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Abstract 

Background In New Caledonia, nearly 2000 plant species grow on ultramafic substrates, which contain prominent 
levels of heavy metals and are deficient in essential plant nutrients. To colonize these habitats, such plants, known 
as metallophytes, have developed various adaptive behaviors towards metals (exclusion, tolerance, or hyperaccumu-
lation). Ultramafic substrates also host many unique microorganisms, which are adapted to metallic environments 
and capable of boosting plant growth while assisting plants in acquiring essential micronutrients. Hence, plant-
microbiota interactions play a key role in adapting to environmental stress. Here, we hypothesised that microbial 
associations in the different aboveground and underground compartments of metallophytes could be associated 
to their metal hyperaccumulation or exclusion phenotypes. This hypothesis was tested using a systematic compara-
tive metabarcoding approach on the different compartments of two New Caledonian metallophytes belonging 
to the same genus and living in sympatry on ultramafic substrates: Psychotria gabriellae, a nickel-hyperaccumulator 
(Ni-HA), and Psychotria semperflorens, the related non-accumulator (nA) species.

Results The study of the diversity and specificity of fungal amplicon sequence variants (ASVs) reveals a structuring 
of fungal communities at both the plant phenotype and compartment levels. In contrast, the structure of bacterial 
communities was primarily shaped by the belowground compartments. Additionally, we observed a lower diversity 
in the bacterial communities of the aboveground compartments of each species. For each plant species, we high-
lighted a distinct global microbial signature (biomarkers), as well as compartment-specific microbial associations.

Conclusion To our knowledge, this study is the first to systematically compare the microbiomes associated with dif-
ferent compartments of New Caledonian metallophyte species growing on the same substrate and under identical 
environmental conditions but exhibiting different adaptive phenotypes. Our results reveal distinct microbial biomark-
ers between the Ni-hyperaccumulator and non-accumulator Psychotria species. Most of the highlighted biomarkers 
are abundant in various plants under metal stress and may contribute to improving the phytoextraction or phyto-
stabilization processes. They are also known to tolerate heavy metals and enhance metal stress tolerance in plants. 
The present findings highlight that the microbial perspective is essential for better understanding the mechanisms 
of hyperaccumulation and exclusion at the whole-plant level.
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Background
At low or moderate concentrations, certain metallic trace 
elements (MTEs) are essential plant nutrients. However, 
at high concentrations, they can become toxic and dis-
rupt basic plant metabolic processes [1, 2]. Some plants, 
known as metallophytes, can grow in metal-rich environ-
ments without exhibiting deleterious symptoms through 
adaptive mechanisms [3]. These include restricting metal 
entry into cells (excluders) or modulating stress (accu-
mulators and hyperaccumulators) by sequestering MTEs 
in different organs [4]. Metal uptake restriction, the first 
line of defence, involves root exudates that alter rhizos-
pheric pH or chelate MTEs, thus immobilising them in 
the rhizosphere or aiding their translocation and detoxi-
fication in plant tissues. Under metal stress, transport-
ers such as zinc/iron-regulated transporter-like proteins 
(ZIP) and heavy-metal P-type ATPases (HMA) can be 
overexpressed [2], playing roles in metal homeostasis and 
contributing to the hyperaccumulation phenotype.

The adaptation of plants to metals also depends on 
the plant-associated microbiota [5, 6]. The rhizosphere 
of hyperaccumulators may act as a valuable reservoir of 
specialised metal-tolerant microorganisms [7]. Indeed, 
metal-tolerant bacteria and fungi can bioaccumulate 
metals inside their cells, adsorb them onto their cell 
surfaces, or bind them to extracellular polysaccharides, 
affecting the bioavailability of MTEs in soil and trans-
forming them into less toxic forms through intra- or 
extracellular processes [8–11]. Additionally, bacteria and 
fungi can promote plant growth under stress by stimu-
lating root development, improving nutrient uptake, 
enhancing soil fertility, regulating pathogens, and boost-
ing immunity [12, 13]. These plant-beneficial micro-
organisms (PBMs) can also increase plant resistance, 
tolerance, and MTE accumulation [7, 14]. In associa-
tion, PBMs can have a synergistic effect [15] and may be 
more effective in promoting plant growth and removing 
metallic/organic pollutants [16]. To understand how ben-
eficial microbial associations help plants colonise metal-
rich substrates and modulate metal stress, studying the 
entire plant microbiota is essential. Advances in next-
generation sequencing have facilitated studies on the 
rhizosphere, endosphere [17, 18], and seeds of hyperac-
cumulators, in which a common microbial core has been 
highlighted among certain hyperaccumulator families 
[19].

