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Abstract

We tested for the first time whether bacterial inocula isolated from the rhizosphere of
Theobroma gileri trees—a wild relative of cacao—harbors diverse bacterial communities with
potential to act as biofertilizers of Theobroma cacao seedlings, thus helping to reduce the
overdrive of chemical fertilizers. Inocula enriched in N-fixing bacteria were prepared from the
soil rhizosphere of 7. gileri trees growing on primary forest soil (IPS replicates) and secondary
forest soil (ISS replicates). Metagenomic analysis, based on 16S rRNA amplicon sequencing,
revealed 175 genus-level clades in total, with 67 genus-level clades exclusive to IPS and 39 genus-
level clades exclusive to ISS. In silico analyses designed to search for nif genes (known to express
N-fixing function) recognized 47 genus-level clades as potential N-fixing bacteria; these included
several species of Clostridium (anaerobic N-fixing bacteria relatively common in IPS replicates)
and Azotobacter (acerobic N-fixing bacteria very common in ISS replicates). To assess the effect
of bacterial inocula versus urea on the growth of cacao seedlings (CCN-51 variety), a 63-day
greenhouse pilot experiment was set up using a two-way ANOVA design, with inoculum origin
as first factor (three levels: IPS, ISS, and no-inoculum [control]) and urea fertilization as second
factor (two levels: presence or absence [control] of urea). Response variables were plant survival
(%), height change (mm/week), diameter change (mm/week), and chlorophyll index change
(SPAD units/week). Seedlings under treatments with bacterial inocula had no mortality, while
those with urea-only treatment exhibited 40% survival rate. Although no significant effects (at
0=0.10) were detected for any response variable, the urea factor influenced almost significantly
on height (F=2.41, P=0.14) and chlorophyll index (#=2.66, P=0.12). In conclusion, bacterial
inocula isolated from the rhizosphere of 7. gileri do not seem to have an evident effect on T. cacao

seedlings growth, although may be beneficial to assure seedling survival.
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1. Introduction

In recent years, the price of cocoa (Theobroma cacao L.) experienced unprecedented
growth, tripling its value from USD 2,000 to USD 6,523 per ton between 2023 and early 2024;
for 2024-2025, even record values exceeding USD 11,500 were recorded (La Hora 2025;
Vasconez 2026). This encouraged many farmers to increase their production and attracted new
producers, making Ecuador the third-largest cocoa producer in the world, with a +37% increase
in exports for 2025. This phenomenon generated high demand for seedlings of the CCN-51 cocoa
variety, which dominates the market due to its good yield (1.5-2.76 ton/ha), large pods, and
moderate tolerance to moniliasis fungal disease (Quiroz et al. 2021; Vasconez 2026).

The boom in cocoa production intensified the use of nitrogen fertilizers in the early stages
of cultivation. On the one hand, although nitrogen is essential for plant growth, the application of
synthetic fertilizers such as urea entails significant environmental, economic, and social impacts,
including soil degradation, alteration of the soil microbiota, and dependence on imported inputs
(Cerruffo and Espin 2022; Troya-Medina 2024; Weinstein et al. 2025). On the other hand, the
high cost and volatility of international fertilizer prices reduce the profitability of small and
medium producers, undermining their economy and motivating the search for more efficient,
accessible, and environmentally sustainable fertilization alternatives (Cerruffo and Espin 2022).
One such fertilization alternative is the use of N-fixing bacteria, which not only can convert
atmospheric nitrogen (N2) into ammonium (NH4") absorbable by plants, but also establish other
beneficial interactions such as phytohormones production and root architecture improvement
(Argiiello-Navarro and Moreno-Rozo 2014; Reeta et al. 2022).

The application of N-fixing bacteria to cacao cultivation is carried out through the use of
biofertilizers, mostly generated from commercial microbial strains or isolated from generic
agricultural environments, including the cacao rhizosphere itself and its varieties (e.g., Argtiello-
Navarro and Moreno-Rozo 2014; Mendoza-Rodriguez and Pazmifio-Mera 2021; Jannah et al.
2022). One of the logical microhabitats where bioprospecting can be carried out in search of
beneficial microorganisms for cacao cultivation is the rhizosphere associated with its wild
relatives that naturally grow in wild forests. Indeed, Ecuador harbors several close relatives of
cacao such as Theobroma bicolor, T. gileri, T. subincanum, and T. glaucum (Cuatrecasas 1964;
Tropicos® 2026). In this study, we focus on 7. gileri, a native species mostly distributed in the

Ecuadorian Coast, and whose rhizosphere may contain an evolutionary but unexplored reservoir
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of microorganisms potentially adapted to local edaphoclimatic conditions. In particular, there is
no experimental evidence available that evaluates the performance of the bacterial community
from the rhizosphere of 7. gileri as a biofertilizer for cacao seedlings (CCN-51 variety) under
controlled nursery conditions, using inoculants from primary and secondary soils, compared to
conventional nitrogen fertilization schemes (artificial) with urea, or mixed combinations (urea +
biofertilizer).

