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Plant Physiology/ Original Article

Photosynthetic responses and
protective mechanisms under
prolonged drought stress in cocoa

Abstract — The objective of this work was to evaluate the impact of a
prolonged period of moderate and severe drought on the growth and
photosynthetic capacity of seminal cocoa seedlings of the IMC-67 genotype
under tropical nursery conditions. Under conditions of humidity of 84—
90%, temperature of 25-28°C, and radiation of 600-900 pmol m? s, the
seedlings were subjected to the following treatments: moderate (-1.68+0.05
MPa) and severe (-2.68+0.05 MPa) water stress; and a control, without stress
(-0.92+0.02 MPa). Photosynthetic light response curves, chlorophyll a and b
fluorescence parameters, and content of proline and photosynthetic pigments
were evaluated. Cocoa seedlings subjected to prolonged drought stress show a
reduced photosynthetic capacity and growth, which highlights their sensitivity
to water scarcity. Adaptive growth responses are evident as seedlings adjust
their height and leaf production to available water, showing their resilience to
environmental stress. The seedlings activate protective mechanisms, such as
increased non-photochemical quenching and elevated carotenoid and proline
levels, which help mitigate the effects of a decreased stomatal conductance
and photosynthetic pigment content under drought conditions.

Index terms: Theobroma cacao, drought tolerance, physiological responses,
soil water, stomatal conductance.

Respostas fotossintéticas e mecanismos de protecao
em condigdes prolongadas de seca em cacau

Resumo—O objetivo deste trabalho foi avaliar o impacto de periodos prolongados
de seca moderada e severa no crescimento ¢ na capacidade fotossintética de
mudas de cacau seminais do genotipo IMC-67, em condi¢des de viveiro tropical.
Sob condi¢des de umidade de 84—90%, temperatura de 25-28°C e radiacao de
600-900 pmol m? s, as mudas foram submetidas aos seguintes tratamentos:
estresse hidrico moderado (-1,68+0,05 MPa) e severo (-2,68+0,05 MPa); e
controle, sem estresse (-0.92+0.02 MPa). Curvas de resposta a luz fotossintética,
parametros de fluorescéncia da clorofila a e b, e conteudo de prolina e pigmentos
fotossintéticos foram avaliados. Mudas de cacau submetidas a seca prolongada
apresentam capacidade fotossintética e crescimento reduzidos, o que evidencia
sua sensibilidade a escassez hidrica. As respostas do crescimento adaptativo sdo
evidentes a medida que as mudas ajustam a sua altura e a sua producao de folhas
a agua disponivel, o que mostra a sua resiliéncia ao stress ambiental. As mudas
ativam mecanismos de prote¢do, como aumento do quenching nao fotoquimico
e dos niveis elevados de carotenoides e prolina, que ajudam a mitigar os efeitos
da diminuicao da condutancia estomatica e do teor de pigmentos fotossintéticos
em condicdes de seca.

Termos para indexacio: Theobroma cacao, tolerancia a seca, respostas
fisiologicas, agua do solo, condutancia estomatica.
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Introduction

Cacao (Theobroma cacao L.), whose origin is the
Amazon basin (Motamayor et al., 2008), is one of the
most important tree crops in many tropical countries
(ICCO, 2020), having its cultivation been extended
to different humid and intertropical areas in Affrica,
Asia, Central and South Americas, where small-scale
farmers play a pivotal role in its production (ICCO,
2020).

Cacao crops typically grow in areas with annual
precipitations above 1,500 mm (Araque et al., 2012;
Suarez Salazar etal., 2018). The amount, duration,
and distribution of rainfall regulate the growth and
development of this crop (Araque et al., 2012), which has
been reported as highly sensitive to soil water changes,
principally during nursery and field establishment
(Almeida etal., 2016; Santos etal., 2016; Zakariyya
& Indradewa, 2018). However, global climate change
is affecting precipitation patterns, causing uneven
distribution of rainfalls with prolonged periods of
drought, which is a growing concern for farmers from
regions where cacao is cultivated (Farrell et al., 2018).

