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Abstract

Understanding water stress signaling mechanisms and screening for tolerant cocoa cultivars are major challenges when
facing prolonged dry and rainy seasons in cocoa-producing areas. While abscisic acid (ABA) and proline are supposed to
enhance drought tolerance in cocoa, the role of polyamines remains unclear. The aim of this study was to investigate the
biochemical response and phenological adaptation of cocoa (Theobroma cacao) on different soil moisture conditions, with
a focus on short-term (20 days) and long-term (89 days) stress conditions, and to compare the performance of three cocoa
cultivars. In a split plot design with four blocks, cocoa seedlings of an international high-yielding cultivar (TSH-565) and
two locally selected cultivars (IIa-22 and I1I-06) from the drought-exposed Alto Beni region, Bolivia, were arranged in pots
under a roof shelter (cultivar: three levels). The seedlings were exposed to strong (VERY DRY) and moderate (DRY) soil
moisture deficits, water logging (WET) and regular irrigation (MOIST) that served as a control (moisture: four levels). We
examined the growth performance and the levels of ABA, proline, and polyamines in the leaves. Growth was reduced already
at a moderate drought, while severe drought enhanced seedling mortality. Severe drought increased the levels of ABA by
453% and of proline by 935%, inducing a short-term stress response; both compounds were degraded over the long-term
period. The polyamine concentration was unrelated to soil moisture. The cocoa cultivars did not differ in their biochemical
response to soil moisture stress (proline: p-value=0.5, ABA: p-value =0.3), but the local cultivar III-06 showed a stronger
height growth increment than the international cultivar TSH-565 (237%, p-value =0.002) under drought conditions.
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Introduction

Cocoa (Theobroma cacao L.) is produced in the humid trop-
ics, where the trees are exposed to varying abiotic condi-
tions. Climatic conditions are challenging cocoa cultivation:
cocoa-producing regions worldwide are already affected
by climate change and, consequently, by extreme weather
events. Many regions are facing increasing temperatures,
which, in turn, augment evapotranspiration and lead to
changes in precipitation patterns (Léderach et al. 2013). The
cocoa tree is sensitive to both water logging and drought
(Wood and Lass 2001). Soils must have good drainage to
avoid water logging, while rainfall should exceed 1250 mm
(Zuidema et al. 2005) and be well distributed over the year.
Prolonged and severe dry seasons affect growth and pro-
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duction (Laderach et al. 2013), and increase tree mortality
(Gateau-Rey et al. 2018). Flooding is another environmental

@ Springer


http://orcid.org/0000-0002-7776-1268
http://crossmark.crossref.org/dialog/?doi=10.1007/s10725-020-00638-9&domain=pdf
https://doi.org/10.1007/s10725-020-00638-9

Plant Growth Regulation

challenge for cocoa plantations, already common in low-
lands and areas with heavy rainfall (Bertolde et al. 2010).
The adaptation strategies of the cocoa production systems to
reduce the impact of climate change have been widely dis-
cussed (Tscharntke et al. 2011; Vaast and Somarriba 2014),
e.g., agroforestry systems that buffer climatic extremes and,
therefore, protect the understory cocoa (Niether et al. 2018)
and improve soil water infiltration (Tscharntke et al. 2011).
Other efforts have focused on the identification and devel-
opment of drought-tolerant cocoa cultivars (Apshara et al.
2013; Bae et al. 2008). Regional cultivation may contrib-
ute to adapting cocoa cultivars to local conditions (Araque
etal. 2012; Avila-Lovera et al. 2016), whereas international
cultivars usually promise higher yields or pathogen resist-
ance. Cocoa is an important cash crop. Especially small-
scale farmers rely on the survival and productivity of their
cocoa plantation for their family income (Hiitz-Adams et al.
2016). This fact makes the adaptation of cultivars to local
conditions and the design of resilient production systems
important (Jacobi et al. 2015).

To define suitable breeding goals, the biochemical sign-
aling of cocoa as a response to water stress in short- and
long-term periods needs to be examined. Exposed to water
stress, plants induce osmotic adjustment to maintain leaf
turgor at low water potential values and protect cellular func-
tioning (Almeida et al. 2002). The xylem water potential of
cocoa leaves decreases in response to drought (Avila-Lovera
et al. 2016; Balasimha et al. 1991). Since maintenance of
leaf turgor is an indicator of drought tolerance, the decrease
indicates the drought susceptibility of cocoa in general,
while more tolerant cocoa cultivars maintain a higher xylem
water potential and reduce transpiration-mediated water
loss by stomatal regulation (Almeida et al. 2016; Apshara
et al. 2013; Araque et al. 2012). However, stomatal closure
leads to a reduction in cocoa leaf mass and a decrease in
starch concentration due to reduced photosynthetic activity
(Almeida et al. 2016; Avila-Lovera et al. 2016; Bae et al.
2009). Growth and development are consequently curtailed,
especially in drought-sensitive cocoa cultivars (Santos et al.
2014). Maintaining high photosynthetic activity under dry
conditions is also a desired trait for tolerance (Apshara et al.
2013). Flooding, as the opposite extreme to water deficit,
causes hypoxia or anoxia in the soil, which inhibit water
and nutrient uptake, and ultimately limit photosynthesis
and reduce leave water potential in non-tolerant species like
cocoa (Almeida et al. 2016; da Silva Branco et al. 2017).

