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A B S T R A C T

Recent regulatory limits on concentrations of cadmium (Cd), an element of concern for human 
health, have made Cd reduction a key issue in the global chocolate industry. Research into Cd 
minimization has investigated soil management, cacao genetic variation, and postharvest pro
cessing, but has overlooked the cacao-associated microbiome despite promising evidence in other 
crops that root-associated microorganisms could help reduce Cd uptake.

A novel approach combining both amplicon and metagenomic sequencing identified microbial 
bioindicators associated with leaf and stem Cd accumulation in sixteen field-grown genotypes of 
Theobroma cacao. Sequencing highlighted over 200 amplicon sequence variants (ASVs) whose 
relative abundance was related to cacao leaf and stem Cd content or concentration. The two 
highest-accumulating genotypes, PA 32 and TRD 94, showed enrichment of four ASVs belonging 
to the genus Haliangium, the family Gemmataceae, and the order Polyporales. ASVs whose relative 
abundance was most negatively associated with plant Cd were identified as Paenibacillus sp. (β =
− 2.21), Candidatus Koribacter (β = − 2.17), and Candidatus Solibacter (β = − 2.03) for prokaryotes, 
and Eurotiomycetes (β = − 4.58) and two unidentified ASVs (β = − 4.32, β = − 3.43) for fungi. Only 
two ASVs were associated with both leaf and stem Cd, both belonging to the Ktedonobacterales. Of 
5543 C d-associated gene families, 478 could be assigned to GO terms, including 68 genes related 
to binding and transport of divalent heavy metals. Screening for Cd-related bioindicators prior to 
planting or developing microbial bioamendments could complement existing strategies to mini
mize the presence of Cd in the global cacao supply.

1. Introduction

Cd is a naturally occurring metal ion that is a concern in agriculture due to its detrimental impacts on human health. Cd damages 
the lungs, kidneys, liver, reproductive organs, and bones and is a known carcinogen [1]. Therefore, maximum allowable concentra
tions of Cd in cocoa powder and chocolate products were established by the European Commission in 2019, which garnered increased 
attention for the reduction of Cd throughout the global chocolate industry.

Reducing the Cd content of cacao beans requires an understanding of its movement through the soil-plant system and potential 
points for intervention [2,3]. Cd levels in agricultural soils are determined by natural factors, such as weathering of geological parent 
material, and anthropogenic impacts, such as fertilization with rock phosphates, manure, or sewage sludge, atmospheric deposition of 
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pollutants, and nearby manufacturing [4,5]. The mobility of Cd in soil is generally low except under acidic conditions, where 
Cd-containing compounds are dissolved and Cd2+ is released into soil solution, becoming available for plant uptake [6]. The presence 
of complementary ions or soils with low redox potentials can result in reduced mobility and plant availability through the precipitation 
and sorption of Cd2+ [7]. These theoretical justifications of the importance of pH and adsorption sites in soil are supported by an 
evaluation of soil physicochemical parameters related to bean Cd content across cacao-growing regions [8]. Soil pH was one of the 
strongest predictors of bean Cd accumulation (in addition to total soil Cd and leaf Cd), and soil organic carbon moderated the effects of 
high soil Cd. Other soil physicochemical parameters and metal ions can also affect Cd uptake by cacao [9].

Currently, soil management strategies, such as the application of lime, biochar, and zeolites, are the main techniques used to 
mitigate Cd in cacao. Lime is frequently applied to Cd-containing soils to increase pH and reduce Cd availability to the plant; however, 
liming of surface soils does not prevent root uptake of Cd throughout the soil profile [10]. The effectiveness of the applications of 
biochar and lime is greatest when these compounds are incorporated into the root zone [11]. The application of lime via this method 
was greater than that of biochar for the mitigation of Cd in cocoa. Additionally, applying charcoal with lime may increase this 
effectiveness [12].

However, soil management practices are only a partial solution: in one field study, biochar application reduced the plant-available 
Cd for six months but liming, even at twice the recommended rate, was only effective for three months [13].

A second strategy involves capitalizing on cacao genetic variation in Cd uptake and allocation to breed cultivars with reduced 
uptake from the soil or translocation to beans. The effects of cacao genotype on uptake and partitioning between vegetative tissues and 
beans are well documented [14–16]. The uptake and translocation of Cd in plants have a genetically regulated component. This has 
been best characterized in rice [17]; however, the ability to detect these effects may depend on the environment, genetic diversity, and 
timing of the study [18]. Grafting commercially desirable scions to low-Cd rootstock may further aid in Cd mitigation [19,20].