In the last decades, an increasing number of studies
have assessed the physiological responses of different
cacao genotypes under drought stress, mostly to identify
those that present adapted survival mechanisms and
high yield when exposed to water deficit. These works
have reported drought-induced adverse effects on net
carbon assimilation rate, stomatal conductance, and
growth parameters of cacao trees (Araque et al., 2012;
Almeida et al., 2016; Santos et al., 2016). However,
when compared to other economically important crops,
there is poor literature on how the cacao photosynthetic
apparatus responds to prolonged severe water deficit
conditions and its protective mechanisms to prevent
drought-induced photodamage.

Drought generates a photostasis imbalance due to
active electron transport chain but closed stomatal,
which favors oxidative stress and, ultimately,
photodamage of photosystem II (PSII). Therefore,
although PSII is monitored for strength or response to
drought, photodamage is not the main condition of the
photosynthetic apparatus (Sudrez Salazar et al., 2018).
Photosynthesis reactions to light of different species
under drought conditions have been monitored through
measurements of chlorophyll a (Chl,) fluorescence
(Falqueto etal.,, 2017, Sadeghi etal., 2020), and
recently this approach has been used to determine

Pesq. agropec. bras., Brasilia, v.59, €03543, 2024
DOI: 10.1590/S1678-3921.pab2024.v59.03543

the photosynthesis limitations in cacao leaves under
different light conditions (Suarez Salazar et al., 2018;
Suarez et al., 2021).

Plant photosynthetic apparatus exhibit a set of
protective responses to survive under conditions of
low soil water availability, which may vary according
to the duration and intensity of the stress and the
genetic background of the species (Chaves et al., 2002;
Falqueto et al., 2017). Protective mechanisms include
the induction of non-photochemical quenching (NPQ)
that mediates the thermal dissipation of excess light
energy absorbed by the light-harvesting antenna
complex (LHC) of PSII (Brooks & Niyogi, 2011) and
modulation of the content of photosynthetic pigments
as carotenoids, which play roles in light-harvesting and
protection from oxidative damage (Jaleel et al., 2009).
Accumulating the amino acid proline is also associated
with offsetting cellular imbalances caused by drought,
attributed mainly to its function as an osmolyte and
maintenance of the redox balance (Hayat et al., 2012).

Therefore,  understanding  cacao  seedling
photosynthesis performance and the protective
mechanisms of its photosynthetic apparatus against
prolonged drought stress would help scientists
and producers cultivate it successfully in drought-
stress-prone areas, mainly during the early stages of
development and field establishment.

The objective of this work was to evaluate the
impact of a prolonged period of moderate and severe
drought on the growth and photosynthetic capacity
of seminal cocoa seedlings of the IMC-67 genotype
under tropical nursery conditions.

Materials and Methods

The experiment was conducted at Centro de
Investigaciones Amazonicas (CIMAZ), in the
municipality of Florencia, Caqueta, Colombia (1°37'N,
75°36'W, at 360 m of altitude) under tropical nursery
conditions, with humidity 84-90%, temperature 25—
28°C, and radiation 600—900 umol m?s™.

The cacao accession chosen for this study was
IMC 67, traditionally used as rootstock in the grafting
process in cacao-producing countries. Moreover, it is
employed in breeding programs as parental material
for the development of drought-tolerant cacao
genotypes (Santos et al., 2016). Seeds from open-
pollinated 7. cacao mother trees were germinated in
polybags with 20 cm diameter and 40 cm height, filled
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with 6 kg soil, a 3:1:1 mixture of clay-rich soil, sand,
and organic substrate.

After 60 days, homogeneous plants with
approximately six leaves were chosen and divided into
three groups. Group 1 and Group 2 were subjected
to drought stress by reducing the volumetric water
content until they reached a soil water potential of
-1.68+0.05 MPa (moderate stress treatment, Group 1)
and -2.68+0.05 MPa (severe stress treatment, Group 2),
respectively, within a period of 10 days. Subsequently,
these plants were maintained under these stress
conditions for an additional period of 50 days.

