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Abstract: Soil Cd is absorbed by roots and accumulated in cocoa plants, which represents a problem
in the commercialization of beans. In order to evaluate whether the exogenous application of
macronutrients (N, N-P, N-P-K, N-P-K-5, N-P-K-S5-Mg, and N-P-K-S-Mg-Ca) mitigates the absorption,
translocation, and accumulation of Cd in plants, soil pH and electric conductivity, dry root and shoot
biomass, leaf gas exchange, chlorophyll content, and macronutrient bioaccumulation were evaluated
in two cocoa clones (CCN-51 and EET-103) grown in a greenhouse. An increase in macronutrients
gradually increased the extraction capacity of Cd in both clones, with the highest Cd values being
obtained with the application of N-P-K-S-Mg-Ca. Macronutrient fertilization did not affect leaf gas
exchange; however, it caused significant reductions of 30, 40, and 60% in chlorophyll content, shoot,
and root dry biomass, respectively. The greatest translocation of Cd from the root to the shoot was
obtained with treatments that included N in clone EET-103 and Ca in clone CCN-51. Fertilization
with macronutrients did not decrease the absorption and accumulation of Cd in the cocoa seedlings,
because a greater removal force of Cd from the adsorption complex towards the soil solution was
caused by the exogenous application of Ca and Mg and an increase in soil acidity.

Keywords: gas exchange; absorption efficiency; chlorophyll; photosynthesis; macronutrients

1. Introduction

The presence of cadmium (Cd) in soils can be of geological origin due to the parent
material from which the soils are derived (native) or caused by anthropogenic factors such
as agricultural and mining activities and the use of fertilizers and pesticides; the latter are
considered to be the main sources of contamination in agricultural soils, reaching critical
concentrations of 130 mg Cd kg~! of soil [1]. Cadmium is a non-essential element for plant
development; however, when it is available in soil, it is absorbed by roots [2]. In the case of
cocoa, Cd accumulates in the leaves, fruits, and beans, and, when consumed in excessive
concentrations in cocoa-derived products, is harmful to humans [3-6].

In America, Ecuador, with a production of 365,000 t yr’l, is the world’s largest
exporter of cocoa; this export may represent USD 1,001,415,000 yr—, a potential that is due
to the 90,000 farmers who dedicate themselves to this crop, most of them being small and
medium-sized producers [7]. The provinces with the largest areas planted with cocoa are
the departments of El Oro, Manabi, and Guayas [8], and their soils and cocoa beans may
have high concentrations of Cd [9]; this would limit or even impede the commercialization
of cocoa in international markets, destabilizing the active socio-economy of the country.
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Worldwide, there is a growing concern to ensure food safety and reduce consumer
exposure to Cd present in chocolate. In January 2019, the European Commission (EC) put
into force regulation No. 488/2014, which establishes that the maximum concentrations of
Cd in cocoa products should be between 0.10 and 0.80 mg kg ~!. To meet this requirement,
buyers have established that the permissible level of Cd in cocoa beans must be in the
maximum range from 0.5 to 1.1 mg kg~! [10]. Therefore, a high concentration of Cd in
cocoa beans would be a threat to their commercialization, and there is evidence that, in
Peru, Colombia, Ecuador, and Honduras, the Cd concentrations in cocoa beans exceed
those required by the EC [11,12].

High Cd concentrations in plants reduce the absorption and translocation of nutri-
ents and water, generate oxidative damage, alter metabolism, inhibit morphology and
physiology, cause imbalances in chloroplast metabolism, inhibit chlorophyll synthesis, and
reduce the activity of the enzymes involved in CO, fixation, due to the chlorosis produced
by Fe and P deficiencies and the reduction in Mn transport, generating an increase in
the production of reactive oxygen species, ROS [13,14]. However, plants can increase the
activity of their antioxidant enzymes, thereby reducing the cellular damage induced by
ROS. Recently, [15] reported a conserved set of genes involved in the response to Cd stress
in Arabidopsis thaliana and Oryza sativa, in which effectors in the mitochondrial protein
quality control networks were significantly activated in the shoot and root under exposure
to Cd, allowing the maintenance of mitochondrial homeostasis.

Additionally, a high Cd content decreases stomatal conductance (gs), photosynthetic
rate (A), and transpiration rate (E) [4,16]. In seedlings of cocoa clone CCN-51 growing
in soils with 0, 0.05, and 0.1 g kg_1 of Cd, Cd toxicity affected antioxidant metabolism,
cellular ultrastructure, and the absorption of mineral nutrients, decreased chlorophyll
content, and caused damage to photosystems I and 1I, therefore causing a reduction in
the maximum quantum efficiency of chlorophyll a fluorescence (F, /Fp,). Biomembrane
rupture was observed in root and leaf cells [17]. In Triticum aestivum grown in soils with
Cd, osmotic stress was generated that caused physiological damage by reducing the leaf
relative water content, gs, and E [18]. However, scant information on the effects of a high
Cd concentration on physiological changes has been reported (nine articles); the main
mechanisms used are alterations in dry weight (three articles), followed by alterations in A
(two articles), g5 (two articles), and E (two articles) [5].

Recently, the effect of the toxicity of Cd in different genotypes of cocoa in scion-rootstock
combinations has been reported; the CCN 51/ BN 34 and CCN 51/PH 16 combinations
showed tolerance to the toxicity of Cd in soil, mainly evidenced by the higher accumulation
of Cd in the root, higher A and water use efficiency (WUE), higher activity of superoxide
dismutase, ascorbate peroxidase, and catalase, and lower lipid peroxidation [4,19].

