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Abstract

Plants subjected to successive water deficit cycles may be able to rapidly develop acclimatization
responses. Thus, the objective of this study was to analyze the acclimatization capacity of the
photosynthetic machinery of rubber tree seedlings submitted to water deficit cycles (WDC). To do so, we
designed four treatments: control plants (fully irrigated, CT); OP (not previously submitted to any WDC);
1P (previously submitted to one WDC); and 2P (previously submitted to two WDC). The water deficit cycle
was characterized by suspending irrigation until rubber tree net assimilation rate (A) reached zero (A<0).
Then the plants were rehydrated until substrate moisture reached its maximum water retention capacity,
and the irrigation was maintained until the rate A of the plants recovering from water deficit reached 90%
of the rate of the control plant, and then a new cycle of water deficit started again. In the third and last
cycle (WDC3), treatments OP, 1P and 2P were simultaneously subjected to water deficit and comparative
eco-physiological evaluations between treatments when each group of plants reached A<0. After WDC3,
2P plants achieved greater A, stomatal conductance, transpiration and intrinsic efficiency of water use
after 21 days, compared to 1P and OP plants. The leaves of treatments 2P and OP showed the same
relative water content (RWC), higher photosynthetic pigment concentration, and 2P showed greater water
absorption capacity in the substrate under low water availability, maintaining high A values in comparison
with the other treatments 36 days after the start of WDC3. The results indicate that the 2P plants showed
acclimatization of the photosynthetic machinery in maintaining a positive carbon balance when subjected
to WDC, indicating that leaf turgor was maintained through cellular and osmotic adjustment,
accumulation of photosynthetic pigments and greater soil water absorption capacity.

Keywords: Hevea brasiliensis; Gas exchanges; Drought; Water management.

Resumo

Plantas submetidas a sucessivos ciclos de déficit hidrico podem desenvolver respostas de aclimatacdo
rapidamente. Assim, o objetivo foi analisar a capacidade de aclimata¢do da maquinaria fotossintética de
mudas de seringueira submetidas ao déficit hidrico ciclico (DHC). Para isso foram testados quatro
tratamentos: plantas controle (irrigadas constantemente); OP (ndo submetido anteriormente a DHC); 1P
(previamente submetido a um DHC); e 2P previamente submetido a dois DHC). Foram aplicados trés
DHCs, caracterizados por uma fase inicial onde a irrigacdo foi suspensa até que a taxa de assimilacdo
liquida das plantas (A) atingissem zero (A<0), e a fase final quando a agua atingisse sua capacidade
maxima de reten¢do de agua no substrato. Um novo ciclo foi iniciado somente quando a taxa de A das
plantas com déficit hidrico, apés a reidratacdo, atingiu 90% da taxa de A das plantas controle. No terceiro
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e ultimo ciclo (DHC3), os tratamentos OP, 1P e 2P foram submetidos simultaneamente ao déficit hidrico
e realizado avaliagGes ecofisiolégicas comparativas entre os tratamentos quando cada grupo de plantas
atingiu A<0. Ap6s DHC3, as plantas 2P apresentaram maior A, condutancia estomatica, transpiracdo e
eficiéncia intrinseca do uso da dgua ap6s 21 dias, em comparacdo com as plantas 1P e OP. As folhas dos
tratamentos 2P e OP apresentaram o mesmo teor relativo de dgua, maior concentra¢do de pigmentos
fotossintéticos e 2P apresentaram maior capacidade de absorcdo de agua no substrato sob baixa
disponibilidade hidrica, mantendo elevados valores de A, em comparacdo com os demais tratamentos,
36 dias ap6s o inicio do DHC3. Os resultados indicam que as plantas 2P apresentaram aclimatac¢éo da
maquinaria fotossintética mantendo o balango de carbono positivo quando submetidas a DHC, indicando
que o turgor foliar foi mantido por meio de ajuste celular e osmoético, acimulo de pigmentos
fotossintéticos e maior capacidade de absorcdo de dgua no solo.

