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Abstract
This study aims to investigate the synergistic effect of arbuscular mycorrhizal fungi (AMF) inoculation and organic amend-
ment on Theobroma cacao plants growing in Cd-contaminated soils. A pot experiment was carried out to investigate the 
influence of AMF inoculation, compost (CP) application, and cadmium (Cd) addition on the development of cocoa plants 
and associated soil. At 90 days of growth, the cocoa plants treated with a combination of AMF + CP showed the greatest 
plant growth. AMF + CP treatment also reduced the Cd content in the cocoa plant stems. The combined treatment, AMF + CP 
(with or without Cd addition), was the most effective in increasing the pH, organic matter, and available phosphorus content 
in soil. Compost addition with AMF (AMF + CP) decreased AMF root colonization and extraradical mycelium to the same 
extent as treatments with Cd addition (AMF + Cd and AMF + Cd + CP). These results indicate that AMF inoculation in 
combination with compost has significant synergistic benefits, not only for plant growth and improvement of soil chemical 
properties, but also for decreasing Cd uptake by cocoa grown in Cd-contaminated soil.
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1 Introduction

The cocoa plant (Theobroma cacao L.), native to South 
America, is of pivotal importance for millions of farmers 
in many tropical countries, including Peru. World imports 
of cocoa beans have been growing yearly by 6.3% on aver-
age, reaching rates of 189% in last years (López et al. 
2020). In particular, the San Martin region, in Peru, reports 
38% of the total production of the country (MINAGRI 
2019). Recent studies have indicated that cocoa plants can 
translocate heavy metals present in the soil to the vegeta-
tive parts, resulting in amounts beyond maximum permis-
sible limits (Scaccabarozzi et al. 2020; Oliva et al. 2020). 
This occurs with cadmium, which affects plant organ 
function and can be lethal to humans and animals (Van-
derschueren et al. 2021). In 2019, Regulation (EU) No. 
488/2014, enacted to regulate the Cd content of chocolate 
and cocoa products, came into force (EU 2014), as cocoa 
had been identified by the European Food Safety Agency 
(EFSA) as a major source of Cd in human diet. Limits set 
by this regulation are therefore of utmost concern to cocoa 
producers, particularly in the San Martin region, where 
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there have been reports of shipments rejected because 
of excessive Cd content (Oliva et al. 2020). Therefore, 
minimizing plant Cd uptake is necessary to avoid negative 
effects on human health. Biotechnological tools based on 
the use of arbuscular mycorrhizal fungi (AMF) combined 
with organic amendments have been considered to be an 
effective technique in polluted soil remediation (Kohler 
et al. 2015; Liu et al. 2018; Madejón et al. 2021).

AMF are obligate symbionts that provide a direct link 
between soil and plant roots, improving nutrient and water 
uptake by the plant and helping to mitigate the adverse 
effects of biotic and abiotic stresses (Diagne et al. 2020). 
AMF play an important role in phytostabilization by form-
ing complexations of metals by glomalin, immobilizing 
heavy metals in both extra- and intraradical fungal struc-
tures and roots, and promoting the tolerance of their host 
plants to stressful environments (Qiao et al. 2015; Lenoir 
et al. 2016; Wang 2017).

Organic compounds, such as those of organic amend-
ments (compost), are also able to immobilize metals in the 
soil. This immobilization, which occurs through diverse 
biological and chemical reactions, offers a realistic, eco-
nomical, and simple solution to alleviating heavy metal 
toxicity that is also quick to implement and environmen-
tally sustainable (Palansooriya et al. 2020). Amendments 
act as stabilizers that convert the mobile fractions of pol-
lutants (i.e., the soluble and exchangeable forms) into pre-
cipitates and/or bound residues (Tajudin et al. 2016).

Several studies have shown that AMF inoculation and 
organic amendments have synergistic effects on promoting 
soil fertility and plant yield in contaminated soils (Alguacil 
et al. 2011; Kohler et al. 2015; Liu et al. 2018). Zhang et al. 
(2019), for example, showed this synergistic effect on alfalfa 
by increasing nutrient uptake and minimizing cadmium levels 
in plant shoots. It has been seen that the presence of AMF 
hyphae serves to foster compost activation and to improve 
nutrient plant uptake by promoting nutrient absorption 
(Bowles et al. 2016). Additive effects on soil alkalization 
and metal stabilization (absorption of heavy metals) have 
also been observed with the combined use of biochar and 
AMF (Liu et al. 2018).