To date, no solutions have been documented about Cd accumulation in cocoa in
relation to the physiological mechanisms of absorption and partitioning of Cd in different
plant organs, nutrition, plant age, and cocoa clones with low Cd accumulation, i.e., genetic
factors. A viable alternative would be identifying cocoa clones which, despite growing in
soils with a high Cd concentration, show a low affinity for this element, thus producing
low-Cd beans.

The main factors related to the uptake of soil Cd by cocoa are soil pH, soil Cd availabil-
ity, genotype, geographical location, agronomic factors such as phosphate fertilizers, and
Cd interaction with other minerals/metal nutrients such as Zn and Mn present in the soil.
To reduce the toxicity of this metal, cocoa displays some tolerance strategies such as the
uptake and transfer of Cd from the root to the shoot, molecular and biochemical changes,
Cd partition between plant organs, and Cd sequestration at the cellular level [5].

Cadmium uptake in cocoa is extremely complex. This study addressed trying to
decrease Cd uptake by fertilization with macronutrients while measuring a large number of
physiological variables to assess more closely the complexity of the environmental situation
studied. In the present study, the hypothesis was tested that macronutrient fertilization
would be a possible strategy for decreasing the uptake and transport of Cd if soil with high
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Cd concentrations causes a negative effect on the growth and physiological performance of
two cocoa clones [10], thus improving growth and physiological traits. Our main objective
was evaluating the effect of fertilization with several macronutrient combinations (N, N-P,
N-P-K, N-P-K-S, N-P-K-5-Mg, and N-P-K-5-Mg-Ca) on the absorption and translocation
of Cd, physiological variables (leaf gas exchange and chlorophyll content), and biomass
distribution in the cocoa clones CCN-51 and EET-103 under greenhouse conditions.

2. Materials and Methods
2.1. Experimental Conditions and Plant Material

The research was carried out in the greenhouse of the Department of Soil and Water
Management, Pichilingue Tropical Experimental Station (EETP) of the National Institute
of Agricultural Research (INIAP), Mocache canton, Los Rios Province, Ecuador, at 1°06’ S,
79°27' W, and 75 masl.

The cocoa rootstocks studied were sexually reproduced with assisted pollination after [18]
to ensure the purity of the material. The CCN-51 and EET-103 clones originate from Ecuador:
EET-103 is a national cocoa resistant to “machete disease” (Ceratocystis cacaofunesta), while CCN
51 is susceptible; they were chosen because they are highly commercial, productive genotypes
and CCN 51 is currently being generalized as rootstock [20,21]. Seedlings were grown under
polyshade conditions with 65% shading: mean radiation of 210 pmol m~2 s~! and 12 h of
natural light; the maximum and minimum average temperatures and relative humidity were
33.5and 23.3 °C, and 82 and 52%, respectively.

2.2. Physical-Chemical Characteristics of the Substrate

Soil was collected from the province of El Oro (3°23" S, 79°50" W). The character-
istics of this soil, determined using methodologies described by [22], were a pH of 6.2,
nutrient contents of NHy* 22 mg kg~!, P 23 mg kg !, K 0.49 meq 100 mL~!, Ca 19 meq
100 mL~!, Mg 2.8 meq 100 mL~!, S 6 mg kg~!, and Zn 8.2 mg kg~!, and a clay-loam
texture. Cadmium was extracted with aqua regia (1.54 mg kg_l), as described by [23]. The
soil was disaggregated with a glass roller, sieved through a 2 mm mesh, and polythene bags
(5" x 8"”) were filled with 700 g of this soil. The soil moisture was maintained throughout
the experiment by periodic irrigation with deionized water.

2.3. Experimental Design

A randomized complete block design with split plot arrangements was used. The
main plot corresponded to the two clones and the subplots were the different fertilization
treatments with macronutrients (control, N, N-P, N-P-K, N-P-K-5, N-P-K-5-Mg, and N-P-
K-5-Mg-Ca), which resulted in 14 treatments with 3 replicates. Each experimental unit
consisted of 4 plants, resulting in a total of 168 plants.

2.4. Macronutrient Fertilization

The application and dose of macronutrients in each treatment were carried out accord-
ing to the analysis of the soil and nutritional needs of the cocoa in the nursery stage. As a
source of N, urea (46% N) was used; for S, ammonium sulfate (24% S, 21% N); for K, KCl
(60% K;O); for P, diammonium phosphate, DAP (18% N, 46% P; Os); for Mg, magnesium
sulfate (27% Mg, 16% S); and for Ca, calcium nitrate (15% N, 26% CaO) (Table 1). The doses
were divided into three parts for N and S, in two for K,O, MgO, and CaO, and there was a
single application of P,Os. In total, 20 mL of nutrient solution was applied to the plants on
21, 42, and 63 days after sowing (DAS), i.e., with a frequency of every 21 days, except for
P,0s5, which was applied only once at 0 DAS.
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Table 1. Macronutrient application schedule for each treatment.
Nutrients Fertilizer Content
N P,0s5 K,O S MgO CaO Urea (NHy4)2S04 Ca(NOs3), DAP MgSO, KC1
Treatment g (700 g Soil)—1
Control - -
N 215 - - - - - 471 - - - -
N-P 215 1.81 - - - - 3.15 - - 3.94 - -
N-P-K 2.15 1.81 1.18 - - - 3.15 N - 3.94 - 1.96
N-P-K-S 2.15 1.81 1.18 0.88 - - 1.52 3.6 - 3.94 - 1.96
N-P-K-5-Mg 215 1.81 1.18 0.88 0.29 - 1.81 294 - 3.94 1.00 1.96
N-P-K-S-Mg-Ca 215 1.81 1.18 0.88 0.29 0.6 1.04 294 232 3.94 1.00 1.96

2.5. Physiological Variables
2.5.1. Leaf Gas Exchange

Measurements were made 40 and 80 DAS from 09:00 to 13:00 h, evaluating six different
plants in each treatment (1 = 6), with a CIRAS 2 portable infrared gas analyzer (PP Systems,
Hitchin, UK) to determine the g, A, E, water use efficiency (WUE = A/E), and intercellular
COy concentration (C;). All the measurements were performed on fully expanded and
healthy adult leaves of six different plants of each clone, under the following conditions:
ambient CO, concentrations (C,) of 415 + 10 umol mol~!, 21% O,, a temperature of
28 + 1 °C, a photosynthesis-saturating photon flux density (PFD) of 1000 pmol m~2 s~ !,
and a leaf-air water vapor gradient (VPD) of 1.0-1.5 kPa. In Ecuador, cocoa successfully is
grown in full exposure [24]; for this reason, A was evaluated at a high light intensity.