Group 3 was used as control, so it was irrigated to
maintain a soil water potential of -0.92+0.02 MPa. For
all three treatments, and if required, water was added
to the soil to maintain constant soil water potential
values, a condition that was monitored using the
MPS-2 soil water potential sensor (Decagon Devices
Inc., Pullman, WA, USA) (Figure 1A). Soil water
potential values were selected due to the contrasting
behavior of cocoa plants to different levels of water
deficit reported by Almeida et al. (2019) and Tezara
etal. (2020). Stomatal conductance was monitored
during the experiment as an indicator of the plant
water status using an SC-1 leaf porometer (Decagon
Devices Inc., Pullman, WA, USA) (Figure 1B).

A randomized block design with three blocks (b=3)
was used, with each block containing all treatments.
The treatments consisted of three levels of drought
stress (t=3): no drought (control), moderate, and
severe, with five plants submitted to each, resulting in
15 individuals per block, totalizing 45 plants (n=45).
The experimental unit had one cocoa plant.

Plant height (PH) and the number of leaves per plant
(NLP) were monitored once a week for eight weeks in
cacao seedlings in all treatments. The PH measurement
was carried out measuring the plant from its base to
the highest point with a ruler.

Physiological parameters were assessed 48 days
after the drought stress beginning. At this stage, a
clear differentiation of growth parameters among
treatments was evident (Figure 2). Data were recorded
from the fourth fully developed leaf of each seedling.
Measurements were made using an infrared gas
analyzer CIRAS-3 portable photosynthesis system
(PP Systems, Amesbury, MA, USA) as described
by Suarez Salazar etal. (2018). The photosynthetic
response (A) curves to photosynthetic active radiation
(PAR) intensity (A/PAR) were generated by increasing
PAR in ten steps from 2,100 to 0 umol m?s™, a process

similar to the target cacao plants under different levels
of drought stress, with exposure periods at each light
level before measurement of 5 min.

For each treatment in each block, A/PARs per plant
were calculated. Initially, in order to allow the stomata
to open, leaves were put for 5 min in a chamber with
controlled environment. They were submitted to a
vapor pressure deficit (VPD) between 1.0 and 1.5
kPa, with leaf temperature at 25°C, and partial CO,
concentration of 50 ppm. The ambient light during the
development of the light curves ranged between 900 to
1,200 umol m? s™. Following this, the environmental
conditions in the cuvette were modified to perform
the leaf A/PAR curves, with VPD ranging from 1.0
to 1.5 kPa at 25°C, partial CO, concentration of 400
ppm, and under artificial PAR provided by LED light
source. These measurements were performed at local
time between 7h and 9h in the morning.

Moreover, light-saturated A (A .x), light compensation
point (LCP), dark respiration rates (Ry), and apparent
quantum efficiency (®) were determined from the slope
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Figure 1. Soil water potential average (A) and stomatal
conductance (B) of each treatment during the experiment.
Data are means of 15 replicates. Vertical bars indicate the
standard error.

Pesq. agropec. bras., Brasilia, v.59, €03543, 2024
DOI: 10.1590/S1678-3921.pab2024.v59.03543



4 J.C. Suarez-Salazar et al.

of the initial linear portion of the A/PAR curve (Bauerle
etal.,, 2006). Additionally, stomatal conductance (gs,
mol [H,O] m? sV), transpiration, (E, mmol [H,O]
m? s1), water use efficiency (WUE=A/E, umol [CO,]
mmol! [H,0]), intracellular CO, concentration (C;,
umol mol ') and leaf temperature difference (LTD, °C)
were also assessed under natural light conditions. These
measurements were carried out between 7h and Sh in
the morning at local time at a VPD between 1.0 and 1.5
kPa, leaf temperature of 25°C, and 400 ppm of CO,.
LTD was calculated as the difference between the leaf
and environment temperatures.