The soil microbial community offers untapped potential for novel Cd mitigation strategies to complement soil management and 
rootstock breeding. Certain soil bacteria and fungi inhibit plant Cd uptake via mechanisms including alteration of redox conditions, 
binding of Cd to the microbial cell wall surface, synthesis of organic compounds that sequester Cd, and the production of compounds 
that form insoluble precipitates [6,21]. In addition, arbuscular mycorrhizal fungi are thought to reduce plant uptake by sequestering 
Cd from the soil in the extraradical mycelium [22]. Despite these well-described mechanisms, and numerous Cd studies in a variety of 
plant species (Table S1), research on cacao-specific Cd-tolerant microorganisms is limited [23–25].

Most research on Cd-tolerant microorganisms for cacao to date has been conducted on individual microorganisms in vitro or with 
inoculation studies. This research, primarily centered in Ecuador and Colombia, has identified multiple native strains of Cd-tolerant 
bacteria and begun to measure impacts on cacao Cd levels [24–30]. Microcalorimetry has been used to measure Cd metabolism and 
solution culture studies have been used to characterize potential tolerance mechanisms or measure changes in Cd availability [21,23,
24,27]. Recently, a small number of field-scale survey studies have started to investigate the relationships between microbial com
munities as a whole and Cd accumulation in cacao [25,31,32]. Studies integrating plant and microbial aspects of Cd uptake are lacking, 
however.

To accelerate the development of microbial strategies for Cd mitigation in cacao, amplicon and metagenomic sequencing were used 
to compare soil prokaryotic and fungal communities associated with sixteen high- and low-Cd-accumulating cacao cultivars in Tri
nidad. The aim of this study was to identify cacao genotypes and microbial taxa and genes that are associated with reduced leaf and 
stem Cd content. We hypothesized that a) high-accumulating genotypes would be enriched in specific taxa relative to low- 
accumulating genotypes, and b) taxa and genes with genotype-independent strong and significant associations with plant Cd could 
be identified. Screening for these bioindicators or using them to develop bioamendments could complement soil management and 
breeding mitigation efforts, helping to meet the increasing global demand for cacao while minimizing the negative impacts of Cd on 
human health.

Table 1 
Cacao accessions sampled for cadmium uptake. Classifications of Cd accumulation were based on field studies in Lewis et al. (2018).

Genotype Genetic Group Propagation Method Classification

GS 10 Amelonado Rooted cutting Low accumulator
SLC 18 Amelonado Rooted cutting Low accumulator
GU 255/P Guiana Rooted cutting High accumulator
GU 351/P Guiana Grafted High accumulator
IMC 103 Iquitos Rooted cutting Low accumulator
IMC 14 Iquitos Rooted cutting Low accumulator
IMC 33 Iquitos Rooted cutting Low accumulator
IMC 58 Iquitos Rooted cutting Low accumulator
LCT EEN 368 Purus Grafted High accumulator
PA 32 Marañon Rooted cutting High accumulator
NA 154 Nanay Rooted cutting High accumulator
TRD 94 Nanay Rooted cutting High accumulator
CLM 35 Refractario Grafted High accumulator
SLC 8 Refractario Rooted cutting High accumulator
LX 44 Refractario Rooted cutting Low accumulator
POUND 31/C Unknown Rooted cutting High accumulator
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2. Materials and methods

2.1. Site and germplasm description

T. cacao trees sampled in this study were grown at the International Cocoa Genebank, Trinidad (ICGT) in Centeno, Trinidad 
(10◦35′N, 61◦20′W) – the largest and most diverse public cacao germplasm collection in the world. The ICGT, a 34-ha site, is located on 
acidic soils (pH 4.94) classified as Aquic Eutropepts and receives approx. 2000 mm of precipitation annually [15].

Currently, the ICGT contains approximately 2400 genotypes of T. cacao that were mainly propagated as rooted cuttings; these trees 
are approximately 30 years old. Sixteen of these genotypes representing different genetic backgrounds, including five known genetic 
groups as well as the hybrid Refractario [33], were assessed in this study (Table 1). Seven genotypes were identified as low Cd ac
cumulators in a previous field study, whereas the remaining nine were identified as high Cd accumulators [15]. Three field-grown trees 
were sampled per genotype (n = 48).

2.2. Sample collection

Because impacts of the soil microbiome on Cd accumulation occur over relatively time horizons, soil samples were collected for 
sequencing a few months prior to measuring leaf and stem Cd levels. Soil samples were collected from around three trees per accession 
in the month of March 2021. Composited soil samples were collected at four points around the drip zone of each tree using a stainless- 
steel auger (diameter = 3 cm) at a depth of 0–20 cm. Collected soil samples were stored in a polystyrene foam cooler containing dry ice 
during field collection. These samples were then placed in a − 20 ◦C freezer until sample analysis. After collection, samples were 
packaged in a polystyrene foam cooler and shipped on dry ice to the lab where they were processed for microbial and Cd analysis.