Given the context presented above, we hereby propose that: (1) primary forest soils
(relatively undisturbed) are reservoirs of more diverse bacterial communities than secondary
(disturbed) forest soils; and, (2) bacterial communities associated with the rhizosphere of 7.
gileri—assumed to be adapted to acidic soils, high humidity, and the nutritional limitations
inherent to their soils—may offer functional nutritional advantages compared to the benefits of
using conventional chemical fertilizers. The precise statistical hypotheses related to these two
postulates are presented in the Materials and Methods section. The ultimate goal of this study is
to generate scientific evidence that supports the use of native bioinputs for more efficient and
resilient fertilization, contributing to the transition towards sustainable cocoa systems, i.e. with
reduced dependence on synthetic fertilizers and greater alignment with the principles of

agroecology and bioeconomy.

2. Materials and methods

2.1 Sampling of rhizosphere associated with Theobroma gileri trees

Four adult Theobroma gileri trees, 15-20 m tall, were located in primary forest (three
trees) and secondary forest (one tree) in the locality of Piedra Blanca, San Luis de Pambil parish,
Guaranda county, Bolivar province, in the subtropical coastal zone of Ecuador (Table 1). The
forest is formally classified as “Northwestern Andean Piedmont Evergreen Forest” (MAE 2013).
Around the trunk of each tree, approximately 200 g of rhizospheric soil was collected at an
approximate depth of 20 cm, using a spatula previously sterilized with 70% alcohol and 3%
chlorine solution. Each soil sample was stored in a sterile plastic bag. The samples were
transported to the laboratory in a cooler with ice and subsequently preserved in a freezer at —80
°C at the Pontificia Universidad Catolica del Ecuador-Ibarra (PUCE-I). After a few days, 25 g of
each of the three collected soil samples from primary forest soil were mixed to obtain a composite
soil stock of 75 g, which was then thoroughly homogenized. Likewise, for the single sample

collected in secondary forest soil, 75 g of soil were also weighed and homogenized.

Table 1. Geographical location of the soil samples collected from the rhizosphere of Theobroma gileri
trees.
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Habitat and tree UTM Coordinates Geographical coordinates Altitude (m)

(zone 17M)
Primary forest: tree 1 696633 — 9859451 1°16'13.7"S 79°13'57.9"W 524
Primary forest: tree 2 697017 — 9860214 1°15'48.9"S 79°13'45.5"W 430
Primary forest: tree 3 697049 — 9860251 1°15'47.7"S 79°13'44.5"W 425
Secondary forest: tree 1 697064 — 9859567 1°16'09.9"S 79°13'44.0"W 439

2.2. Preparation of bacterial inocula from Theobroma gileri rhizosphere

In order to obtain the bacterial inocula, all soil samples were first cultured in Jensen
culture medium in order to promote the growth of N-fixing bacteria. The Jensen culture medium
was manually prepared using the recipe reported by HiMedia (2026). First, a 1-liter stock of base
medium was prepared by mixing 20 gx1"! sucrose (C12H22011), 1 gxI"! dipotassium dihydrogen
phosphate (KH2PO.), 0.5 gx1"! magnesium sulfate (MgSQ.), 0.5 gxI"! sodium chloride (NaCl),
and 2 gxI! calcium carbonate (CaCOs); this base medium was then autoclaved. Second, because
of the thermal instability of some micronutrients (which prevents them from being autoclaved),
stock solutions of 0.1 gxI'! ferrous sulfate (FeSO4) and 0.005 gx1"! sodium molybdate (Na2MoO.)
had to be prepared separately and filtered using a 0.22 pm membrane. This filtrate was then added
to the autoclaved base media. The FeSOa solution was prepared at a concentration of 10% w/v
(100 mgxml™) by weighing 1.0 g of FeSO4-7H20 in 10 ml of distilled water; while the Na2MoOQ4
solution was prepared at a concentration of 0.1% w/v (1 mg.ml") by dissolving 10 mg of
Na:MoOs4-2H:20 in 10 ml of distilled H20.

Once the stock of Jensen culture medium was ready, it was mixed with two “replicates”
of each rhizosphere soil type, in the proportions shown in Table 2. Note that the two “replicates”
obtained for each soil type were really not statistically independent, as the soil stock from which
they came was the same (see section 2.1). The four cultures (2 soil types x 2 replicates of each)
were incubated at 30 °C and 180 rpm in an orbital shaker for seven days. At the end of this period,
the liquid cultures obtained were used as bacterial inocula for the greenhouse experiment with

cacao seedlings (see further below).

