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Abstract

Aims Understanding the mechanisms of cadmium
(Cd) accumulation in cacao plants is critical to miti-
gating health risks associated with Cd exposure
through chocolate consumption. A general and gen-
otype-specific molecular and physiological responses
were characterized.

Methods Seedlings of cacao genotypes PA121 and
TSH660 were exposed to 0 and 10 ppm Cd in hydro-
ponic conditions. Samples were collected at 0, 24,
and 48 h (RNAseq) and at 60 days post-treatment
(ICP-OES). Gene expression profiles were compared
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using differential gene expression (DEG) and gene
ontology analyses. Gas exchange (Gs) and abscisic
acid (ABA) measurements were conducted on green-
house-grown PA121 seedlings.

Results Both shared and genotype-specific changes
were observed in genes associated with detoxifica-
tion, ROS, and hormone metabolism, notably ABA-
related genes. In leaves, the low-accumulator exhib-
ited fewer DEGs than the high-accumulator, whereas
in roots, both genotypes displayed similar expression
profiles. The high-accumulating genotype exhibited
fewer statistically significant expression changes in
key hormone biosynthesis genes. In roots, Cd trans-
port family genes, including ZIP/IRT and NRAMP,
were downregulated. The high-accumulator geno-
type exhibited significant downregulation of one ZIP
and one HMAS ortholog, whereas the response of the
low-accumulator genotype included upregulation of
a different HMAS ortholog. Additionally, high-accu-
mulator seedlings exposed to 12 ppm Cd reduced Gs
without significant changes in photosynthesis, while
ABA concentrations increased in roots at 36 h after
Cd exposure.

Conclusions Together, these results support a model
in which Cd induces ABA-mediated root signaling
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that reduces stomatal conductance and transpiration-
driven mass flow, while suppressing the expression of
active Cd transporters, thereby limiting Cd uptake.

Keywords Cadmium - Theobroma cacao - ABA -
RNAseq - Gas exchange - Heavy metals

Introduction

Cadmium (Cd) is an environmental toxin present in
many human food sources and is associated with sev-
eral adverse health outcomes in humans (Charkiewicz
et al. 2023). Cd occurs naturally in different types of
rocks, usually associated with carbonates and phos-
phorites, and is present in soils at concentrations
ranging from 0.01 to 1 mg/kg, with a global mean
of approximately 0.36 mg/kg (Kubier et al. 2019).
Among heavy metals, Cd exhibits the highest mobility
in soils (Kubier et al. 2019). Due to its physicochemi-
cal similarity to essential elements, Cd can enter and
accumulate in plant tissues at high rates through uptake
mechanisms normally used for essential macro- and
micronutrients (Lux et al. 2011; Kubier et al. 2019).
Theobroma cacao L. tree, the seeds of which are
the primary ingredient of chocolate, is the focus of
intense research because of its capacity to accumu-
late Cd. Similar to other plants, cacao trees uptake Cd
from soil following the physical principles control-
ling water and solute movement (Barber 1995), with
competing elemental abundance and solubility and pH
acting as key determinants in bioavailability to plants
(Smolders 2001; Wade et al. 2022; Barati et al. 2023).
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At the molecular level, several metal transporters
involved in diffusion-based uptake have been function-
ally characterized, including members of the NRAMP
family in cacao TcNRAMPS5 and TcNRAMP6 (Ullah
et al. 2018); and the HMA family member TcHMA3
(Moore et al. 2020), which mediate Zn>* and Cd**
transmembrane transport, the former proposed to
function at the rhizosphere and the latter in subcellu-
lar compartments. Additionally, the ZIP family trans-
porter TcIRT1 has been shown to facilitate the uptake
of both Cd?* and Fe?* (Dashner 2024).

As a consequence of Cd accumulation in cacao
seeds, chocolate has been identified as a major con-
tributor to dietary Cd exposure in the European
population (EFSA 2012). Chocolate products with
higher cocoa solids content tend to exhibit higher Cd
concentrations, although levels vary depending on
the geographical origin of the cacao (Pedron et al.
2025). However, Cd accumulation varies significantly
among cacao genotypes (Lewis et al. 2018; Engbersen
et al. 2019; Moore et al. 2020; Vanderschueren et al.
2021). Furthermore, differing Cd isotope profiles in
seeds and xylem (Barati et al. 2023) as well as differ-
ing variances between seed, leaf, and roots (Lewis,
et al. 2018) suggest that Cd uptake, translocation, and
compartmentalization are likely governed by distinct
mechanisms. Likewise, this variability indicates that
the mechanisms governing Cd uptake and accumula-
tion, as well as the associated molecular responses and
physiological adaptations, differ among genotypes.

Plants in general are affected by Cd, but in rare
cases display tolerance to its deleterious effects.
Sensitivity to Cd is typically characterized by pro-
nounced growth inhibition and strong molecular
responses (Rui et al. 2016; Feng et al. 2018). Cd tol-
erance, in contrast, refers to the ability to maintain
growth despite high Cd exposure without necessarily
hyperaccumulating the metal (Ernst et al. 2008). For
food crops, an ideal phenotype would combine nor-
mal growth on Cd-contaminated soils with the ability
to exclude Cd from edible tissues (Wang et al. 2021).

At a physiological level, cacao plants exposed
to Cd exhibit reduced photosynthetic performance
and biomass accumulation, often accompanied by
decreased water use (Barroso et al. 2023; Vera Pinar-
gote et al. 2025). In one field trial, photosynthetic
efficiency was associated with reduced Cd uptake
and growth tolerance to Cd, suggesting that this trait
may be useful for selecting cacao genotypes with
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enhanced Cd avoidance capacity (Vera Pinargote
et al. 2025). Additional physiological traits of inter-
est include the preferential accumulation of Cd in
lignified tissues, which generally follow the pattern
roots > stems > leaves >nibs (Vanderschueren et al.
2021; Blommaert et al. 2022).

Other hallmark physiological responses to Cd
reported in plants, but not yet corroborated in cacao,
include early signaling, such as a rapid spike in cal-
cium levels (Zhang et al. 2023), increases in reac-
tive oxygen species (ROS) (Garnier et al. 2006;
Chmielowska-Bak et al. 2014; Pérez-Chaca et al.
2014; Liu et al. 2024), and antioxidant activation,
which includes the regulation of glutathione-S trans-
ferase (GST) (Herbette et al. 2006; Liu et al. 2017,
2024; Wang et al. 2023a), and modulation of abscisic
acid (ABA) (Hsu and Kao 2003; Stroiriski et al. 2013;
Liu et al. 2024), ethylene (Rodriguez-Serrano et al.
2009; Chmielowska-Bak et al. 2013; Schellingen
et al. 2014; Liu et al. 2024), and indole-3-acetic acid
(IAA) (Chmielowska-Bak et al. 2014).

We therefore investigated the molecular mecha-
nisms underlying high or low Cd accumulation in
cacao by identifying associated candidate genes and
characterizing the molecular components involved in
Cd uptake, translocation, and tolerance. To this end,
two genotypes were selected from a large Cd-uptake
screening: a low-accumulating genotype, TSH660
(TSH660LA), and a high-accumulating genotype,
PA121 (PA121HA). These contrasting genotypes
were subjected to transcriptomic analysis. Addition-
ally, we have developed a structured working model
that integrates our transcriptomic results with existing
knowledge from cacao and other plant species, pro-
viding insights into the molecular basis of Cd accu-
mulation in cacao.

