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Abstract

Water deficit is one of the main limiting factors in agricultural production, affecting the
growth and photosynthetic performance of plants. The aim of this study was to evaluate
the effects of foliar applications of melatonin, Baltiko® containing Ascophyllum nodosum
and LT Supra® containing Lithothamnium calcareum in black pepper, ‘Bragantina’, subjected
to three cycles of water deficit, on physiological performance, carbohydrate allocation
and vegetative growth. The results showed that the applied solutions contributed to the
recovery of damage caused by water stress. The first cycle of water deficit affected the
electron transfer quantum yield, resulting in the reduction of Py and PIxps. However,
the damage to the photosynthetic apparatus was recovered in subsequent cycles. Water
stress reduced chlorophyll indices, possibly as a strategy to minimize photo-oxidative
damage. Plants treated with melatonin and L. calcareum maintained a stable leaf expansion
rate and showed greater leaf water potential (¥1¢,) recovery, standing out in the second
and third cycles of water deficit.

Keywords: biostimulants; chlorophyll a fluorescence; drought cycles; growth regulator;
Piper nigrum L.; seaweed

1. Introduction

Black pepper (Piper nigrum L.) is the most popular condiment in the world [1]. In 2022,
the world produced approximately 812,673.57 tons, with Brazil being the second largest
producer, behind only Vietnam [2]. However, the crop faces production declines due to
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reduced rainfall [3]. In Brazil, water deficit is one of the main challenges for the expansion
of the crop [4].

Recurrent water stress poses one of the greatest challenges to agriculture and natu-
ral ecosystems, occurring when soil water availability is insufficient to meet the plant’s
evapotranspirative demand repeatedly over time. To survive this cyclical condition, plants
develop sophisticated adaptive mechanisms, such as stomatal closure to reduce water loss,
the accumulation of compatible solutes (osmolytes) to maintain cell turgor, and root system
deepening in search of more moist zones. However, when water scarcity is excessively
prolonged, these mechanisms become exhausted, resulting in severe oxidative damage, a
drastic reduction in photosynthetic rates, and significant productivity losses [5].

Little is known about the effect of recurring water deficit on black pepper; however,
Ferreira et al. [5] reported that water deficit reduced stomatal conductance, photosynthetic
rate, transpiration, water potential, leaf area, and number of leaves. However, the cultivar
‘Bragantina’ exhibited an adaptive response, progressively extending its tolerance to water
stress with each new water-deficit cycle. Despite these adaptations, the plants were unable
to resume vegetative growth after rehydration [5].

A promising alternative is the use of biostimulants and growth regulators; these
products have emerged as effective tools to improve plant nutrition and increase the plants’
ability to tolerate environmental stresses [6]. Biostimulants based on seaweed extract such as
Ascophyllum nodosum contain a wide variety of substances, including phenolic compounds,
alginic acid, mannitol, laminarin, betaines, proteins, lipids and several mineral nutrients
in different concentrations [7]. Among red seaweeds, the genus Lithothamnium also has
biostimulant potential, as its organic fraction is rich in humic acids with auxinic activity [8].
In addition to seaweed, melatonin (N-acetyl-5-methoxytryptamine) is a biological regulator
that modulates physiological and biochemical mechanisms, stimulating plant growth [9].
Biodegradable and non-toxic, it is recommended for sustainable agriculture [10]. Naturally
present in plants, its exogenous application induces changes that strengthen resistance to
abiotic stresses [9].

It is known that, under water deficit, A. nodosum and melatonin helped to regulate
the osmotic potential in tomato, grapevine, wheat and potato [11-13]. In wheat, melatonin
increased maximum quantum efficiency and root growth [11]; similar to the conilon coffee
tree, melatonin mainly favored the recovery of gas exchange after rehydration [14]. A.
nodosum increased chlorophyll levels [15]. Previous studies indicated that melatonin at
a concentration of 100 uM L1, through foliar and root application, significantly atten-
uated the adverse effects of recurrent water stress in black pepper [16]. Furthermore, A.
nodosum modulates responses to salinity [7,17]. In sugarcane, Lithothamnium associated with
vinasse increased sucrose levels [18], and in grapevines, improvements in photosynthetic
parameters were observed [19]. Also, Lithothamnium provided changes and increased water
potential under water deficit and favored the growth and quality of papaya plants [20,21].