Environmental stresses induce signaling cascades in
plants that include messenger molecules and activation of
gene transcription, resulting in a physiological response that
depends on the severity of the stress and other environmental
conditions (Tuteja and Sopory 2008). Drought activates the
transcription of genes related to the biosynthesis of abscisic
acid (ABA) (Santos et al. 2014). ABA is translocated within
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the plant and induces the ABA-dependent signal transduc-
tion pathway for stress response. In cocoa leaves, as in those
of other plants, ABA stimulates osmotic adjustment, directly
via stomatal closure (Balasimha 1983) or by activating gene
expression in the biosynthetic pathways of other metabolites,
e.g., the polyamines putrescine, spermidine and spermine
(Bae et al. 2008). Polyamines are formed via ABA-depend-
ent or independent pathways and are associated with drought
responses (Alcazar et al. 2006; Bae et al. 2008). Particularly,
accumulation of the diamine putrescine enhances tolerance
to dehydration by controlling stomatal closure and reduc-
ing leave transpiration (Alet et al. 2011). ABA is further
involved in the synthesis and accumulation of the amino acid
proline during drought (Balasimha 1983). Proline fulfills
several functions in cell protection, such as balancing the
cells’ redox status and scavenging reactive oxygen species
(reviewed in Verbruggen and Hermans 2008). The interac-
tion of the different molecules involved in stress response
is a recent research topic, and the complex connections are
not yet completely understood (P4l et al. 2018). Both mes-
senger molecules and osmotic adjustment differ in execution
and intensity between species and cultivars, depending on
stress tolerance and environmental conditions (Tuteja and
Sopory 2008).

Dry seasons in the humid tropics, with little or no rain,
can last for weeks or months. Short- and long-term strate-
gies for adaptation to dry conditions are therefore crucial
for cocoa trees to survive and maintain growth and devel-
opment. Long-term stress experiments, especially involv-
ing cocoa seedlings and their leaf physiology, are scarce.
However, they are necessary to understand the functioning
of this crop under changing climatic conditions, and to sup-
port breeding goals. The aim of this study was to investigate
the phenological adaptation and the physiological response
of different cocoa cultivars to four soil moisture regimes,
ranging from very dry to wet conditions, in an experimental
set-up.

Due to the aforementioned sensibility of cocoa to drought
and flooding (Wood and Lass 2001), we hypothesized (i)
that the dry and wet conditions in our trial would reduce the
growth of the seedlings, while moderate moist soil would be
the best suitable condition for them, and (ii) that the plants
would accumulate stress-related molecules of proline, ABA,
and the polyamines putrescine, spermidine and spermine in
the leaves in response to the soil moisture levels. We ana-
lyzed the biochemical response after a short-term (20 days)
and a long-term (89 days) stress period under similar condi-
tions to those of a prolonged dry season and a soil waterlog-
ging period, expecting (iii) that the content of stress-related
molecules in the leaves would remain high to maintain the
functioning of the plant organs under the ongoing stress con-
ditions. In this experimental set-up, we compared two locally
selected cocoa cultivars and an international cultivar, all of
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them commonly used in the Alto Beni region, Bolivia, where
the study was conducted. In this region, only 30% of the
annual precipitation falls within the dry season. Trend analy-
ses predict a rise in the mean temperature and a decrease in
precipitation during the dry season (Niether et al. 2018),
making the adaptation of crop cultivars to local conditions
crucial. Finally, we assumed (iv) that the local selection
of cultivars already seeks for adaptation to local climatic
conditions, including water deficit and flooding, which is
expressed by a higher survival rate and vegetative develop-
ment of the local cultivars under stress.

Materials and methods
Plant material and experimental design

The study was conducted at Sara Ana, the experimental
field station of the Research Institute of Organic Agricul-
ture (Forschungsinstitut fiir Biologischen Landbau, FiBL)
located in Alto Beni, Bolivia, a cocoa-producing region at
the foothill of the Bolivian Andes (15°33°S, 67°19°W, 365 m
a.s.l., 25.2 °C mean temperature, 83% mean relative humid-
ity, 1439 mm annual precipitation, Niether et al. 2018). The
experimental set-up with the cocoa seedlings was placed
under a rainproof open-sided roof and a light shelter with
22% of photosynthetically active radiation reaching the seed-
lings, in accordance with previous experiments on cocoa
seedlings (Almeida et al. 2016; da Silva Branco et al. 2017).