Palavras-chave: Hevea brasiliensis; Trocas gasosas; Seca; Gestdo da agua.

INTRODUCTION

Future increase of atmospheric CO, concentrations will result in increased temperatures
(Intergovernmental Panel on Climate Change, 2021), and this can alter rainfall distribution
(Kimball et al., 2001; Reich et al., 2016) and atmospheric vapor pressure deficit (VPD), resulting
in more frequent and severe droughts (Intergovernmental Panel on Climate Change, 2021).
Extreme and severe droughts are a major limitation for forest cultivation in Brazil, being the
main cause of forest productivity losses in 87% of the producing areas in the southeastern
region of the country (Elli et al., 2019; Freitas et al., 2021). The increased frequency of extreme
weather events, such as drought, due to climate change threatens national forest production.
Understanding plant photosynthetic machinery acclimatization to these extreme events is key
to minimize carbon losses and to adapt to a changing climate. In this sense, supplying previous
water shortage stimuli at the initial development phase may induce alteration in the
metabolism which allows the plant to respond faster and withstand recurring droughts
(Bruce et al., 2007).

Recent eco-physiological studies have reported that the plants present more efficient
responses when submitted to cyclical water deficit due to an increase in photo-protection
(Walter et al., 2011), and in the transcription rate of genes related to stress response
(Ding et al., 2012). Eucalyptus seedlings responded to water deficits by increasing root
biomass and reducing the size and stomata size, recovering faster from subsequent water
deficits (Néia Junior et al., 2020a). However, studies on the acclimatization process in plants to
successive episodes of water deficit are still recent and need more understanding of eco-
physiological processes (Néia Junior et al., 2020a; Amaral et al., 2021), mainly for important
forest species such as rubber trees.

The rubber tree (Hevea brasiliensis Muell.-Arg.) is a tree species native to South America
and tapping its natural latex has led to its spreading to other regions in the world, mainly
Southeast Asia (Venkatachalam et al., 2009). The optimum growth rate in the rubber tree
occurs when the air temperature is around 28 °C (Kositsup et al., 2009). Rubber tree crop
planting in Brazil takes place in the late spring and early summer, when optimum temperature
and water availability occur (Alvares et al., 2013). However, due to climatic variability, long dry
periods have constantly occurred after planting new crops (Nodia Junior et al., 2020b), and
rubber trees are constantly submitted to drought events (Clermont-Dauphin et al., 2013;
Sopharat et al., 2015), limiting rubber production (Wang, 2014). Thus, submitting the rubber
tree clone FX 3864, which is widely planted in Brazil, to cyclical water deficit is an alternative to
minimize losses, both in seedling establishment and in the latex production phases.

The objective of the present study was to analyze the acclimatization capacity of the
photosynthetic machinery of rubber tree seedlings when submitted to water deficit cycles
(WDCQ). To do so, the present study proposed testing the hypothesis that the photosynthetic
machinery of rubber tree seedlings submitted to cyclical water deficit will be more resistant to
future drought stress.
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MATERIAL AND METHODS

The study was carried out in a greenhouse under controlled environmental temperature
and relative air humidity conditions, in the municipality of Jerbnimo Monteiro, ES, Brazil
(latitude 20°47'25" S, longitude 41°23'48" W, and 120 m altitude). The experiment was carried
out from October 30, 2015 to April 13, 2016, totaling 167 experimental days.

Rubber tree clone FX 3864 seedlings were used, with an average age of 50 days. The
seedlings were produced in 980 cm? tubes with commercial substrate and then transplanted
to 21-liter pots with 17 kg substrate. The pots were painted with white paint and covered with
extruded polystyrene to prevent the substrate from overheating and water evaporation
directly from the substrate. Fertilization was applied according to the recommendations for
rubber tree (Pereira et al., 2000).