Materials and methods
Plant material and growth conditions

Plants used for measuring Cd concentration in
cacao tissues and growth parameters, and RNAseq
analysis were grown in the AGROSAVIA Research
Center located in Palmira, Valle del Cauca, Colom-
bia (3° 31" 12”7 N, 76° 19 50” W at~100 m.a.s.1.),
with an average annual temperature of 26 °C and
relative humidity of 65%. Plants were grown from

open-pollinated seeds obtained from two clonally
propagated mother plants. Genotypes TSH660 and
PA121 were selected based on a preliminary screen-
ing experiment conducted at AGROSAVIA’s Palmira
Research Station under similar conditions. Open-
pollinated seeds from the mother plants of both geno-
types were germinated in sand, grown for two months
in a greenhouse, and transferred to 150 L containers
with half-strength Hoagland’s solution (Hoagland
and Arnon 1950) (7.5 mM N, 3.5 mM K, 2.5 mM
Ca, 0.5 mM P, 0.1 mM S, 1 mM Mg, 1.01 mM Fe,
0.5 mM B, 0.5 mM Mn, 0.05 mM Zn, 0.02 mM
Cu, and 0.01 mM Mo). For transcriptome analy-
sis, seedlings were grown in three individual 150
L tanks, each housing one plant of each genotype,
totaling three plants per genotype. After four weeks,
Cd(NO;), was added at a concentration of 10 ppm
Cd (~0.089 mM Cd), increasing total nitrogen (N)
by 0.027 mM. After two months of Cd exposure, Cd
concentration in leaves and roots, and plant growth
parameters were measured.

For gas exchange and phytohormone quantifica-
tion, plants were grown at The Pennsylvania State
University, University Park, PA, USA, in a green-
house with controlled conditions: 16-h average PPFD
of 116.2 pumolem 2es™! (SD=10 yumolem Zes™}),
temperature of 29.82 °C (SD=5.9 °C), and humid-
ity at 73.84% RH (SD=15.43% RH). Forty-eight
seeds from open-pollinated PA121 mother plants
were obtained from the USDA, ARS Tropical Agri-
culture Research Station in Mayagiiez, Puerto Rico.
They were germinated in 32-Star Deep Plug Trays
(T.O. Plastics, Clearwater, MN) filled with sand and
misted for 2 min every 8§ min. Plants were trans-
ferred after a week to 7 in D40H Deepots™ (Stuwe
& Sons, Tangent, Oregon) with two drippers (flow
rate of 22 mL minute‘l), and fertigated with a modi-
fied Hoagland’s solution (16 mM N, 6 mM K, 4 mM
Ca,2mM P, 1 mM S, 1 mM Mg, 0.00537 mM Fe,
0.05 mM (1, 0.025 mM B, 0.002 mM B, 0.002 mM
Zn, 0.0005 mM Cu, 0.00350 mM Mo) twice
a day at 8 a.m. and 6 p.m. for 2 min each time for
3 months before 48 plants were randomly assigned
to 3 treatment levels (n=16) of Cd** ion (added
CdCl,:~0.055 mM (6.13 ppm),~0.1096 mM
(12.26 ppm) or without Cd** treatment. The higher
Cd concentration was applied to compensate for con-
tinuous exposure to liquid media in the initial experi-
ment conducted in Colombia. These experiments
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were limited to genotype PA121 due to its availability
in Puerto Rico, as well as regulations restricting the
movement of plant material between the U.S.A. and
Colombia, and logistical constraints related to equip-
ment and personnel.

Cd analysis

Cd concentrations were measured at the AGROSA-
VIA Research Center, Tibaitatd (Mosquera, Colom-
bia) using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES Thermo Scientific ICAP
6500) following a modified method of the US EPA
(US Environmental Protection Agency 1996, 2007).
Calibration curves were performed using the stand-
ard reference material from the National Institute of
Standards and Technology, a solution of 1000 mg/L
Cd prepared by digesting Cd (NO;), in 0.5 mol/L
HNO; (Certipur®). Calibration curves were per-
formed using reference cacao material from genotype
WEPAL IPE 965 (WEPAL 2019) provided by Wage-
ningen Agricultural University (Netherlands).

Tissue sampling, RNA purification, RNA-Seq library
preparation, and sequencing

Leaves at developmental stage C (Fister et al. 2016)
were excised from plants once before the applica-
tion of Cd (time point 0) and then 24 and 48 h after
the application of Cd (AC), then immediately frozen
in liquid nitrogen, and stored at —80 °C. Root tis-
sues were sampled similarly from the same plants
at 0 and 48 h. One hundred mg of tissue from each
sample was ground in liquid nitrogen using a mor-
tar and pestle and used to purify total RNA with the
PureLink™ Plant RNA Reagent, following the pro-
tocol of Yockteng et al. (2013). RNA concentrations
were determined spectrophotometrically using a Nan-
oDrop® 2000 (ThermoScientific). RNA was sepa-
rated on a 1% agarose gel and stained with GelRed®
(Biotium) to confirm RNA integrity. Barcoded librar-
ies were made from 1 pug of RNA using the TruSeq
RNA Library Prep Kit v2, following the manufac-
turer’s Instructions (Illumina, San Diego, CA). The
quality of each library was assessed using a high-
sensitivity DNA kit on an Agilent TapeStation 4200
(Agilent Technologies, Santa Clara, CA). In total, 18
libraries from leaf tissue and 12 from root tissue were
constructed and sequenced using a 150 bp paired-end
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strategy on an Illumina HiSeq X system, dedicating
one lane to each replicate tank, targeting a 300 bp
insert size. Sequencing was performed at Macrogen
Inc. (Seoul, South Korea).

Transcriptome assembly and read mapping

Adapters and low-quality reads were removed using
Trimmomatic (Bolger et al. 2014), and the quality
of the remaining reads was verified using FastQC
(Andrews 2010). Filtered reads were mapped using
Hisat2 (Kim et al. 2019) to a GFF annotation con-
taining the last exon of each gene model of Criollo
B97 from Belize V2 reference genome (Argout et al.
2017) (Figure S1A-P). In the study, we present the
transcript annotations using NCBI’s RefSeq for that
genome. Fractional counts were calculated using the
featureCounts package (Liao et al. 2014). Genes with
less than 10 normalized reads across samples were
removed.

Log2 fold change calculation, filtering, and size
factor estimation

DEGs were identified using functions from the pack-
age DESeq2 (Michael et al. 2022) and an ad hoc R
function created to minimize type I error and maxi-
mize DEG discovery. The function had three main
capabilities: 1) filtering genes based on mapping
events across libraries, as performed by the edgeR
package (Robinson et al. 2010); 2) utilizing the row
variance for the independent filtering statistic as sug-
gested previously (Bourgon et al. 2010); 3) perform-
ing steps one and two and normalization using gene
dispersion values only using libraries included in the
comparison. An adjusted p-value cut-off of 0.05 was
applied.

The gene expression model included “genotype”
and “time after Cd treatment (AC)” as the main
effects and a blocking factor to account for tank-to-
tank variation. The interaction between time AC and
genotype was examined. Since each plant was con-
tinuously sampled throughout the experiment, each
plant is nested within the interaction of the “geno-
type” and “block” terms. PA121 and 0 h were used as
references. Another set of models without “genotype”
was applied to compute log2-fold changes of com-
bined genotypes (model matrix and contrast weights;
Table S1 A-C).
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Ortholog classification, pathway mapping, and
subcellular localization prediction

DEGs were reciprocally blasted using CRB-BLAST
(Aubry et al. 2014) to the coding sequences (CDS) of
the A. thaliana genome (arabidopsis.org) using three
E-value cut-offs: 1072, 1073, and 107, Gene families
were then identified using PlantTribes2 (Wafula et al.
2023). KEGG pathway mapping (Kanehisa et al.
2017) was performed using orthogroups identified by
KOFAM KOALA (Aramaki et al. 2020). Subcellular
localization was predicted using DeepLoc2 (Thumu-
luri et al. 2022).

Gene ontology term enrichment analysis and
clustering

Gene Ontology (GO) terms (Ashburner et al.
2000; Aleksander et al. 2023) were assigned using
Blast2GO (Gotz et al. 2008). Overrepresentation
analysis (ORA) was done using Fisher’s hypergeo-
metric test in the “Fast GSEA” package (Korotk-
evich et al. 2019) against reference genes with at
least one normalized count across their respec-
tive tissue-specific libraries. GO term semantic
similarity indices and clustering were performed
using “SimplifyEnrichment” (Gu and Hiibschmann
2022), the Rel method (Schlicker et al. 2006), and
the binary-cut algorithm (Mezentsev 2017). Graphs
were produced with R packages (Wickham 2009;
Gu et al. 2016).