The cocoa seedlings used in this study were the popu-
lar internationally distributed cultivar TSH-565, from the
Trinidad Selection Hybrid series, and the local cultivars
I[Ia-22 and ITI-06, from an elite tree selection program by El
Ceibo, the umbrella organization of organic cocoa produc-
ers’ cooperatives in Alto Beni, Bolivia. Producers in this
region usually plant genetic material from both international
and local cultivars, which makes it interesting to explore
whether the selection of cultivars takes climatic suitability
into consideration. The three cultivars of our study were
selected according to their growth and production under field
conditions (Schneider et al. 2017). Buds were taken from
the same experimental field trial (Schneider et al. 2017) and
grafted on four-month-old rootstocks of the cultivar IMC-
67 growing in pots. To reduce water loss by evaporation,
the soil was covered with rice husks. The seedlings were
arranged in 3 X 4 treatment combinations of cultivars (three
levels, main plot) and soil moisture (four levels, sub-plot)
within a split-plot design with four blocks. One experimental
unit (one treatment combination) consisted of four seedlings
in individual pots to provide sufficient plant material for the
repeated leaf sampling over the treatment period. This made
up a total of 192 seedlings within 48 treatment combinations
in four blocks.

Soil moisture and micro-environmental conditions
during the experiment

The soil moisture was measured twice a week before the
treatment started and in the course of the experiment, with
a TDR-probe equipped with an H2-reader (IMKO, Ger-
many). Initially, all plants were equally watered and kept
at a high soil moisture level of 30% of volumetric water
content (Table 1, see Online Resource Fig. 1). Three months
after the grafting, the experiment started with the first sam-
pling of leaves (day 0), followed by the soil moisture treat-
ments. Over the time of the experiment, the plants were
watered accordingly to maintain the soil moisture regimes.
The MOIST condition was close to the initial condition
(soil moisture was maintained at between 23 and 28% of
volumetric water content); it decreased slightly during the
first 20 days and was maintained at 27% over the long-term
stress period. To obtain the DRY (soil moisture of 16-22%
of volumetric water content) and VERY DRY (soil moisture
of 10-15% of volumetric water content) conditions, the soil
moisture was reduced in the first days until it reached the
final water regime, and it was then maintained at 16% (DRY)
and 13% (VERY DRY) during the long-term stress period.
The temporal mean soil moisture during the first 20 days
was higher than the final soil moisture, because it took some
days to decrease the water content of the soil. The WET
treatment was obtained with a 3 cm depth of stagnant water
at the ground of the pot, simulating waterlogged soil with
soil moisture of between 29 and 35% of volumetric water
content. The soil moisture content was maintained at 33%,
which was higher than the initial values before the onset of
the water treatments.

Ambient climate, i.e. air temperature, relative humid-
ity and radiation, varied over the course of the experiment
during the rainy summer season. A data logger (Hobo
Pro Series, Onset Computer Corporation, MA) recorded,
hourly, the temperature and relative humidity at 1 m above
the ground; extraterrestrial radiation was calculated from
location data. Ambient temperature decreased slightly from
a mean temperature of 26.8 °C, in the period before the
onset of the experimental treatment, to a mean temperature
of 25.7 °C during the long-term treatment period, while
relative humidity rose from 81 to 88%. Radiation increased
from October to December, but remained almost constant
during the course of the water treatments from December
to February.

Measurement of phenological adaptation and leaf
sampling

Non-destructive measurements were conducted on day 40

and 89 of the experiment before leaf sampling. The plant
development parameters measured included leaf number,
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stem diameter (at 5 cm below the inoculation site) and
height (calculated as the sum of the length measured from
the ground to the tip of one branch and the length of other
branches measured from the furcation point to the tip of
the branch). The growth increment from day 40 to day 89
was calculated for the leaf number, stem diameter and plant
height to show the long-term development of the seedlings.
The survival rate was determined from the initial number
of seedlings and the number of dead seedlings at the end of
the experiment.

Leaf sampling and determination of physiological
stress response

Leaves were sampled in the morning of days 0, 20 and 89.
Fully expanded leaves above the inoculation site were cut,
immediately frozen in liquid nitrogen and transported to the
Laboratorio de Calidad Ambiental (Laboratory of Environ-
mental Quality) in La Paz, Bolivia, for freeze drying. Sub-
sequently, they were sent to the University of Gottingen,
Germany, where they were milled (ZM100, Retsch, Ger-
many) and analyzed.

Proline

0.2 g of milled leaf samples were extracted in 3%-sulfosali-
cylic acid, as described by Bates et al. (1973). The reaction
was started with ninhydrin (Carl Roth, Germany) in acetic
acid and phosphoric acid. After one hour at 100 °C, the reac-
tion was stopped on ice and toluol was added to separate the
phases. The upper proline phase was immediately measured
photometrically at 520 nm (8453 UV-Visible Spectropho-
tometer, Hewlett Packard, Germany). The proline concentra-
tion was calculated by the concentration of the standard rea-
gent D-proline (Sigma-Aldrich, Germany) and is expressed
inmg g~ ! (dry matter).

Abscisic acid (ABA)

Samples were extracted with a mixture of methanol,
water and acetic acid (20:79:1) containing 25 ng ml! of
D6-(2Z,4E)-abscisic acid (Icon Services, USA) as an
internal standard. ABA was re-extracted twice into diethyl
ether, as described by Hiftner et al. (2014): the solvent was
removed under vacuum and the residue was dissolved in a
mixture of methanol and water (1:1). ABA was detected by
mass spectrometry (Sciex Qtrap 6500+) using LC-System
Nexera X2 (Shimadzu, Germany), equipped with an RPcol-
umn (50X 2 mm, Synergi Fusion, Phenomenx, Germany).
ABA was eluted with a binary gradient containing 2 mmol
ammonium acetate with 0.01% formic acid in bi-distilled
water, as solvent A, and methanol, as solvent B. The gradient
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elution program (percentage of solvent A) was: 0 min, 25%;
4 min, 5%; 6 min, 5%; 6.01 min, 25%. The ABA content is
expressed in ug g~ ! (dry matter).