Table 2. Amounts of soil and Jensen culture media used in the production of bacterial inocula originated
from the rhizosphere of Theobroma gileri trees. IPS: Inoculum from primary soil rhizosphere. ISS:
Inoculum from secondary soil rhizosphere.

Inoculum* Fresh soil Volume of Jensen liquid  Origin of the soil
weight (g) medium (ml)
IPS1 1 250 Rhizosphere soil from three T. gileri
PS2 1 250 trees growing in prirpary forest;
mixed and homogenized
ISS1 1 250 Rhizosphere soil from one T. gileri
1SS2 1 250 tree growing in secondary forest;

homogenized
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* Note that the two “replicates” obtained for each soil type were really not statistically independent, as the
soil stock from which they came was the same. Yet, to facilitate reading of this paper, we anyhow use the
term “replicate” to refer to them.

2.3. DNA analyses of bacterial inocula from Theobroma gileri rhizosphere

With the aim of characterizing the bacterial diversity present in the culture media, the
total DNA of each replicate (see Table 2) was extracted, sequenced and subjected to a
metagenomic bioinformatic analysis. In November 2025, 100 ml of each culture was sent to the
company IDgen (Ecuador) for DNA extraction and subsequent high-throughput sequencing. Total
DNA was extracted using FastDNA™ Spin Kit for Soil DNA Extraction (MP Biomedicals),
following the manufacturer's instructions. Quality and concentration of extracted DNA were
evaluated by spectrophotometry (Nanodrop) and 1% agarose gel electrophoresis. To detect
bacterial taxa, the hypervariable V3-V4 region of the 16S rRNA gene was amplified by PCR
using the following universal primers:

e 341F (5'-CCTACGGGNGGCWGCAG-3")
e 805R (5-GACTACHVGGGTATCTAATCC-3").

Library preparation and amplicon sequencing were performed on the Illumina NovaSeq
platform using paired-end reads (2 x 250 bp), following the manufacturer's standard protocols.
Bioinformatic analysis of the obtained sequences was conducted in QIIME2 (v2023.9) (Bolyen
et al. 2019). Raw demultiplexed reads were imported as a “Sample Data [Paired End Sequences
With Quality]” artifact. Quality filtering, denoising, and chimera removal were performed using
the DADAZ2 plugin for QIIME2 (Callahan et al. 2016) with the denoise-paired method. Forward
and reverse reads were truncated to 247 bp and 245 bp, respectively by trimming 17 bp (forward)
and 21 bp (reverse) to remove primer sequences (341F: 17 bp; 805R: 21 bp), based on an expected
amplicon length of approximately 468 bp and a minimum overlap of 24 bp. This process
generated amplicon sequence variants (ASVs), a feature table, and denoising statistics.
Taxonomic assignment of representative ASV sequences was carried out using a pre-trained
Naive Bayes classifier against the SILVA v138 reference database (Anwesh 2021). Subsequently,
ASVs classified as mitochondria or chloroplasts were filtered from the feature table.

In order to define those genera that are probably N-fixing bacteria, the list of taxa was
subjected to an in silico detection of sequences from the structural genes nifH, nifD, and nifK,
given that these three genes are associated with the N-fixing function. This search used the rentrez
package of the R software (Winter 2017; R Core Team 2025), which accesses the NCBI
nucleotide database—including the PubMed, GenBank, and SNP databases—and searches there

for taxa containing gene sequences specified according to the user's needs.

2.4. Community structure analyses of bacterial inocula from Theobroma gileri

rhizosphere
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Basic community structure analyses—i.e., abundance and diversity patterns—were
mostly conducted at the taxonomic level of genus (or genus-level clade) in order to have high
confidence on taxonomic identification during data analyses and interpretation. For each bacterial
inoculum (replicate), we first calculated the relative abundance of each genus-level clade, defined
as the percentage (%) of sequences of each genus with respect to the total sequences obtained in
the replicate (according to the bioinformatic analyses). In each replicate, the topmost abundant
genus-level clades (quaquantile range >0.95) were then selected, and their potential functional
role identified based on published bibliography. For the diversity analysis, the following
alternative statistical hypothesis was proposed in the context of our first postulate (see
Introduction): “Alpha (o) diversity of bacterial inocula isolated from the rhizosphere of primary
forest soil (IPS) is higher than that from secondary forest soil (ISS)”. We used Hill's effective
number of species (Hill 1973) because this diversity estimate effectively reduces any

interpretational bias on the observed community diversity patterns (see e.g., Jost 2006).