Leaf and stem samples were collected at the late interflush-2 stage of development during the month of October 2021. These 
samples were collected from each of the trees where soil samples were collected, excluding the accessions IMC 14, IMC 103, and SLC 8. 
For these accessions, only two of the three trees were sampled due to the third suffering extensive physical damage or high disease 
prevalence. Cacao leaves and stems develop concomitantly during flushing, so a combination of physiological parameters was used to 
identify flushes at the late interflush-2 stage. These are 1) leaf color was the deep green color found at maturity; 2) stem was mature; 
and 3) Early stages of phellem development on the side of the stem associated with the adaxial side of the leaf. These characteristics 
describe a fully developed and mature flush [34,35]. From each tree, between 5 and 10 flushes at the late interflush-2 stage of 
development were collected from different points in the canopy. Collected leaf and stem samples were separated, then cleaned of 
surface contaminants using 1.2 % NaOCl, then using distilled and deionized water. Cleaned samples were placed in paper bags and 
dried in an oven at 70 ◦C until no further loss in mass was observed.

2.3. Soil and plant Cd analysis

Dried plant samples were ground and sifted through a 40-mesh sieve, whereas soil samples were air-dried, ground, and sifted 
through a 60-mesh sieve. Cd concentrations in leaves, stems, and soil were measured using a nitric acid/hydrogen peroxide closed 
vessel microwave digestion system followed by inductively coupled plasma atomic emission spectrometry (ICP-AES) at the UC Davis 
Analytical Laboratory, Davis, CA, USA [36]. The analysis had a Cd detection limit of 0.1 mg kg− 1.

2.4. Microbial analysis

DNA was extracted from 0.75 g soil in three technical replicates per tree using DNeasy PowerSoil Pro kits (QIAGEN, Germantown, 
MD, USA). Lysis was performed using a PreCellys Evolution (Bertin Instruments, Montigny-le-Bretonneux, France) with a first step of 3 
× 15s at 5000 rpm followed by 2 × 30s at 6800 rpm. The original 515F/806R primer pair [37] was used to amplify the V4 region of 16S 
rRNA for prokaryotes, and the ITS1F/ITS2 primer pair was used to amplify the ITS1 region for fungi [38,39]. Metagenomic sequencing 
was conducted by Novogene, Inc. in accordance with their standard methods. Briefly, genomic DNA underwent fragmentation, end 
repair, A-tailing, and ligation to Illumina adapters, followed by PCR amplification, selection of fragments of the correct size, and 
purification. Libraries were pooled and sequenced at a depth of 12 GB.

2.5. Data analysis

Downstream analyses of sequencing data as well as all statistical analyses were conducted using R v.4.1.3 [40]. The dada2 pipeline 
was used for sequence denoising, quality filtering (parameters: maxN = 0, maxEE = c(2,2), truncQ = 2), removal of 16S sequences 
outside the expected length of 250–256 bp, and generation of amplicon sequence variant (ASV) tables [41]. The phyloseq package was 
used to remove chloroplast and mitochondria sequences [42].

Constrained analysis of principal coordinates (CAP) was used to ordinate prokaryotic and fungal communities separately. ASV 
tables were transformed to relative abundance using the microbiome package v.1.16.0 [43] and Bray-Curtis dissimilarity matrices 
were ordinated with genotype as a fixed factor using the vegan package v.2.5.7 [44]. Significant genotype effects were tested with 
permutational analysis of variance (PERMANOVA) with 5000 permutations.

The emmeans package v.1.7.2 [45] was used to compare Cd concentrations by calculating estimated marginal means and standard 
errors for each genotype and tissue type. Post hoc tests were based on α = 0.05 with the Šidák correction to adjust for multiple 

J.E. Schmidt et al.                                                                                                                                                                                                     Heliyon 11 (2025) e41890 

3 



comparisons.
Positive and negative relationships between microbial ASVs and leaf or stem cadmium concentrations were tested with linear 

models as implemented in the MaAsLin2 package v.1.8.0 [46]. This approach was developed to detect statistically significant asso
ciations between multi-omics data and complex metadata. ASVs were required to be present in a minimum of 10 % of samples to be 
included in the analysis. Generalized linear models were run twice each for ASV tables of prokaryotes and fungi subjected to 
compositional transformation, first using leaf and stem Cd contents as fixed effects and then using concentration data. These models 
yield coefficients (β) and significance statistics (q, p) for each ASV, with positive coefficients representing positive relationships be
tween relative abundance of that ASV in the microbiome and plant Cd, and negative coefficients representing the inverse. Associations 
were considered significant for this study with a Bonferroni-Holm-corrected q < 0.25 and p < 0.05.