Measurements of Chl, were performed on the
same leaves and time used to measure gas exchanges.
This study used the chlorophyll fluorescence module
(CFM-3) adapted for the CIRAS-3 infrared gas analyzer
(PP Systems, Amesbury, MA, USA), which provides
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Figure 2. Effect of drought stress on plant growth of cacao
seedlings. Changes in plant height (A) and the number of
leaves per plant (B) during the experiment period. Changes
are shown as delta (A) representing the difference in growth
from the initial measurement at the onset of drought
treatments. Data are the means of 15 replicates. Vertical
bars indicate the standard error values. All models were
significant (p<0.001).
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chlorophyll fluorescence measurements using the pulse-
amplitude modulation (PAM) technique. The actual
PSII quantum yield (®@pg;;) was determined in the light-
adapted state as follows: @ps;= (F,,” - F,)/ F,,’, where F,,
is the maximal fluorescence during illumination and
F; is the fluorescence that was measured immediately
before the application of pulses of light.

Afterwards, leaves were subjected to a 30-minute
dark adaptation process, covering them with paper bags
to ensure the absence of light. The ®pg; was calculated,
and the electron transport rate (ETR) was determined
as follows: ETR = PAR x 0.84 x 0.5 x ®pg;; where 0.5
is a multiplication factor because transport of a single
electron requires the absorption of 2 quanta, and 0.84 is
the species-specific fraction of incident quanta absorbed
by the leaf (Brooks & Niyogi, 2011). The photochemical
quenching coefficient (qL) was obtained by
qL = qP x (Fy’ / F,), where qP [qP=(F,,’— F)/(F.,— Fy")]
is photochemical quenching coefficient, F,” parameter
is measured after an introduction of far-red illumination
on light-adapted leaves when all of the PSII reaction
centers and electron acceptors are once again oxidized
using a far-red light lighting (Falqueto et al., 2017), and
F; is steady-state fluorescence yield during illumination.

Finally, the non-photochemical quenching (NPQ)
was estimated using NPQ=(F,, - F,’)/ F,, (Falqueto
et al., 2017), where F,, is the maximal fluorescence in
the dark. At the end of the experiment, the contents
of total chlorophyll (Chl), chlorophyll a (Chl,),
chlorophyl b (Chl,), and carotenoids were determined
in the fourth full developed leaf, using six discs of 3.14
cm? for each plant, following the protocol described by
Lichtenthaler (1987). Proline was estimated according
to the method described by Bates et al. (1973).

The Michaelis-Menten hyperbolic constant was
used to adjust the A/PAR curves. The A, LSP, LCP,
Rd, and @y, were calculated following the equations
described by Lobo et al. (2013). A Mixed Linear Model
(MLM) was adjusted for the parameters derived
from the A/PAR curves, photosynthetic pigments,
and proline concentration under different levels of
drought stress, which is a fixed factor, whereas plants
and leaves were considered random factors. The
assumptions of normality and homogeneity of variance
were evaluated using an exploratory residual analysis.
Differences between mean cacao plant responses in a
certain level of drought, fixed factor, were analyzed
with the Fisher’s LSD post-hoc test at a significance
of a = 0.05. Analyses were performed in R software,
version 3.4.4 (R Core Team, 2023).
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Results and Discussion

Plant height (PH) and number of leaves per plant
(NLP) presented a quadratic trend, with R? values
above 0.98 and 0.95, respectively, regardless of the
water stress level. Figure 2 shows the equation for
each growth variable. A relationship of 0.98 (p<0.05)
was exhibited between growth as a function of
PH and the NLP, independent of the drought level.
However, despite this similar plant growth trend for
all treatments, the plant growth rate was significantly
affected by drought in an intensity-dependent manner
(Figure 2). After 20 days of drought treatments,
the effect was noticed, being more evident in the
subsequent days (Figure 2). The growth reduction is
not a mechanistic active adjustment but a consequence
of reducing stomatal conductance, photosynthesis, and
increasing photoinhibition.