2.5. Pilot agricultural experiment on Theobroma cacao seedlings growth: effect of

bacterial inocula isolated from 7. gileri rhizosphere vs. urea fertilization

In order to evaluate the effect of bacterial inoculation versus urea application on the
growth and chlorophyll content of Theobroma cacao seedlings (CCN-51 variety), a pilot
agricultural experiment was established with commercially produced cocoa seedlings. The
seedlings were produced approximately one year before the experiment, following standard
commercial propagation techniques by grafting. The propagation was carried out at the “Vivero
Pamelita’ located in San Luis de Pambil parish, Guaranda county, Bolivar province, in the coastal
region of Ecuador (1°13"21.0"S 79°16'38.7"W). The final substrate in which seedlings were
transplanted was constituted by well-homogenized local soil, which is routinely used for cocoa
seedling production by farmers in the area. The initial height of the experimental seedlings at the
beginning of the experiment ranged from approximately 30 to 50 cm.

The experiment was carried out in one of the greenhouses at the Pontificia Universidad
Catolica del Ecuador in Ibarra city, province of Imbabura (0°20'55.34"N 78°0620.02"W)
following a two-way ANOVA experimental design. The first factor (independent variable), with
two levels, was related to the use of conventional chemical fertilization: treatment with urea (U+)
and control without urea (U-). The second factor (independent variable), with three levels, was
related to the use of biological fertilization with native bacterial inocula originated from the
rhizosphere of Theobroma gileri trees, previously cultured to promote growth of N-fixing
bacteria: treatment with inoculum from primary soil (IPS+), treatment with inoculum from
secondary soil (ISS+), and control without inoculum (IPS-/ISS-). This design resulted in six

possible different combinations (Figure 1). Each combination had a sample size of n=5 seedlings,
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for a total of N=30 seedlings for the entire experiment. The concentration of bacteria in the
inoculum was estimated to be 10® CFU (Colony-Forming Unit) and the weight of the urea applied
to each treatment was 1.5 g (Figure 1). The dose of 1.5 g of urea applied to each seedling
represents an intermediate value of what is usually recommended for urea fertilization doses (see
e.g., Sudarma and Masdar 2022; Acufia 2025). The urea granules were applied directly to the soil,
buried at an approximate depth of 10 cm. During the experimental period, the seedlings were
maintained under the following controlled greenhouse conditions: average temperature of 30 °C,
relative humidity between 40 and 60%, and automated sprinkler irrigation with filtered drinking

water for 30 seconds every 30 minutes.

Soil Inoculum
Primary (IPS+) Secondary (ISS+) Control (IPS-/ISS-)

Urea —
Applied | |pg+u+

ISS+U+ IPS-/ISS- U+

U%) 1468 cryinoculum 108 CFU inoculum 0 CFU inoculum
1.5gurea 1.5g urea 1.5gurea
n=5 n=5 n=5

(1]
[
S
-

Nt;bj_r)ea IPS+U- ISS+U- IPS-/ ISS-I U-

108 CFU inoculum 108 CFU inoculum (Control)

0gurea
0 CFU inoculum
n=5

0gurea
n=5

0 gurea
n=5

Figure 1. Two-way ANOVA experimental design used to evaluate the effect of bacterial inocula isolated
from Theobroma gileri rhizosphere versus urea application on the growth and chlorophyll content of
Theobroma cacao seedlings (CCN-51 variety). The first factor had two levels: urea treatment (U+) and
control without urea (U-). The second factor had three levels: treatment with primary soil inoculum (IPS+),
treatment with secondary soil inoculum (ISS+), and control without inoculum (IPS-/ISS-). n = number of
replicates in each possible combination. Image generated by NotebookLM online app.

An independent ANOVA was performed for each of the following dependent variables:
height, diameter, and chlorophyll index. These variables were chosen because they tend to relate
well to the growth and physiological state of the seedlings. Height was defined as the distance (in
mm) from where the stem emerges from the soil to the highest apical bud; stem diameter (in mm)
was measured using a Vernier caliper near the base of the stem (for subsequent measurements,
the point of diameter measurement was marked); finally, chlorophyll index was measured using
a SPAD 502DL instrument, taking readings (in SPAD units) on three leaves per plant (at high,
medium, and low heights) and three readings per leaf (upper, middle, and lower parts of a leaf
blade). All these variables were monitored over a period of 63 days, with data recorded

approximately every 15 days (day 0, day 16, day 30, day 44, and day 63).
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For the statistical analyses, the dependent variables of height and diameter were expressed
as growth rates over time (mm/week), calculated using a linear regression (slope of the linear
equation). For the chlorophyll index variable, all nine values per plant, for each observation day,
were first averaged, and then its rate of change over time (SPAD units/week) was calculated,
using also a linear regression. The normality of each of these three dependent variables (height,
diameter, and chlorophyll) was evaluated with the Shapiro-Wilk test; in case of lack of normality,
a logarithmic transformation was applied prior to ANOVA. We decided to use a value of 0=0.10
(not 0=0.05) as the significance level, considering that this was not an experiment under
laboratory conditions (highly controlled) and that there was notable morphological heterogeneity
of the experimental seedlings used. Data were organized and curated in Excel® and statistically
analyzed in Past® 4.03.

