* 0.11b 111 A* 0.25a
Min 0.18 B* 0.03 b 0.26 A* 0.10a
"""""""""""""" Max.  540A*  145b  517A*  190a
A/E (mmol mol™) Med. 1.42 B* -0.18b 1.82 A* 0.54a
Min. 2.14B -1.60b -0.40 A -0.31a

Note. Data represent the averages of six repetitions. Upper and lower case letters on the line compare the
different hybrids in the same water regime. Asterisks compare plants from the same hybrid under different water
regimes. Different letters and an asterisk denote significant differences between means (Tukey test, p < 0.05).

The diurnal g, curves for the irrigated plants of both hybrids followed the same pattern of variation as that
obtained for 4 (Figure 2). Therefore, the g, was very low at 6:00 h and peaked at 8:00 h, with successive
decreases to the lowest values of the day, recorded for both at 16:00 h (Figures 2A and 2B). The diurnal values of
g, maximum and average for the BRS Manicoré were high than BRS C 2501, while g; minimum value did not
differ between the hybrids (Table 2).

In BRS C 2501, g; increased from 6:00 h to a maximum at 8:00 h (Figure 2C). After this time, the g, decreased
until reaching the lowest diurnal value (Table 2), which occurred after 11:00 h (Figure 2C). For BRS Manicore,
the g; also increased from 6:00 h to a peak at 8:00 h (Figure 2D). After this time, g, in these plants decreased
until reaching the lowest diurnal value (Table 2), which occurred at 14:00 h (Figure 2D). The diurnal curves
showed that plants under water deficit in BRS Manicoré had higher diurnal averages of g; when compared to
BRS C 2501 (Table 2).

E average in the irrigated plants in BRS C 2501 was higher at 8:00 h (Figure 2E). In these plants, £ remained
high up to 15:00 h (Figure 2E), later it was decreasing until reaching its lowest diurnal value (Table 2), recorded
at 18:00 h (Figure 2E). For the irrigated plants of BRS Manicoré, the maximum £ value was observed at 9:00 h
(Figure 2F) and remained high most of the day (between 10:00 and15:00 h), with £ values between 1.28 and
1.41 mmol m™ s (Figure 2F). After 15:00 h, E also decreased in these plants until reaching the lowest diurnal
value, which was 0.26 mmol m™ s recorded at 18:00 h (Figure 2F). The diurnal average of E was higher in the
BRS Manicor¢ plants (Table 2).

The water deficit caused significant reductions of £ in both hybrids (Figures 2E and 2F). The E peak for both
hybrids also occurred at 8:00 h. However, the maximum £ was higher in BRS Manicoré¢ (Figure 2F). £ was
minimal between 11:00 and 18:00 h for BRS C 2501 and between 14:00 and 18:00 h for BRS Manicoré (Figures
2E and 2F). To the comparison of the curves, we note that £ value was higher to the BRS Manicor¢ in all hours
of the day (Figures 2E and 2F), which resulted in a higher daily average of £ in BRS Manicoré when compared
to BRS C 2501 (Table 2).

The A/E in the irrigated plants of BRS C 2501 was maximum at 8:00 h (Figure 2G). After this time, the A/E
decreased progressively and reached the lowest diurnal value at 18:00 h (Figure 2G). The irrigated plants of BRS
Manicoré showed the same pattern of diurnal variation of A/E, (Figure 2H). It is noteworthy that the average
diurnal A/E was higher for BRS Manicoré (Table 2).

From 6:00 to 7:00 h, plants under water deficit in both hybrids show increases in A/E coinciding with that of
irrigated plants (Figures 2G and 2H). Between 7:00 and 9:00 h, the A/E was maximum for the stressed plants of
both hybrids, being higher for the BRS Manicoré (Figures 2G and 2H). Throughout the day, the A/E decreased
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for both hybrids, however, such decreases were more expressive for the BRS C 2501, since the A/E reached
negative values after 11:00 h, while this only occurred from 14:00h onwards to BRS Manicoré (Figures 2G and
2H). Besides, it should be noted that the negative A/E values for BRS C 2501 ranged between -0.43 to -1.60
mmol mol”, while for BRS Manicoré between -0.10 to -0.31 mmol mol™ (Figures 2G and 2H). Such differences
resulted in a higher average diurnal A/E in the hybrid BRS Manicoré (Table 2).