Polyamines

Extraction and derivatization of polyamines from 0.1 g of
milled cocoa leaves followed the method described by Smit
et al. (2014), with the modification described by Niether
et al. (2017). This included 10 pM of 1.7-diaminoheptan
(Sigma-Aldrich, Germany) added to the extraction medium
as an internal standard. Polyamines were analyzed via high-
performance liquid chromatography (HPLC, LC-2000
Series, Jasco, Germany), as described by Smit et al. (2014),
with HPLC-adjustments (Niether et al. 2017). The polyam-
ines were eluted in the order of their retention times: internal
standard diaminoheptan, putrescine, spermidine and sper-
mine. The peaks were confirmed with the retention time of
the reference compounds: spermine, spermidine (Sigma-
Aldrich, Germany) and putrescine-dihydrochloride (Carl
Roth, Germany). The limits of determination and quanti-
fication were defined according to Kromidas (2011). The
concentrations of the different polyamines are expressed in
ug g~ ! (dry matter).

Statistical analysis

We used linear mixed-effects models (ImerTest, Kuznetsova
et al. 2016) within the statistical programming environment
R (R Core Team 2018) to study the effects of the fixed fac-
tors “cultivar” (three levels) and “moisture” (soil moisture
regime, four levels), and their interaction (moisture:cultivar),
on the biochemical response variables. The block (replica-
tions, four levels) was always added as a random factor. In
the first model, the fixed factor “stress period” (three lev-
els: day O =before stress, day 20 =short-term stress, day
89 =long-term stress) was added, and in the second model
the data were separated according to the sampling days. Lin-
ear mixed-effects models were also implemented to study
the influence of cultivar, moisture and the moisture:cultivar
interaction on the phenological variables. To determine dif-
ferences in the survival rate, general mixed-effects models
with family =binomial and the same factors as above were
applied. In contrast to the other variables, we analyzed the
survival of the four seedlings separately per treatment unit.
Orthogonal contrasts were fixed in advance to compare the
local cultivars to the international cultivar (IIa-22 vs. TSH-
565, and TSH-565 vs. I11-06), and the levels of the soil mois-
ture regimes (VERY DRY vs. DRY, DRY vs. MOIST, and
MOIST vs. WET). When necessary, outliers were removed
and data were Box-Cox-transformed to meet the normal-
ity and homoscedasticity requirements. Data are usually
presented as mean and standard error. The packages plyr
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Fig. 1 Proline concentration in cocoa leaves from seedlings of three cultivars on three sampling dates (before the onset of the tress, after a short-
term stress period of 20 days and after a long-term stress period of 89 days) and four soil moisture regimes

Table 1 Soil moisture expressed

he vol . environmental conditions before stress short-term long-term

as the volumelric water content (day —35 to day 0) (day 1 to day 20) (day 21 to day

of the different soil moisture 89)

regimes and microclimate in

the course of the expgrin}ent soil moisture regimes

(temporal‘ mean over indicated VERY DRY [%] 30 42 19 +5 13 +3

stress periods and standard

deviation) DRY [%] 30 +2 22 +5 16 +3
MOIST [%] 30 +3 26 +3 27 +2
WET [%] 30 +2 32 +1 33 +2
temperature [°C] 26.8 +1.3 25.8 +2.1 25.7 +1.6
relative humidity [%] 81.0 +5 85.6 +8.3 88.0 +5.
extraterrestrial radiation [MJ 38.9 +0.1 40.9 +0.0 40.5 +

m~2day™ ']

(Wickham 2011) and ggplot2 (Wickham 2009) were used
for data frame calculations and graphs.

Results
Phenological response to stress treatment

The best survival and plant growth of the cocoa seedlings
across all cultivars was observed under the MOIST and
WET soil moisture regimes; both survival and growth
decreased from the MOIST to the DRY conditions. The
differences between the DRY and VERY DRY conditions
were not clearly pronounced for all parameters; leaf num-
ber and height increment were not different under those
two regimes (Table 2). Height increment was 37.2 cm
under the MOIST and 26.1 cm under the WET soil mois-
ture regime, but only 15.0 and 17.8 cm under the DRY
and VERY DRY treatments, respectively. Stem diameter
and survival rate decreased further from DRY condi-
tions, reaching their lowest values under the VERY DRY

conditions. Leaf shedding and seedling mortality were
observed on cocoa seedlings across all soil moisture con-
ditions. While 79% of the cocoa seedlings withstood the
MOIST conditions, the survival rate decreased to 71% and
69% under the DRY and WET conditions and even to 38%
under the VERY DRY soil moisture conditions. 6% of the
seedlings under WET conditions and 8% of the seedlings
under MOIST conditions showed leaf shedding, but 29%
of the seedlings of the DRY and 33% of the seedling of
the VERY DRY soil moisture regimes lost leaves during
the stress period (data not shown).