Although the effectiveness of seaweed and melatonin has been proven in several
production systems, there are gaps regarding their effects on black pepper cultivation
under recurrent water deficit. This is the first study to evaluate the comparative effects of
melatonin, A. nodosum, and L. calcareum on black pepper subjected to recurring drought
cycles. These products, for the most part, are registered as organic fertilizers without the
need to prove their bioactivity [22,23]. As a result, organic fertilizers are sold without
knowledge about their bioactive potential and recommended without due adjustment in
the dosage and positioning of the products. In other words, farmers may be applying under-
or overestimated dosages and/or positioning anti-stress products at inappropriate times,
which may achieve no effect or even reduce production.
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Therefore, for the biostimulant product to be recommended to farmers, applied re-
search must be carried out to make a safe recommendation to farmers [24]. Therefore,
the objective of this study was to evaluate the effects of foliar applications of melatonin,
A. nodosum and L. calcareum on black pepper plants, ‘Bragantina’, subjected to recurrent
cycles of water deficit, focusing on physiological performance, carbohydrate allocation and
vegetative growth.

2. Results
2.1. Water Potential

The results obtained for the Y1 .,¢ of the plants showed significant differences between
the treatments and the cycles of water deficit and recovery (Figure 1). In DRY1, DRY2, and
DRY3, the treatments subjected to water deficit exhibited lower Y1 .,¢ values compared
to the control (Figure 1). During the REC1 recovery phase, the WD A. nodosum treatment
showed lower ¥ ., values than the other treatments, whereas no statistically significant
differences among treatments were observed in REC2 and REC3 (Figure 1).
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Figure 1. Effects of control, WD, WD melatonin, WD A. nodosum and WD L. calcareum treatments on
leaf water potential (¥ Leaf) of ‘Bragantina’. Plants were subjected to three cycles of water deficit
(DRY1, DRY2 and DRY3) and recovery (REC1, REC2 and REC3). During the cycles, the WD, WD
melatonin, WD A. nodosum and WD L. calcareum treatments were subjected to water deficit, while the
control was kept irrigated. The bar corresponds to the standard error of four replicates containing one
plant per plot. Means followed by the same letter do not differ from each other by the Scott-Knott
test (p < 0.05). Capital letters compare treatments within the same water regime, while lowercase
letters compare water regimes among themselves.

2.2. Chlorophyll a Fluorescence

For the variables related to chlorophyll a fluorescence, no significant effects of the
interaction between treatments and water-deficit and rehydration cycles were observed.
Thus, the analysis was performed independently. In the maximum photochemical quantum
yield (¢Py), there was a significant difference between the water conditions. The values of
the first water-deficit and recovery cycle were lower than those of the subsequent cycles
(Figure 2A). For the energy absorption flux per reaction center (ABS/RC), an increase was
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observed in the first water-deficit and recovery cycle compared to the two subsequent

cycles (Figure 2B).
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Figure 2. Effect of the treatment control, WD, WD melatonin, WD A. nodosum and WD L. calcareum on
the photochemical parameters derived from the analysis of the JIP test of ‘Bragantina” subjected to three
cycles of water deficit (DRY1, 2 and 3) and recovery (REC1, 2 and 3). During the cycles, the treatments
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WD, WD melatonin, WD A. nodosum and WD L. calcareum were subjected to water deficit, while the
control was kept irrigated. The bar corresponds to the standard error of four replicates containing
the mean of two plants per plot. Means followed by the same letter do not differ from each other
by the Scott-Knott test (p < 0.05). (A)—Maximum photochemical quantum yield (¢Py), (B)—energy
absorption flux per reaction center (ABS/RC), (C)—captured energy flux per reaction center (TRy/RC),
(D)—dissipated energy flux per reaction center (DIy/RC), (E)}—number of active PSII reaction centers
per cross sections (RC/CSy), (F)—electron transfer quantum yield from Qs —to the electron transport
chain beyond Qa—(¢@Ey), and (G)—performance index for energy conservation of photons absorbed
by PSII for the reduction of PIspg intersystem electron acceptors.