Based on growth performance during a prolonged
drought, a significant decline in PH and NLP
proportional to the water availability conditions was
observed, confirming that cacao trees are sensitive
to soil moisture (Santos etal., 2016; Lahive et al.,
2018; Zakariyya & Indradewa, 2019; Hebbar et al.,
2020). Nonetheless, cacao seedlings were able to grow
independently of the intensity of the water stress,
showing a positive correlation between PH and NLP.
This resilience suggests that, regardless of whether
it reduces evapotranspiration, the observed decrease
in PH and NLP primarily results from diminished
stomatal conductance and photosynthesis, restricting
the availability of carbohydrates for new cell wall and
tissue formation. Moreover, other factors, such as
elevated respiration rates and increased production of
root exudates, may exacerbate this phenomenon.

Carbon allocation dynamics can shift under drought
conditions, with more carbon potentially being directed
toward root development to enhance water absorption,
which may reduce the substrates available for leaf
formation. The decrease in the number of leaves
implicates lower photosynthesizing leaf area and,
therefore, a reduced growth rate; however, this can
be beneficial for reducing the transpiration rate when
water availability is limited (Zlatev & Lidon, 2012).

The light-saturated photosynthetic response (A ,.y),
found under control conditions, reduced by 27% under
moderate drought and 56% under severe drought
(Figure 3 and Table 1). The opposite was found for dark
respiration rates (Ry), light compensation point (LCP),
and quantum yield at a given photosynthetic active

radiation intensity (®par), Which presented higher
values in the leaves of cacao seedlings under severe
drought (Table 1). Regarding the efficiency of carbon
fixation in relation to water use efficiency (WUE),
plants under control condition exhibited the highest
values, followed by plants under moderate and severe
drought conditions (Table 1). The same trend was
observed for stomatal conductance (g;), transpiration
(E), and intracellular CO, concentration (C;). The
leaf temperature of cacao seedlings also responded
to drought, with seedling leaves under severe stress
exhibiting the highest LTD.

The exhibited growth rate reduction in the plants
subjected to drought treatments was accompanied
by decreased photosynthetic capacity and increased
stomatal limitations in response to limited water
availability. Both photosynthetic capacity and stomatal
limitations contribute to a reduction in photosynthesis
rates, yet the relative impact of each factor varies
significantly (Zlatev & Lidon, 2012). This study
showed significantly reduced gs in drought-stressed
plants, probably to cease evapotranspiration, which
may inhibit carbon dioxide entry, thus decreasing
the Ci and consequently limiting photosynthetic
response (A); however, this data needs to be cautiously
interpreted since the significant decrease of gs in
stressed plants could be a passive outcome of drought
stress in which stomatal closure occurs as a direct
consequence of hydraulic stress, thereby inadvertently

9—
e
P Moderate drought )
6— # 8 o
4 g
lm , Severe drogght
E 8 e o > )
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Figure 3. Leaf photosynthesis-PAR response curves. A =net
carbon assimilation rate.
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impacting the CO, uptake and, consequently, affecting
significantly A (Araque et al., 2012).

In this sense, stomatal closure seems effective in
maintaining adequate WUE values, as reported WUE
values are considerably higher in seedlings under
severe stress than in moderate stress and control
conditions. The high WUE observed under severe
drought indicated a great capacity of cacao seedlings to
maximize the water use for biomass production under
water limitations. Since water consumption is a growing
concern for farming systems worldwide, future studies
on understanding how cacao can reach high WUE will
benefit the development of strategies to grow this crop
efficiently in a changing climate scenario.