Although the use of amendments and AMF has been 
extensively studied to improve crop production, the inter-
active effect of AMF inoculation and organic amendments 
on cacao plants growing in Cd-contaminated soils is 
unknown. Therefore, the aim of this study was to explore 
the effects of AMF inoculation, organic amendment appli-
cation, and cadmium addition on plant growth, mycorrhi-
zal colonization, plant cadmium uptake, and soil chemical 
quality. Here, we hypothesized that AMF inoculation and 
compost application would generate a synergistic effect on 
the plant growth of T. cacao grown in Cd-polluted soils.

2  Materials and Methods

2.1  Soil and Organic Compost Characteristics

The soil (0–20 cm) used in the experiment comes from 
agricultural fields in the town of Aucaloma (San Martín 
region, Peru). The analytical characteristics of the soil 
were as follows: total nitrogen (N) 0.57 g  kg−1, available 
phosphorus (P) 6.03 mg   kg−1, available potassium (K) 
33.87 mg  kg−1, organic matter 12.6 g  kg−1, calcium car-
bonate  (CaCO3) 3 g  kg−1, total cadmium (Cd) 0.3 mg  kg−1, 
pH 7.14, and electrical conductivity (CE) 0.10 dS/m.

The compost was made with organic waste from cocoa 
pods and chicken manure. The composting process was 
conducted in a farm composting covered by a metal frame 
in San Martín region, Peru. The composting process was 
completed for 60 days during which the mixed waste was 
turned weekly. The properties of the mature compost 
were as follows:  Ntotal 2.8 g  kg−1,  Pavailable 316 mg  kg−1, 
 Kavailable 740 mg  kg−1, organic matter 55.3 g  kg−1,  CaCO3 
88 g  kg−1,  Cdtotal 0.6 mg  kg−1,  Catotal 12.96 cmol  kg−1, 
 Mgtotal 3.04 cmol  kg−1, pH 7.98, and CE 0.30 dS/m.

For the treatments with Cd addition, an aqueous solution 
of  CdCl2 (5 mg  L−1) was added to each pot containing 3 kg 
of substrate. To help stabilize the contaminant, the soil with 
cadmium was left to air-dry for a total of 2 months and was 
stirred every 15 days for a total of four times.

2.2  Experimental Design

This experiment was a 2 × 2 × 2 factorial design with cadmium 
addition (0 and 5 mg  kg−1), compost addition (0 and 200 g/
plants, w:w), and AMF inoculation (non-mycorrhizal con-
trol, AMF inoculation) arranged in a fully randomized design 
with three replicates. Thus, the following eight combinations 
were used in the experimental setup: control, AMF, CP, Cd, 
AMF + CP, AMF + Cd, Cd + CP, and AMF + Cd + CP.

The AMF inoculum consisted of 1500 AMF spores iso-
lated from the province of Lamas in the San Martín region, 
Peru. The inoculum was composed of a mixture of spores 
of the following AMF species: Glomus hoi, Rhizoglomus 
sp., Diversispora aurantia, and Acaulospora sp. (Vallejos-
Torres et al. 2019, 2021).

The growth substrate consisted of a mixture of river 
sand and soil (1:2, w:w), which was sterilized after auto-
claving at 120 °C for 2 h. The cocoa beans were disin-
fected with 2% sodium hypochlorite (w/v), rinsed with 
sterilized water, and then sown in sand that had been pre-
viously sterilized in an autoclave at 131 °C for 2 h. After 
7 days, germinated beans were transferred to individual 
pots (one per pot) filled with 3.0 kg of growth substrate.
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The experiment was conducted as a mesocosm assay in a 
greenhouse, located at the National University of San Martín 
in Tarapoto (Peru) in February–May 2021. During the experi-
ment, the air temperature was 25–34 °C. The plants were 
watered regularly with sterile water to 60% of field capacity, 
without any fertilization treatment.