The cocoa cultivars varied in their stress adaptation to
the different soil moisture regimes. While the local cul-
tivars ITa-22 and III-06 showed their best stem diameter
increment under the MOIST soil regime with 8.6 mm and
4.4 mm, respectively, TSH-565 had its highest increment
(10.3 mm) under the WET conditions. The plant height
increment of cultivar I11-06 was 2.3-fold higher than that
of TSH-565 across all soil moisture regimes. Addition-
ally, the cultivars showed fluctuations in their soil mois-
ture responses, e.g., the height increment under the VERY
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Table 2 Phenological traits as

. Soil moisture regime
growth increase from day 40 to

Leaf increment

Stem diameter Height increment Survival rate

. cultivar [number] increment [mm] [cm] [%]
day 89 and survival rate (mean
and standard error) of the three VERY DRY
cult.ivars undpr the four soil Ma-22 01 +0.8 0.6 21 56 +3.9 44 13
moisture regimes. The lower
part shows results from linear TSH-565 2.0 +2.0 2.5 +25 167 +133 25 +11
mixed-effects models (F-value) 111-06 0.5 +1.0 0.1 +36 28.8 +11.3 44 +13
and orthogonal contrasts Mean 0.9 £06 1.1 £0.7 170 +67 38 +7
(t-value), results from binomial DRY
model (z-value) and the level
of significance (n.s.: non- ITa-22 0.9 +0.07 0.7 +1.7 209 +10.7 75 +11
significant; *P-value < 0.05; TSH-565 0.5 +0.3 3.8 +0.7 3.6 +4.9 69 +12
:If;)value <0.0L; 11-06 0.6 +06 27 +02 227 +85 69 +12
value <0.001) Mean 0.7 +0.1 24 +09 158 61 71 +6
MOIST
1a-22 3.0 +0.5 8.6 +19 30.1 +13.8 88 +9
TSH-565 2.8 +0.8 3.0 +3.1 289 +8.6 75 +11
111-06 2.0 +0.5 44 +1.6 525 +9.3 75 +11
Mean 2.6 +0.3 5.3 +1.7 372 +7.7 79 +6
WET
Ila-22 2.0 +0.7 7.1 +25 206 +74 63 +13
TSH-565 1.5 +0.06 10.3 +34 152 +7.4 75 +11
1I1-06 2.9 +0.8 2.2 +22 426 +9.7 69 +12
Mean 2.1 +0.4 6.5 +24 261 +8.4 69 +7
Analysis of variance F-value F-value F-value
Moisture 4.8 Hk 32 * 3.6 *
Cultivar 0.1 n.s. 1.2 n.s. 5.9 wk
Moisture:cultivar 0.9 n.s. 1.4 n.s. 0.5 n.s.
Orthogonal contrasts t-value t-value t-value z-value
VERY DRY vs. DRY —-1.7 n.s. —-2.1 * - 14 n.s. —-43 Hokk
DRY vs. MOIST -3.6 ok -30 ok -29 ok —-28 ok
MOIST vs. WET - 1.5 n.s. -23 * - 0.5 n.s. - 0.6 n.s.
IIa-22 vs. TSH-565 -0.2 n.s. -0.5 n.s. —-13 n.s. 0.8 n.s.
TSH-565 vs. III-06 -0.2 n.s. 1.6 n.s. —-34 wk 0.1 n.s.

DRY conditions was higher than under DRY conditions for
TSH-565 and I11-06.

Biochemical response to soil moisture regimes
Proline

Before starting the experimental water treatment, i.e.
when the seedlings were still under the same well-watered
conditions, the concentration of proline in the leaves was
on average 0.09 mg g~ !, ranging from 0.07 mg g~ ! in
cultivar TSH-565 and 0.09 mg g~ ! in cultivar I1I-06 to
0.12 mg g~ ! in cultivar I1a-22 (Fig. 1; see also Online
Resource Table 1). After the onset of the stress, the influ-
ence of the water treatments overlaid differences between
cultivars. In the course of the experiment, the concen-

tration of proline in cocoa leaves under the MOIST soil
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moisture conditions remained almost constant at 0.12 mg
g~ !in the short-term, and dropped to 0.09 mg g~ ! at the
end of the three months of treatment (Table 3). After the
short-term stress period, the concentration increased 1.5-
fold to 0.13 mg g~ ! under the DRY conditions, and dou-
bled to 0.19 mg g~ ! under the WET condition. After the
long-term period, the concentration dropped again under
both treatments, reaching values that were similar to those
of the seedlings under the MOIST soil moisture regime
(DRY: 0.09 mg g~ !, WET: 0.05 mg g~ !). The VERY DRY
soil moisture conditions induced a 935% increase of the
concentration of proline after the short-term soil mois-
ture treatment, reaching 0.88 mg g~ '. The concentration
decreased again to the initial one of 0.12 mg g~ ! after the
long-term period, despite the ongoing moisture stress.
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Table 3 Results from

) ; Proline ABA Putrescine Spermidine ~ Spermine

linear mixed-effects models

(F-value) and orthogonal Analysis of variance F-value F-value F-value F-value F-value

contrasts (t-value) and the

level of significance (n.s. non- Moisture 6.9 Rk 214 *EE 1.6 ns. 0.7 ns. 0.7 n.s.

significant; *P-value <0.05; Cultivar 4.1 * 05 ns. 15 ns. 0.7 ns. 0.1 n.s.