Metagenomics reads from individual trees were trimmed and mapped to multiple databases using the HUMAnN v4 standard 
workflow pipeline [47]. Briefly, trimmed WGS reads from soil samples were aligned to a taxonomic database and unmapped reads 
were assembled for further alignment to a database of functional annotations. Remaining unmapped and unaligned reads, where 
possible, were aligned to UniRef50 to assign functional classification based on cluster ID, even if organism-agnostic. It is worth noting 
that despite these efforts, the majority of reads from each sample remained unmapped and unclassified, but enough were classifiable to 
enable per-sample comparison between gene family abundances, pathway abundance, and pathway coverage. To assess functional 
differences between soil communities of high versus low Cd accumulating trees, significantly represented gene family abundances 
(represented as reads per kilobase) were further analyzed with generalized linear models using leaf and stem Cd concentrations as fixed 
effects in MaAsLin2. The minimum prevalence threshold was set at 10 % and the maximum significance (q) was set at 0.25 for this 
analysis with other parameters set at their default values, including of total sum of squares normalization and significance adjustment 
with the Bonferroni-Holm method.

Fig. 1. Cadmium accumulation by genotype. Leaf Cd content ranged from 0.0023 to 0.0754 mg, and stem Cd content ranged from 0.00032 to 0.016 
mg. Bars represent estimated marginal means for three trees per genotype (n = 48). Error bars represent standard error. Bars not labeled with the 
same letter are significantly different at α = 0.05.
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Significant UniRef50 cluster IDs were assigned GO terms using the UniProtKB database, hosted by EMBL-EBI [48]. This meta
genomics component of the study required high sequence coverage, on average 150.5M reads per sample, before significant repre
sentation of gene families and metabolic pathways could be identified. Despite this high coverage, an average of 50 % of reads 
remained unmapped, presumably due to limited database entries for microorganisms from tropical soils. To address this, the meta
genomics sequence set was also screened against 709 microbial nucleotide sequences that are known to be related to Cd processing. 
These genes were pulled from a review of Cd-related literature and compiled into a custom fasta file. Metagenomics sequences were 
aligned to these 709 genes using BWA [49], and the resulting aligned files were processed to count read coverage per gene. These 
coverages were normalized and analyzed for significance in MaAsLin2, using leaf and stem Cd concentrations as fixed effects. Again, 
default parameters were used for these generalized linear models, with a minimum prevalence threshold of 10 % across samples, q <
0.25, total sum of squares normalization, and Bonferroni-Holm adjustment.

3. Results

3.1. Cacao genotypes differed in cadmium accumulation

The leaf and stem Cd content of the sixteen cacao genotypes assessed in this study exhibited a continuous distribution (Fig. 1). Leaf 
Cd ranged from 0.0023 to 0.0754 mg, and stem Cd content ranged from 0.00032 to 0.016 mg. PA 32, Pound 31/C, GU 255/P, TRD 94, 
and GU 351/P were the five highest-accumulating genotypes as measured by both leaf and stem Cd, and SLC 18, GS10, LX44, and IMC 
103 were among the five lowest-accumulating genotypes in both cases. However, differences among genotypes were significant only 
for leaf Cd content (Fig. 1A).

The order of these genotypes differed when based on leaf and stem Cd concentration rather than content (Fig. S1). Leaf and stem 
concentrations ranged from 0.28 to 10.38 mg kg− 1 and 0.67–14.86 mg kg− 1, respectively. The ranking of genotypes was nearly 
identical for the two tissue types, with TRD 94 accumulating roughly twice as much Cd as any of the other genotypes and SLC 18 
accumulating the least. Only TRD 94 was significantly different from all other genotypes at the α = 0.05 level.

Fig. 2. Constrained ordination of microbial communities associated with different cacao genotypes. Constrained analysis of principal coordinates 
(CAP) was used with cacao genotype as a fixed factor to ordinate microbial relative abundance data for A) prokaryotes and B) fungi. Dots represent 
microbial communities associated with a single tree and colors represent the sixteen cacao genotypes sampled.
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3.2. Prokaryotic and fungal communities were affected by host genotype

Root-associated microbial communities tended to cluster by cacao genotype, with microbiome samples obtained from trees of the 
same accession more similar to one another than to samples obtained from trees of other accessions (Fig. 2). PERMANOVA revealed 
that cacao genotype was a strong and significant driver of variation for prokaryotic (R2 = 0.60, p < 2e-04) and fungal communities (R2 

= 0.50, p < 2e-04).