In the context of the second postulate (see Introduction), the formal alternative statistical
hypotheses proposed for the two-way ANOVA of the three independent variables of the pilot
agricultural experiment (height growth rate, diameter growth rate, and chlorophyll index change
rate) were: (1) “There are significant differences on the average values of the independent variable
among the treatments of the first factor: absence vs. presence of urea”; (2) “There are significant
differences on the average values of the independent variable among the treatments of the second
factor: type of bacterial inoculum”; and (3) “There is a significant interaction between the two

experimental factors”.
3. Results and discussion

3.1. Community structure of bacterial inocula isolated from the rhizosphere of

Theobroma gileri

Taxonomic information and absolute abundances of the 175 genus-level clades detected
are shown in Supplementary Table 1 (available online). In the bacterial samples cultured in Jensen
medium, according to the metagenomic analysis, there were 36,786 sequences for IPS1, 32,998
sequences for IPS2, 44,962 sequences for ISS1, and 31,016 sequences for ISS2. Across all
replicates, the DADA2 software recognized, at the species-level, 264 clades; at the genus-level,
175 clades; and at the family-level, 84 clades. Many unidentified genus-level clades were assigned
a known taxonomic code by the DADA?2 software, and many had at least their family identified.
Indeed, 115 (65.7%) of the genus-level clades and 60 (71.4%) of the family-level clades were
assigned a formal scientific latinized name. Note that this does not necessarily mean that there are
new families or genera to be discovered—it simply means that a number of genetic sequences
could not be readily assigned to a known and named genus or family clade by the software used.

For the present study, in order to simplify data interpretation and avoid uncertainties in the
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taxonomical identification, we focus on reporting diversity and abundance patterns at the genus-
level only.

Out of the 175 total genus-level clades detected, 136 occurred in primary forest soil
inocula IPS1 and IPS2 (67 exclusive), and 108 occurred in secondary forest soil inocula ISS1 and
ISS2 (39 exclusive). The 69 shared genera (39.4% of the total) reflect a stable rhizosphere-
associated microbiome that persists across successional stages, likely due to conserved plant host
selection mechanisms (see Bai et al. 2022; Lundberg et al. 2012). This core microbiome may play
a key role in maintaining essential plant-microbe interactions irrespective of forest age.

Alpha diversity, evaluated through Hill numbers (Table 3), was consistently higher in the
IPS replicates than in the ISS replicates across all three orders of diversity (q=0, g=1, and q=2).
The difference was particularly pronounced for g=1 (Shannon-based) and q=2 (Simpson-based),
which weigh taxa by their relative abundances, indicating that primary forests harbor not only
higher species richness but also a more even distribution of abundances across taxa. The higher
diversity and number of genus-level clades observed in primary forests, compared to secondary
forests, suggests that mature, undisturbed ecosystems may support greater habitat specialization
and niche partitioning, as proposed by classical ecological theory (see Barberan et al. 2014).
However, the relationship between forest succession and microbial diversity remains debated in
the literature. While our findings show higher diversity in primary forests, contrasting patterns
have been reported, such as the recent work in karst ecosystems in southwest China where
bacterial diversity was higher, not lower, in secondary forests (Jiang et al. 2024). This discrepancy
likely reflects the strong influence of local abiotic factors—such as climate, soil parent material,
nutrient availability, and disturbance history—in modulating microbial community assembly
during succession (Pan et al. 2025; Jiang et al. 2024). Indeed, in secondary forests, early
successional dominant taxa may temporarily outcompete other taxa, causing reduced abundance
evenness across taxa, and thus lower diversity values (Fierer et al. 2012). Recent work by Romero
(2025) on native potato rhizospheres in the Peruvian Andes similarly showed that management

intensity (analogous to disturbance) significantly decreased microbial diversity.

Table 3. Diversity in Hill numbers of the bacterial communities found in each inoculum replicate isolated
from the rhizosphere of Theobroma gileri trees growing in primary soil (IPS1 and IPS2 replicates) and
secondary soil (ISS1 and ISS2).