Photosynthesis and gas exchange measurements

Photosynthesis (A) and gas exchange (Gs) were meas-
ured using a LI-6400 XT photosynthesis system with
a Leaf Fluorescence Chamber (LCF) (Li-Cor ®, Lin-
coln, NE) in survey mode. The system had a constant
flow of 500 umol s~!, complete desiccant bypass,
reference CO, of 400 umol mol™!, and light set to
match the outside of the LFC at 116.2 umolemes™".
Measurements were taken at 8:00 a.m. and 1:00 p.m.
for 2 days following the onset of treatment.

Sample size was estimated using Cohen’s 1
(F-value, (Cohen 1988), implemented with the
pwr package in R, and based on standard devia-
tions reported for stomatal conductance (Gs) and

photosynthesis (A) data in Cd-treated cacao plants
(Barroso et al. 2023). Data collected each day
were processed, parsed, and merged using a cus-
tom R script prior to analysis. The objective was
to compare Gs and A after 2 days of Cd treatment.
Accordingly, F-statistics were calculated using the
anova function (stats package) on data from the
last day of treatment, applied to linear models con-
structed with the Im function, using the formulas
Gs~Cd level +position or A~Cd level + position.
The “position” term was included as a clocking
factor and represents individual tray positions on
the greenhouse table. Post hoc comparisons were
conducted using Tukey’s HSD test, implemented
with the TukeyHSD function on aov objects (stats
package) generated from the same data and model.
A similar analytical approach was applied to the
12 ppm Cd-treated plants, using models defined
as Gs~time+position or A ~time+ position,
which were fitted to assess temporal trends across
measurements.

Hormone quantification

Phytohormone extraction was performed using a
protocol adapted from previously published meth-
ods (Trapp et al. 2014; Flokova et al. 2020). Plants
were uprooted, and their roots washed in water,
after which fully developed E-stage leaves (Fister
et al. 2016) and adventitious roots, branching from
the taproot, were excised and immediately placed
on dry ice. One hundred mg of frozen tissue per
sample was ground in liquid nitrogen and placed in
a 2 mL centrifuge tube. One mL of extraction buffer
(7:3 parts methanol to water with 5 nM of labeled
internal standards) was added, samples were vor-
texed and left to shake for 30°’/4 °C. Tubes were
centrifuged at 16,000xg for 5°/4 °C, after which the
supernatant was freeze-dried by centrifugal evapo-
ration. Samples were than resuspended in fresh
extraction buffer without internal standards using
sonication in an ice bath for 10 min, centrifuged at
16,000xg for 5°/4 °C, and ABA concentration in the
supernatant was measured by The Huck Institutes’
Metabolomics Core Facility (RRID: SCR_023864)
using a Sciex ZenoTOF 7600 LC-MS.
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Results

Genotypic variation in Cd uptake in roots and leaves
of hydroponically grown cacao seedlings

The Cd concentrations in tissues of 2 month-old
plants treated with 10 ppm Cd were significantly
higher than those of the controls, both in leaves (one-
sided t-test, t=4.2205, df=19, p=2.315x107"
and in roots (one-sided t-test, t=16.459, df=20,
p=2.05x10""%) (Table 1) (Fig. 1A, B). On aver-
age, Cd concentration in the roots was higher than in
leaves, regardless of treatment (Table 1).

In Cd-treated PA121 roots, the mean Cd con-
centration was~ 1.6-fold higher than the average
recorded for Cd-treated TSH660 roots (Table 1)
(Fig. 1A). The average concentration in Cd-treated
PA121 leaves was~6.4-fold higher than the average
recorded for Cd-treated TSH660 leaves (Table 1)
(Fig. 1B). Cd concentrations in tissues from the two
genotypes grown at 0 ppm Cd were not significantly
different (Table 1). These results demonstrate that
under our experimental conditions, progeny from
open-pollinated PA121 accumulated more Cd in leaf
and root tissues than those from TSH660. We desig-
nated the progeny from PA121 as the high accumu-
lator, PA121(HA), and the progeny from TSH660 as
the low accumulator, TSH660(LA).

Exposure to 10 ppm Cd significantly stunted plant
growth, resulting in similar overall biomass between
the two genotypes (Table 1; Figs. 1C and D). Under
control conditions (0 ppm Cd), PA121 exhibited sig-
nificantly greater leaf mass than TSH660 (one-sided

t=3.9361, df=2.8835, p=0.0157) and marginally
greater root mass (one-sided t=1.8287, df=3.952,
p=0.07115).

Differential gene expression after cadmium treatment

The 18 transcriptome libraries averaged over 16 mil-
lion reads per sample, with an average mapping rate
of 85.7%. Differentially expressed genes (DEGs)
were obtained from 14 linear contrasts (Table S1B-
C). The number of DEGs from the main contrasts, the
percent of upregulated DEGs of these contrasts, and
selected intersections are represented in Fig. 2. Dif-
ferential expression results are presented in Table S2.
After 48 h of Cd treatment, we identified 4185 shared
DEGs in roots (shared response, Fig. 2A). The shared
response in leaves had significantly fewer DEGs
than in roots; in leaves, 1162 at 24 h AC and 1999
at 48 h AC (Fig. 2A). In the shared response, the
number of downregulated DEGs was higher in the
roots (2344/4185 DEGs or 56%). Conversely, upreg-
ulation was higher in leaves (1127/1999 DEGs or
56.4%), deviating significantly from a 1:1 expectation
(X?=82.21, df=1, p-value <2.2x 107'6, Fig. 2C).
PA121(HA) had 2297 DEGs in roots 48 h AC,
and 1538 and 604 in leaves 48 h and 24 h AC,
respectively (Fig. 2A). The number of downregu-
lated DEGs was greater than expected in roots,
while in leaves, upregulated DEGs were greater than
expected (X>=112.45, df=1, p-value<2.2x107'%).
On the other hand, TSH660(LA) had 2396 DEGs in
roots 48 h AC, slightly higher than in PA121(HA)
(Fig. 2A). In leaves, TSH660(LA) showed 180 DEGs

Table 1 Mean Cd concentrations and dry weight of plants treated with Cd

Tissue Genotype Cd treatment Mean Cd meas- Mean Cd meas- Mean dry weight  Mean dry weight
(Leaves v (PAI121 v (10 ppm vs ured (ppm) (95%  ured (ppm) by () 95% CIHby  (g) (95% C.I) by
Roots) TSH660) (N) 0 ppm) C.I) by genotype  treatment genotype and genotype
and treatment 95% C.I) treatment
Leaves PA121 (N=3) 0 ppm 0.3 (C.I1. 0.27) 0.43 (C.1.0.3) 25.3 (CIL.6.7) 18.3(C.1.9)
TSH660 (N=3) 0.5 (C.I1. 0.98) 11.2 (C.I. 13.9)
PA121 (N=9) 10 ppm 97.4 (C.I. 38.6) 523 (CI.25.7) 7.3(Cl.2) 6.7 (C.I 1.2)
TSH660 (N=11) 15.3 (C.I. 13) 6.2 (CI. 1.9)
Roots PA121 (N=3) 0 ppm 7.5(ClI.22) 4.6 (CI.6.7) 7.6 (C1.5) 5.97 (CI.2.8)
TSH660 (N=3) 1.7(C.1. 1.9) 43 (CIL.5.7)
PA121 (N=10) 10 ppm 1416.3 (C.I. 1143.1 (C.I 24(CIL 1) 2.5(C1.0.5)
118.8) 144.2)
TSH660 (N=11) 895.1 (C.I. 122.8) 2.6(C.I1.0.5)
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Fig. 1 Cadmium accumulation and growth responses in cacao
genotypes after chronic Cd exposure. Cacao seedlings were
grown with 0 or 10 ppm Cd for 2 months. A-B Cd concen-
trations in root and leaf tissues of PA121 (high accumulator,
HA) and TSH660 (low accumulator, LA). C-D Root and leaf
dry biomass under control (0 ppm) and Cd treatment (10 ppm).
Error bars indicate 95% CI, and labels indicating means are

at 48 h and 57 DEGs at 24 h, fewer than PA121(HA),
which showed 547 and 1358 DEGs at 24 h and 48 h,
respectively (Fig. 2A). Nevertheless, the number of
downregulated DEGs in TSH660(LA) roots still devi-
ated significantly from a 1:1 expectation (X>=11.849,
df=1, p-value=0.0005771) (Fig. 2C).