2.3  Sampling and Measurements

After 3 months, the plants were harvested (8 treatments × 3 
repetitions). Plants, including root systems, were collected 
and placed in polyethylene bags for transport to the labora-
tory. There, fine roots were separated from the soil. Roots were 
then briefly rinsed, quickly dried on paper, and subjected to 
morphological analysis. Rhizospheric soil was also collected. 
Plant height was measured from the base to the highest leaf 
tip. To determine the leaf area, all of the cocoa plant leaves 
were placed on a dark surface and photographed using the 
ASSES software (Kim et al. 2017). Aboveground plant mate-
rial was dried at 80 °C for 2 days in order to measure the dry 
weight. Arbuscular mycorrhizal colonization was measured by 
the gridline intersection method after the roots were cleared 
in 10% KOH (w/v) and stained as described by Phillips and 
Hayman (1970). The lengths of mycelium per unit weight of 
soil were determined using Newman’s formula (1966). Soil 
samples were collected for chemical analysis (pH, available 
P, organic matter) and to determine the cadmium concentra-
tion (EPA 3050B). Stems were excised from each plant sam-
ple to quantify the Cd concentration  (HNO3 digestion) by 
atomic absorption spectroscopy (Zhang et al. 2020). The pH 
was measured in an aqueous extract (1:5) using a pH meter. 
The available P was estimated according to the Olsen method 
(Olsen and Sommers 1982). For the determination of organic 
matter, the Walkley–Black method was followed (De Vos et al. 
2007). The content of extractable cadmium in soil was deter-
mined according to the method 3050B (US EPA 1996).

2.4  Statistical Analysis

The effects of compost, Cd, and mycorrhizal inoculation and their 
interactions on measured variables were analyzed using three-way 
analysis of variance, and Tukey’s range test was used for post hoc 
comparison. Statistical procedures were performed using R Sta-
tistical Software, version 4.0.2 (R Core Team 2020).

3  Results and Discussion

3.1  Effects of Cadmium on Cocoa Plants and Soil 
Chemical Properties

The height, root biomass, and leaf area of the cocoa 
plants were increased by the majority of treatments 

studied compared to Cd alone (Fig. 1A–C). The com-
bined AMF + CP treatment was the most effective in sig-
nificantly increasing the plant aerial biomass (Fig. 1D). 
The treatments AMF + CP, CP alone, and AMF alone 
significantly increased the plant height and leaf area of 
the cocoa plants compared to the control. With the excep-
tion of root biomass, the treatments with added Cd did 
not show significant differences compared to the con-
trol plants for the rest of the plant parameters studied 
(Fig. 1A–D).

Plant parameters were positively influenced by AMF, 
both alone and combined with compost, while they were 
negatively impacted by cadmium toxicity. Compost with 
AMF was the most effective in promoting cocoa plant 
growth. It has been corroborated by different studies that 
AMF inoculation promotes host plant growth while reduc-
ing heavy metal stress by improving nutrient and water 
uptake, osmotic adjustment, and photosynthetic and anti-
oxidant activity (Rozpądek et al. 2014; Liu et al. 2018). In 
accordance with our results, Zhan et al. (2019) observed 
that the presence of AMF facilitated the plant growth of 
Medicago sativa by increasing plant biomass and retaining 
the Cd in the soil–plant system. Together with our results, 
these studies evidenced that AMF play an important role in 
improving plant performance and tolerance in Cd-contam-
inated soils (Kapoor and Bhatnagar 2007; Cruz-Paredes 
et al. 2017; He et al. 2020).