2.5.2. Chlorophyll Index (CI)

The chlorophyll content was determined using a SPAD-502 Plus chlorophyll meter
(Konica Minolta, Inc., Tokyo, Japan); SPAD units are directly proportional to leaf chlorophyll
content. The chlorophyll concentration was measured in the same leaves used to measure
the gas exchange, performing two readings per leaf on two leaves of six different plants for
each treatment (1 = 6). The determinations were made between 09:00 and 13:00 h with a
fortnightly frequency from 45 to 80 DAS.

2.5.3. Determination of Cd in Tissues

Dried plant tissue samples were powdered in a “Willey” type mill (IKA, model A1l
basic, Wilmington, NC, USA), which, to avoid contamination prior to each grinding, was
cleaned with absorbent towels, diluted agua regia (10%) and with deionized water, and
dried with absorbent paper. The Cd was extracted using nitric-perchloric mineralization
(8 mL HNOj plus 2 mL HCIOy; [23]) and the readings were performed using an atomic
absorption spectrophotometer (Perkin Elmer, model AAnalyst 800, Yokohama, Japan) with
a graphite oven at A = 228.8 nm.

2.5.4. Cd Content of Shoot and Root
The values of root and shoot Cd content were calculated as:

biomass x Cd concentration

Cd content (mg kg 1) 1000

)

2.5.5. Cadmium Extracting Capacity

The extracting capacity of Cd was determined following the protocol of [25]; the Cd
absorption efficiency (2) and Cd translocation efficiency (3) were calculated according to
the following equations:

absorption efficiency (mg kg™ 1) = m ()
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shoot Cd content
root Cd content

®)

translocation efficiency =

2.5.6. Macronutrient Concentration in Leaf Tissue

Nitrogen was analyzed with the Kjeldahl method (Kjeltec™ 8400 Tecator™ Line Foss,
Jinan, China), K, Ca, and Mg were determined with an atomic absorption spectrophotome-
ter (AA-6800, Kyoto, Japan), and S and P were determined using the colorimetric method
(Spercord 210 Plus, Jena, Germany).

2.5.7. Soil pH and Electrical Conductivity

Soil pH and electrical conductivity (EC) were quantified using 20 g of soil dissolved
in deionized water at a 1:2.5 weight:volume ratio, with shaking for 5 min in a mechanical
shaker, resting for 1 h, and measuring with a potentiometer (HACH model SensION™
MM340, Dusseldort, Germany) and conductivity meter (HACH model SensION™ E(C71,
Dussldort, Germany).

2.5.8. Shoot and Root Dry Biomass

To remove soil and dust particles, the plants were successively immersed in HCI (3%),
distilled water, and deionized water. The shoot and root were dried separately in an oven
(Memmert, Gmbh 450, Schwabach, Germany) at 65 °C for 72 h and the dry mass was
determined on an analytical balance (A & D Weighing model HR200, Japan).

2.6. Statistical Analysis

A two-way analysis of variance (ANOVA) and Tukey’s post hoc test with a significance
level of p < 0.05 were performed to detect the possible interaction between the clones and
macronutrients. To ensure reliability in the parametric statistical tests, such as ANOVA and
Pearson’s correlation, the data were subjected to a normality test using the Shapiro-Wilk Test,
and the Bartlett test was applied to check the assumption of the homogeneity of variance.
Minitab Software version 19.1.0 [26] was used to perform the statistical analyses. All the
graphics were performed with SigmaPlot version 12 (Systat Software, San Jose, CA, USA).

3. Results
3.1. Leaf Gas Exchange

There were significant differences between the fertilization treatments in terms of
WUE at 40 and 80 DAS and A at 80 DAS, while there were no differences between the
clones or the interaction (clone x fertilization) (Figure 1, Table 2). On the contrary, at
40 and 80 DAS, no significant differences were found in gs, E, and C; among the clones,
fertilization, and clone X fertilization interaction. The minimum and maximum average
values of A were from 2.3 4 0.7 to 4.0 + 0.3 umol m~2 s~!; E ranged from 0.45 + 0.08 to
1.32 + 0.25 mmol m~2 s~ 1; the values of gs varied between 28.3 £ 2.2 and 73.4 &= 11.1 mmol
m~2 s 1; C; values of 223.1-319.11 + 32.80 umol mol ! were observed; and WUE ranged
from 2.52 % 0.35 to 6.73 £ 0.50 mmol mol .

Table 2. Results of the ANOVAs on the effect of clone, fertilization, and the interaction
(clone x fertilization) on the different physiological traits studied. Values indicate statistically signifi-
cant effect of the factor at p < 0.05.

Physiological Traits DAS (le)’ne) (Fertilir;ation) (Intergction)
A (umolm=2s71) 0.710 0.098 0.844
E (mmol m—2s71) 0.003 0.088 0.961
gs (mmolm~2s71) 40 days 0.593 0.266 0.573
C; (1mol mol-1) 0.334 0.061 0.647
WUE (mmol mol ) 0.074 0.011 0.310
A (umolm=2s71) 0.639 <0.001 0.086
E (mmol m~2s71) 0.149 <0.001 0.331

gs (mmol m~2s71) 80 days 0.953 <0.001 0.597




Horticulturae 2023, 9, 1223 6 of 19
Table 2. Cont.