The seedlings grew for 17 days in a greenhouse in full irrigation condition, i.e. substrate
moisture at maximum retention capacity (MCR). After this period of seedling establishment,
the first cyclical water deficit started. The mean air temperature, mean air vapor pressure
deficit, accumulated photosynthetically active radiation and the sum of degrees-days during
the water deficit cycles were 26.7 °C, 0.30 Kpa, 1455.54 mol m2 s and 1855.66 °C, respectively.

The seedlings were separated into four treatments, one with well-watered seedlings
(control plants, CT) and three submitted to water deficit cycles (WDC): plants not previously
submitted to WDC (OP); plants previously submitted to one WDC (1P); and plants previously
submitted to two WDC (2P). The WDC occurred as follows:

. First WDC: 2P plants were subjected to a water deficit for the first time, and plants from
1P and OP groups were maintained with soil moisture at field capacity. This cycle lasted
21 days, time to reach photosynthesis < zero (A < 0);

+  Second WDC: 1P plants were subjected to a water deficit condition for the first time, and
its cycle lasted 25 days (Time to reach A < 0); 2P plants were subjected to a water deficit
condition for the second time, and its cycle lasted 30 days (Time to reach A < 0); OP plants
were maintained with soil moisture at field capacity;

+  Third WDC: OP plants were subjected to a water deficit condition for the first time, and its
cycle lasted 21 days (Time to reach A < 0); 1P plants were subjected to a water deficit
condition for the second time, and its cycle lasted 30 days (Time to reach A < 0); 2P plants
were subjected to a water deficit condition for the third time, and its cycle lasted 36 days
(Time to reach A< 0).

Monitoring the substrate water availability

Irrigation was carried out based on weighing of the pots with seedlings each two days,
replacing the water lost by evapotranspiration. Plants for the control group (OP) treatment
were irrigated to achieve the maximum substrate field capacity; the WDCs for the 1P and 2P
treatments were characterized by two phases: the first or dehydration phase, where the
irrigation was suspended until the net plant assimilation rate (A) reached values lower or equal
to zero (A < 0); and the second or re-hydration phase, where the irrigation was applied to
achieve the maximum substrate field capacity. After re-hydration, the plants were kept under
condition of maximum substrate field capacity (i.e. fully irrigated), until reaching
approximately 90% of A of the control group, and only then a new water deficit cycle was
started. The net carbon assimilation rate (A < 0 to indicate the end of each WDC for each plants
group, and their recovering from the water deficit, i.e. when A in the plants submitted to water
deficit reached 90% of the control group) was measured with a portable infrared gas analyzer
(IRGA, Li-Cor model LI-6400) with luminous source fixed at 1000 pmol m2 s photosynthetically
active radiation (PAR) and 400 ppm CO, concentration in completely opened leaves on the
upper third of each plant.

Gas exchanges

The net assimilation rate (4, pmol CO, m? s), stomatal conductance (g; mol m?2 s of
H,0), leaf transpiration (£, mmol H,0 m? s of H,0) and intrinsic water use efficiency (A/g)
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were measured in all the groups when the first group of plants reached the final WDC3 (A < 0)
to compare their performance. The measurements were done in completely opened leaves
from the upper third median of each plant, in a total of five replications per treatment; these
measurements were performed during the WDC3 every three days at 8 am.

Water status

The relative leaf water content (RWC) was determined at the end of WDC3 using six (6)
1.46 cm diameter leaf discs per replication (four per treatment) and calculated by the formula:

RWC (%) =100x[ (MF — MD)/(MT - MD) ] (1)

Where: MF is the fresh matter obtained by weight shortly after collecting the plant material;
MT the turgid matter determined after immersing the disks in water for 24 hours; and MD the
dry matter after drying in a chamber at 80°C + 5°C (Duan et al., 2005).