GO term enrichment analysis

To gain insight into the mechanisms activated dur-
ing Cd-response, enriched Gene Ontology (GO)
terms from ten predefined sets of DEGs were iden-
tified (Table 2, Table S3). In roots, the enriched GO

B
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D
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placed above each column. Only for plants treated with 10 ppm
Cd, a two-sided t-test was performed to compare the mean
Cd concentration across genotypes; the p-values are included
above each comparison. For the rest, we relied on the 95% CI.
See Table 1 for the sample size in each group, as well as the
exact value of the 95% CI

terms in these sets of DEGs were combined, result-
ing in a total of 199 unique Biological Process (BP),
90 Molecular Function (MF), and 41 Cellular Com-
ponent (CC) GO terms. In leaves, there were 63 BP,
18 MF, and 7 CC unique GO terms. After calculating
semantic similarities and removing GO terms with
zero similarity, 37 BP, 27 MF, and 7 CC remained
in roots, and 14 BP in leaves. BP GO was prioritized
because it exhibited the most enriched GO terms and
provided the most informative GO categories. BP
GO produced eight clusters, with at least two GO
terms per cluster, a relaxed criterion that ensured
maximal retention of GO terms (Fig. 3, Table 3). The

@ Springer



Plant Soil

A 4000 [Rakd

3000

2000

Number of DEG in set

1000

0

B Rt48h/Rtoh e
RtLA48h/RtLAOh .
RtHA48h/RtHAOh .
Lf24h/LfOh .
LfLA24h/LfLAOh .
LfHA24h/LfHAOh .
Lf48h/LfOh .
LfLA48h/LfLAOh .
LfHA48h/LfHAOh .
RtHAOh/RtLAOh .
RtHA48h/RtLA48h
LfHAOh/LfLAOh
LfHA24h/LfLA24h
LfHA48h/LfLA48h

-
o

~
o

regulated DEG in set
n ()
o o

Proportion of upreglated,
downregulated and opposite

Fig. 2 Differentially expressed genes (DEGs) in cacao seed-
lings in response to Cd treatment. RNA-seq analysis of root
(Rt) and leaf (Lf) tissues from PA121 (HA) and TSH660 (LA)
at 0 h, 24 h, and 48 h. A Number of DEGs identified in each

Table 2 GO term enrichment results. The column (DEG Set)
states the comparison, the second column lists the number of
DEGs, followed by the number of enriched BP GO in roots,
and the third column lists the enriched BP GO in leaves. The
10 sets included are those that had enriched BP GO (non-zero)

N° DEG Set DEG / Enriched DEG /
BP GO Roots  Enriched BP
GO Leaves

1 Tc48h/0 h (shared 41857120 1999 /30
response)

2 PAI21(HA)48h/Oh 2297/ 86 1538/ 16

3 TSH660(LA)48h/0h 2396/ 64 180/ 11

4 Intersection of 2 & 3 1378 /51 114/9

5  Complements 1018 /4 66/0
TSH660(LA)

6  Complements 919/0 142479
PAI121(HA)
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clustering analysis for MF is presented in Figure S2.
A second hypergeometric test compared GO term
names in each cluster to the names within their ontol-
ogy, identifying enriched keywords used to label each
cluster (Table 3, Fig. 3A, B).

Cd activation of indole acetic acid, abscisic acid,
melatonin, strigolactone, and ethylene biosynthetic
and signaling pathways in roots

DEGs contributing to each enriched BP GO term in
the “blue light-activated abscisic acid, defense, and
ion response pathway” cluster were classified into
orthologous protein families and mapped to KEGG
pathways. Gene families identified using KOFAM
were consolidated with those identified using Plant-
Tribes2. Genes were mapped to the biosynthetic steps
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Fig. 3 Enriched gene ontology (GO) terms in cacao roots and
leaves after Cd treatment. Clustered semantic similarity matri-
ces of enriched GO terms in (A) roots and (B) leaves. Each cell

and signal transduction components of various phy-
tohormones, including indole-3-acetic acid (IAA or
Auxin), abscisic acid (ABA), strigolactones, mela-
tonin (Mt), ethylene, and strictosidine (Fig. 4). Map-
ping results are presented in Table S4.

Indoles

In the indole biosynthetic pathway (Fig. 4A and
D), two orthologs of a terminal amino acid trans-
ferase (TAA) gene family, which deaminases Trp to
indole-3-pyruvic acid (IPA), XM_007019556.2 and
XM_007019553.2, were downregulated. The first
one was significantly downregulated 21-fold (—4.39

represents the similarity between pairs of GO terms (0 =unre-
lated, 1=identical). GO term names and IDs are displayed
within the matrices

log,-fold) when combining both genotypes, and the sec-
ond one was downregulated 1.7-fold (—0.8 log,-fold)
only in PAI21(HA) (Fig. 4A). Additionally, seven
downstream signaling components of the IAA, mem-
bers of the AUX/IAA gene family, were upregulated,
except for XM_007034894.2, an ortholog of AtIAA4,
which was downregulated ~fourfold (Table S2 and
Fig. 4D). A SNAT gene that acetylates serotonin
(XM_007045624.2) was upregulated 3.11-fold (1.64
log,-fold) at 48 h AC in TSH660(LA) (Fig. 4A). One
candidate of a caffeoyl-methyltransferase (COMT,
XM_018121419.1) was downregulated 2.5-fold
(—1.33 log,-fold) in both genotypes, while another
(XM_018120814.1) was upregulated 43.1-fold (5.4
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Table 3 GO term clusters

Clusters in Roots Cluster Name

Number (GO Genotype

terms)

1 Blue light abscisic activated defense, 19 Both

and ion response signaling pathway
2 Catabolic process 4 Both
3 Response 2 Both
4 Unnamed 2 Both
5 Signaling 2 HA only (PA121)
6 ITon transport 4 Both
7 Dephosphorylation 2 Both
8 Cell 2
Clusters in Leaves  Cluster Name
1 Protein refolding 3 Both
2 Cellular heat response 9 Both
3 Cell detoxification LA only (TSH660)

log,-fold) in TSH660(LA). A marked difference was
observed between TSH660(LLA) and PA121(HA) stric-
tosidine synthase (SS) genes, SS/ and SS2. Changes
in expression occurred only in TSH660(LA). The SS1
gene XM_018120572.1 was downregulated 2.54-fold
(—1.3 log,-fold) and three genes, XM_018126632.1,
XM_018127382.1, and XM_007046480.2, were upreg-
ulated 3.11-fold (1.6 log,-fold), fourfold (2 log,-fold),
and 4.6-fold (2.2 log,-fold) respectively.