In contrast, some works have shown that the A
reduction in leaves under stress conditions was
associated with increased C;, which causes stomatal
closure (Proietti etal., 2012; Regni etal., 2019). In
this study, the reduced levels of C; on leaf seedlings
under reduced water availability could have been the
consequence of the prolonged drought employed in
the experimental design that may have led to long-
term reduced gs. The role of C; on stomatal closure
under soil water restrictions is still controversial, since
there are studies reporting its increase, decrease, or
invariable level under drought stress (Tezara et al.,
2002; Liu et al., 2012; Proietti et al., 2012), which could
be due to the experimental conditions and plant species

evaluated in each experiment. The prolonged reduction
of gs may also have compromised the capacity of the
leaves to cool, since the leaf temperature of seedlings
under drought stress was significantly higher than the
control ones. A prolonged stomatal closure is expected
to cease evapotranspiration, leading to a rise in leaf
temperature (Liu et al., 2011). This increase in leaf
temperature may further exacerbate the detrimental
effects of drought by enhancing the thermal stress on
the photosynthetic apparatus.

Non-stomatal limitations are indicated by the
significantly reduced efficiency at which light absorbed
by PSII is used for photochemistry in light-adapted
cacao seedlings (®psy;) and photochemical quenching
coefficient (qL) in plants under limitations of water
availability compared to the control. Lower values
of photosynthetic electron transport through PSII
in a photosynthetic active radiation (PAR) intensity
superior to 400 umol m? s! were also observed
in cacao seedlings under drought stress compared
with no-stressed plants. All results suggest that the
photosynthetic apparatus responses of cacao seedlings
are compromised under drought conditions.

The PSII response was assessed to understand
better the physiological behavior of cacao seedlings
under prolonged drought stress, monitoring the
chlorophyll a (Chl,) fluorescence parameters with
different PAR levels (Figure 4). Plants under control

Table 1. Means and standard error of the photosynthetic and functional traits of cacao plants under different drought levels

of water stress®.

Parameter Drought level
Control Moderate Severe

Light-saturated net carbon assimilation rate (A, pmol m2s™) 8.40+0.10a 6.10+0.10b 3.70+0.10 ¢
Dark respiration rate (Ry, pmol m? s™) 0.70+0.10 a 0.50+0.20b 1.90+0.10 ¢
Light compensation point (LCP, pmol m? s) 17.40+2.80 b 14.60+£3.70 b 67.80+4.00 a
Quantum yield (®par, 1x10° pmol (CO,) pmol photon) 450+0.30b 5.80+£0.50 a 6.20+£0.10 a
Stomatal conductance (g, mol (H,0) m? s™) 52.10+1.80a 39.70+1.70 b 27.50+1.60 ¢
Transpiration (E, mmol (H,O) m?s™) 1.10+0.07 a 0.47+0.02b 0.12+0.10 ¢
Water use efficiency (WUE, umol (CO,) mmol! (H,0)) 7.60+0.32a 1290+ 031 b 30.80+£0.10¢
Intracellular CO, concentration (C;, pmol mol™") 254.10+£5.32a 190.10 £ 10.80 b 4.60+£0.70 ¢
Leaf temperature difference (LTD, °C) 0.55+0.07 a 0.57+0.05b 1.13+0.03 ¢
Chlorophyll a (Chl,, g kg dry mass) 28.70+0.10 a 27.00+0.10 b 21.00+0.10 ¢
Chlorophyll b (Chl,, g kg dry mass) 16.90+0.70 a 11.70£0.10 b 6.50+£0.10 ¢
Total chlorophyll (Chl, g kg dry mass) 45.70+0.70 a 38.60+£0.20b 27.40+£0.20 ¢
Carotenoid (Car, g kg dry mass) 4.70+0.20 ¢ 6.10+0.10b 11.80+0.10 a
Chl/Car 9.80+0.50 a 6.40+£0.10b 230+0.10¢
Chl a/b 1.70+£0.40 b 230+0.20b 320+0.10a
Proline (mg g') 0.30+0.10¢ 0.60+0.10b 1.10£0.10 a

(MMeans followed by equal letters, in the rows, do not differ from each other by Fisher’s LSD post-hoc test, at 5% probability.
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treatment exhibited a maximum quantum yield (F,/
F.) of 0.82, while plants under moderate and severe
drought treatments presented values of 0.79 and 0.75,
respectively. For all treatments, ETR exhibited a
progressive trend as the intensity of PAR increased.
Under the radiation of 1,000 umol m? s, the ETR
in leaves of cacao seedlings grown under control
treatment was 20% and 45% higher than in leaves
of plants grown under moderate and severe drought
treatments, respectively (Figure 4 A). In contrast, Opgy
and the qL gradually decreased as the PAR and water
stress levels increased (Figure 4 B and C). Plants under
severe drought exhibited the highest thermal energy
dissipation; however, for all treatments, NPQ reached
a stationary phase near 400 PAR (Figure 4 D).