Photosynthetic pigments

The photosynthetic pigments were determined only once at the end of the WDC3 in all
treatments. Chlorophylls (a, b and total) and carotenoids were extracted using nine 11.5 mm
diameter leaf discs for each replication (total of four per treatment), placed in test tubes
wrapped in aluminum foil and then incubated with 7 mL dimethyl sulfoxide (DMSO) at 65°C
for 12 hours. When the plant material became whitish in color, the solution volume was
adjusted to 10 mL with DMSO and transferred to tubes to read the absorbency in a
spectrophotometer at wave lengths of 480 nm for total carotenoids, 665 nm for chlorophyll a
(Chl;) and 649 nm for chlorophyll b (Chl,), following methodology by Daud et al., (2012). The
pigment concentrations, expressed in g mL™", were calculated according to Wellburn (1994).

Statistics

A completely randomized experimental design was used. The data observed for the
variables studied were tested for normality and homogeneity, and analyses of variances
(ANOVA) of the treatments were performed by the F-test (Fisher-Snedecor) (*P < 0.05 and ™P
> 0.05); and the treatment means were compared by the Tukey test (*P < 0.05 and ™P > 0.05)
for the pigments and gas exchanges and by the Student's t-test (*P < 0.05 and "P > 0.05) for
RWC. The performance of the physiological data related to the percentage of water available
in the substrate during the last water deficit cycle was assessed by simple linear regression
analysis (y = a + bx), with the fit of the straight lines to the data set. The equation coefficients
were tested by the Student's t-test (*P < 0.05 and ™P > 0.05) to determine whether there was a
relation between the variables and the variation in y for a given variation in x. The statistical
analyses were performed using the R software program (R Core Team, 2018).

RESULTS AND DISCUSSION

The WDC3 duration was different among the treatments studied. Plants that were not
previously submitted to WDC (OP) finished this cycle after 21 days, before the other plant
groups, presenting intense leaf abscission. The plants with pre-exposure to water stress (1P)
finished their cycle after 30 days, and those in treatment 2P (two pre-exposures) after 36 days
of dehydration.

Rubber tree plants submitted to two previous water deficit cycles in the substrate (2P)
acclimatized their photosynthetic machinery more efficiently, and maintained their cell
turgidity, high photosynthesis rates and high photosynthetic pigment concentrations even at
low substrate water availability percentage, compared to plants subjected to one or no
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previous stress, thereby confirming that the photosynthetic machinery of rubber tree
seedlings submitted to cyclical water deficit will be more resistant to future drought stress.

Gas exchanges: characterization and effect on the treatments

The gas exchange values of the groups measured at 21 days of the WDC3, when the OP
group reached A values close to zero, presented significant differences among the treatments
for the physiological variables A, g, E and A/g; (Figure 1). The gas exchange variables showed
that there was an acclimatization of the photosynthetic machinery of the seedlings after being
subjected to two water deficit cycles, because it was observed that A, gs, E and A/gs in 2P
presented similar behavior to the control treatment after going through OP and 1P. The net
CO, assimilation rate (Figure 1A) of the seedlings submitted to three water deficient cycles
(treatment 2P) was approximately 91% higher than those of the two-cycle treatment (1P). The
results reveal that the seedlings of OP and 1P treatments limited stomatal opening, since the
stomatal conductance (Figure 1B) and transpiration (Figure 1C) variables were significantly
reduced. In addition, the intrinsic efficiency of water use (Figure 1D) was significantly reduced,
especially in the first water deficient cycle (OP).
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Figure 1. Net carbon assimilation rate (A), stomatal conductance (gs), transpiration (£) and intrinsic
water use efficiency (A/gs) in rubber tree clone FX 3864 seedlings 21 days after undergoing the third
water deficit cycle (WDC3) between 8 and 9 o'clock in the morning, in a greenhouse in the municipality
of Jerbnimo Monteiro, ES, Brazil. The values observed are the means * standard deviation (n=5). Means
followed by the same letter in the columns do not differ statistically (F-Test and Tukey’s Test, P < 0.05).
Control - constantly irrigated; OP - not previously submitted to any WDC; 1P -previously submitted to
one WDC; and 2P -previously submitted to two WDC.