In the energy captured flux per reaction center (TRy/RC), DRY1 presented a higher
value than the other water conditions (Figure 2C). A higher dissipated energy flux per
reaction center (DIp/RC) was observed in the first drought and rehydration cycle, while the
two subsequent cycles presented significantly lower values, with no significant differences
between them. The number of active PSII reaction centers per cross section (RC/CSy)
was higher in REC2. Among the treatments, WD A. nodosum presented higher averages
(Figure 2E).

The electron transfer quantum yield of Qa—for the electron transport chain beyond
Qa—(9Ep) and the performance index for energy conservation of photons absorbed by
PSII for the reduction of intersystemic electron acceptors PIaps followed the behavior of
¢@Py (Figure 2A, EG). Both presented lower values in the first water-deficit and recovery
cycle compared to subsequent cycles (Figure 2F,G). Among the treatments, WD melatonin
and WD L. calcareum showed @Eg values similar to the control (Figure 2F), while PIpps was
lower only for WD A. nodosum (Figure 2G).

2.3. Photosynthetic Pigments

For the variables related to photosynthetic pigments, in which no significant effects
were observed in the interaction between treatments and water-deficit and rehydration
cycles, the analysis was performed independently. In the chlorophyll a index (Chl a),
significant differences were observed between water-deficit and rehydration cycles, with
RECS3 presenting higher values compared to the other water conditions (Figure 3A). Among
the treatments, WD L. calcareum was the only one that maintained a value similar to the
control (Figure 3A).

As for the chlorophyll b index (Chl b), there was a significant interaction between
treatments and water-deficit and recovery cycles (Figure 3B). In the drought periods DRY1,
DRY2 and DRY3, all treatments presented statistically similar values (Figure 3B). In the
recovery periods, treatments subjected to water deficit reduced Chl b values compared
to the control (Figure 3B). In REC2, there was only a reduction in the WD A. nodosum
treatment, while in REC3, the WD treatment was the only one to show a reduction when
compared to the other treatments, which did not differ statistically from each other.

The control reduced the Chl b value in DRY1 and DRY3, maintaining higher values
in the other water conditions (Figure 3B). The WD, WD melatonin and WD L. calcareum
treatments also reduced the Chl b value in the first cycle of water deficit and rehydration, in
addition to DRY3, while in the other water conditions they presented higher values, with
no statistical differences between them (Figure 3B). The WD A. nodosum treatment followed
a similar pattern, with a reduction in Chl b in the first cycle and in DRY3; however, in REC2,
it also presented a reduction in the Chl b value (Figure 3B).

In the Chlorophyll Total Index (Chl Total), significant differences were observed
between the water-deficit and rehydration cycles, with REC3 presenting higher values
compared to the other water conditions (Figure 3C). Among the treatments, WD L. calcareum
was the only one that maintained a value similar to the control (Figure 3C).

https:/ /doi.org/10.3390/stresses6040074


https://doi.org/10.3390/stresses6040074

Stresses 2026, 6, 74

60f17

Chla

Chl Total

140

120

100

80

60

40

20

300

250

200

150

100

50

140

A

[ Control
3 wD

- I WD Melatonin
[ WD A. nodosum
I WD L. calcareum

40 : ; {120
© 30
= {100
O 20

10 {80

0

Chl b

Chl Total

DRY 1 REC1

80 DRY1 REC1 DRY2 REC2 DRY3 REC3

60
40
20

0

DRY2 REC2 DRY3 REC3

Figure 3. Control, WD, WD melatonin, WD A. nodosum, WD L. calcareum and their effects on the
photosynthetic pigment content of ‘Bragantina’. The plants were subjected to three cycles of water
deficit (DRY1, DRY2 and DRY3) and recovery (REC1, REC2 and REC3). During the cycles, the
treatments WD, WD melatonin, WD A. nodosum and WD L. calcareum were subjected to water deficit,
while the control was kept irrigated. Graphs (A,C) show the isolated effect of the treatments and the
water-deficit and recovery cycles. Graph (B) shows the significant interaction between the water-
deficit and recovery cycles. Capital letters compare the treatments within the same water regime,
while lowercase letters compare the water regimes with each other. The bar corresponds to the
standard error of four replicates containing the mean of two plants per plot. Means followed by the
same letter do not differ from each other according to the Scott-Knott test (p < 0.05). (A)—Chlorophyll
a (Chl a), (B)—chlorophyll b (Chl b), and (C)—chlorophyll total (Chl Total).