The diurnal curves of C; for the irrigated plants of the two hybrids showed that the highest averages of this
variable were recorded between 6:00 and 7:00 h (Figures 3A and 3B). For both hybrids, a strong reduction in C;
was recorded at 8:00 h, coinciding with the maximum peak of 4 (Figures 3A and 3B). The C; in both hybrids
remained practically constant between 8:00 to 14:00 h, and from then on, it gradually increased until 18:00 h.
However, the C; values recorded at 18:00 h for both hybrids remained lower, when compared to those observed
in the early morning (Figures 3A and 3B).

For both hybrids plants under water deficit, the C; early in the morning was also very high (Figures 3A and 3B).
From 6:00 h onward, C;values decreased until reaching the lowest diurnal averages, recorded at 12:00 h (Figures
3A and 3B). From 12:00 h, C; in both hybrids increased again progressively, reaching at 18:00 h values similar to
those observed at 6:00 h (Figures 3A and 3B). Comparing the diurnal variations of Ci, it is evident that the water
deficit resulted in higher Ci values at almost all times of the day, regardless of the hybrid (Figures 3G and 3H).

PAR, Ty, and 6, increased throughout the morning, reaching maximum peaks between 12:00 and 13:00 h,
followed by decreases during the afternoon (Figures 3C to 3H).

It is important to note that during the peaks of 4, g, £, and 4/E (8:00 h), the mean of PAR and 7}, were 850
umoL m? s and 37 °C and the J, averages were 2.02 kPa for BRS C 2501 and 3.21 kPa for BRS Manicoré
(Figure 3C to 3H).

Table 3. Values of Diurnal Maximum (Max), minimum (Min.), and average (Ave.) of intercellular CO, (C))
concentration in two oil palm hybrids (BRS C 2501 and BRS Manicoré) under full irrigation (Irrigated) and
water deficit

BRS C 2501 BRS Manicoré
Parameter/Reference - - - -
Irrigated Water deficit Irrigated Water deficit
Max. 435 A* 546 a 425 A* 494 b
C; (mol mol™) Med, 188 A* 398 a 173 B* 365b
Min. 110 A* 281 a 105 A* 250 b

Note. Data represent the averages of six repetitions. Upper and lower case letters on the line compare the
different hybrids in the same water regime. Asterisks compare plants from the same hybrid under different water
regimes. Different letters and an asterisk denote significant differences between means (Tukey test, p < 0.05).
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Figure 3. The diurnal course of intercellular CO, concentrations (C;), photosynthetically active radiation (PAR),
leaf temperature (7%,), and the deficit of vapor pressure between leaf and atmosphere (J,) in two oil palm hybrids
(BRS C 2501 and BRS Manicoré¢) under full irrigation (Irrigated) and water deficit (Water deficit). The data are
the average of six repetitions+SD
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The results of chloroplast pigments are shown in Table 4. The average of chlorophyll a (Chl a) in the irrigated
plants of BRS C 2501 was higher than in the irrigated plants of BRS Manicoré. Underwater deficit, the
concentration of Chl did not differ between hybrids. The effect of water deficit on the concentration of Chl a was
only evident for BRS C 2501, reducing the concentration of this pigment by 36 % concerning irrigated plants.

The means of chlorophyll » (Chl b) and total carotenoids (CARz,) did not differ when plants of different hybrids
were compared in the same water regime. Concerning the respective irrigated plants, the concentration of Chl b
was reduced only in BRS Manicoré (34%), while the average of CARyz, was increased in both hybrids (62% in
BRS C 2501 and 220% in BRS Manicoré).

Table 4. Concentrations of chlorophyll a (Chl @), chlorophyll 5 (Chl b), and total carotenoids (CARgz,) in two oil
palm hybrids (BRS C 2501 and BRS Manicoré) under full irrigation (Irrigated) and water deficit (Water Deficit).

BRS C 2501 BRS Manicoré
Parameter - - - -
Irrigated Water deficit Irrigated Water deficit
Chla (gkg"' MS) 13.5 A% 8.7a 8.4B 74a
Chl b (g kg MS) 7.4 A 55a 7.1 A* 47a
CARp, (g kg MS) 0.8 A* 13a 0.5 A* 1.6a

Note. Data represent the averages of six repetitions. Upper and lower case letters on the line compare the
different hybrids in the same water regime. Asterisks compare plants from the same hybrid under different water
regimes. Different letters and an asterisk denote significant differences between means (Tukey test, p < 0.05).

The GLOj activity did not differ between irrigated plants of both hybrids (Table 5). In plants under stress, there
was an increase in the enzymatic activity of GLOy by 68.7% and 88.2% for BRS Manicoré and BRS C 2501,
respectively (Table 5).