Water relationships and physiology

The relationship between the gas exchange variables and the percentage of water
availability (%WA) in the substrate during WDC3 showed a difference among the treatments
for A, g; and E (Figure 2). All the treatments decreased in value for these variables as the %WA
in the substrate decreased with dehydration. According to the relationship obtained, plants
submitted to the 2P treatment kept a positive carbon balance of up to 15% of %WA in the
substrate, while the 1P and OP plants kept A>0 up to 28% and 48% %WA in the substrate,
respectively.
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Figure 2. Relationship between net carbon assimilation rate (A), stomatal conductance (g;) and
transpiration (E) with the percentage of water availability (%WA) in the soil in rubber tree FX 3864 clone
seedlings submitted to the third water deficit cycle (WDC3) in a greenhouse in the municipality of
Jerénimo Monteiro, ES, Brazil. The values observed are the means of the treatments (n = 6). The
asterisks (**) indicate significant effect of the parameters of the regression equations (F-Test and
Student's t-test, P < 0.5). Control - constantly irrigated; OP - not previously submitted to any WDC; 1P -
previously submitted to one WDC; and 2P -previously submitted to two WDCs.

The high turgidity levels in the 2P plants, similar to those observed in the control plants,
indicated that there were modifications in the leaf cell wall so they became more elastic and
reached more negative water potentials. Furthermore, they remained turgid with effective
osmotic adjustment (Silva et al., 2010), even with closed stomata and at very low substrate
water level. Thus, osmotic regulation is indicated to be one of the tolerance process
mechanisms of this clone of rubber tree to water deficit (Wang, 2014).
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Tolerance to water stress can also be related to hormone metabolism and synthesis,
especially to abscisic acid (ABA), which regulates processes of adaptive responses to water
stress, such as stomatal closure (Cutler et al., 2010; Urano et al., 2017). In this sense, plants
pre-exposed to more than one WDC may show higher ABA concentration than plants that
were not previously exposed (Neves et al., 2017), but with less sensitivity of the stomata
complex to ABA to stress, so that the stomata remain open or partially open for longer than
those which did not experimented any water deficit (Marchin et al., 2016; Virlouvet & Fromm,
2015). Therefore, the plants lose less water by transpiration when submitted to water deficit;
otherwise, the water deficit would quickly cause stomata closure, as observed in OP plants not
previously submitted to any WDC (Marchin et al., 2016; Virlouvet & Fromm, 2015).

In contrast, there was quick stomatal conductance and a transpiration reduction with the
decrease in the %WA. The plants in treatment 1P showed intermediate performance regarding
the A, gs and E values, compared to the 2P and OP plants, as can be observed by the slope of
the lines and equations of the models.

Regarding the relative water content (RWC) in the OP, 1P and 2P treatments compared
with the control plants when each treatment ended its cycle, it was observed that the 2P
treatment plants had a similar leaf water supply to the control group (Figure 3). The greatest
reduction in the relative water content was observed in 1P, where the seedlings reduced
approximately 39% of the RWC values. When analyzing the 2P seedlings, it is clear that they
were acclimatized and were not statistically different from the control treatment.
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Figure 3. Relative water content (RWC) in leaves of the rubber tree clone FX 3864 seedlings at the end
of the third water deficit cycle (21, 30 and 36 days after the start of the WDC3, for groups OP, 1P and 2P,
respectively) compared with the plant controls in a greenhouse in the municipality of Jerbnimo
Monteiro, ES, Brazil. The values observed are the means + standard deviation (n=4). Means followed by
the same letter in the days do not differ statistically among the WDC (F-Test and Student's t-test, P <
0.05). Control - constantly irrigated; OP - not previously submitted to any WDC; 1P -previously
submitted to one WDC; and 2P —previously submitted to two WDC.