5 i i r p r
Physiological Traits DAS (Clone) (Fertilization) (Interaction)
C; (umol mol 1) 0.450 0.031 0.032
WUE (mmol mol ) 0.120 0.007 0.202
Absorption Cd (mg kg 1) <0.001 <0.001 0.660
Translocation Cd <0.001 <0.001 <0.001
Shoot Cd content (mg kg™!) <0.001 <0.001 <0.001
Root Cd content (mg kg 1) <0.001 <0.001 0.070
N (dag kg1 <0.001 <0.001 <0.001
P (dag kg ) <0.001 <0.001 <0.001
K (dagkg™) 0.764 0.002 0.052
S (dagkg™) <0.001 <0.001 <0.001
Mg (dag kg™!) 0.751 <0.001 0.236
Ca (dagkg™1) 0.831 <0.001 <0.001
Soil pH 0.002 <0.001 0.003
CE (dSm™1) 0.013 <0.001 0.006
Shoot dry weight (g plant—!) 0.001 <0.001 0.557
Root dry weight (g plant~!) 0.558 <0.001 0.758
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Figure 1. Changes with fertilization treatments of cocoa clones CCN-51 (filled bars) and EET-103
(empty bars) in: (A,B) photosynthetic rate; (C,D) transpiration rate; (E,F) stomatal conductance;
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(G,H) intercellular CO, concentration; and (I,]J) water use efficiency. Values of p indicate the effect of
the factors on the dependent variables after a two-way ANOVA (clone X fertilization). The vertical
bars represent the mean =+ SE (1 = 6). Different letters above bars show statistical differences between
treatments after Tukey’s test (p < 0.05). The panels in which no letters appear above the bar are due to
the fact that there were no significant differences.

3.2. Chlorophyll Index

The values of SPAD at 45, 60, 75, and 90 DAS were higher in clone CCN-51. At
90 DAS, significant effects were obtained in the fertilization factor with macronutrients and
interaction (clone x fertilization), finding that the fertilized plants reduced their chlorophyll
concentration by up to 30% (Table 3).

Table 3. Response of chlorophyll index of cocoa clones to the application of macronutrients. Values
are the mean + SE (n = 6).

Chlorophyll Index (SPAD)

Clone 45 DAS 60 DAS 75 DAS 90 DAS
Control 4332 +1.73 4559 + 1.42 49.07 4 0.59 46.76 +2.86
N 40.70 4+ 0.48 45.49 + 1.02 492 +1.55 46.64 £2.29°
N-P 4228 +1.14 44.51 + 1.74 4554 1.17 42,08 +2.25
CCN-51 N-P-K 42.06 +1.26 4455 4+ 0.96 485 4 2.09 40.18 + 2.08 abe
N-P-K-S 42.84 +0.82 4597 +1.17 46.81 + 4.21 45.68 4+ 0.36
N-P-K-S-Mg 41.24 + 1.06 4298 +1.27 4541 4+ 1.63 34.07 + 0.12 bed
N-P-K-5-Mg-Ca 43.17 +0.81 43.88 +2.19 56.84 + 1.01 37.98 + 3.46 2bed
Control 39.28 + 2.00 4233 4+ 1.85 4533 4+ 1.20 43.52 +1.29
N 40.00 & 0.83 43.81 +0.45 44.87 +£1.13 39.01 = 3.01 2b<d
N-P 40.27 + 1.48 42.30 + 1.38 43.06 + 1.92 35.69 + 0.60 2><d
EET-103 N-P-K 40.72 + 0.98 43.29 + 1.41 44.88 + 1.40 282240514
N-P-K-S 41.46 + 0.90 4353 + 1.05 45.27 4+ 2.43 39.49 + 1.17 abe
N-P-K-5-Mg 39.77 + 0.59 43.56 & 0.63 4327 +1.56 30.88 + 2.55 <
N-P-K-5-Mg-Ca 39.22 + 1.02 4256 + 1.35 4323 4+ 0.52 39.55 4 3.08 abe
p(clone) 0.003 0.033 0.014 <0.001
p(fertilization) 0.808 0.876 0.589 0.002
p(interaction) 0.721 0.859 0.542 0.005

The p values indicate the effect of the factors on the dependent variables through a two-way ANOVA
(clone x fertilization). Different letters in the column at 90 DAS show differences between treatments after
Tukey’s test (p < 0.05).

3.3. Cadmium Accumulation and Extraction Capacity

Cadmium absorption, translocation, and shoot and root content showed significant
differences among the clones and fertilization treatments (Figure 2, Table 2), whereas no
significant effects were observed for the interaction (clone x treatment) in Cd absorption.
Cadmium uptake increased in each clone with the addition of a macronutrient; the highest
absorptions of Cd were obtained with the application of Ca (Figure 2A).

Between the clones, Cd translocation showed significant differences among the macronu-
trients, where N was the most influential on Cd transport from the root to the shoot of
CCN-51, while, in EET-103 fertilized with Ca, the highest Cd transport to the shoot was
obtained (Figure 2B, Table 2).

Significant differences were detected in the shoot for the interaction, especially when
the clones were treated with Ca, where Cd contents were the highest (Figure 2C, Table 2).
Conversely, the interaction did not cause significant effects on root Cd content; however,
with the application of Mg and Ca, the highest Cd contents were obtained in EET-103
(1.15 £ 0.14 mg kg~ !) and CCN-51 (1.24 + 0.10 mg kg~ ') (Figure 2D). Less Cd was ob-
served in the shoot and more in the root of the EET-103 clone; in CCN-51, the opposite
response was observed.
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Figure 2. Changes with exogenous nutrient application to cocoa clones CCN-51 (filled bars) and
EET-103 (empty bars) on: (A,B) Cd absorption and translocation, and (C,D) shoot and root Cd
contents. Values of p indicate the effect of factors on dependent variables after a two-way ANOVA
(clone x fertilization). The vertical bars represent the mean + SE (n = 12). Different letters above bars
denote significant differences among treatments after Tukey’s test (p < 0.05).