Fig. 3. Prokaryotic ASVs associated with leaf Cd content. General linear models identified 36 unique prokaryotic ASVs that were associated with 
leaf Cd content. Coefficients for the relationship between each ASV and leaf Cd are shown above the heatmap, with red indicating negative relative 
abundance-Cd associations and green indicating positive associations (q > 0.25, p > 0.05). Cell color represents the relative abundance of ASVs 
(heatmap columns) across samples (heatmap rows). ASVs are labeled with the lowest identifiable taxonomic rank and samples are labeled with the 
name of the accession followed by the tree ID (biological replicate). Leaf Cd concentrations for each sample are shown to the left of the heatmap.
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3.3. Microbial ASVs were associated with variation in plant Cd uptake

Fifty-six unique prokaryotic ASVs were associated with leaf or stem Cd content (Figs. 3 and 4). None of these ASVs had coefficients 
of the same sign for both leaf and stem Cd: 18 had negative leaf coefficients but positive stem coefficients, three had negative stem 
coefficients but positive leaf coefficients, and the remainder only had a coefficient for one plant tissue. The highest-magnitude negative 
coefficients were found for ASV1983B (Paenibacillus sp., β = − 2.21), ASV722B (Candidatus Koribacter, β = − 2.17), ASV2216B 

Fig. 4. Prokaryotic ASVs associated with stem Cd content. General linear models identified 33 unique prokaryotic ASVs that were associated with 
stem Cd content. Coefficients for the relationship between each ASV and stem Cd are shown above the heatmap, with red indicating negative 
relative abundance-Cd associations and green indicating positive associations (q > 0.25, p > 0.05). Cell color represents the relative abundance of 
ASVs (heatmap columns) across samples (heatmap rows). ASVs are labeled with the lowest identifiable taxonomic rank and samples are labeled with 
the name of the accession followed by the tree ID (biological replicate). Stem Cd concentrations for each sample are shown to the left of 
the heatmap.
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(Candidatus Solibacter, β = − 2.03), and ASV4878B (family Chlamydiaceae, β = − 1.71). The highest positive coefficients were found for 
ASV958B (family Nitrososphaeraceae, leaf β = 2.39), ASV900B (family Gemmataceae, leaf β = 2.60), ASV4878B (family Chlamydiaceae, 
stem β = 2.03), ASV739B (Streptomyces cyanogenus, leaf β = 2.02), and ASV984B (Citrifermentans sp., leaf β = 1.86). Two ASVs had 
notably higher relative abundance across samples than the other ASVs: a member of the family Xanthobacteraceae (leaf β = 0.72) and a 
member of the genus GOUTA6 (leaf β = − 0.40). None of the ASVs had genotype-specific enrichment patterns.

128 unique fungal ASVs were associated with leaf or stem Cd content, 109 of which had at least one positive coefficient and 83 of 
which had at least one negative coefficient (Table S2). The majority of these belonged to the phylum Ascomycota (88), followed by the 
Basidiomycota (20). Only three genera were represented by three or more ASVs: Geastrum sp. (4), Fusarium sp. (3), and Trichoderma sp. 
(3). The highest-magnitude negative coefficients were found for ASV56F (class Eurotiomycetes, leaf β = − 4.58), ASV42F (unidentified, 
leaf β = − 4.32), ASV216F (unidentified, leaf β = − 3.43), ASV1036 (Entoloma sp., leaf β = − 2.98), and ASV406 (Fusarium sp., leaf β =
− 2.72). The highest positive coefficients were found for ASV42 (unidentified, stem β = 4.12), ASV56F (class Eurotiomycetes, stem β =
3.87), ASV92F (Paracremonium sp., stem β = 2.74), ASV280F (Ascobolus sp., leaf β = 2.71), and ASV1336F (Talaromyces sp., stem β =
2.69).

In light of differences in plant Cd accumulation based on Cd content as compared to concentration, the analysis was re-run using 
concentration data. Seventeen prokaryotic ASVs were found to be associated with leaf or stem Cd concentrations (Fig. S2), of which 
only two were also associated with Cd content. Both of those consensus taxa were members of the Ktedonobacterales. Of the prokaryotic 
ASVs, two (a member of the Gemmatimonadaceae family and a member of the Ktedonobacteraceae family, genus 1921–2) were nega
tively associated with stem Cd but positively associated with leaf Cd (Fig. S2). All other Cd-associated ASVs were positively associated 
with either leaf or stem Cd. A heatmap of relative abundance of Cd-associated ASVs across samples highlighted genotype-specific 
enrichment patterns (e.g. ASV 2628 and ASV 3699 in PA 32, Fig. S2).