Additionally, seedlings under drought treatments
presented F,/F, values lower than 0.8, indicating
a decrease in the photosynthetic potential (Lahive
et al., 2018; Hebbar et al., 2020). The abovementioned
changes were accompanied by an increase in NPQ and
carotenoid content and a decrease in Chl, Chl,, and
chlorophyll/carotenoid (Chl/Car) caused by drought
stress (Table 1). These changes may represent a strategy
to protect the photosynthetic apparatus from light
energy not used in photosynthesis (Araque et al., 2012;
Zakariyya & Indradewa, 2019). Reduction of Chl,,
and Chl, contents are expected to minimize the light
absorption by chloroplasts and increase carotenoid
concentration to play a role in photoprotection due to
its antioxidant capacity (Ghobadi et al., 2013).

Interestingly, despite lower values of A,,,,, drought-
stressed plants exhibited the highest response curve
slope at low light levels, indicating higher quantum
efficiency that can be interpreted as a strategy for
survival, maximizing the effectiveness of light use
for carbon fixation under low PAR. This situation was
also reported by Sudrez Salazar et al. (2018) in cacao
plants under a low level of radiation. The highest
values of LCP were observed in plants subjected to
drought stress, probably as a response mechanism
to compensate for respiratory carbon loss due to the
elevated Ryand photorespiration that are not sufficiently
compensated by the fixation of CO, in photosynthesis
(Lambers et al., 2008).

The content of photosynthetic pigments and proline
was determined, whose results showed that water stress
had a general effect on those pigments. The leaves from
cacao seedlings under moderate and severe drought
stress significantly reduced the Chl, and Chl, (Table 1).
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Compared to the control treatment, the reduction in
total chlorophyll (Chl)) was 15% in moderate drought
and 40% in severe drought (Table 1), and the same
behavior was observed for Chl/Carotenoids, in which
plants under severe drought exhibited a ratio 76%
lower than control plants (Table 1). In contrast, Chl,/
Chl, ratio and the content of carotenoids and proline
increased proportionally to the level of drought stress
(Table 1).

Additionally, a high accumulation of proline
content in leaves of cacao seedlings under lower
water availability was found, probably playing a role
in cytoplasmic osmotic adjustment. Experiments
with different plant species have shown that proline
accumulation facilitated water retention in the
cytoplasm, maintaining cell turgor and stabilizing
membranes, thereby preventing electrolyte leakage,
and its concentration is often considered an indicator
of saline and drought stress (Hayat et al., 2012; Dossa
etal., 2017; Zakariyya & Indradewa, 2018 ; Regni
et al., 2019). The high accumulation of proline may also
stabilize proteins and protein complexes, scavenging
ROS and balancing intracellular redox homeostasis,
contributing jointly to the survival of cacao seedlings
under drought conditions (Hayat etal, 2012).
Consequently, the insights and the methodological
framework established in this study might be the base
for future researches and breeding programs.

Conclusions

1. Cocoa seedlings subjected to prolonged drought
stress demonstrate reduced photosynthetic capacity
and growth, which highlightes their sensitivity to
water scarcity.

2. Adaptive growth responses are evident as
seedlings adjust their height and leaf production
to available water, displaying their resilience to
environmental stress.

3. Seedlings activate protective mechanisms,
such as increased non-photochemical quenching and
elevated carotenoid and proline levels, which help
mitigate the effects of decreased stomatal conductance
and photosynthetic pigment content under drought
conditions.
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