Apocarotenoids

Several key genes encoding enzymes central to
the ABA biosynthetic pathway were strongly
upregulated in response to Cd treatment (Fig. 4B
and F). The shared response identified a 5.9-fold
(2.56 log,-fold) upregulation of an ortholog to
p-carotene hydrolase 1 (BCHI), XM_007038743.2,
and a 1.76-fold (0.81 log,-fold) upregulation
of an ortholog to zeaxanthin epoxidase (ZEP),
XM_007028495.2. Two orthologs of 9-cis epoxy
dioxygenase (NCED), XM_007022118.2 and
XM_018118862.1, were upregulated 7.5-fold (2.9
log,-fold) and 8.6-fold (3.1 log,-fold), respectively.
Three xanthoxin dehydrogenases (XDH) were
upregulated, and three were downregulated. Nota-
bly, XM_007027846.2 was upregulated 13.5-fold
(3.21 log,-fold) in TSH660(LA). In the indole alde-
hyde oxygenase (JAO) family, XM_007015509.2
was upregulated 2.3-fold (1.22 log2-fold), while
XM_018127404.1 was downregulated 6.5-fold

@ Springer

(=2.7 log,-fold). One ABA-hydroxylase (ABAH)
candidate gene, XM_007016306.2, was upregu-
lated 20.2-fold (4.34 log2-fold) in both geno-
types, and another, XM_007042365.2, 8.6-fold
(3.11 log,-fold) only in PA121(HA). On the other
hand, one ABAH, XM_018116623.1, was down-
regulated 4.8-fold (—2.26 log,-fold) in PA121(HA)
(Fig. 4B and F). Furthermore, signaling compo-
nents downstream of ABA, the ABA receptor gene
family PYL, XM_007008792.2, XM_007024407.2,
XM_007026527.2, and XM_018127083.1, were
downregulated 4.92-fold (—2.3 log,-fold), 31.2-fold
(~ =5 log,-fold), 4.1-fold (—2.0 log,-fold), and 3.4-
fold (—1.8 log,-fold), while one, XM_007051517.2,
was upregulated 2.9-fold (1.5 log,-fold) (Fig. 4F).

Finally, a key step in strigolactone synthesis, the
CCDS gene, also known as MAX4 (XM_007052456.2),
was upregulated 2.7-fold (1.43 log,-fold) (Fig. 4B).
Furthermore, two downstream receptors of strigol-
actones (Chen et al. 2022), one annotated as a D14,
ortholog of AtKAI2, XM_018128515.1, was down-
regulated 1.9-fold (~0.9 log,-fold), and another MAX?2
ortholog, XM_018123475.1, was upregulated 1.9-fold
(0.9 log,-fold) (Table S2).

Ethylene

The aminocyclopropane oxidase (ACO)
XM_007019139.2  was  downregulated  6.45-
fold (-2.69 log,-fold) in the shared response.
The ACO XM_007026145.2 was upregulated
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2.12-fold (1.08 log,-fold) in PA121(HA) and the ACO
XM_007012805.2 was upregulated 2.43-fold (1.28
log,-fold) in TSH660(LA) (Fig. 4C and E).

Catabolism cluster, including regulation of GST,
lignin-forming peroxidases, ROS modulation, and
sugar-mediated stress response in roots

The DEGs in the second-largest cluster, “catabolic
process” included enzymes with catabolic functions,
such as peroxidases (PER), glutathione S-transferases
(GST), and enzymes involved in carbohydrate deg-
radation, as well as chitinases (Fig. 5A). The PER
included 31 genes annotated as lignin-forming per-
oxidases (LFP) (Fig. 5A). Of those, 25 were down-
regulated. In addition, 20 genes were genotype-spe-
cific to TSH660(LA) and 26 to PA121(HA), with an
overlap of 17 genes between both genotypes. One
LFP, XM_007045286.2, was strongly upregulated
175.7-fold (7.5 log,-fold) in TSH660(LA) (Fig. 5A).
In contrast to most other LFPs, XM_007011153.2
and XM_007011167.2 exhibited similar responses in
roots and leaves (Fig. 5SA). The next largest family in
this cluster was the GST, which contained 21 genes
(Fig. 5A). In the shared response, 15 were downregu-
lated (Fig. 5A). In the genotype-specific response,
only ten genes were significant for TSH660(LA)
and 13 for PA121(HA), with an overlap of seven
genes between genotypes (Fig. 5A). There were ten
carbohydrate catabolism genes, ten genotype-spe-
cific to PA121(HA), and eight genotype-specific to
TSH660(LA) (Fig. 5A). The two DEGs that were
exclusive to PA121(HA) were an alpha-glucan water
dikinase (GWD) gene, XM_007027585.2, and a phos-
phoglucan phosphatase LSEX4, XM_007011190.2
(Fig. 5A). Interestingly, we identified an alpha-amyl-
ase that was upregulated only in leaves of PA121(HA)
(Fig. 5A).

Finally, 17 chitinases in the catabolism clus-
ter are represented in the shared response: 12 are
specific to PA121(HA), and nine are specific to
TSH660(LA), with an overlap of seven DEGs
(Fig. 5A). One marked difference between genotypes
was the 6.7-fold (—2.8 log,-fold) downregulation of
XM_007033739.2, an EP3 chitinase in PA121(HA)
roots (Fig. 5A). In leaves of PA121(HA) the endo-
chitinases ortholog (CHTI), XM_007041606.2
was 15.8-fold (3.98 log,-fold) upregulated, the

endochitinases EP3, XM_018119383.1 was 76.7-
fold (6.3 log,-fold) upregulated, and the chitinase-2
(CHT2), XM_018127043.1, was 15.4-fold (3.9-log-
,fold) upregulated (Fig. 5A).

Ion transport clusters indicating regulation of
nitrogen, sulfur, and phosphate transporters

The ion transport cluster contains six sulfur (S), 21
nitrogen (N), and seven phosphate (P) transporters.
This cluster also includes 16 calcium (Ca) transport-
ers, 10 aquaporins, four annexins, and five receptor
class proteins (Fig. 5B). Nitrogen transporters fell
into two orthogroups of NRTI/PTR gene families,
one containing 19 members (NTR/PTRI), of which
eight were downregulated (Fig. 5B). NTRI/PTRI
had 15 genotype-specific DEGs to PA121(HA), 13 to
TSH660(LA), with an overlap of ten (Fig. SA). The
six S transporters belong to a single family (SULTR),
with four of them being downregulated. Addition-
ally, four were genotype-specific to each, with an
overlap of two (Fig. 5B). P transporters had 2 DEGs
in the PHOI gene family and five in the IPT family
(Fig. 5B). In the IPTs, TSH660(LA) had two down-
regulated genotype-specific genes. In PA121(HA),
while five IPT genes were significantly downregu-
lated, one IPT, XM_018122229.1, was upregulated
3.9-fold (1.97 log,-fold) (Fig. 5B). Membrane intrin-
sic proteins (aquaporins) have five tonoplast intrin-
sic proteins (71P), four plasma membrane intrinsic
proteins (PIP), and one NOD25 intrinsic protein
(NIP). One PIP gene, XM_007016678.2 (TcPIP2-
2), exhibited a relatively high twofold (1 log,-fold)
upregulation, exclusive to TSH660(LA). More Ca
transporters were regulated in PA121(HA), which
had seven genotype-specific DEGs compared to
four in TSH660(LA). Despite this, one member
of the CAX2 gene family, XM_007016045.2, was
15-fold (3.99-log2-fold) upregulated specifically
in TSH660(LA). This contrasted with the 1.3-fold
upregulation in PA121(HA), which did not pass the
significance cut-off (Fig. 5B). Interestingly, in leaves,
this gene was genotype-specific to PA121(HA)
and was downregulated 5.4-fold (—2.42 log,-fold)
(Fig. 5B).

The potential overlap between the phosphate
starvation response (PSR) in A. thaliana (Wang
et al. 2023b) and the ion transport cluster in the Cd
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«Fig. 4 Expression of hormone biosynthetic and signaling
genes from the blue light abscisic acid-activated defense and
ion response signaling cluster. A Indole pathway genes. B
Apocarotenoid pathway genes. C Ethylene biosynthesis genes.
D-F Signaling components associated with indole, apoca-
rotenoid, and ethylene pathways. Heatmaps display log,-fold
changes (48 h/0 h) in root and leaf tissues for the combined
genotypes (Both), TSH660(LA), and PA121(HA) from left to
right. Time-course expression plots (0, 24, 48 h) are shown for
selected gene families in roots and leaves. Asterisks denote sig-
nificance: * p<0.05, ** p<0.01, *** p<0.001. Gene IDs are
displayed in the figure; full gene names are provided in Sup-
plementary Table S2

response in cacao was determined using the PSR
genes from Table S1 in Z. Wang et al. (2023a, b).
In each gene family identified using PlantTribes2,
genes from either A. thaliana or cacao had to all be
regulated in the same manner (all upregulated or
downregulated, Table S5). The log,-fold averaged by
gene families is plotted in Fig. 5C. In the ion trans-
port cluster, all CAXI, PHOI, CNGC, and NIP were
downregulated in cacao and upregulated in A. thali-
ana (Fig. 5C). In the catabolism cluster, the peroxi-
dases-2 (PER2) and chitinases-1 (CHTI) were all
downregulated in the cacao, while upregulated in the
A. thaliana, except for the peroxiredoxin-2f gene fam-
ily, which was downregulated in both (Fig. 5C).