3.4. Nutrient Application

The fertilized treatments had higher foliar concentrations of N, P, S, Mg, and Ca.
Significant effects were also observed between the clones (p = 0.0001); clone CCN-51
presented the highest concentrations of N and P, while clone EET-103 showed the highest S
concentration. In the interaction, statistical differences were detected in the concentrations
of N, P, S, and Ca (Figure 3A-D, Table 2).
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Figure 3. Response to macronutrient application to clones CCN-51 (filled bars) and EET-103 (empty
bars) on leaf content of: (A) nitrogen; (B) phosphorus; (C) potassium; (D) sulfur; (E) magnesium; and
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(F) calcium. Values of p indicate the effect of the factors on the dependent variables after a two-way
ANOVA (clone x fertilization). The vertical bars represent the mean =+ SE (n = 12). Different letters
above bars show statistical differences between treatments after Tukey’s test (p < 0.05).

3.5. Soil pH and Electrical Conductivity

There were statistically significant differences in the pH and EC of the soil, indepen-
dent of each simple factor and their interaction (clone x fertilization) (Figure 4, Table 2).
The soil where clone EET-103 was grown reached the highest pH (5.7 &+ 0.0) and EC
(3.46 + 0.07 dS m~1) values. However, in the fertilization treatments of both cocoa clones,
pH decreases and EC increases were found. The minimum and maximum pH values went
from 4.9 £ 0.1 to 7.0 = 0.1 (EET-103) and 5.0 £ 0.1 to 6.8 &= 0.3 (CCN-51), respectively. Low
and high values of electrical conductivity were found: 0.34 + 0.01 to 4.67 £ 0.20 dSm !
(EET-103) and 0.43 + 0.01 to 4.49 + 0.16 dS m~! (CCN-51). The low values of electrical
conductivity corresponded to the control plants, where no fertilization was applied.

A p(clone) = 0.002
8 p(fertilization) < 0.001
aa p(interaction) = 0.003
el
ot By d s 88 e
5 ff
%
B 47
2 -
0
B p(clone) = 0.013
6 - p(fertilization) < 0.001
p(interaction) = 0.006
— 2 ,a g3
£ . o oM Sz
%)) d
Z d
L
(@)
2 -
€ee [
o LW
O L PN
S
& ¢
Treatment

Figure 4. Effects of fertilization with macronutrients in clones CCN-51 (filled bars) and EET-103 (open
bars) on: (A) soil pH and (B) electric soil conductivity. Values of p indicate the effect of factors on
dependent variables after a two-way ANOVA (clone x fertilization). The vertical bars represent the
mean =+ SE (n = 12). Different letters above bars indicate significant differences among treatments
after Tukey’s test (p < 0.05).
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3.6. Shoot and Root Dry Biomass

Regardless of the clone, fertilization with macronutrients had significant effects on the
production of shoot and root dry mass. Between the clones, significant differences were only
found for shoot dry mass, detecting the highest mean in EET-103, with 1.74 4+ 0.03 g plant~!
(Figure 5, Table 2). On the contrary, in the interaction (clone x fertilization), there were no
significant differences in dry mass production; however, it was observed that the fertilized
treatments caused 40 and 60% reductions in the dry masses of the shoot and root, respectively,
in both clones.

A p(clone) = 0.001
= p(fertilization) < 0.001
c 3
‘_U
g a
2 o
-— ©
£
.g) 2 7] c .8 8 cC
o cc c c C
= ¢ c
=
—
©
5 17
o
c
(7))}
0
— B p(fertilization) < 0.001
*%' 0.5
=} 3
D 04+
—
<
-% 0.3
= b b b b
p b
202 - b b b
5 0.2 b b
g 0.1
xx
0.0
2

NP AL
N
N GE
R
Treatment

Figure 5. Response to fertilization with exogenous macronutrients of clones CCN-51 (filled bars) and
EET-103 (empty bars) on: (A) shoot dry mass and (B) root dry mass. Values of p indicate the effect
of factors on dependent variables after a two-way ANOVA (clone X fertilization). The vertical bars
represent the mean =+ SE (n = 12). Different letters above bars indicate significant differences among
treatments after Tukey’s test (p < 0.05).

3.7. Pearson’s Correlation Matrix

Only the correlation coefficients (r?) with a significance level of p < 0.001 were considered
(Table 4). Thus, root dry mass had positive relationships with shoot dry mass, soil pH, and
A at 80 DAS, but had inversely proportional effects with soil EC, Cd uptake efficiency, Cd
translocation efficiency, and all macronutrient contents. Likewise, shoot dry mass showed
positive associations with A at 80 DAS and soil pH, but negative associations with Cd extraction
efficiency, soil EC, N, P, and leaf Mg.
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Table 4. Pearson’s correlation matrix for each variable analyzed. Highly significant correlations (p < 0.001) are shown in Bold. (# = 42). NS = not significant.