Two fungal Cd-concentration-associated ASVs were identified, both members of the Polyporales, and both were positively asso
ciated with leaf Cd (ASV 577: β = 1.90, p < 4.02e-07; ASV 304: β = 2.07, p < 8.16e-07). Both ASVs were highly enriched in TRD 94 and 

Fig. 5. Molecular functions related to divalent metal cation binding or transport of GO terms with positive (A) and negative (B) associations with 
plant Cd content. Microbiome-specific linear models of leaf and stem Cd content were used to identify UniRef50 gene families with significant 
coefficients (q < 0.25, p < 0.05), and GO terms were assigned to significant UniRef50 gene families using the UniProtKB database. The sign of the 
coefficient represents the direction of the association between relative abundance of that term and plant Cd content, the absolute value of the 
coefficient indicates the magnitude of the association, and the p value can be used to determine its significance.
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PA 32 relative to other genotypes (Fig. S3).

3.4. Metagenomic analysis showed gene families and GO terms associated with Cd

5543 gene families and four pathway abundances were significantly associated with leaf or stem Cd content. Of those gene families, 
2719 (49 %) were unclassified, meaning that they could not be matched with entries in the UniRef50 database. 1874 (34 %) gene 
families were associated with leaf Cd and 3669 (67 %) were associated with stem Cd, with 465 (8 %) associated with both leaf and stem 
Cd. More gene families were positively associated with plant Cd (1091 positively associated with leaf Cd, 3002 with stem Cd) than 
negatively associated (783 with leaf Cd, 667 with stem Cd).

Gene families were mapped to GO terms to investigate their molecular functions, yielding 314 GO terms that were positively 
associated with leaf or stem Cd and 164 that were negatively associated (Fig. 5). Many of these GO terms had putative functions related 
to divalent metal cation binding and transport. The strongest positive association was identified for GO:0005384, described as related 
to manganese ion transmembrane transport activity (β = 2.57, p = 4.97e-05), and other strong positive associations were identified for 
GO:0005506 (iron ion binding, β = 2.49, p = 2.06e-05), GO:0000287 (magnesium ion binding, β = 1.59, p = 1.71e-04), and 
GO:0030145 (manganese ion binding, β = 1.59, p = 1.71e-04) (Fig. 4A). Strong negative associations with leaf and stem Cd were found 
for GO:0046872 (metal ion binding, β = 1.59, p = 1.38e-04), GO:0005506 (iron ion binding, β = 1.46, p = 1.23e-04), and GO:0016151 
(nickel cation binding, β = 1.46, p = 1.23e-04) (Fig. 4B).

Other GO terms with large positive or negative coefficients were not clearly related to metal ion binding or transport. The largest 
negative association with leaf Cd was identified as GO:0004733, with a putative function of pyridoxamine phosphate oxidase activity 
(β = 2.34, p = 9.33e-05), followed by GO:0008705 (methionine synthase activity, β = 2.26, p = 8.59e-05) and GO:0003677 (DNA 
binding, β = 2.23, p = 1.64e-04). Strong positive associations were observed for GO:0008168 (methyltransferase activity, β = 2.46, p 
= 6.54e-06), GO:0003924 (GTPase activity, β = 2.31, p = 1.40e-04), and GO:0008047 (enzyme activator activity, β = 2.29, p = 3.57e- 
05).

Finally, we searched this dataset for a set of 709 microbial Cd-related genes identified from the NCBI Gene database and tested them 
for significant associations with leaf or stem Cd. NZ_UIGE01000001.1, a cadC protein from Brevundimonas diminuta, was positively 
associated with leaf Cd (β = 0.43, p = 1.66e-04) and negatively associated with stem Cd (β = − 0.39, p = 7.33e-04).

4. Discussion

The finding of differences in leaf and stem Cd among these genotypes is consistent with other studies showing substantial genetic 
variation in cacao for Cd uptake and partitioning [19,20,50,51]. Based on leaf Cd content data and Lewis et al. [15], SLC 18, GS 10, LX 
44, and IMC 103 could be recommended as low-accumulating cacao genotypes for cultivation in high-Cd soils.

Soil data from a previously published study indicates that these differences were indeed due to genetic factors and not to het
erogeneous soil Cd [15]. The continuous distribution of leaf Cd content observed here suggests multiple genes are involved in the 
control of Cd uptake and translocation. Leaf Cd content of “low accumulators” SLC 18, GS 10, LX 44, IMC 14, IMC 103, and IMC 58 was 
low but not significantly lower than that of “high accumulators” LCT EEN 368 or SLC 8 (Fig. 1A). This result underscores the fact that 
categorical classifications of “high-Cd” and “low-Cd” clones based on a single type of data could be misleading, as such classifications 
may not be consistent for Cd content vs. concentration, between plant organs, across soil environments, or over time. Rankings based 
on both leaf Cd concentration and content are likely more reliable because these variables incorporate the mass effect in an opposing 
manner. Clone recommendations for Cd mitigation should ideally be validated locally and with large sample sizes, though this may not 
always be feasible, and it is important to report the plant organ in which Cd was measured. Large multi-location trials over multiple 
growing seasons could also help identify clones suitable for Cd mitigation across environments.