New Caledonia is a major reservoir of Ni-hyperac-
cumulators (Ni-HA), thriving on ultramafic substrates 
rich in heavy metals but deficient in essential nutrients, 
with an imbalanced Ca/Mg ratio [20, 21]. These extreme 
edaphic conditions foster high diversity and endemism, 
offering a unique opportunity to study Ni hyperaccu-
mulation phenotypes. Previous studies have identified 

ligands and transporters involved in Ni hyperaccumula-
tion, including chelation by citric, maleic, salicylic, fuma-
ric, malonic, ketogluconic, and galacturonic acids, as 
well as nicotianamine in hyperaccumulator leaves [22]. 
Additionally, IRON-Regulated 1/Ferroportin transport-
ers have been shown to play a key role in Ni uptake in 
species like Psychotria gabriellae (formerly known as P. 
douarrei), a hypernickelophore (> 1% Ni in leaves) [23–
25]. Despite these findings, no systematic investigation 
has assessed the role of New Caledonian metallophyte 
microbiota in hyperaccumulation or exclusion. Culture-
dependent studies, however, suggest that microorgan-
isms from pioneer plants in ultramafic soils can enhance 
plant adaptation to metal stress, with some strains exhib-
iting MTE sorption capacity [26–28].

In this study, we investigated the microbiota of two 
endemic New Caledonian metallophytes to better 
understand microbial roles in nickel hyperaccumula-
tion and exclusion on ultramafic substrates. We selected 
two sympatric Psychotria species with contrasting Ni-
adaptive strategies: the hyperaccumulator P. gabriellae 
(Pg, Ni-HA) and the non-accumulator P. semperflorens 
(Ps, nA). Using metabarcoding, we characterised their 
bacterial and fungal communities across six compart-
ments: leaves, seeds, pulps, roots, rhizospheric soil, and 
bulk soil. Our aim was to determine (a) whether micro-
bial communities are structured by plant compartment 
and/or phenotype, and (b) whether Pg (Ni-HA) and Ps 
(nA) exhibit distinct microbial signatures (that might 
be involved in their differing phenotypes). We identified 
compartment-specific microbial biomarkers through an 
integrated approach combining linear discriminant and 
graph network analyses (Fig. 1).

Methods
Sampling and sample conditioning
According to the Environment Code of the South Prov-
ince of New Caledonia (collect authorisation number: 
4597–2022), sampling was conducted at an ultramafic 
massif called “Mont Koghi” (Fig. 2), where the two spe-
cies grow in sympatry, located in the southern part of the 
main island, “Grande Terre” (21.31 °S, 165.30 °E).

The sampling campaign began at the end of the wet 
season and continued into the dry season, with collec-
tions conducted between March and September 2022. 
Sampling was extended to align with plant fruiting peri-
ods, ensuring sufficient material while minimising the 
impact on individuals. We selected 13 specimens of Psy-
chotria gabriellae (Pg, Ni-HA) and 9 specimens of Psy-
chotria semperflorens (Ps, nA). For each plant individual 
(specimen), we collected leaves, fruits, thin roots, and 
rhizospheric soil. Additionally, we collected 10 cores of 
bulk soil (Bs) from the surrounding area of the study site 
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Fig. 1 Overview of the integrated approach applied to the specific microbiotas of Psychotria gabriellae (Pg, Ni-HA) and Psychotria semperflorens (Ps, 
nA). Bs: bulk soil; R. soil: rhizospheric soil

Fig. 2 Location of New Caledonia and its main island, “Grande Terre” (a), and the study area (b). The New Caledonia map was produced with ggplot2 
(v3.5.1) [29], using terrestrial administrative boundaries from https:// georep- dtsi- sgt. opend ata. arcgis. com/. The study area map was generated 
with leaflet (v2.2.2) [30]

https://georep-dtsi-sgt.opendata.arcgis.com/
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at a depth of 0–20 cm, matching the sampling depth for 
roots and rhizospheric soil. This bulk soil, not directly 
associated with the plants, was used to compare with 
rhizospheric soil and identify microorganisms potentially 
recruited by each plant.