Inoculum code Species richness Effective number of Effective number of

(in Jensen media) (q=0) species based on species based on
Shannon exp (q=1) Simpson inv (q=2)

IPS1 87 9.98 5.57

IPS2 114 23.78 14.24

ISS1 64 4.43 2.86

ISS2 84 6.44 3.06
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Regarding relative abundance patterns, around four to six very abundant genus-level
clades fell within the >0.95 quantile threshold of the abundance distribution in each replicate
(IPS1, IPS2, ISS1, ISS2) (Figure 2). On the other hand, the rarest genus-level clades falling within
the <0.05 quantile range summed 9 taxa for IPS1 (5 not identified to the genus-level), 13 taxa for
IPS2 (8 not identified to the genus-level), 4 taxa for ISS1 (1 not identified to the genus-level), and
7 taxa for ISS2 (4 not identified to the genus-level). In general, most clades unidentified at the
genus level occurred at very low relative abundances, suggesting they represent rare components
of the rhizosphere, with minimal contribution to the overall community structure (see Lynch and
Neufeld 2015).

As expected after culturing in Jensen medium, potential N-fixing bacteria were
commonly detected in bacterial inocula across all replicates (81.4% of the total bacterial
abundance in IPS1, 39.7% in IPS2, 95.1% in ISS1, and 86.4% in ISS2). Indeed, out of the total
175 genus-level clades found across all replicates, 32 contained the “complete” set of nif genes
(nifH, nifD, and nifK), while an additional 15 contained one or two of these genes. Furthermore,
among the topmost abundant genera (Figure 2), most contained at least one nif gene,
demonstrating a widespread genetic potential for biological N-fixation in the soil from both forest
types (primary and secondary forests). Note that Clostridium clades had high relative abundance
in bacterial inocula from primary forest soil (IPS), while Azotobacter was very common in
bacterial inocula from secondary forest soil (Figure 2). Both are well known anaerobic
(Clostridium) and aerobic (Azotobacter) N-fixing bacteria (Becking 2006; Dos Santos et al.
2012). The high abundance of Clostridium in primary forest soil suggests that anaerobic or
microaerophilic microsites may be prevalent in this habitat, whereas the dominance of
Azotobacter in secondary forest soil points to a shift in soil conditions, possibly related to higher
oxygen availability, differences in organic matter quality, or disturbance history associated with
forest succession. The observed compositional patterns depicted in Figure 2 align with
observations by Eaton et al. (2020) in Costa Rican forests, where distinct assemblages of N-fixing
bacteria were found between primary and secondary forest soils under leguminous trees. While
the genetic potential for N-fixation seems widespread, the successful establishment of specific

diazotrophic genera is probably influenced by many abiotic and biotic factors.
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Figure 2. Relative abundance (%) of the most abundant genera (quantile >0.95 of the abundance
distribution) found in each replicate of bacterial inocula isolated from the rhizosphere of Theobroma gileri
trees growing in primary soil (IPS1 and IPS2 replicates) and secondary soil (ISS1 and ISS2). The presence
of different nif genes in each genus-level clade is also indicated. Taxonomic names were those given by the
DADAZ2 software.

Finally, there were various genera with variable, or unexpected, abundance among
replicates. For example, Sporolactobacillus was relatively abundant in the IPS1 and ISSI
replicates (i.e., in different forest types); Novosphingobium exhibited high abundance only in
IPS1; and Pedobacter was much more abundant in IPS2 than in IPS1 (Figure 2).
Sporolactobacillus and Novosphingobium are potentially N-fixing bacteria (containing at least on
nif gene sequence), but not Pedobacter. The relatively inconsistent variation among replicates,
even from the same forest type, suggests that stochastic processes or fine-scale spatial

heterogeneity certainly influence microbial community assembly.

3.2.  Effect of biological fertilization (bacterial inocula) vs. chemical fertilization (urea)

on the growth of Theobroma cacao CCN-51 seedlings

3.2.1. Seedlings survival during the experimental period

All except one of the treatments recorded a survival rate of 100% during the experimental
period (63 days). The exception was the IPS-/ISS- U+ treatment (i.e., no bacterial inocula added,
but only 1.5 g of urea added) which only had a survival rate of 40% (3 out of the 5 plants died by
day 44). The 100% survival rate in all inoculated treatments, regardless of urea addition,
underscores the potential of native bacteria associated to Theobroma gileri rhizosphere as
effective bioprotective agents during early establishment. In other words, the presence of

microbial inoculants in the rhizosphere of Theobroma cacao seedlings may buffer against the
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potential stress induced by chemical fertilization. Indeed, recent studies have shown that
microbial inoculants can enhance plant resilience to abiotic stressors by modulating
phytohormone levels and improving nutrient imbalance or uptake efficiency (Trivedi et al. 2020;
Liu et al. 2023). Further, the 100% survival rate in all inoculated seedlings is consistent with a
growing body of evidence supporting the use of native microbial consortia over single-strain
inoculants for improving seedling performance in tropical reforestation programs (Eaton et al.

2020).