**P-value<0.01; . Stress period 310 e 201 RE [Q17 R 3367 wex 020wk

*#%P-value < 0.001) regarding . o

the concentrations of proline, Moisture:cultivar 1.7 ns. 1.7 ns. 02 ns. 19 ns. 1.8 n.s.

abscisic acid (ABA), putrescine, Moisture:stress period 3.1 #0230 #EE (.2 ns. 0.8 ns. 1.8 n.s.

spermidine, and spermine Cultivar:stress period 0.8 ns. 2.5 ns. 1.8 ns. 29 09 n.s.

of thrge cultivars on three . Moisture:cultivar:Stress period 0.4 ns. 5.3 # 1.6 ns. 0.8 ns. 0.5 n.s.

sampling dates and four soil

moisture regimes (two for ABA) Orthogonal contrast t-value t-value t-value t-value t-value
VERY DRY vs. DRY -21 * 1.1 ns. —1.0 ns. 13 n.s.
DRY vs. MOIST —2.8 k¥ 1.9 ns. —14 ns. 1.0 n.s.
MOIST vs. WET -25 * 2.0 * —-05 ns. 0.1 n.s.
IIa-22 vs. TSH 565 —-1.1 ns. 17 ns. 1.6 ns. 0.8 ns. —04 ns.
TSH-565 vs. 11I-06 -08 ns. —-24 * 0.1 ns. 1.1 ns. —00 ns.
Before stress vs. short-term 0.0 ns. —0.8 ns. 14.1 *#kE 254 #*%  —03 ns.
Short-term vs. long-term -22 * 6.0 k92 ¥R 17.6 FEE 5.6 ok

ABA Polyamines

The concentration of ABA was 0.69 pg g~ ! in unstressed

leaves before the onset of the soil moisture treatments,
and increased 4.5-fold to 3.18 pg g~ ! when soil moisture
was reduced during the short-term stress period in the
VERY DRY treatment (Fig. 2; see also Online Resource
Table 1). After the long-term stress period, the concen-
tration of ABA decreased again, even dropping below
the level measured before the onset of the stress (0.53 pg
g~ ). Under the WET conditions, the concentration did
not change after the short-term stress period, and only
decreased slightly after the long-term stress period (0.58
ug g~ ). Differences in concentrations of ABA between
cultivars in response to soil moisture regimes were not
observed.

The influence of the soil moisture regimes (putrescine:
p=0.2; spermidine: p=0.5; spermine: p=0.6) and culti-
vars (putrescine: p=0.2; spermidine: p=0.6; spermine:
p=0.9) was imperceptible; instead the differences of the
concentrations of all three polyamines between sampling
periods overlaid all other effects irrespectively of the soil
moisture treatment and the cultivars (p < 0.001 for all poly-
amines; Table 3). Before the onset of the stress treatment,
putrescine was the most abundant polyamine (mean across
all cultivars: 35.3 ug g~ '), followed by spermidine (18.3 g
g~ 1) and spermine (8.1 pg g~ !; Fig. 3). The concentrations
of putrescine and spermidine decreased across all soil mois-
ture regimes and cultivars after the short-term and long-term
periods. The concentration of spermine slightly increased to
150% of the initial value after the short-term stress period,

before stress
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Fig.2 Abscisic acid concentration in cocoa leaves from seedlings of three cultivars on three sampling dates (before the onset of the tress, after a
short-term stress period of 20 days and after a long-term stress period of 89 days) and two moisture regimes
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Fig. 3 Putrescine, spermidine, and spermine concentrations in cocoa
leaves on three sampling dates (before the onset of the tress, after a
short-term stress period of 20 days and after a long-term stress period
of 89 days) across three cocoa cultivars and soil moisture regimes

and decreased again to 75% of that value after the long-
term stress treatment. After both stress periods, spermine
was the most abundant polyamine, followed by putrescine
and spermidine.
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After separating the dataset for statistical analysis into
subsets for the various sampling periods, the soil moisture
regime increased its effect on the level of polyamine (see
Online Resource Table 2). At the end of the short-term stress
period, the content of putrescine was 2-fold higher under
the DRY (6.3 ug g~ ') and the VERY DRY (6.4 pg g~ 1)
regimes than under the MOIST (3.1 pg g~ ) soil moisture
condition (p=0.05). The content of spermine was slightly
higher under the VERY DRY conditions than under the DRY
ones (p=0.05). After the long-term period, no differences
in the concentrations of spermidine and putrescine were
observed between soil moisture regimes, while the content
of spermidine was lowest under the VERY DRY (2.2 ug
g~ 1) and DRY (2.0 pg g~ ') conditions and slightly higher
under the MOIST (2.9 pug g~ !; p=0.01) and the WET treat-
ments (3.3 pug g~ !; p=0.03). Before the onset of the stress,
the content of putrescine in the leaves of TSH-565 (32.1
ug g~ was only 70% of the concentrations measured in
I1a22 (45.7 ug g~ '; p=0.02), but neither this difference nor
any other differences between cultivars were observed in the
other samplings.