Though describing the mechanisms responsible for differences in Cd among cultivars was out of scope for this experiment, un
derstanding those mechanisms would be useful for breeding programs. Many pathways could lead to differences in Cd accumulation, 
and these have been extensively reviewed elsewhere [52]. For example, research in amaranth shows that genetic variation in root 
exudation of organic acids can be responsible for cultivar differences [53], as low pH in the rhizosphere can contribute to soil Cd 
mobilization and enhanced uptake.

One objective of this study was to identify ASVs that could be responsible for cultivar differences in Cd uptake by seeking out 
genotype-specific enrichment patterns on relative abundance heatmaps of Cd-associated taxa. We identified four prokaryotic and 
fungal ASVs that were positively associated with plant Cd concentration or content, i.e. higher relative abundance of those ASVs was 
associated with increased plant Cd, and were enriched in high-accumulating genotypes. These ASVs were identified as belonging to the 
genus Haliangium, the family Gemmataceae, and the order Polyporales, and were enriched in the two highest-accumulating genotypes, 
PA 32 and TRD 94 (Figs. S2 and S3). The combination of positive association with Cd and overrepresentation in high-accumulating 
genotypes suggests a possible influence of these taxa on Cd availability that should be investigated further, as validation of poten
tial mechanisms is beyond the scope of this study. The genus Haliangium has been noted elsewhere to be found at higher relative 
abundance in higher-Cd than lower-Cd soils [54], for example, which is the pattern observed for Cd-tolerant bacteria [21]. In light of 
substantial variation in relative abundance between biological replicates of these genotypes, however, future studies would benefit 
from employing larger sample sizes.

None of the ASVs we identified with negative coefficients showed genotype-specific enrichment patterns, but ASVs not recruited by 
specific cacao genotypes may be even more useful as potential soil bioamendments for Cd mitigation. Some ASVs identified here with 
large negative coefficients for leaf Cd, such as Paenibacillus sp. and Fusarium sp., belong to genera known to contain species with proven 
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Cd biosorption capabilities [55,56]. Others, including members of the genus Candidatus Solibacter and the class Eurotiomycetes, belong 
to genera whose relative abundance has been found to be correlated with soil Cd [57,58], perhaps suggesting tolerance mechanisms 
that could be exploited to reduce cacao uptake. Even ASVs with negative coefficients for stem Cd and positive coefficients for leaf Cd, 
such as two members of the Ktedonobacterales (Fig. S2), could potentially be used for this purpose in light of evidence supporting 
preferential Cd translocation from branches to nibs rather than from leaves to nibs [59]. The Ktedonobacterales appear particularly 
important given that they were the only taxa identified by both Cd content and concentration data, as well as associated with both stem 
and leaf Cd, but this order is not well characterized in Cd inoculation studies (Table S1) nor in the thorough review of 
cadmium-tolerant bacteria by Bravo and Braissant [21]. This order of Gram-positive bacteria with morphological similarities to the 
actinomycetes belongs to the phylum Chloroflexi and is found in diverse soils, though little is known about its ecology [60]. More 
research is needed to understand the potential mechanisms for cadmium mitigation by this taxonomic group. Not all cadmium-tolerant 
bacteria would contribute to decreased plant uptake, so understanding the mechanisms contributing to resistance is critical. A primary 
trait conferring Cd tolerance is the presence of efflux transporters, which allow bacteria to remove Cd from their own cells but would 
not alter plant availability [61]. Other mechanisms, however, such as chemisorption to the cell wall via the presence of functional 
groups that bind Cd or enzymes that alter its bioavailability, could be highly useful in reducing plant uptake [21,61]. In addition, 
future research should build on the present study by investigating the effect of community-level properties and rhizosphere ecological 
interactions on plant Cd uptake.

Numerous genes with large positive or negative coefficients had putative functions related to binding or transport of divalent metal 
cations (Fig. 5), which could be involved in microbial mechanisms of Cd tolerance and sequestration [21]. More of the GO terms with 
functions related to metal ion binding and transport had positive coefficients than negative coefficients, but the terms with negative 
coefficients should be explored further for phylogenetic signals to identify additional Cd-tolerant microorganisms. In light of sparse 
coverage of prokaryotic genes related to metal metabolism in UniRef50 [62], we also searched this dataset for over 700 microbial 
Cd-related genes found in the NCBI database. Only one of these entries, a cadC gene, was identified as significantly associated with leaf 
and stem Cd here. cadC is a transcriptional regulator in the cad cadmium resistance operon, which contains a Cd efflux transporter, and 
has been identified in numerous Cd-tolerant bacteria [21,63]. Larger databases of prokaryotic genes in general, and particularly those 
related to metal transport and processing, will be required for metagenomics to be a more useful tool in identifying microbial solutions 
for amelioration or remediation of Cd or other metals.