3.2.2. Height growth rate

To avoid interpretative biases, statistical analyses (ANOVA) in this and the following
sections only considered those plants that completed the experimental period (i.e., n=2 seedlings
for the IPS-/ISS- U+ treatment, and n=>5 for the control and rest of the treatments; see Figure 1).
Total sample size (V) analyzed was therefore reduced from N=30 to N=27 seedlings.

Raw height data collected during the monitoring period is shown in Supplementary Table
2 (available online). The variable of height growth rate (mm/week) did not show a normal
distribution (Shapiro Wilk test: W=0.8504, P=0.0012). However, by log-transforming the data,
the distribution became relatively normal (#W=0.9525, P=0.2467). Using these transformed data,
a two-way ANOVA analysis was conducted (see Figure 2), which did not detect any significant
effect at an 0=0.10 (Table 4, Figure 3). In other words, neither of the two factors—
absence/presence of urea vs. bacterial inocula—had a significant effect on height growth rate.

However, note that the P-value associated to the urea factor was somewhat close to the
predefined 0=0.10 (F=2.41, P=0.14) meaning that urea addition fended to influence height growth
rate. This almost significant result aligns with the well-documented role of nitrogen as a limiting
nutrient in tropical soils (Vitousek and Howarth 1991), but the lack of statistical significance
suggests that the 63-day experimental period or the sample size used may have been insufficient
to capture full treatment effects on aboveground growth. Woody perennials often exhibit delayed
growth responses to fertilization and inoculation, as initial resource allocation may prioritize root
development over shoot elongation (Poorter et al. 2012). In this context, it would be appropriate
to measure radicular biomass in future experiments, although that would imply sacrificing the
plants. In addition, future studies should also extend the observational experimental period and

increase sample size.

Table 4. Two-way ANOVA table corresponding to the response variable of height change
(mm/week; logarithmically transformed) in Theobroma cacao seedlings subjected to biological fertilization
(bacterial inoculants) vs. chemical fertilization (urea). Experimental design is shown in Figure 1.

Sum of sqrs df Mean square F P (same)
Inoculum (I) 0.15 2 0.08 0.80 0.46
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Urea (U) 0.23 1 0.23 241 0.14

Interaction I x U 0.03 2 0.02 0.17 0.84
Within: 1.97 21 0.09
Total: 242 26

Height growth rate (mm/week)

n=>5 n=5 n=2 n=5

IPS+ ISS+ IPS-/ISS-
Type of inoculum

Figure 3. Height change (mm/week) in Theobroma cacao seedlings subjected to different bacterial inocula
and urea treatments. Each bar and its corresponding error represent the mean + 1SEM (one standard error
of the mean). The experimental design was a two-way ANOVA (Figure 1) where the first factor had two
levels: urea treatment (U+) and control without urea (U-); while the second factor had three levels: treatment
with primary soil inoculum (IPS+), treatment with secondary soil inoculum (ISS+), and control without
inoculum (IPS-/ISS-). n = number of replicates in each possible combination. The corresponding ANOVA
table is shown as Table 4.

3.2.3. Diameter growth rate

Raw diameter data collected during the monitoring period is shown in Supplementary
Table 2 (available online). The diameter growth rate variable (mm/week) showed an almost
normal distribution (Shapiro Wilk test: W=0.8172, P=0.06). The two-way ANOVA analysis (see
Figure 1) did not detect any significant effect at an 0=0.10 (Table 5, Figure 4). In other words,
neither of the two factors—absence/presence of urea vs. bacterial inocula—had a significant
effect on the stem diameter growth rate. This lack of any effect whatsoever is not in accord to the
recognized potential of native N-fixing bacteria as growth-promoting agents, independent of
chemical fertilization (Eaton et al. 2020; Trivedi et al. 2020). Indeed, recent meta-analyses have
shown that microbial inoculants can increase stem diameter in tree seedlings, with effects
becoming more pronounced after the initial establishment phase (Rafiq & Reshi 2025)—

unfortunately, this pattern was not apparent in this study.
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Table 5. Two-way ANOVA table corresponding to the response variable of diameter change (mm/week)
in Theobroma cacao seedlings subjected to biological fertilization (bacterial inoculants) vs. chemical
fertilization (urea). Experimental design is shown in Figure 1.