2.4. Carbohydrate Allocation

In the levels of reducing sugars (RS) and total soluble sugars (TSS), there were no sig-
nificant effects between treatments and vegetative organs, so the analyses were performed
independently. However, regardless of the treatments, there was a greater accumulation of
RS and TSS in the leaves, followed by the stem and root (Figure 4A,B).

2.5. Vegetative Growth

There was a significant interaction between treatments and water-deficit cycles and
recovery for leaf expansion rate (Figure 5A). During the cycles, the treatments presented
statistically similar values, except for in the REC1 water condition, in which the treatments
subjected to drought reduced the leaf expansion rate when compared to the control. In REC1,
only the L. calcareum treatment remained statistically similar to the control (Figure 5A).

The control presented higher averages of the leaf expansion rate in REC1 and REC3
compared to the other water conditions (Figure 5A). The WD treatment had lower values
in the first cycle and in DRY2, but was higher in REC2 and in the last cycle (Figure 5A). The
WD A. nodosum treatment had higher values only in the third cycle. The WD melatonin
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and WD L. calcareum treatments did not present statistical differences between the water
conditions (Figure 5A).
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Figure 4. Control, WD, WD melatonin, WD A. nodosum, WD L. calcareum and their effects on carbohy-
drate allocation of ‘Bragantina’. Plants were subjected to three cycles of water deficit (DRY1, DRY2 and
DRY?3) and recovery (REC1, REC2 and REC3). During the cycles, the treatments WD, WD melatonin,
WD A. nodosum and WD L. calcareum were subjected to water deficit, while the control was kept irrigated.
The graph shows only the isolated effect of the organs. The bar corresponds to the standard error of
four replicates containing the mean of six plants per plot. Means followed by the same letter do not
differ from each other by the Scott-Knott test (p < 0.05). (A)—Reducing sugar (RS); (B)—total soluble
sugar (TSS).
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Figure 5. Control, WD, WD melatonin, WD A. nodosum, WD L. calcareum and their effects on vegetative
growth of ‘Bragantina’. Plants were subjected to three cycles of water deficit (DRY1, DRY2 and DRY3)
and recovery (REC1, REC2 and REC3). During the cycles, the treatments WD, WD melatonin, WD A.
nodosum and WD L. calcareum were subjected to water deficit, while the control was kept irrigated.
(TO) before the imposition of the cycles. Capital letters compare the treatments within the same water
regime, while lowercase letters compare the water regimes with each other. The bar represents the
standard error of four replicates, with one plant per plot for leaf expansion rate, and six plants per
plot for shoot growth. Averages followed by the same letter do not differ from each other according
to the Scott-Knott test (p < 0.05). (A)—Leaf expansion rate; (B)—branch growth.

No significant effects of the interaction between treatments and water-deficit cycles on
branch growth were observed, allowing independent analysis of the factors (Figure 5B).
A progressive increase in branch growth was observed throughout the water-deficit cy-
cles, with statistical differences between the values. The lowest growth was recorded in
TO, followed by DRY1, DRY2 and, finally, the highest growth, which occurred in DRY3
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(Figure 5B). Among the treatments, only WD A. nodosum showed lower branch growth
compared to the control, while the other treatments maintained similar values (Figure 5B).

3. Discussion

WD melatonin showed the highest percentage of Y1 .,¢ recovery in the first water-
deficit cycle. However, this recovery percentage decreased over subsequent cycles. Even so,
in the second and third cycles, this treatment maintained the highest recovery percentage
compared to the other drought-treated groups. According to El-Yazied et al. [13], melatonin
stimulates the production of osmotic solutes, such as sugars, which help minimize water
loss and protect cell membranes, in addition to acting as scavengers of reactive oxygen
species through the synthesis of oxidizing enzymes. Soluble sugars play a fundamental
role in stabilizing macromolecules and cell membranes; sugars have the ability to prevent
protein denaturation through interactions with membranes and proteins via hydrogen
bonds [25].