The Cd content decreased in the stems with the com-
bined AMF and compost treatment when Cd was added 
(AMF + Cd + CP) but not in soils and roots (Fig. 2A–C; 
Table S1). AMF inoculation can reduce the transfer of 
heavy metals to plants, acting as an exclusion barrier 
(Cabral et al. 2015) and binding the heavy metals to fun-
gal structures like hyphae (González-Chavez et al. 2002; 
Riaz et al. 2021). The influence of AMF on metal uptake 
by plants varies according to the plant growth conditions, 
fungal partner, metal concentrations, and soil pH (Riaz 
et al. 2021). By immobilizing metals in fungal structures, 
AMF have an impact on the soil structure and Cd leaching 
(He et al. 2020). In addition, it has been shown that AMF 
can decrease Cd concentration in plants by increasing their 
biomass, which can cause metal dilution in the host plant 
(Redon et al. 2008). On the other hand, numerous studies 
have indicated that the positive effects of AMF in plants 
under heavy metal stress could be attributable, directly 
or indirectly, to improvements in mineral nutrient uptake, 
especially of P, by plants (González-Guerrero et al. 2009; 
Liu et al. 2017). This could be due to the formation of 
an extensive extraradical hyphal network that allows for 
greater P uptake (Chandrasekaran et al. 2014). Therefore, 
our results corroborate the beneficial effects of AMF in 
alleviating the stress that plants undergo when translocat-
ing heavy metals like cadmium.
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The combined treatment, AMF + CP, was the most effec-
tive in significantly increasing the pH level and organic mat-
ter content in the soil compared to the rest of the treatments 
assayed (Fig. 3A, B). Compost could lead to soil alkaliza-
tion, which would make heavy metals less bioavailable (Bian 
et al. 2014). It has also been reported that AMF can increase 
the soil pH (Hu et al. 2014). In this experiment, although 
both AMF inoculation and compost application increased the 
soil pH, compost added alone was more effective in alkaliz-
ing the soil than AMF. However, both AMF and CP applied 
alone were equally effective in increasing the organic matter 
content (Fig. 3B). It is noteworthy that the combined treat-
ment (AMF + CP) showed a synergistic effect, increasing 
soil alkalization and organic matter. Increased soil pH and 
organic matter could cause a decrease in heavy metal availa-
bility (Shen et al. 2006; Zhang et al. 2019). This mechanism 
could be behind the observed effectiveness of the combined 
treatment (AMF + CP) in decreasing Cd bioavailability. Due 

to the large surface area with different functional groups 
that might bind cations, the combined treatment AMF + CP 
could reduce the bioavailability of heavy metals in soils 
(Hossain et al. 2010). The phosphorous (P) content in the 
soil was significantly increased by AMF inoculation after 
compost application, and the highest content was found in 
Cd-contaminated soils (Fig. 3C). The soil P level is a key 
factor that determines plant growth in response to AMF 
inoculation (Johnson et al. 2015). The positive effect of com-
post on mycorrhizal colonization might be partly responsible 
for the significant additive effect of compost addition and 
AMF inoculation on the growth of cocoa plants.

3.2  Mycorrhizal Colonization and Extraradical 
Mycelium in Cocoa Plants

The AMF treatments showed the highest percentages of 
colonization and extraradical mycelium. Their values 

Fig. 1  Effects of AMF inocula-
tion, compost, and added Cd 
on the height (A), leaf area 
(B), root fresh weight (C), 
and aerial fresh weight (D) of 
cocoa plants. Lower-case letters 
indicate significant differences 
between treatments (Tukey’s 
test, p < 0.05). Abbreviations: 
control, without AMF or com-
post; AMF, arbuscular mycor-
rhizal fungi; CP, compost; Cd, 
cadmium
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decreased when the AMF were applied with compost 
and/or Cd (Fig. 4A, B). High levels of Cd contamina-
tion can negatively affect AMF spore germination, ext-
raradical mycelium growth, and mycorrhizal colonization 
(Chan et al. 2013). Heavy metals inhibit AMF spore ger-
mination and the spread of hyphae, and under controlled 
conditions, these contaminants have been found to reduce 

or suppress plant root growth and AMF colonization 
(Riaz et al. 2021). In cocoa-growing soils, naturally rich 
in Cd, Sandoval-Pineda et al. (2020) found less AMF 
abundance, richness, and diversity than in soils with low 
levels of Cd; high Cd concentrations and availability 
thus generate continuous stress in the AMF community, 
affecting its structure.