Many of the GO terms that were strongly and significantly associated with reduced Cd uptake were not related to divalent metal 
cation binding or transport. Interestingly, a metagenomic study investigating genetic determinants of microbial Cd resistance found 
multiple open reading frames that were associated with Cd resistance despite the lack of an obvious direct mechanism [63]. Expressing 
one of these, a histidine kinase-like adenosine triphosphatase, in E. coli reduced Cd accumulation by 33 %, highlighting the fact that 
mechanisms of Cd resistance may not always be readily apparent, especially when attempting to interpret single pathway steps 
identified in metagenomic studies. Furthermore, focusing on gene families with defined functions is limiting: of the 5543 UniRef50 
gene families significantly associated with leaf or stem Cd, only 478 were able to be assigned to GO terms. The unassigned gene families 
thus represent a wealth of untapped data, but characterizing these proteins, their functions, and their relationship to novel mechanisms 
of Cd mitigation was beyond the scope of this paper.

Rootstock genetics and the soil microbiome are two of many factors that may be included in multifaceted solutions to the problem 
of Cd accumulation in cacao. Soil physicochemical characteristics (including not only Cd concentration and speciation but also pH, soil 
organic matter, and micronutrient availability) and plant physiological traits also affect uptake and translocation [5,8,64–66], and 
could provide important complements to strategies derived from the results of this study. For example, soil chemical amendments to 
reduce Cd availability, targeted to soil type and applied using methods that maximize effectiveness [10,11,67–69], could be combined 
with microbial inoculants that sequester Cd [21,24,55,70] and biotechnological approaches that leverage recent advances in un
derstanding of Cd uptake, transport, and storage [71–77].

5. Conclusions

We showed that sixteen diverse genotypes of Theobroma cacao exhibit continuous variation in leaf and stem Cd concentration and 
content. Genotypes SLC 18, GS 10, LX 44, and IMC 103 accumulated the least Cd and PA 32 and TRD 94 accumulated the most. These 
results suggest that Cd accumulation is under polygenic control and present germplasm with contrasting phenotypes for this trait for 
potential use in breeding programs. Furthermore, we highlight microbial taxa and genes that may be partially responsible for the 
differentiation among these cacao genotypes in Cd accumulation as well as microbial biomarkers associated with Cd independently of 
plant genotype.

The findings of this study could become part of multiple solutions to Cd mitigation in cacao. First, the list of ASVs or genes positively 
or negatively associated with plant Cd could inform soil screenings of potential new planting sites as a complement to soil Cd testing. 
Given that the present study was conducted in a single region, these specific biomarkers would need to be validated in other geographic 
and climatic contexts before use. The presence of ASVs or genes with positive coefficients could indicate a higher than usual risk of Cd 
uptake at a given concentration of soil Cd, while the presence of ASVs or genes with negative coefficients might offer some level of 
protection. Second, selected microorganisms or genes could be further developed into bioamendments to be applied to high-Cd soils. 
ASVs with large negative coefficients for plant Cd and microorganisms possessing genes identified here as negatively associated with 
plant Cd could be promising candidates. The first steps would be to propagate these microorganisms and screen them in vitro and under 
controlled conditions to verify their ability to metabolize Cd and prevent it from being taken up by plants. Traits a strain must possess 
to be successfully developed into a biofertilizer, such as those that enable culturing under laboratory conditions and shelf stability, do 
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not always coexist with target traits for plant growth promotion or other desirable agronomic outcomes. If those challenges can be 
resolved, however, a Cd-mitigating bioamendment could be a fast-acting, rhizosphere-targeted complement to other soil management 
strategies such as liming, zeolites, and biochar. Genes identified here could theoretically also be used to engineer novel strains with 
increased Cd sequestration activity, as previous studies have shown that engineering bacterial strains to enhance expression of met
allothioneins or other proteins related to Cd mitigation can reduce plant uptake from soil. However, deployment of genetically 
engineered Cd-sequestering microorganisms in agricultural fields is unlikely to be feasible from a regulatory perspective nor accepted 
by consumers in the near future. In conclusion, the results of this study can be further developed into bioindicator screening methods or 
bioamendments to complement soil management, choice of germplasm, and postharvest processing as strategies to minimize Cd 
concentrations in the global cacao supply.
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