Organ Mass Cd Content
. A at40 E at A at80
Variable Root Shoot CI90 Shoot Root Plant AE TE pH EC DAS 40 DAS DAS N P S Mg
Shoot mass 0.83
Shoot Cd content NS NS NS
Root Cd content NS NS NS NS
Whole-plant Cd content NS NS NS NS 0.52
Absorption efficiency —0.82 —0.58 NS 0.80 NS 0.78
Translocation efficiency —0.54 NS NS NS —0.52 NS 0.60
Soil pH 0.82 0.67 NS —0.65 NS —0.64 —0.81 —0.50
Soil EC —0.86 —0.65 —0.55 0.67 NS 0.67 0.85 NS —0.83
C; at 40 DAS NS NS NS NS NS NS NS NS NS NS —0.62
A at 80 DAS 0.77 0.71 NS NS NS NS —0.65 NS 0.69 —0.80 NS 0.57
N —0.86 —0.77 NS 0.64 NS 0.62 0.83 0.59 —0.84 0.80 NS NS —0.65
P —0.69 —0.55 NS 0.78 NS 0.78 0.87 NS —0.82 0.83 NS NS —0.64 0.79
S —0.50 NS —0.63 0.64 0.63 0.66 0.70 NS —0.56 0.76 NS NS —0.60 NS 0.79
Mg —0.74 —0.66 NS 0.54 NS 0.55 0.69 NS —0.67 0.81 NS NS —0.77 0.65 0.67 0.64
Ca —0.52 NS NS NS NS NS NS NS NS 0.53 NS NS —0.54 NS NS NS 0.62
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While the shoot and plant Cd content showed directly proportional relationships with
the efficiency of Cd absorption, the EC of the soil and leaf concentrations of N, P, S, and Mg
also presented a significant negative relationship with the soil pH.

There were negative and strong associations among the soil pH and leaf concentrations
of N, P, S, and Mg. On the contrary, EC had directly proportional relationships with the leaf
concentrations of N, P, 5, Mg, and Ca, but also exhibited negative associations with A at 80 DAS.
The values of A at 80 DAS showed negative correlations with the concentrations of N, P, S, Mg,
Ca, and soil EC; however, it had positive associations with the soil pH and E at 40 DAS.

3.8. Nutrient Interactions with Cd

No unique effect was observed in the interaction with nutrient fertilization and its effect on
shoot and root Cd uptake (Table 5). Regardless of the species, in some studies, a positive effect
was found, observing that fertilization with nutrients caused a reduction in Cd absorption,
while in other studies, the effect was negative, i.e., the application of some nutrients increased
Cd accumulation.

Table 5. Plant species, purpose of the research, nutrient interactions with Cd, and references of
bibliographic information used by us for data discussion, in which assessed the interactions between
macro and micronutrients with Cd uptake of different species.

Plant Species

Purpose of the Research

Nutrient Interactions with Cd

Authors

Theobroma cacao (54 genotype)

13 genotype of Wild cacao from river
basins of Peruvian Amazon

Peruvian farmers’ 13 cacao genotypes,

Determine the interactions between macro
and micronutrients with Cd uptake and

Negative, N increased the concentration

ICT collection bioaccumulation. Identify cocoa genetic of Cd in the shoots [27]
Brazilian cacao, 13 genotypes materials with high and low Cd extraction .
National and international 14 cacao capacity.
genotypes (from Peru, Ecuador,
Trinidad and Tobago, and Costa Rica)
Theobroma cacao Identify mechanisms of tolerance or
Cocoa progeny: resistance to Cd stress in cocoa progenies Negative, S benefits the increase in Cd [28]
Catongo x Catongo of high heterozygosity and of concentration in leaf tissues.
CCN-10 x SCA-6 homozygotes.
Oryza sativa (20 cultivars)
Origen (genotypes)
Philippines (NPT) Genotypic differences in Cd accumulation Negative, Fe, Zn, and Cu cations present a
China (Indica, Hybrid Indica, and relationships between Cd and mineral significant correlation with Cd [29]
Indica, Japonica) nutrients. concentrations in shoots and roots.
Japan (Japonica)
Korea (Japonica)
To evaluate wh_ether #ne has. a beneficial Positive, the addition of Zn decreases the
Theobroma cacao effect on reducing physiological, ke, t t and lati £ 130]
CCN-51 anatomical, and molecular disorders Lclgt.a €, transport, and accumuiation o -
in shoots.
caused by Cd.
Brasica Napus To evaluate the role of calcium in reducing Positive, Ca competes with Cd and reduces [31]
Cd-induced toxicity. its transport and accumulation in shoots. :
To study whether nitrogen forms (NO3~, Negative, nitrate has a synergistic effect on
Oryza sativa NH;*) have an antagonistic or synergistic increasing Cd concentrations in leaves, [32]
effect on Cd absorption and accumulation. stems, and panicles.
To examine the benefits of bovine manure, Negative, K application increases the
Helianthus annuus muriate of potassium (K), and salicylic acid  translocation of Cd from the root to aerial [33]
on Cd accumulation. parts.
Oryza sativa (cv. Yuanyouyihao) To examine the influence of three different Negative, KCl application significantly
Triticum aestivum (cv. 051), Pak choi K fertilizers (KCl, K;SO4, and KNOs3) on increases Cd bioaccumulation in pak Choi [34]
(cv. Wuyueman) Cd bioaccumulation. sprouts and in rice and wheat grains.
Investigate the effects of different forms . -
Oryza sativa (cv. Y-liangyou 1) and concentrations of S on Cd Positive, the application of S reduces the [35]

accumulation.

concentration of Cd in rice grains.

4. Discussion

The increase in a macronutrient in fertilization gradually increased the extracting
capacity of Cd in both cocoa clones, causing significant reductions of 30, 40, and 60% in
chlorophyll content, shoot, and root dry mass, respectively, without significantly affecting
leaf gas exchange, although the reduction in chlorophyll content might partially explain
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the decrease in A at the end of the experiment. However, the highest transport of Cd from
the root to the shoot was obtained with the application of N and N-P-K-5-Mg-Ca in both
clones. Our results reject the hypothesis that fertilization would reduce the absorption and
accumulation of Cd in cocoa. The application of Ca and Mg ions caused the desorption
of Cd towards the soil solution, increasing the availability with a greater extraction of Cd.
A desorption phenomenon was also obtained by the supply of ammonium that releases
hydrogen and removes Cd from the adsorption complex towards the aqueous phase of
the soil.