Discussion

Biochemical response to short- and long-term
moisture stress and phenological adaptation

Unfavorable soil moisture levels triggered biochemical
responses in the leaves of cocoa seedlings. The concen-
trations of proline and ABA under the MOIST soil water
regime over the short- and long-term stress periods were
low, while the growth and survival of the cocoa seedlings
were highest. This regime, with a high soil moisture content
of 80% compared to the condition with stagnant water, was
the most suitable one for the cocoa seedlings, and can there-
fore be referred to as the control condition (Ayegboyin and
Akinrinde 2016; Santos et al. 2014).

When soil moisture decreased to 75% of the volumetric
water content of the initial value (DRY) during the short-
term period, the levels of proline in the leaves slightly
increased. The biochemical response to soil water deficits
was much stronger when soil moisture decreased to 62% of
the initial value (VERY DRY) under the short-term treat-
ment: proline accumulated in the leaves more than 9-fold
and ABA more than 4-fold compared to the control condi-
tion. The effect of the soil moisture treatments DRY and
VERY DRY was reflected very well by proline concentration
even though the soil moisture increased on the sampling day.
These results show that the proline levels established during
the continuous treatment over the period of 20 days were not
affected by spontaneous soil moisture changes. The parallel
increases of the concentrations of ABA and proline after
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the short-term stress period can likely be accounted for the
interaction of the biosynthetic pathways of both molecules
during drought (Balasimha 1983). They were in line with a
9-fold increase of the levels of proline in cocoa seedlings
seven days after withholding irrigation (Balasimha 1983),
and an increase from day 3 to day 13 after stress induction
(Bae et al. 2009). The accumulation of stress-induced mol-
ecules varies among species and plant organs and may reflect
the ability of a plant to tolerate stressful conditions (Ver-
bruggen and Hermans 2008). The concentration of proline in
other plant species under osmotic stress increased 100-fold
(Verbruggen and Hermans 2008), and the level of ABA in
stressed cocoa embryos increased 25-fold as compared to the
controls (Pence 1992). The relatively low accumulation rate
of proline in cocoa seedlings compared to other plant species
may be related to the susceptibility of cocoa to water deficit.

While the expression of genes associated with ABA bio-
synthesis was enhanced in tolerant cocoa cultivars when
exposed to a 60-day-long drought treatment (Santos et al.
2014), the concentrations of proline and ABA in the leaves
did not reach a high level, and then decreased again to or
even below the level of unstressed cocoa seedlings. This may
be caused by the degradation of accumulated ABA together
with reduction of its synthesis, which is common when
genes are repressed during a long-term treatment, as shown
for tolerant cocoa cultivars (Santos et al. 2014). Another
explanation of the decrease in the concentration of ABA may
be conversion of ABA into ABA-glycosyl ester, as recently
reported for Thellungiella salsuginea subjected to salt stress
(Prerostova et al. 2017). The degradation of proline over a
long-term treatment was described as a strategy to avoid
proline toxicity in the leaves after proline accumulated to
high concentrations over time (Verbruggen and Hermans
2008). Proline accumulation can be reduced when leaf turgor
is maintained by ABA (Balasimha 1983). The reduction of
both proline and ABA after a long-term water deficit may
imply a different strategy aimed at cell protection and sus-
tained cell functioning during the long-term water stress,
or an impairment of the biosynthetic capacity of the plants
because of the stress.

Under moderately dry conditions, the higher mortality and
reduced vegetative growth of the seedlings, compared to those
of the non-stressed seedlings, were accompanied by only a low
increase in stress-related molecules, indicating that the dam-
age of the plants was limited. Under strong water deficit, the
damage of the plants resulted in a higher mortality than under
moderate drought, which was comparable to observations of
cocoa under severe stress made by other researchers (Alban
et al. 2016; Ayegboyin and Akinrinde 2016). For its part, veg-
etative growth was not much reduced compared to the levels
under moderate drought. This might be explained by the higher
concentration of proline and ABA in the surviving seedlings
under severe stress, which induced stomata closure resulting

in limited photosynthesis and reduced growth (Ayegboyin and
Akinrinde 2016). Some growth, at least at a low rate, has to be
maintained even under very low moisture conditions to secure
survival and sustain photosynthesis and a positive carbon bal-
ance over a long-term stress period (Joly and Hahn 1989).
Although the water deficit triggered leaf shedding, which is
an adaptational response reducing water loss by transpira-
tion, the vegetative growth has not ceased (Table 2). Similar
observations were reported for cocoa hybrids by Alban et al.
(2015) and for drought-sensitive cocoa cultivars by Santos
et al. (2014). Further strategies to reduce water loss reported
in the literature include decrease of the leaf area (Ayegboyin
and Akinrinde 2016) and reduction of the number of stomata
per leaf area (Zanetti et al. 2016).