The WD A. nodosum treatment showed a better percentage of ¥ o,¢ recovery in the
third cycle. This result may be associated with the chemical composition of A. nodosum-
based products, which contain a wide range of inorganic components, such as K, Ca, Mg
and Zn [26,27]. These nutrients favor defense responses and osmotic adjustment [28]. For
example, K plays a fundamental role in osmotic adjustment, regulating stomatal opening
and closing to improve water use efficiency in water-deficit conditions [29]. This nutrient
is crucial in protecting against osmotic stress [30]. Furthermore, a diversity of active
substances from A. nodosum extract, such as fucéidan, laminarin, alginic acid, mannitol,
betaines, oligosaccharides and sterols present in Baltiko®, are recognized for stimulating
defense responses in plants in response to stressful conditions [7,28].

The WD L. calcareum treatment showed a better percentage of Y1, recovery in the
second cycle. The biostimulant effects of Lithothamnion sp. have already been reported
for several plant species [21,31-35]. This positive effect is linked to osmotic regulation due
to the high concentration of Ca and Mg, cations essential for maintaining the stability of
cell membranes and activating crucial metabolic enzymes, promoting resistance to water
deficit and ensuring cellular homeostasis [36,37].

Although there was no significant interaction between control, WD, WD melatonin,
WD A. nodosum and WD L. calcareum for total soluble sugars, amongst leaves, stem and roots,
the highest accumulations were found in the leaves. This suggests that the accumulation
of osmotically active solutes helps the osmotic potential, contributing to the maintenance
of osmotic pressure and the reduction of ¥y ,¢, which is a recognized strategy for dealing
with water stress [12,15].

In fact, the availability of total soluble sugars has been used as a physiological indicator
of drought stress tolerance, since carbohydrates provide energy and solutes essential for
osmoprotective accumulation [15]. In this context, leaf carbohydrates play a central role in
regulating osmotic potential, contributing to the preservation of relative water content and
cellular functionality [12]. It should be noted that the carbohydrate allocation assessments
were only carried out at the end of the third cycle, after the rehydration phase, as it was a
destructive analysis. Thus, this may suggest that the greater accumulation of total soluble
sugar content in the leaves of the ‘Bragantina’ black pepper tree may be an adaptive
mechanism that helps maintain the water content of the species itself, since there were no
significant differences between the treatments evaluated.

It is also observed that the reduction in @P( values in DRY1 and REC1 indicates the
occurrence of intense damage in the QA reduction capacity, due to the impairment of the
excitation energy transfer capacity of PSII [38]. Consequently, 9 Eg was compromised, and
the reduction in @Ej is a result of the failure of the electron transport yield [39]. Although
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there were increases in the absorption components ABS/RC for DRY1 and REC1 and an
increase in the energy capture component TRy /RC observed in DRY1, they did not result
in an increase in PO efficiency and @E, yield [36].

The reduction of @E( in DRY1 and RECI1 resulted in an increase in DIy /RC energy
dissipation. Plants under stress increase the inactivation rates of reaction centers [40]. A re-
duction in RC/CSy during DRY2, DRY3 and REC3 was also noted. However, this reduction
did not affect ©Py, @Eq and PIpgs. Across treatments, the decrease in RC/CS, was evident
in the control, WD, WD melatonin, and WD L. calcareum, but with no impact on Plags.
The reduction of RC/CSy may be an adaptive response of plants in the search to optimize
the reaction centers that remained active to reduce QA, so that received excitation energy
was able to be transported through the transport chain, providing good photosynthetic
performance [41,42].

The Chl a index in DRY1 decreased drastically compared to the other water conditions.
Maintaining a reduced chlorophyll content under drought stress can help plants minimize
photo-oxidative damage, which occurs when photosynthesis is inhibited [43]. Furthermore,
the decrease in the Chl b index in the WD melatonin, WD A. nodosum and WD L. calcareum
treatments in DRY1, REC1 and DRY3 may indicate a photosynthetic adjustment of plants as
a protection mechanism against excess absorbed light, which could lead to photo-oxidative
damage, caused by the accumulation of unused light energy [43].

During recovery, if the plant has not yet fully re-established its physiological processes,
a lower amount of Chl b can avoid overloading the photosynthetic system [43]. This
adjustment becomes even more relevant when considering that, in the present study, an
increase in ABS/RC and DIy/RC was observed, accompanied by a reduction in ¢P0 in
RECI1. This behavior indicates that the reduction of Chl b in DRY1 and REC1 was beneficial,
because if their levels had remained high, the absorbed light would not have been efficiently
used in the photosynthetic process, which could result in an excessive accumulation of
energy and greater oxidative stress for the plant.