The chemical processes of N metabolism release protons, especially when nitrogen
fertilizers such as urea, ammonium sulfate, ammonium nitrate, and diaommonium phos-
phate are applied, which increases soil acidity [26]. While calcium nitrate, magnesium
sulfate, and potassium nitrate are fertilizers, they tend to increase soil EC [36]. Ionic stress
produces harmful effects that induce a loss of turgidity and the inhibition of cell division
processes [37,38], a physiological disorder that, at the plant level, is reflected in a loss pf dry
matter production [39]. This agronomic response was corroborated by [26], who reported
that extreme EC values resulting from fertilization decrease plant dry mass production.
Similarly, ref. [40] observed in coffee seedlings that exogenous applications of K, Mg, and
Ca through the supply of conventional fertilization significantly elevated EC and caused a
reduction in plant mass.

Mg and Ca, being divalent ions, have a high ionic potential to compete with Cd
for cation exchange sites in the solid phase of soil [41,42], displacing other ions from
the adsorption complex and significantly increasing the availability of Cd in the soil
solution [43,44], thus allowing for a greater extraction of Cd by the root system.

Clone CCN-51 reached the highest chlorophyll indices from 45 to 90 DAS. In this
regard, it has been documented that its pigment contents vary according to the varieties,
plant ages, environmental conditions, and even among the analytical methods used in
their determination [45]. However, [46] found, under field conditions, similar chlorophyll
contents in CCN-51 and EET-103. In the same cocoa clones, ref. [23] observed identical
photochemical activities; these clones showed the same values of electron transport rate,
relative quantum efficiency of PSII, and coefficient of photochemical extinction.

However, at 90 DAS, a reduction in chlorophyll was found, this being more severe
with the applications of S, Mg, and Ca. In this sense, it has been found that the ionic stress
produced by the high presence of exchangeable bases affects the functioning of PSI and
PSII, an alteration in electron transfer, causing reductions in ATP and NADPH, and the
degradation of chlorophyll biosynthesis [47,48]. In the photorespiration process, when
there is low energy synthesis, greater oxygen intoxication is generated, having a stronger
effect in tropical climates, where rubisco increases its preference for oxygen with an increase
in temperature [49,50].

The cocoa clones fertilized with macronutrients reflected values of A, E, and g twice as
low as those found for cocoa seedlings under greenhouse conditions [51] and young plants
established in the field [52]. This effect could have been due to the plants being treated with
macronutrients presenting a type of oxidative stress combined between the accumulation
of Cd in their tissues and the elevated EC in the soil. The photosynthetic capacity in clone
CCN-51 was affected when growing it in excessive Cd concentrations, i.e., >0.4 mmol kg !
of soil and >1.2 Zn mmol kg ! of soil [30]. Similarly, in juvenile cacao plants, Cd promoted
physiological and biochemical changes in the scion-rootstock interaction [4]. When cocoa
plants are subjected to some type of stress due to abiotic factors, their values of WUE tend
to decrease, which negatively impacts gs, and hence photosynthetic efficiency [53].

We found that the macronutrients increased the Cd absorption and transport from
the root to the shoot, a result that contrasts with those reported by [54]; these authors
sustained that Ca, P, and K are the main nutrients with antagonistic effects on the transfer
of Cd from the roots to the shoots. Similarly, our results differ from what was indicated
by [31], who reported that the exogenous application of Ca decreases the transport of Cd
in plants of Brassica napus, because Ca ions interrupt the entry of the Cd cation through
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the plasma membrane, thus preventing Cd from reaching the conductive tissues. Ref. [32]
found, in rice plants, that nitrate had a synergistic effect on the translocation of Cd; this
same phenomenon was found in CCN-51 with N, where the greatest internal transfer of
Cd was reflected. Likewise, synergistic effects have been found between K with Cd in
sunflower, rice, wheat, and cabbage [33,34]. Ref. [55] noted, in tobacco plants, that sulfur
favored the transport of Cd from the roots to the shoots. However, this result contrasts with
those obtained in rice by [35], who observed that S reduced the transport of Cd from the
underground system toward the shoot. The results found in the present research agree with
a report by [56], who argued that fertilization is not a strategy that allows for mitigating Cd
transfer in plants.

Regarding the Cd contents at the organ level, the highest accumulation of Cd in the
shoot was found in both cocoa clones, in a similar way to a report on cocoa seedlings
obtained from two progenies, CCN-10 x SCA-6 and Catongo x Catongo [28]. How-
ever, these results differ from what was evidenced by [30], who detected that the root
accumulated more Cd than the shoot in seedlings of clone CCN-51. In adult plants es-
tablished in the field, a difference was also detected between the accumulation of Cd in
the aerial and underground organs; for example, ref. [57] reported the highest accumula-
tion of Cd in the roots (1.68 mg kg~ 1), followed by the stems (0.75 mg kg~!) and leaves
(0.51 mg kg’l). In contrast, [58] found, in cocoa plants growing in alluvial and residual
soil, that the accumulation of Cd in the production stage followed the descending order of
branches > leaves > root > beans > shells, whereas [59] reported the highest general means
of Cd concentration in rootstocks (2.9 mg kg’l), followed by stems (2.4 mg kg’l), leaves
(2.4 mg kg 1), and beans (2.5 mg kg~ !). These antecedents show that cocoa plants do
not always show the same tendency to distribute or accumulate Cd in their organs, with
concentration changing according to the phenological stage of the crop, clone, climatic
conditions, and physical-chemical factors of the soil [59].