Fig. 2  Effects of AMF inocula-
tion, organic amendment, and 
added Cd on the level of cad-
mium in roots (A), in soils (B) 
and stems (C) of cocoa plants. 
Lower-case letters indicate 
significant differences between 
treatments (p < 0.05). Abbrevia-
tions: control, without AMF or 
compost; AMF, arbuscular myc-
orrhizal fungi; CP, compost; 
Cd, cadmium
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Organic amendment addition with AMF (AMF + CP) 
showed similar results in terms of colonization and myce-
lium percentage to the treatments with Cd addition and AMF 
(AMF + Cd and AMF + Cd + CP). It has been suggested that 
compost is beneficial for AMF growth because it increases 
nutrient availability and thus promotes changes in the physical 
and chemical properties of the soil, spore germination, hyphae 

branching, and AMF growth (Qiao et al. 2015; Liu et al. 2018). 
Nevertheless, depending on the type of compost, the amount 
applied, and the chemical and biological characteristics of the 
soil, mycorrhizal colonization can also decrease or remain 
unchanged (Akhter et al. 2015; Ohsowski et al. 2018), as we 
found in our study.

Fig. 3  Effects of AMF inocula-
tion, compost, and added Cd on 
pH levels (A), organic matter 
content (B), and phosphorus 
content (C) in the soil. Lower-
case letters indicate significant 
differences between treatments 
(p < 0.05). Abbreviations: con-
trol, without AMF or compost; 
AMF, arbuscular mycorrhi-
zal fungi; CP, compost; Cd, 
cadmium
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4  Conclusions

The arbuscular mycorrhizal fungi inoculation and organic 
amendment combined treatment (with or without Cd addi-
tion) significantly increased the pH level, organic matter, 
and available P content in the soil. When Cd was added, 
the combined treatment was the most effective in signifi-
cantly decreasing the Cd content in plant stems. The arbus-
cular mycorrhizal fungi inoculation and organic amend-
ment combined treatment also significantly increased all 
the plant growth parameters studied. These results indicate 
that arbuscular mycorrhizal fungi inoculation in combina-
tion with compost amendment has significant synergistic 
benefits, not only for plant growth and the improvement 

of soil properties, but also for decreasing the Cd uptake 
of cocoa.
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Table S1: Three-way analysis of variance showing the effects of arbuscular mycorrhizal fungi (AMF) inoculation, cadmium (Cd) and compost (CP) 
addition and their interactions on the measured variables (F-values).

Plant 
height (cm)

Leaf area 
(cm2)

Root fresh
weigh (g)

Aerial fresh
weight (g)

Cd content
in soils (mg

kg-1)

Cd content
in roots (mg

kg-1)

Cd content in 
stems (mg kg-
1)

Mycorrhizal 
colonization 
(%)

Extraradica
l mycelium 
(cm)

pH level
Organic 
matter 
content (%)

Phosphorus 
content (mg kg-
1)

AMF F=42.34*** F=46.11*** F=67.79*** F=17.94*** F=2.75 ns F=1.16 ns F= 28.08*** F=5189.84*** F=504.64*** F=954.08*** F=368.29*** F=61.95***

Cd F=27.04*** F=117.86*** F=14.74** F=23.15*** F=199.41**
* F=567.57*** F= 4633.79*** F=11.03** F=4.12 ns F=65.33*** F=352.01*** F=13562.73***

CP F=34.03*** F= 64.79*** F=109.56**
* F=7.18* F=0.86 ns F=0.05 ns F= 24.99*** F=8.14* F=2.26 ns F=4563.0*** F=894.72*** F=382267.11***

AMF*Cd F=1.39 ns F=42.73*** F= 4.57* F=3.29 ns F=0.23 ns F=63.69*** F= 2.82 ns F=11.03** F=4.12 ns F=12.0*** F=32.29*** F=52.92***

AMF*CP F=1.34 ns F=23.30*** F=78.53*** F=2.70 ns F=9.23** F=0.02 ns F= 16.53*** F=8.14* F=2.26 ns F=341.33*** F=5.07* F=34.24***

CP*Cd F=5.49* F=0.07 ns F=0.26 ns F=1.14 ns F=1.90 ns F=58.65*** F= 4.60* F=3.16 ns F=0.07 ns F=290.08*** F=0.29 ns F=5814.81***

AMF*CP*Cd F=0.06 ns F=0.18 ns F=0.12 ns F= 0.90 ns F=0.38 ns F=0.13 ns F= 0.85 ns F=3.16 ns F=0.07 ns F=24.08*** F=27.59*** F=341.24***

ns,*, **, *** indicate not significant, significant at p < 0.05, p < 0.01 and p < 0.001 confidence level, respectively. 
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