Metal transporter gene families regulated by Cd in
cacao

By searching the cacao genome for 16 gene super-
families involved in metal or coordination compound
transmembrane transport, 82 DEGs encoding metal
transporters or metal detoxification genes were iden-
tified, 75 in roots and 12 in leaves. Their subcellular
localization was then predicted (Fig. 5D, Table S6).
Seven were leaf-specific and 70 root-specific
(Fig. 5D). Our results indicated that A Cd/Zn trans-
porting PIB-2 HMA gene (XM_018127237.1) was
downregulated 1.7-fold (—0.77 log,-fold) in the leaves
of the PA121(HA) 48 h AC (Fig. 5D). This protein
is predicted to be localized to the cytosol membrane
(CM). TcHMAI (XM_007047334.2) was also down-
regulated 2.1-fold (1.1 log,-fold) in PAI21(HA)
leaves at 48 h AC. In roots, the orthologs to HMAS
and RANT1 included two distinct members. The first
one, TcHMAS (XM_018116084.1), predicted to local-
ize to the CM, was downregulated 2.3-fold (—1.22
log,-fold) in PA121(HA) at 48 h AC. Conversely,

TcRANI (XM_007040138.2), predicted to localize to
the chloroplast membrane, was upregulated threefold
(1.6 log,-fold) in TSH660(LA) at 48 h AC (Fig. 5D).
TcNRAMP6 (XM_018122485.1) was downregulated
3.4-fold (—1.77 log,-fold) in roots of both genotypes
48 h AC. TcNRAMPS5 (XM_018125489) was down-
regulated 9.64-fold (—3.26 log,-fold) in the roots and
was genotype-specific to TSH660(LA) 48 h after Cd
(Fig. 5D). The ZIP gene, TcIRT1 (XM_018122962.1),
was strongly downregulated in response to Cd treat-
ment in both genotypes, 76.79-fold (—6.27 log,-fold)
in PA121(HA) and 39.24-fold (—5.29 log,-fold) in
TSH660(LA). Additionally, PA121(HA) had one
ZIP family member, XM_018127227.1, downregu-
lated 2.93-fold (—1.55 log,-fold) in roots 48 h AC.
Plant Cd resistance (PCRs) were mostly downregu-
lated in roots, with one member (XM_018116355.1)
being upregulated in the leaves of PA121(HA)
(Fig. 5D). The vacuolar iron transporter (VIT),
XM_007042978.2, was 20-fold (—4.32 log,-fold)
downregulated, and one Yellow Stripe-Leaf (YSL),
XM_007039100.2, was upregulated in roots of both
genotypes while being downregulated in the leaves of
PA121(HA) (Fig. 5D).

GO term clusters and DEGs mapping to TCA,
carbohydrate, and fatty acid metabolic pathways

KEGG pathway analysis mapped 561 genes from Cel-
lular Heat Response (CHR) leaf cluster (Fig. 3B) to
236 different pathways and clustered once more using
the binary-cut algorithm (Table S7 and Figure S3).
After this, thirty-nine genes with shared pathways were
selected and used to create ad hoc groups related to car-
bohydrate metabolism (CHO), fatty acid (FA) metabo-
lism, the tricarboxylic acid cycle (TCA), and terpenoid
biosynthesis (Fig. 6). Twenty-eight of the 39 genes were
significantly upregulated in PA121(HA) (Fig. 6). One
DEG shared by both genotypes, a cupredoxin ascorbate
oxidase (XM_007016622.2), was upregulated 10.3-fold
(3.4 log,-fold) at 48 h AC. In the terpenoid group, an
NCED (XM_007022118.2) was upregulated 5.6-fold
(2.5 log,-fold), and a purple acid phosphatase ortholog
(XM_018116461.1) was downregulated 2.6-fold (1.4
log,-fold); both genes are related to ABA signaling. The
shared response in the carbohydrate cluster included
a cell wall invertase 1, XM_018122432.1, which was
upregulated sevenfold (2.8 log2-fold), and a beta-
amylase, XM_018117250.1, downregulated 4.7-fold
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«Fig. 5 Expression changes in root-enriched functional cat-
egories under Cd treatment. A Catabolism and detoxification
gene families. B Ion and macronutrient transport gene families.
C Average log, fold change of shared gene families (ortho-
groups) between the Arabidopsis thaliana phosphate starvation
responses and the cacao Cd response. D Metal-transporting
gene families. Heatmaps display log, fold changes (48 h/0 h) in
root and leaf tissues for combined genotypes (Both), TSH660
(LA), and PA121 (HA). Gene family names and abbrevia-
tions are defined; full gene IDs are provided in Supplemen-
tary Table S2. Asterisks denote significance: * p<0.05, **
p<0.01, *** p<0.001

(2.2 log,-fold). All DEGs were specific to PA121(HA)
in the fatty acid cluster. Eceriferum had two members:
one downregulated (XM_018115329.1) threefold (—1.6
log,-fold) and another (XM_007008667.2) upregu-
lated 10.7-fold (3.4 log,-fold). Cell wall invertases
(CWIN), raffinose synthase (RS), and galactinol trans-
ferase (GalT) were upregulated in PA121(HA) leaves.
One CWIN, XM_018117430.1, was downregulated in
TSH660(LA) roots.

Genes with convergent and divergent gene expression
patterns

In this analysis, convergent genes were defined as those
that were differentially expressed at O h but not at 48 h.
Conversely, divergent genes were not differentially
expressed at O h but became so at 48 h AC. In roots, 322
convergent genes and 308 divergent genes were iden-
tified. In the divergent group, 45 genes became diver-
gent due to changes in expression in PA121(HA) and
54 genes due to changes in expression in TSH660(LA).
The convergent and divergent genes in leaves were sim-
ilarly identified, as 182 and 867 DEGs, respectively. In
leaves, 338 genes became convergent due to changes
in expression specific to PA121(HA) and six due to
changes in expression specific to TSH660(LA). The
convergent and divergent genes were cross-referenced
to genes contributing to each semantic similarity cluster
(Table 3). The list of genes is provided in Table S8. The
expression changes for the top genes in both groups
were plotted by tissue in Figure S4.

Cd treatment in PA121 reduced gas exchange in
cacao leaves and increased ABA concentration in
roots

whether ABA-related
under Cd exposure

To test
changes

transcriptional
translated into

physiological responses, we measured stomatal
conductance (Gs), photosynthesis (A), and ABA
concentrations in cacao seedlings under 0, 6,
and 12 ppm Cd**. Cd treatment had a significant
effect on stomatal conductance (one-way ANOVA,
p=0.0192), accounting for 20.8% of its varia-
tion (Fig. 7A); however, photosynthesis was unaf-
fected (p=0.6151) (Fig. 7B). Tukey’s post hoc
test indicated that plants treated with 12 ppm Cd
had significantly lower Gs than the control group
at the end of the experiment (difference =—0.0119,
p-adj.=0.0145). No significant differences were
observed between plants treated with 6 ppm Cd and
the controls (difference =—0.0051, p-adj.=0.4242)
or between plants treated with 12 ppm and 6 ppm
(difference =—0.0067, p-adj.=0.2363) (Fig. 7A).
In plants treated with 12 ppm, a significant differ-
ence in Gs was observed between the morning of
the first day and the afternoon of the second day
(difference =—0.0190, p=0.0499) (Fig. 7C). Like
before, no significant changes in A were detected
(Fig. 7D). After 36 h, the mean ABA concentra-
tion in roots was significantly higher in the 12 ppm
group (1.95 nM) compared to the control group
(0.21 nM) (t=4.0822, df=2.0528, p=0.0264)
(Fig. 7E). No significant difference between the
treated and control groups was observed in leaf
ABA concentrations (t=0.3749, df=3.0921,
p=0.366) (Fig. 7F).