Photosynthetic pigments

Analysis of variance showed that at the end of the experiment the concentration of
photosynthetic pigment chlorophyll a (Chl,) was the highest in the plants submitted to two
previous WDC (2P) and also favored the high concentration of total chlorophyll (Chligis)
(Figure 4), although the chlorophyll b (Chl,) content was similar among all the treatments. The
carotenoid contents (Car) were higher and similar between the 2P and 1P treatments, although
the concentration in the latter did not differ from the OP and control plant treatments.
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Figure 4. Content of photosynthetic pigments chlorophyll a (Chla), chlorophyll b (Ch/b), carotenoids (Car)
and total chlorophylls (Chitotal) in rubber tree clone FX 3864 seedlings submitted to water deficient
cycles (WDC) in a greenhouse in the municipality of Jerénimo Monteiro, ES, at the end of the third cycle
of each treatment (21, 30 and 36 days after the beginning of cycle 3, for groups OP, 1P and 2 P,
respectively). The observed values are the means + standard deviation (n = 4). Averages followed by the
same letter in the columns do not differ statistically (F-Test and Tukey's test, P < 0.05). Control -
constantly irrigated; OP - not previously submitted to WDGC; 1P - previously submitted to one WDC; and
2P - previously submitted to two WDCs.

At the end of WDC3, the plants in 2P treatment accumulated high photosynthetic pigment
contents, mainly carotenoids and chlorophyll a (Chl,), which significantly influenced the total
chlorophyll content (Chlois). These findings indicated that thylakoid membranes were not
damaged in the plants submitted to successive WDC (Streit et al., 2005). Also, a possible
accumulation of carotenoids in the 2P plants may be a defense strategy of the leaf tissue cells,
contributing to a decrease of the effects of chronic photo-inhibition, and increase the capacity
to dissipate energy excess which minimizes the damage caused by oxidative stress
(Correia et al., 2014, Jaleel et al., 2009; Liberato et al., 2006).

The maintenance of cell turgidity in the 2P plants due to osmotic adjustments and cell
elasticity favored better use of the water in the substrate so that A remained positive at low
substrate %WA. Although water deficit reduced gas exchanges in all the treatments, 2P plants still
presented higher A, gs and E values than the OP and 1P plants for the same %WA value present in
the substrate. This shows that the 2P treatment plants optimized water absorption from the
substrate maintaining high transpiration (£), which was due to the high-water use efficiency.

The gas exchange responses showed that when the plants were exposed to at least one
previous water deficit, there was an acclimatization of the plants which improves their
performance when submitted to a new stress. Plants submitted to no previous WDC (0OP)
reached low values of A, g;, E and A/g; quicker and also cell relative water content. Thus, there
was more cell damage which culminated in leaf dehydration, senescence and abscission with
a decrease in substrate water availability in the OP plants compared to the other treatments.
This stomatal closing is one of the first responses in defense to water deficit to reduce the
excessive water losses, however it also reduces carbon assimilation in the leaf, which is a
biochemical limitation of the photosynthetic machinery (Chaves et al., 2003; Silva et al., 2004;
Perez-Martin et al., 2014).

Our findings suggest that the WDC generated an acclimatization in the 2P plants which
caused an alteration in the physiological responses in the face of dehydration (Bruce et al.,
2007; Menezes-Silva et al., 2017; Virlouvet & Fromm, 2015). This acclimatization favored
keeping positive A rates and leaf turgidity. Future studies are still needed to establish
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molecular mechanisms by which the plants store information on exposure to stress caused
by biotic and abiotic variables. However, some evidence can be found in studies such as that
by Ding and collaborators (2012) on Arabidopsis thaliana plants, who reported that there was
a high expression of the genes attributed to drought tolerance capacity in each water deficit
cycle compared to the non-stressed plants. These responses enabled A. thaliana plants to
intensify their defense and recover from the stressful factor.

CONCLUSION

Our findings indicated that the rubber tree clone FX 3864 seedlings were able to maintain
the cell water status for a longer time due to the photosynthetic machinery acclimatization
when previously submitted to two water deficit cycles. Thus, from the practical point of view,
submitting rubber tree seedlings at the first development stage to controlled periods of
moderate drought may contribute to better hardening in nurseries and thus increase their
ability to acclimatize more quickly to later drought events, decreasing the mortality rate of the
seedling in the field just after planting, and minimizing costs with replanting.
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