The WD melatonin and WD L. calcareum treatments maintained the leaf expansion
rate stably throughout the cycles, unlike the WD treatment A. nodosum, which showed an
increase in leaf growth in the third cycle. Under water-deficit conditions, the plant can
reduce the rate of leaf expansion to reduce transpiration, or invest in physiological and
morphological mechanisms to maximize survival and growth [44].

The stable growth in WD melatonin may indicate a homeostatic regulatory effect,
helping plants maintain a more balanced water balance and avoiding large fluctuations in
leaf expansion. The late increase in the rate of leaf expansion in the WD A. nodosum treatment
suggests a resource allocation strategy, in which the plant mobilizes stored carbohydrates
for leaf growth, promoting recovery and increased growth after water stress [45].

Although drought cycles cause loss of turgor pressure and tissue dehydration [43],
a progressive increase was observed in the branches with the greatest growth in DRY3,
followed by DRY2 and DRY1. According to Chen et al. [43], plant growth is an impor-
tant metric of drought adaptation capacity. Therefore, the progressive increase in branch
growth despite recurrent drought suggests an acclimation response by ‘Bragantina’ plants
to repeated water deficit. The recovery of photosynthetic performance observed during
the second and third cycles, evidenced by the restoration of @Py, @Ey and Plsps, may
have facilitated carbon assimilation and sustained vegetative growth. These responses
suggest that the black pepper plants adjusted their physiological processes over successive
drought cycles, enhancing their ability to maintain growth under conditions of limited
water availability.
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4. Materials and Methods
4.1. Plant Material and Cultivation Conditions

The experiment was conducted between May and July 2024, at the Linhares Experimen-
tal Farm, of the Capixaba Institute for Research, Technical Assistance and Rural Extension,
located at 19°25'0.1" S and 40°4/35.3"” W, in the municipality of Linhares, in the northern re-
gion of the state of Espirito Santo, Brazil. The seedlings of the black pepper plant ‘Bragantina’
were purchased from the commercial nursery Farm Quatro Irmaos, located 19.08392° S,
40.12381° W, in the municipality of Sooretama, northern region of Espirito Santo, Brazil.

The seedlings were transplanted into 7 L plastic pots, using one seedling per pot. The
pots were filled with Tropstrato HT vegetable substrate and fertilized with 17 g of Basacote®
Mini 3M 16-8-12 (+2). After transplanting, the seedlings were transferred to a greenhouse
with polyethylene coverage and 30% Aluminet screen, where they remained for 30 days for
acclimatization, being irrigated regularly to maintain field capacity. During the experiment,
the temperature and relative humidity inside the greenhouse were measured using a digital
thermometer-hygrometer model Incoterm —7666.02.0.00. Readings were taken twice, at
8:00 and 17:00 (Figure A1).

4.2. Stress Imposition and Experimental Design

The study was conducted in three cycles, each including a dehydration phase with
suspension of irrigation for ten days, followed by a rehydration phase with resumption of
irrigation for five days to field capacity, designated DRY1, DRY2, DRY3 AND REC1, and
REC2 AND RECS3, respectively [44]. The control treatment was maintained at field capacity
throughout the experiment, and the negative control (WD) was subjected to irrigation
suspension for ten days. Before each dehydration phase, solutions with melatonin, A.
nodosum, L. calcareum and distilled water were applied.

The experimental design used was in randomized blocks, in a factorial scheme, with
four blocks, each containing six plants per plot. The first factor was the behavior of the
application of three different solutions with melatonin (100 M), Baltiko® containing A.
nodosum (3 mL L™1) and LT Supra® containing L. calcareum (3 mL L~1), in addition to
distilled water (control) and negative control (WD). The second factor was the behavior of
six different environments: DRY1, DRY2, DRY3 AND REC1, REC2 and REC3.

The dosages and preparation of melatonin, A. nodosum, L. calcareum solutions were
selected based on studies by Silva et al. [46], Ye et al. [47], Alagupalamuthirsolai et al. [16],
Ramos et al. [48] and Ferreira et al. [49], who demonstrated positive effects of these biostim-
ulants in mitigating stress in plants under adverse conditions. The seaweeds A. nodosum
and L. calcareum were also analyzed for their macronutrient and micronutrient content
(Tables Al and A2, Appendix A). Applications of the solutions were carried out using a
manual sprayer with a capacity of 5 L.