Discussion

Theobroma cacao exhibits both physiological and
molecular adaptations to cadmium (Cd) exposure.
TSH660(LA) genotype inherently absorbs signifi-
cantly less Cd in its roots, approximately 63% of the
amount absorbed by PA121(HA) genotype, and trans-
locates markedly less to its leaves, at only~15.7%
of the PA121(HA) levels (Fig. 1A-B). In contrast,
PA121(HA) tolerated a higher Cd uptake and trans-
location, as well as a more robust activation of stress-
response genes in leaves. These divergent strategies
are reflected at the transcriptomic level: TSH660(LA)
shows fewer differentially expressed genes (DEGs) in
its leaves, consistent with an avoidance mechanism.
PA121(HA), on the other hand, exhibits a substan-
tially higher number of DEGs in its leaves (Fig. 2A),

@ Springer
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Fig. 6 Expression changes
in leaf-enriched metabo-
lism pathways in cacao
seedlings exposed to Cd.
Heatmaps show log, fold
changes (48 h/0 h) in root
and leaf tissues for genes
in the tricarboxylic acid
(TCA) cycle, carbohydrate
metabolism (CHO), fatty
acid metabolism (FA),

and terpenoid metabolism
(Terp). Data are shown for
combined genotypes (Both),
TSH660 (LA), and PA121
(HA). Gene family abbre-
viations and representative
gene IDs are displayed in
the figure; full gene names
are provided in Supplemen-
tary Table S2. Asterisks
denote significance: *
p<0.05, #* p<0.01, ***
p<0.001
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Fig. 7 Physiological and hormonal responses of cacao seed-
lings to Cd treatment. A-B Stomatal conductance (Gs) and
photosynthetic rate (A) at 36 h under 0, 6, and 12 ppm Cd.
C-D Time-course of Gs and A over two days (AM and PM
measurements) at 12 ppm Cd. E-F Abscisic acid (ABA) con-

with enrichment in genes associated with heat stress
responses (Fig. 3B), including heat shock proteins
typically activated under abiotic and biotic stress
conditions.

Comparative transcriptomic responses to cadmium in
cacao roots and leaves

At 48 h after Cd exposure, the number of DEGs
was nearly twice as high in cacao roots (4185) as in
leaves (1999) (Fig. 2B). In leaves, PA121(HA) had
1538 DEGs compared to 180 in TSH660(LA), where
in roots, both genotypes showed a similar number of
DEGs (Fig. 2B). The higher number of DEGs in cacao
roots aligns with findings in Solanum lycopersicum
(Chen et al. 2023), Brassica juncea (Thakur et al.
2019), Nicotiana rustica (Zhang et al. 2021), and A.
thaliana (Herbette et al. 2006), but not in N. tabacum
(Zhang et al. 2021). Both cacao genotypes exhibited a
higher proportion of downregulated genes in roots and
more upregulated genes in leaves; a pattern not con-
sistently observed in the species cited above.

PM

Time of measurement at 12 ppm Cd

AM PM

Time of sampling after 12 ppm Cd

centrations in root and leaf tissues after 36 h. Cd exposure sig-
nificantly increased ABA in roots (p=0.026) but not in leaves
(p=0.4). Data represent means +SE (n=16 for Gs and A and
n=3 for phytohormone quantification)

Despite differences in gene expression and Cd
accumulation in leaves and roots, the mechanisms of
Cd response in both genotypes share common fea-
tures. These include a stress-detection and fast-act-
ing signaling phase, followed by hormone-mediated
signaling. These cause transcriptional changes that
may result in reducing Cd toxicity, such as divalent
cation uptake downregulation (Fig. 5D); N and P
uptake regulation (Fig. 5C); regulation of chelating
molecules (Fig. 5A); and other adaptations related to
water use, which include reduced stomatal conduct-
ance (Fig. 7A-C), and transcriptional changes that
may be related to lowering the plants water potential
and increasing leaf thickness (Fig. 5 and 6). We also
anticipate an adverse effect on growth (Fig. 1C-D).
Figure 8 integrates the data and the proposed model.

Signaling components activated by cadmium
Although T. cacao is increasingly recognized as

a model system for tropical perennial trees, the
mechanisms underlying Cd sensing remain poorly

@ Springer
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Fig. 8 Working model of Cd responses in cacao seedlings.
The schematic illustrates physiological and molecular pro-
cesses from the rhizosphere to the atmosphere, with tissue
zones indicated (rhizosphere, root cortex, ground tissue, stele,
and aboveground tissues). The high accumulator, PA121(HA),
and the low accumulator, TSH660(LA), are contrasted. Key
processes include: A stress signaling associated with absci-
sic acid (ABA) and related molecules, B reduced stomatal
conductance limiting transpiration-driven mass flow and Cd
uptake, C altered nutrient and ion transporter activity (e.g.,
NRAMPS, IRT1, HMA2, NRAMP6, HMAS, ZIP, HMAI),
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D changes in macronutrient uptake (reduced phosphorus and
nitrogen, increased sulfur), E enhanced chelation and seques-
tration mediated by compounds such as coumarins, and (F)
shifts in carbohydrate metabolism and raffinose accumulation
affecting water potential. Embedded heatmaps show log, fold
changes (48 h/0 h) in root and leaf tissues, with significance
indicated (* p<0.05, ** p<0.01, *** p<0.001). Full gene
names are provided in Figs. 5 and 6. Transmembrane protein
subcellular localizations follow the predictions made by Deep-
Loc2 (Supplementary Table S6)
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understood. We hypothesize that ROS and Ca?* sign-
aling occur in cacao plants, and, similar to A. thali-
ana, early responses to Cd involve a rapid calcium
spike (Zhang et al. 2023), followed by an increase
in reactive oxygen species (ROS), a pattern also
observed in other plant species (Chmielowska-Bak
et al. 2014). Following this initial sensing event, hor-
mone signaling can induce changes in gene expres-
sion. Consistent with this hypothesis, the largest
cluster of GO terms in roots comprised 19 biological
process (BP) categories, including 767 differentially
expressed genes (DEGs) involved in key biosynthetic
and signaling pathways for ABA, IAA, strigolactone,
and ethylene (Fig. 4). Likewise, ABA concentra-
tion increased in the roots of PA121(HA) (Fig. 7E).
Plants of the genotype TSH660(LA) were not avail-
able at the time of the hormone quantification. While
acknowledging this limitation, our findings establish
a foundation for future investigations into hormone
signaling under Cd stress in cacao, including studies
across different genotypes and experiments employ-
ing hormone inhibitors or ABA-related mutants, and
add support to the body of evidence of the role of
ABA and Ethylene in response to Cd exposure (Liu
et al. 2024).

Effects of cadmium on water-use efficiency

Cd is thought to alter water-use efficiency (WUE),
prompting investigations into the link between
drought tolerance and Cd accumulation in cacao
(Ortiz-Alvarez et al. 2023). This relationship is
plausible because reduced stomatal conductance
lowers water loss to the atmosphere, thereby slow-
ing mass flow and slowing down solute uptake
(Marschner and Rengel 2011), including Cd
(Page and Feller 2015). In a subsequent physi-
ological experiment conducted independently in
PA121(HA), Cd significantly reduced stomatal
conductance (Fig. 7A, C). This result agrees with
previous publications reporting a negative effect of
Cd on transpiration in cacao (dos Santos et al. 2020;
Barroso et al. 2023). Both studies also reported a
reduction in photosynthesis, suggesting another
unintended effect of forced stomatal closure. Under
our experimental conditions, we did not detect any
trend in photosynthetic rate aside from a higher rate
in the morning (Fig. 7B, D), likely due to the much
shorter treatment duration.