ABA accumulating in a rapid stress response is known
to act as a growth inhibitor reducing cell functioning to a
maintenance level. Proline, accumulated together with ABA
in our experiments, is known to be synthesized by an ABA-
dependent pathway and to help maintaining cell turgor at the
onset of stress. Since the levels of stress molecules did not
increase any further after the long-term stress period, the
mechanism that sustained the survival of the cocoa seed-
lings over the whole stress period might have been induced
already during the short-term stress. We hypothesize that,
when the stress period continued, the reduction of vegetative
growth that had already occurred as an adaptation to low
moisture and high concentration of ABA may have been
sufficient to sustain a maintenance level of plant function-
ing at continuously low water contents. In order to test this
hypothesis, a study of gene expression (Santos et al. 2014)
combined with an analysis of stress metabolites under long-
term stress would be required.

Stagnant water over the long-term stress period simulated
a flooded soil. No biochemical response to this situation was
observed in the leaves, even though the reaction to water
logging is regulated by ABA (Voesenek and Bailey-Serres
2015). The survival rate was slightly lower than under the
control conditions (Table 2) and the vegetative growth, i.e.
leaf and height increment, was reduced (Table 2), as previ-
ously shown by Bertolde et al. (2010) and da Silva Branco
et al. (2017). In contrast, the stem diameter increment was
higher under stagnant water than under the control condi-
tions. This can also be the result of an adaptation to flooding,
since stem diameter is positively correlated with the root
biomass under flooding (Santos et al. 2018). Our contrast-
ing findings regarding vegetative growth under drought and
water logging support the observation by Almeida et al.
(2016) that cocoa plants are more tolerant to flooding than
to soil water deficit.
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Polyamines in the water stress response of cocoa
seedlings

In various plant species, drought induces an increase of poly-
amine concentrations (Alcazar et al. 2011). Also in cocoa,
polyamines are supposed to play a role in response to soil
moisture deficits (Bae et al. 2008), e.g., the concentration
of spermine in cocoa beans decreases when the dry season
prolongs, while those of putrescine and spermidine do not
change (Niether et al. 2017). Bae et al. (2008) describe a
drought-induced increase of the concentrations of all three
polyamines after 13 days of treatment that was within the
same range as polyamine concentrations after 20 days of
treatment in the present study. But in contrast to the findings
of Bae et al. (2008), the concentrations of putrescine and
spermidine in this study were even higher before the treat-
ment started (Fig. 3a, b). Furthermore, we did not observe
change in the concentration of the three main polyamines in
the leaves in response to the soil moisture regime. Instead,
we found a general increase in the concentration of spermine
at the beginning, as well as a decrease of the precursors of
spermine, i.e. putrescine and spermidine, among the stressed
and the control seedlings. These results can be explained
by the conversion of putrescine to spermidine and subse-
quently to spermine, according to the biosynthetic pathway
of polyamines in plants (Tuteja and Sopory 2008). These
results do not support the role of polyamines in the drought
tolerance of cocoa seedlings. We explain these findings by
species-specific stress responses of cocoa leaves and the long
duration of the stress period. Since foliar ABA and proline
increased after 20 days of strong drought compared to non-
stressed plants, but not after three months of ongoing stress,
polyamines may have been involved in the stress response at
a much earlier stage of the stress impact. This suggestion is
inspired by the findings of Bae et al. (2008), who describe
an increase in gene expression and polyamine levels during
the first days after the stress started. Alcazar et al. (2011)
propose homeostasis of polyamines during drought accli-
mation, which inhibits the accumulation of polyamines by
constant synthesis, degradation, and back-conversion along
the polyamine biosynthetic pathway. This might include a
polyamine stress response that is not observed on the level
of concentration, but rather on gene expression (Bae et al.
2008).

Since the variation of the polyamine levels was not
explained by the soil moisture regimes, it is probably related
to the general development of the plants in this case and
might also been caused by other environmental effects dur-
ing the treatment period, e.g., the decrease in the mean
daily temperature and the simultaneous increase in relative
humidity and extraterrestrial radiation (see Online Resource
Fig. 1). These seasonal environmental changes were not
strong, but we know that increasing radiation can affect the
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photosynthetic activity of young cocoa seedlings (Balasimha
et al. 1991). Putrescine, among the other polyamines, has
been shown to increase the efficiency of photosystem II
(Ioannidis and Kotzabasis 2007), and a reduction of putres-
cine may come along with increasing light.

Conclusions

The mortality rate of cocoa seedlings increased with
decreasing water availability, and vegetative growth was
already reduced under moderate dry conditions, demonstrat-
ing the drought susceptibility of cocoa. Foliar ABA and pro-
line accumulated as a response to short-term severe drought
but the concentrations of both metabolites dropped during
long-term treatments, implying an alternative mechanism
of drought adaptation, such as the reduction of vegetative
growth. Polyamine levels were controlled by a different envi-
ronmental or plant-internal trigger over time that could not
be identified. According to the biochemical data, we cannot
recommend one cultivar over the others as better adapted to
dry conditions. However, phenological performance favored
local cultivars. The ability of different rootstock cultivars
to take up water under dry conditions deserves further
investigation.
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