4.3. Water Potential

Leaf water potential (¥ Leaf) assessments were performed at the end of water-deficit
(DRY1, 2 and 3) and recovery (REC1, 2 and 3) cycles, with one plant per plot evaluated.
Measurements were made at 5:00 a.m. using a Scholander pressure chamber (Model 1000,
PMS Instrument Co., Albany, OR, USA) on healthy, fully expanded leaves collected from
the middle third of the plants.

4.4. Chlorophyll a Fluorescence

Chlorophyll a fluorescence assessments were performed at the end of the water-deficit
(DRY1, 2 and 3) and recovery (REC1, 2 and 3) cycles, in two plants per plot, using a
portable Pocket-PEA fluorometer (Hansatech, Norfolk, UK), as recommended by Strasser
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et al. [50]. For each plant, two leaves were adapted to the dark for 30 min, using specific
clips, allowing complete oxidation of the photosystem. Then, a saturating light flash of
3000 [umol (photons) m~2 s~ 1] was emitted, lasting 1 s. From the transient fluorescence
OJIP, the parameters defined by the JIP test were calculated. The normalization and
interpretation of the measured and calculated parameters followed the criteria of Strasser
and Strasser [51].

4.5. Photosynthetic Pigments

The evaluations of chlorophyll 4, b and total levels were performed at the end of the
water-deficit (DRY1, 2 and 3) and recovery (REC1, 2 and 3) cycles, in two plants per plot,
using the electronic chlorophyll meter clorofiLOG, model CFL1030 (Falker, Porto Alegre,
Brazil). For each plant, two readings were performed.

4.6. Carbohydrate Allocation

Carbohydrate allocation was assessed by quantifying reducing sugars (RS) and total
soluble sugars (TSS) in the leaves, stems, and roots of six plants per plot. Although the
plants underwent three cycles of water deficit (DRY1, 2, and 3) and rehydration (REC], 2,
and 3), carbohydrate quantification was performed only at the end of the third cycle, after
the rehydration phase. The dried plant organs were ground in a STAR FI-50 (Fortinox,
Piracicaba, Brazil) mill and stored in a freezer at —18 °C.

Sugar extraction followed the method of Zanandrea et al. [52]. In total, 0.2 g of the dried
sample was homogenized in 5 mL of 0.1 M potassium phosphate buffer (pH 7.0), incubated
in a water bath at 40 °C for 30 min, and centrifuged using a NI 1811-A (Nova Instruments,
Sao Paulo, Brazil) model at 5000 rpm for 20 min. The supernatant was collected, and the
precipitate was resuspended twice in 5 mL of the same potassium phosphate buffer. The
combined supernatants were frozen for RS and TSS quantification. The protocol used for RS
quantification was the dinitrosalicylic acid method of Miller [53], while TSS quantification
followed a modified anthrone method of Yemm and Willis [54], using 2 mL of 0.1% anthrone
solution in 93.33% sulfuric acid, plus 1 mL of the plant extract, placed in a water bath at
100 °C for 3 min.

4.7. Vegetative Growth

Leaf expansion rate was determined throughout the water-deficit and recovery cy-
cles, which comprised ten-day drought periods followed by five days of recovery. To do
this, the leaf area of each leaf was estimated daily using a graduated ruler, by measur-
ing the leaf length and width. Leaf area was obtained using the mathematical equation
Leaf area = 2.2689 + 0.6900 x Length x Width, as determined by Partelli et al. [55], provid-
ing an estimate of leaf growth throughout the experiment.

With the leaf area determined for each day, the daily leaf expansion rate was calculated
as the difference between the leaf area of the current day and that of the previous day,
divided by the time interval between measurements, which was one day. Branch growth
was quantified in three periods: before the water-deficit cycles (T0) and at the end of the
first, second and third dry periods (DRY1; DRY2 and DRY3). Branch length was measured
using a tape measure from the stem to the apex.

4.8. Statistical Analysis

For variables such as water potential, chlorophyll a fluorescence, photosynthetic
pigments, carbohydrate allocation, and vegetative growth, a two-factor analysis of variance
(ANOVA) was performed. The first factor consisted of five solutions: melatonin (100 pM),
A. nodosum (3 mL L™1), L. calcareum (3 mL L™1), distilled water (control) and negative
control (WD). The second factor consisted of six water regimes: DRY1, DRY2, DRY3, REC1,
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REC2, and REC3. Means were compared using the Scott-Knott mean grouping test at a 5%
probability level (p < 0.05), using the SISVAR version 5.8 software [56].