In Ecuador, several studies have been carried out on cocoa farms related to the different
Cd contents of cocoa clones [1,60], but these authors did not show specific genetic effects
on the absorption and accumulation of Cd, because the clones that were evaluated did not
grow in the same edapho-climatic conditions and were not grafted on the same pattern
with homogeneous genetic characteristics. Therefore, to date, our work in Ecuador is the
first to corroborate intraspecific variations in cocoa patterns in the accumulation of Cd
among genetic materials. Specifically, clone EET-103, considered to be resistant to machete
disease, had the lowest ability to extract and accumulate Cd in its shoots [20]. Therefore,
this gives us the certainty to propose clone EET-103 as a cocoa standard to reduce the
absorption of Cd.

The nutrient concentrations in the leaf tissues of both cocoa clones increased with
fertilization. It has been found that, when cocoa seedlings grow in a soil with critical
concentrations of Cd (28 mg kg~') and physical-chemical factors (pH and EC) are in
favorable conditions for Cd availability, the uptake and accumulation of Mg and Ca
decrease [27]. Similarly, [28,30] observed that cocoa seedlings accumulate more Cd when
there are critical concentrations of this metal in the soil and limitations of essential divalent
cations (Zn, Fe, Cu, and Mn), because cocoa is a crop with a high affinity for Cd and Cd is
transferred from the soil to the different organs by the same nutritional cation transporter
proteins [61].

Clone CCN-51 reached higher concentrations of N and P in a response that has been
reported by [62,63], who observed that, this clone, unlike other commercial clones, has a
higher ability to capture these elements.

Fertilization is an agricultural activity that induces changes in the chemical properties
of soil [64]. In this work, it was found that the exogenous application of macronutri-
ents through fertilization reduced the soil pH to 4.8 and increased the EC to as high as
4.67dSm™!. When cocoa plants grow in extremely acidic soil (pH < 5.5), they suffer
physiological disorders and present damage to their morphological structures [65], and
acidity increases the bioavailability of Cd in the soil solution. Additionally, soils with
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an EC of >2dSm™! represent saline soils [66], and this causes water deficit, decreases
water absorption, produces ionic imbalance, and reduces respiration and photosynthetic
activity. In addition, it is indicative of high cation contents and excess chloride, sodium,
and magnesium that increase the availability of Cd in the soil [38]. These antecedents
suggest that, when soils contaminated by Cd are enriched with nutrient solutions, periodic
monitoring of their chemical properties should be performed, since the changes may favor
the availability of Cd and its absorption by plants, affecting growth and development.

In general, the variables that showed positive and significant associations (p < 0.001)
among them were the leaf concentrations of N, P, S Mg, and Cd, absorption efficiency
of Cd, and soil EC, and these variables showed strong and negative relationships with
photosynthetic activity at 40 and 80 DAS, root dry mass, shoot dry mass, and soil pH.
All of this apparently occurred as a consequence of the decrease in pH and increase in
EC, which caused a greater transfer of N, P, S Mg, and Cd to the shoot, causing damage
to the photosynthetic machinery and production of dry matter. Moreover, these results
corroborate that, when the plant captures macronutrients, it also absorbs Cd. However, the
toxicity caused by Cd in cocoa to date has only been observed in seedlings, a phenomenon
that was reported in the experiments carried out by [28,30,67,68], who found harmful effects
caused by Cd when seedlings grew in soils enriched with this metal in concentrations
of > 5 mg kg~ !. In the foliar tissues, Cd concentrations lay in the severe to critical range
(7.5 to 18.5 mg kg~ !); thus, the concentrations detected in this work fell within the range
reported by these authors, and the negative effects on photosynthetic capacity were due
not only to the presence of Cd, but also to ionic stress (EC). Furthermore, ref. [27] observed
a positive and strong relationship between N and Cd. Likewise, ref. [69] observed a linear
regression between the increase in S with Cd concentrations in cocoa leaf tissues. In other
Cd accumulator plants such as rice, ref. [29] evidenced positive relationships in foliar
tissues between Fe, Zn, Cu, and Cd.

There was a negative correlation between C; and A at 40 DAS, because of a reduction
in photosynthetic activity, as previously reported [70], that affects the production of dry
matter [45]. A direct dependence was found between A at 80 DAS and the dry mass of the
stem and root.

The acidity of soil facilitates a greater absorption and accumulation of Cd in cocoa leaf
tissues, as observed by [1,71,72], who pointed out that, among the soil factors, pH has the
greatest influence on the availability and absorption of Cd.

5. Conclusions

Fertilization with macronutrients did not represent a viable strategy to allow for
mitigating the absorption and accumulation of Cd in cocoa plants, because the application
of nitrogen in the form of ammonium releases hydrogen and removes Cd from the soil
particles into the aqueous phase, thus increasing Cd availability. Also, when Ca and Mg
are applied, there is a greater desorption of Cd from the fixation sites into the soil solution,
increasing its availability and allowing for a greater extraction of Cd. Cocoa plants absorb
and accumulate macronutrients at the same time that they absorb Cd from the soil and
transport it to their aerial tissues. Specifically, it was found that the nutrients that most
increase the transport of Cd from the roots to the shoots are N and Ca in clones CCN-51 and
EET-103, respectively. The high accumulation of Cd in the foliar tissues and the EC of the
soil caused damage to the photosynthetic capacity of the cocoa plants, causing a reduction
in the production of dry matter. The genetic cocoa material EET-103 concentrates less Cd
in the aerial tissues than CCN-51, resulting in a good alternative for use as a rootstock
for use in soils with high Cd concentrations, because of its lower affinity for Cd. Our
results contribute to the achievement of knowledge for the genetic improvement of cacao,
regarding toxicity tolerance strategies and a reduction in soil Cd uptake.
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