CAT activity did not differ when plants from different hybrids were compared in the same water regime (Table
5). However, the water deficit increased CAT activity in both hybrids, with increases of around 20% in BRS
Manicoré and 55% in BRS C 2501 (Table 5).

Table 5. Glycolate oxidase (GLO,) and catalase (CAT) activities in two oil palm hybrids (BRS C 2501 and BRS
Manicor¢) under full irrigation (Irrigated) and water deficit

BRS C 2501 BRS Manicoré
Enzyme - - - -
Irrigated Water deficit Irrigated Water deficit
GLO, (mM min™' mg™' protein) 52.6 A* 99.0 a 50.4 A* 85.0a
CAT (U mg ™' protein) 0.042 A* 0.065 a 0.035 A* 0.042 a

Note. Data represent the averages of six repetitions. Upper and lower case letters on the line compare the
different hybrids in the same water regime. Asterisks compare plants from the same hybrid under different water
regimes. Different letters and an asterisk denote significant differences between means (Tukey test, p < 0.05).

4. Discussion

In irrigated plants, the comparison of both hybrids showed that the lowest 4 values recorded at the beginning of
the morning and the end of the afternoon were coincident with the lowest diurnal means of PAR (30 pmoL m’>
s™). The maximum peaks of 4 recorded at 8:00 h were coincident with the intermediate values of PAR (850
umoL m? s™") and the decreases of 4 (11:00 to 13:00 h) were coincident with the PAR peak (1300 pmoL m™ s™).

The analysis of the diurnal curves of 4 and C; for the irrigated plants of both hybrids allows us to infer that the
expressive increase in 4 occurring from 6:00 to 8:00 h was coincident with the expressive decrease in C;
recorded at that time. Thus, the activation of the photosynthetic process in the early hours of the day would be
responsible for fixing part of this CO,. It occurs in part because, with the maximum opening of the stomata also
registered at 8:00 h, there were no significant increases in C; for the levels observed at the beginning of the day.

Therefore, this result indicates that part of the high intercellular CO, concentration recorded between 6:00 and
7:00 h must have been fixed via photosynthesis, and part of it was lost directly to the atmosphere by simple
diffusion that occurs naturally due to differences in CO, concentration between leaf (around 430 mol mol™) and
atmosphere (around 350 mol mol™), through stomata. In other words, when the photosynthetic process is
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activated in the first hours of the day in parallel to the higher g, rates, these plants start promoting higher CO,
fixation rates while part of this CO, is naturally lost to the atmosphere. These results are very interesting from a
physiological point of view since at the same time they prove a high photosynthetic rate in the early hours of the
day; also suggest that oil palm plants should have very high rates of night breathing. Night breathing combined
with lower rates of g, at night (possibly null due to the absence of light) would be responsible for the high
concentrations of Ci observed in the early hours of the day. The decrease in g, in plants subjected to water deficit
occurs as a water-saving strategy, because the lower the g, the greater the resistance that stomata start to offer to
transport water vapor between leaf and atmosphere. Therefore, lower g, values contribute to decreasing water
loss via E (Kramer & Boyer, 1995). Reductions in g in plants subjected to water deficit is a very common
response in different species, including oil palm (Suresh, Nagamani, Ramachanduru, & Mathur, 2010; Suresh et
al., 2012). Both in irrigated plants and underwater deficit of both hybrids evaluated in this experiment, the g, was
significantly reduced (mainly between 10:00 to 15:00 h).

Regarding the difference in water vapor pressure between leaf and atmosphere (J,), the higher this value, the
greater the tendency of transpiration (Kramer & Boyer, 1995). Besides, increases in J, may stimulate stomatal
closure in some species, similar to what occurs in Fagus crenata (lio, Fukasawa, Nose, & Kakubarl, 2004),
Picea abies (Sellin & Kupper, 2004), Coffea canephora (Pinheiro et al., 2005). Evaluating stomatal behavior of
these hybrids to their respective diurnal courses of ¥,, and J,, it can be inferred that, in irrigated plants, the
decreases in g, are related both to the decrease in ¥, and to the expressive increase in J,. In contrast, in plants
under water deficit, which ¥,, averages did not vary significantly over the day, the decrease in g, seems to be
governed by increases in J,. It should be noted that, both for irrigated plants and underwater deficit, the
maximum diurnal g, coincided with the highest values of ¥, and median values of 9.