5. Conclusions

Melatonin and Lithothamnium calcareum showed positive effects in mitigating water
stress caused by water shortage in ‘Bragantina’ black pepper plants, maintaining a stable
leaf expansion rate throughout the cycles, in addition to exhibiting progressive branch
growth. Furthermore, during the water-deficit cycle, ‘Bragantina’ black pepper plants had
their photosynthetic capacity and water potential reduced, with damage to the photosyn-
thetic apparatus being recovered and water potential increasing after rehydration. These
indications demonstrate that melatonin and Lithothamnium calcareum can be used in practice
as strategies to mitigate the damage caused by water shortage in ‘Bragantina’ black pepper
plants, and these products are promising for the species’ ability to adapt to water deficit.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS/RC energy absorption flux per reaction center
Chla chlorophyll a

Chl b chlorophyll b

Chl Total total chlorophyll

DIy /RC energy flux dissipated per reaction center
DRY1 cycles 1 of water deficit

DRY2 cycles 2 of water deficit

DRY3 cycles 3 of water deficit

Hum Max8h  maximum humidity 8 h
Hum Max 17h  maximum humidity 17 h
Hum Min 8 h minimum humidity 8 h
HumMin 17h  minimum humidity 17 h
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performance index for energy conservation of photons absorbed by PSII for

PI
ABS the reduction of intersystem electron acceptors
RC/CSy number of active PSII reaction centers per cross section
REC1 cycles 1 of recovery
REC2 cycles 2 of recovery
REC3 cycles 3 of recovery
ROS reactive oxygen species
RS reducing sugar
Tmax 8 h maximum temperature 8 h
Tmax 17 h maximum temperature 17 h
Tmin 8 h minimum temperature 8 h
Tmin 17 h minimum temperature 17 h
TRy/RC energy flux captured per reaction center
TSS total soluble sugars
WD water deficit
@Ep electron transfer quantum yield from
Qa to the electron transport chain beyond Qa
®Py maximum photochemical quantum yield
Y iear leaf water potential
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Figure Al. Climatic data. (A)—Maximum humidity at 8 am (Hum Max 8 h) [%], minimum humidity
at 8 am (Hum Min 8 h) [%], (B)—Maximum temperature at 8 am (Tmax 8 h) [°C], minimum tem-
perature at 8 am (Tmin 8 h) [°C], maximum temperature at 5 pm (Tmax 17 h) [°C], and minimum
temperature at 5 pm (Tmin 17 h) [°C], and (C)—maximum humidity at 5 pm (Hum Max 17 h) [%],
minimum humidity at 5 pm (Hum Max 17 h) [%].
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Table A1. Analysis of macro- and micronutrients of the commercial product Baltiko® based on
Ascophyllum nodosum, including the following elements: nitrogen, phosphorus, potassium, calcium,
magnesium, sulfur, iron, zinc, copper, manganese and boron.

Baltiko®
Product/Parameters
Low Medium High
Total nitrogen [%om/m] 2.2
Total phosphorus [Y%om /m] 0.3
Total potassium [%m/m] 5.7
Total calcium [Y%m/m] 0.1
Total magnesium [%m/m] 0.03
Sulfur [%om/m] 19
Iron [%m/m] 0.04
Zinc [ppm] 0.27
Copper [ppm] 0.07
Manganese [ppm] 0.47
Boron [ppm] 0.42

Table A2. Result of the chemical analysis of nutrients and humic substances of the product LT Supra®,
from the former company Supramar (currently called Algadermis). The product LT Supra® also
changed its name and is currently marketed as Litho Micron 3000®, maintaining the same formulation.

Parameter Unit LT Supra®
Nitrogen 0.06
Phosphor 0.09
Potassium [%] 0.06
Calcium 31.19
Magnesium 2.06
Sulfur 0.29
Boron 48.06
Copper 0.97
Iron 1 14,765.56
Manganese [mg kg™] 481.89
Zinc 10.5
Sodium 8084.48
Fulvic acid [%] 9.31
Humic acid ’ 0.93
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