To further explore the link between Cd exposure
and WUE, we analyzed a previously published tran-
scriptome data of cacao drought response (CDR)
(Kulesza et al. 2024),, where, similarly to cacao Cd
response, we observed a correlation between the log2-
fold changes of ABA-related genes, including LEA
and PYL. However, some differences emerged. For
instance, Cd affected the expression of nine JAA/ARP
genes, while only six were differentially expressed in
the CDR; of those, only three showed similar regula-
tion patterns. A comparable trend was observed in the
ethylene response factor (ERF) gene family. Addition-
ally, transcriptional changes associated with reduced
water availability were reflected in the largest GO
term cluster in leaves, identified as “cellular response
to heat” (Table 3). Within this cluster, induction of
Eceriferum gene expression in leaves was observed,
indicative of potential enhanced cutin biosynthesis
and cuticular thickening, processes that likely con-
tribute to reduced water loss due to transpiration. Fur-
thermore, key enzymes for raffinose synthesis, iden-
tified as carbohydrate metabolism in leaves (Fig. 6),
galactinol synthase (GOLSI), raffinose synthase
(RS), and galactosyltransferase (GalT) (Elsayed et al.
2014), were significantly upregulated. Seven addi-
tional GalT and RS genes (Table S2) exhibited simi-
lar expression patterns to those observed in the cacao
drought response.

Downregulation of IRT and NRAMP transporters in
response to cadmium

Stagnation of mass flow alone may not be sufficient to
limit Cd uptake, as most micronutrients (e.g., Fe, Mn,
Zn, Cu) are predominantly acquired via active trans-
port, enabling efficient assimilation even at low exter-
nal concentrations. TcIRT1, a key gene in Strategy 1
Fe uptake (Dashner 2024), was strongly downregu-
lated in roots: 48-fold in PA121(HA) and 22.72-fold
in TSH660(LA) (Fig. 5SD). Similarly, its Arabidopsis
ortholog (AtIRTI) was induced under Fe deficiency
but was downregulated when Fe deficiency was com-
bined with 90 uM Cd (Connolly et al. 2003), and after
Cd exposure alone (Herbette et al. 2006). Together,
these findings suggest a regulatory mechanism in
which the expression of Cd-permeable transporters,
such as AtIRTI and TcIRTI, is attenuated to limit
Cd uptake. ABA has also been linked to /RTI down-
regulation under cadmium exposure in A. thaliana,
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suggesting a hormonal role in restricting Cd uptake
(Shen et al. 2022).

TcNRAMP6 and TcNRAMPS, which mediate trans-
membrane transport of Zn and Cd (Ullah et al. 2018),
exhibited differential expression. TcNRAMP6 was
upregulated in both genotypes, whereas TcNRAMPS
was downregulated in TSH660 (LA) (Fig. 5D).
These patterns suggest that the suppression of spe-
cific NRAMP transporters may help limit Cd uptake.
Evidence from Arabidopsis NRAMP knockout lines
supports this hypothesis (Cailliatte et al. 2009).
Similarly, Cd xylem translocation was reduced in O.
sativa RNAI lines (Ishimaru et al. 2012). A compa-
rable trend occurs in Nicotiana tabacum, which accu-
mulates less Cd than Nicotiana rustica and down-
regulates NtNRAMP2 and NtNRAMPG6 in response
to Cd exposure (Zhang et al. 2021). Although further
functional validation in cacao is required, repression
of Cd-permeable transporters appears to be a con-
served mechanism across species for restricting Cd
accumulation.

Cadmium translocation and partitioning by the HMA
gene family

Among the heavy metal ATPases in cacao, only
TcHMA3 has been functionally characterized to date
(Moore et al. 2020). In our study, TcHMA3 is strongly
downregulated in the roots of PA121(HA) after
48 h of Cd exposure (Fig. 5D). This transcriptional
response contrasts with AtHMA3, which was upregu-
lated after 30 h of exposure to 50 uM Cd (Herbette
et al. 2006), but resembles the behavior of AtHMA?2
and AtHMA4, both of which are repressed by the tran-
scription factors AtMYC2 and AtMYB43 following Cd
exposure (Zheng et al. 2022; Cao et al. 2024). Given
that AtHMA2 and AtHMA4 function as xylem load-
ers (Hussain et al. 2004) and AtHMA3 mediates vacu-
olar sequestration (Morel et al. 2008), the divergent
regulation observed in cacao warrants further investi-
gation into the evolutionary dynamics and functional
specialization of the HMA family in this species.

In addition, TcHMA5 (XM_007040138.2), an
ortholog to the ethylene-coupled Cu transporter
AtRANI (Li et al. 2017), was upregulated in the roots
of TSH660(LA) (Fig. 5SD), coinciding with changes
in ethylene-related gene expression and signaling.
This pattern suggests that TCHMAS5 may function
similarly to RANT1 and is consistent with its increased
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expression during leaf maturation (Kulesza et al.
2024). Furthermore, TcHMAI, whose Arabidopsis
ortholog, AtHMA 1, contributes to Zn detoxification
(Kim et al. 2009), was downregulated in PA121(HA)
leaves. These observations highlight genotype-spe-
cific regulation of HMA transporters under Cd stress.

Chelation- and nutrient-mediated processes in
cadmium detoxification

Chelation, sequestration, and precipitation are criti-
cal processes in Cd detoxification. Nitrogen (N) and
phosphorus (P) can directly precipitate (Van Bel-
leghem et al. 2007), whereas sulfur (S) acts as a
reducing agent in molecules such as glutathione
S-transferases (GSTs), which mobilize Cd bound to
glutathione (GSH) and detoxify ROS (Flores et al.
2000). In our study, we observed transcriptional
changes in genes encoding for N, P, and S transport-
ers (Fig. 5B-C). Changes in abundance or chela-
tion were not tested directly, so we limit our discus-
sion to their transcriptional behavior. Notably, given
lignin’s capacity for metal chelation, the downregula-
tion of genes for lignin-forming proteins (Fig. 5A) is
intriguing. LFP suppression has been associated with
increased levels of monolignols, such as coumarins
(Abdur Rahim et al. 2022). This raises an important
question regarding the role of monolignols in the
Cd response: whether they act as direct coordina-
tion compounds facilitating Cd mobilization or serve
as precursors required for mobilizing other elements
(Tsai and Schmidt 2017).

Concluding remarks

Our results suggest that no single factor predominates
in explaining differences in Cd uptake in cacao. How-
ever, we detected distinct differentially expressed genes
(DEGs) that provide a foundation for future functional
validation. The proposed model integrates observa-
tions from cacao with evidence from other species into
a cohesive hypothesis involving water-use efficiency,
specialized elemental transport, chelation, and detoxi-
fication. Several hypotheses are proposed for future
research that may advance the development of climate-
resilient, low-Cd cacao varieties. Importantly, this work
represents the first published whole-transcriptome study
of Cd response for this species.
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In conclusion, this study reveals a coordinated
physiological and molecular response in cacao aimed
at mitigating Cd uptake and toxicity. This response
involves hormonal signaling, reduced mass flow,
modulation of nutrient and ion transport, and activa-
tion of detoxification pathways. Future research is
needed to validate this model by investigating cellu-
lar redox dynamics, monolignol-mediated chelation,
root structural adaptations, and controlled phytohor-
mone or inhibitor applications. Given the substan-
tial overlap between drought and Cd responses, inte-
grating not only both stressors (Ortiz-Alvarez et al.
2023), but also multiple omics approaches, may
accelerate the development of climate-resilient, low-
Cd cacao varieties. Finally, the molecular features
identified here represent promising targets for marker-
assisted selection and gene-editing strategies in cacao
improvement.
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