Sum of sqrs df Mean square F P (same)
Inoculum (I) 0.04 2 0.02 1.22 0.32
Urea (U) 0.02 1 0.02 0.88 0.36
Interaction I x U 0.05 2 0.02 1.31 0.29
Within: 0.36 21 0.02
Total: 0.46 26

Diameter growth rate (mm/week)

0.2 1

0.1 1 T —‘7
n=>5 n=5 n=5 n=5

0.0

IPS+ 1SS+ IPS-/ISS-
Type of inoculum

Figure 4. Diameter change (mm/week) in Theobroma cacao seedlings subjected to different bacterial
inocula and urea treatments. Each bar and its corresponding error represent the mean + 1SEM (one standard
error of the mean). The experimental design was a two-way ANOVA (Figure 1) where the first factor had
two levels: urea treatment (U+) and control without urea (U-); while the second factor had three levels:
treatment with primary soil inoculum (IPS+), treatment with secondary soil inoculum (ISS+), and control
without inoculum (IPS-/ISS-). n = number of replicates in each possible combination. The corresponding
ANOVA table is shown as Table 5.

3.2.4. Chlorophyll index (SPAD) rate

Raw chlorophyll data collected during the monitoring period is shown in Supplementary
Table 2 (available online). The change of the chlorophyll index over time (SPAD units/week)
showed an almost normal distribution (Shapiro Wilk test: W=0.9273, P=0.06). The two-way
ANOVA analysis (see Figure 1) did not detect any significant effect at an a=0.10 (Table 6, Figure
5). In other words, neither of the two factors—absence/presence of urea vs. bacterial inocula—
had any effect on the chlorophyll index.

However, note that the P-value associated to the urea factor was somewhat close to the
predefined 0=0.10 (F=2.66, P=0.12) meaning that urea addition fended to influence the change

in chlorophyll content. Given that nitrogen is a key component of chlorophyll molecules and
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photosynthetic machinery (Evans 1989; Mu and Chen 2021), this almost significant urea effect
on chlorophyll change over time suggests that chemical nitrogen is more immediately available
for chlorophyll synthesis, while microbially-fixed nitrogen may be preferentially allocated to root
development or other tissues during early establishment (Poorter et al. 2012), thus somewhat

delaying the presence of biologically-fixed nitrogen in leaves (Liu et al. 2023; Koskey et al. 2021).

Table 6. Two-way ANOVA table corresponding to the response variable of chlorophyll index change
(SPAD units/week) in Theobroma cacao seedlings subjected to biological fertilization (bacterial
inoculants) vs. chemical fertilization (urea). Experimental design is shown in Figure 1.

Sum of sqrs df Mean square F P (same)
Inoculum (I) 0.40 2 0.20 0.63 0.54
Urea (U) 0.85 1 0.85 2.66 0.12
Interaction I x U 0.35 2 0.18 0.55 0.59
Within: 6.74 21 0.32
Total: 8.29 26

Chlorophyll index rate of change (SPAD units/week)

0.75 -
0.50 -
0.25 -
n=35 n=5
0.00
1SS+ IPS-/ISS-

Type of inoculum

Figure 5. Chlorophyll index change (SPAD units/week) in Theobroma cacao seedlings subjected to
different bacterial inocula and urea treatments. Each bar and its corresponding error represent the mean +
1SEM (one standard error of the mean). The experimental design was a two-way ANOVA (Figure 1) where
the first factor had two levels: urea treatment (U+) and control without urea (U-); while the second factor
had three levels: treatment with primary soil inoculum (IPS+), treatment with secondary soil inoculum
(ISS+), and control without inoculum (IPS-/ISS-). n = number of replicates in each possible combination.
The corresponding ANOVA table is shown as Table 6.

4. Conclusions

We tested for the first time whether native bacterial inocula isolated from the rhizosphere

of Theobroma gileri trees—a wild relative of cacao—harbors diverse bacterial communities with
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potential to act as biofertilizers of Theobroma cacao seedlings, thus helping to reduce the overuse
of chemical fertilizers, particularly urea. We postulated that (1) the rhizosphere of T. gileri trees
growing in primary forest will host more diverse bacterial communities than the rhizosphere of
T. gileri trees growing in secondary (disturbed) forest soils; and that (2) bacterial communities
isolated from the rhizosphere of 7. gileri may offer functional nutritional advantages compared
to the benefits of using conventional chemical fertilizers. The first postulate was supported by our
data, given that the rhizosphere of 7. gileri trees growing in primary forest soils harbored more
diverse bacterial communities than that of secondary forest soils. However, we could not find
strong support for the second postulate, even though genetic potential for biological N-fixation
was detected in many of the genera, and that N-fixing bacteria genera were much more abundant
than other types of bacteria in all but one of the replicates (in primary forest). Given that chemical
fertilization with urea almost significantly affected chlorophyll index and height, but biological
fertilization with bacterial inocula did not show a clear effect on the growth of 7. cacao seedlings,
we conclude—at least for our pilot experiment—that bacterial inocula isolated from the
rhizosphere of T. gileri do not seem to have an evident effect on 7. cacao seedlings growth,
although may be beneficial to assure seedling survival (because the urea-only treatment had 60%

mortality rate among seedlings).
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