The irrigated plants of both hybrids showed high values of E between 8:00 and 15:00 h, although the g at these
times were lower when compared to those observed at the maximum peak at 8:00 h. Therefore, g, decreases
between 8:00 and 15:00 h should partially regulate the excessive water loss by the leaves of the irrigated plants
at these times. In contrast, better control of £ through stomatal closure occurred in the stressed plants of both
hybrids, although this behavior was more remarkable for the BRS C 2501. It is noteworthy that the highest £
rates recorded between 8:00 and 15:00 h coincided with the highest averages of PAR, T}, and, mainly J,, which
together are physical conditions that favor greater sweating (Kramer & Boyer, 1995). Considering the specific
high heat of the water, it can be considered that the higher £ between 8:00 and 15:00 h in irrigated plants is a
strategy to control excessive increases in 7,, which diurnal values were also higher in this period. In addition, if
the soil water is not limiting, then the greater £ favors greater absorption and transport of nutrients from the soil
to the aerial part via mass flow in the xylem. On the other hand, the stressed plants of both hybrids showed
higher values of £ at 8:00 h and this must have occurred due to the diurnal peak of g in these plants in parallel to
median values of .. Thus, these plants can capture atmospheric CO, with the least possible loss of water. This is
confirmed by the highest A/F values at exactly this time (8:00 h).

The irrigated plants of BRS C 2501 and BRS Manicoré¢ showed similar patterns of diurnal variations of A/E. For
these plants, positive A/E values were predominant throughout the day, while negative values were recorded only
at the beginning of the day (6:00 h) and in the late afternoon (18:00 h). The positive values of A/E indicate that
the plants of both hybrids showed an excellent ratio between CO, fixed units to transpired water vapor units. In
contrast, the negative A/F values were due to the negative values recorded for 4.

The diurnal variations of ¥, and g; exchange in plants under water deficit of both hybrids were substantially
different from those obtained for their respective irrigated plants, showing values of ¥,, A4, g, E, and A/E in
these plants almost always lower than in their respective irrigated plants. Although under water deficit, it was
observed that the maximum peak of g, exchange in the plants of both hybrids also occurred at 8:00 h.
Throughout the day, both genotypes showed lower rates of 4, g;, F, and A/E than their respective irrigated plants.
Comparatively, the results obtained indicate that the effects of water deficit were less remarkable for BRS
Manicoré plants, showing that it presented a better physiological performance under deficit than BRS C 2501 at
the imposed experimental conditions. Additional experiments with these same hybrids under more prolonged
water deficit conditions are necessary to better characterize their physiological responses to this stress. The water
deficit negatively affects the water status of the plant, which can be evidenced by lower values of ¥, presented
by plants under water deficit about the respective irrigated plants. However, the magnitude of the change in the
water status of the plant is an inherent response to each species (Carvalho et al., 2013; Cordeiro et al., 2009;
Suresh et al., 2010) or even to different varieties, clones or hybrids of the same species (Méndez, Chacon,
Bayona, & Romero, 2012; Pinheiro, Damatta, Chaves, Loureiro, & Ducatti, 2005; Suresh et al., 2012). For this
reason, with the decrease in ¥, the g; exchange variables are negatively affected.
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Variations in ¥, and gas exchange at different times of the day; both under conditions of full irrigation and water
deficit, was reported for different species (Carvalho et al., 2013; Cordeiro et al., 2009; Niu, Jiang, Li, Gao, & Liu,
2003; Wen & Chen, 2009). In addition to factors related to the species itself (plant factors), the fluctuations
observed in ¥, 4, g, and E over a day also depend, directly or indirectly of factors like the environment, such as
the PAR, temperature, relative humidity, deficit of water vapor pressure in the atmosphere, and ¢, (Landsberg,
1986; Sellin & Kupper, 2004; Heldt, 2005; Pinheiro et al., 2005).

These climatic parameters vary throughout the day and the amplitude of these variations depends on the place or
region of study. Although CO, also influences A, its atmospheric concentrations over the day tend to be
practically constant, so as not to influence gas exchange excessively.

Plant species present; therefore, different behaviors of gas exchanges over the day, so that each species presents a
diurnal curve of ¥,, and gas exchanges that characterize it. Since the water deficit causes decreases in ¥, 4, g,
and E then, the diurnal curves of irrigated plants compared to underwater deficit are different, as shown in Picea
abies (Sellin & Kupper, 2004), Swietenia macrophylla (Cordeiro et al., 2009) and Carapa guianensis (Carvalho
etal., 2013).

In seedlings of oil palm hybrids, Suresh et al. (2012) demonstrated that 4 drops from 6.20 yumoL m™ s in
irrigated plants to 0.05 pmoL m™ s™' in plants subjected to water deficit, which ¥, was around -3.5 to 4.0 MPa.
Meéndez et al. (2012) observed that in oil palm hybrids, the decrease in ¥, from -0.5 MPa to -2.0 MPa caused the
reduction in 4 of mean values of 6.3 pmoL m™ s™" in irrigated plants and 0.8 pmoL m™ s™" in plants subjected to
stress. In this experiment, the effects of water deficit on 4 of BRS C 2501 and BRS Manicoré were very similar
to the results obtained by Suresh et al. (2012) and Méndez et al. (2012). That is, for both hybrids the maximum 4
(8:00 h) in the irrigated plants varied between 7 and 8 umoL m™ s, and for plants under water deficit 0.36 and
0.84 pmoL m™ s'. Both Suresh et al. (2012) and Méndez et al. (2012) found no negative 4 values under stress
conditions, which only occurred for BRS C 2501 and BRS Manicoré¢ in the late afternoon.

Among the factors that may harm 4 under water deficit, it stands out the importance of those inherent to the
plant itself, such as the loss of structure and stability of the photosystems, which can manifest itself in the form
of photoinhibition or photo-oxidative damage (Foyer & Shigeoka, 2011). The loss of activity or degradation of
enzymes, involved in the biochemical phase of photosynthesis (Silva et al., 2016, 2017), and increase in
photorespiration (Atkin & Macherel, 2009).

Suresh et al. (2010) demonstrated the maintenance of the activity of photosystem in oil palm plants submitted to
water potentials up to -2.5 MPa. This was proved through fluorescence analyzes of Chl a, which values, for the
maximum quantum efficiency of photosystem II (PS II) (Fv/Fm), were not altered due to the imposed stress.

In this study, although the fluorescence variables of Chl a were not evaluated and taking into account the results
of Suresh et al. (2010), it can be inferred that BRS Manicoré plants under water deficit must have maintained
their photochemical capacity at adequate levels, that is, similar to that of irrigated plants. This assumption takes
into account that the water deficit suffered by these plants was characterized by a ¥?,, in the morning around -2.13
MPa and the lowest diurnal value of ¥, in these plants was -2.40 MPa. Besides, the absence of significant
changes in the leaf concentration of Chl a and the significant increase in CARy, are signs of maintaining the
structural integrity of photosystems and evidence the importance of carotenoids in the dissipation of excess
energy from these plants (Taiz & Zeiger, 2017). The concentration of CARy, was also higher in plants under
water deficit of BRS C 2501; however, these increases occurred to a lesser extent than in plants of BRS
Manicoré. This result allows us to infer that the BRS C 2501 showed less protection capacity of the
photosystems through the dissipation of excess energy through the carotenoids and this explains the degradation
of chlorophyll that was observed in the stressed plants of this hybrid.

The plants under the stress of both evaluated hybrids showed increases in the activities of the GLO, and CAT.
This result is an indication that the 4 in the stressed plants of these hybrids is partly decreased due to increases in
photorespiration. In addition, and considering that the increases in the activity of the GLO, and CAT were more
expressive for BRS C 2501, so it is suggested that this hybrid is more prone to photorespiration than the BRS
Manicoré hybrid. Therefore, this explains why the average 4 maximum was lower for BRS C 2501.

5. Conclusions

The pattern of diurnal variations in the ¥, and gas exchange variables (net assimilation rates of CO,, 4; stomatal
conductance, g,; transpiration, £ and instantaneous water use efficiency, A/E) is similar between plants of BRS
Manicoré and BRS C 2501, compared under the same water regime. However, the mean values of ¥, 4, g, E,
and 4A/E in BRS Manicoré are higher than in BRS C 2501, both under irrigated and water deficit conditions.
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Concerning their respective irrigated plants, the water deficit caused significant increases in the total carotenoids
levels of BRS C 2501 and BRS Manicoré¢, while chlorophyll a content is significantly reduced only in BRS C
2501 and chlorophyll b only in Manicoré.

The water deficit also mediated significant increases in the activities of glycolate and catalase oxidase in both
hybrids; however, such increases are more expressive in BRS C 2501 than in BRS Manicoré. For all those
reasons, it can be inferred that BRS Manicoré presents a better set of physiological and biochemical responses to
tolerate water deficit than BRS C 2501.
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