Aboveground compartments—leaves, pulps, and 
seeds—were thoroughly disinfected to study only the 
endophytic microbial communities. For disinfecting 
leaves, the following protocol was employed: the leaves 
were first washed three times with sterile water. They 
were then shaken for 10 s in 95% ethanol, followed 
by three additional washes with sterile water. Next, 
the leaves were shaken for 1–2 min in a 2% calcium 
hypochlorite solution, then washed three times with 
sterile water. Following this, the leaves were shaken for 
10 min in a 2% T chloramine solution with a few drops 
of Tween20, then washed three more times with sterile 
water. Finally, the leaves were shaken for 10 min in an 
antibiotic solution containing 0.02% streptomycin sulfate 
and 0.01% gentamicin sulfate [31, 32]. Lastly, leaves were 
dried with sterile absorbent paper. Using the protocol of 
Villegente [33], the fruits were first disinfected, followed 
by the recovery of the pulp (tissue surrounding the seed 
itself within the fruit), and then the seeds were disin-
fected [33]. For the roots, since both endophytic and sur-
face-associated microorganisms were targeted, only three 
washes with sterile water were performed. After disinfec-
tion and washing, these compartments were lyophilised 
and stored at − 80 °C until required for DNA extraction.

Rhizospheric and bulk soils were dried at 60 °C for 3 
days. They were then sieved through 2 mm, 1.25 mm, and 
0.5 mm mesh to remove rocks and plant residues, and 
ground to homogenise the substrate. The samples were 
subsequently stored at − 80 °C.

DNA extraction
For each compartment and species, a composite sample 
was created with multiple technical replicates (15 for 
roots, leaves, and soils compartments; 10 for pulps and 
seeds compartments). This method allows us to study the 
plant microbiota at the population level and minimises 
fine-scale spatial heterogeneity in soil microorganisms 
[17, 34]. All eDNA was extracted using a CTAB proto-
col except for soil samples (1 g), which were extracted 
with the E.Z.N.A.® Soil DNA Kit according to the man-
ufacturer’s instructions. The CTAB protocol used is an 
adaptation of the RNA extraction method described by 
Salzman et al. [35]. The detailed protocol is described in 
Additional file 1. The quality of the extracted DNA was 
validated by agarose gel electrophoresis, while the purity 
and concentration of the DNA were assessed using a 
NanoDrop 2000™ spectrophotometer (Thermo Scientific, 

Waltham, MA, USA). All DNA samples were stored at 
− 20 °C before shipment to the sequencing company.

Library preparation and sequencing
Macrogen Inc. (Seoul, South Korea) performed the 
amplification and sequencing libraries using Illumina 
MiSeq SBS (Sequencing By Synthesis) technology. The 
V3–V4 region of the 16S rRNA gene was amplified for 
bacterial communities using primers Bakt_341F (5′-CCT 
ACG GGNGGC WGC AG- 3′) and 805R (5′-GAC TAC 
HVGGG TAT CTA ATC C- 3′) [36], while the ITS region 
was amplified for fungal communities using primers 
ITS-1F (5′-CTT GGT CAT TTA GAG GAA GTAA- 3′) and 
ITS-2R (5′-GCT GCG TTC TTC ATC GAT GC- 3′) [37].

Bioinformatic pipeline
Pre‑processing
A total of 8,658,812 and 10,110,995 reads were obtained 
for the bacterial and fungal libraries, respectively. The 
average number of reads per sample was 52,798 for the 
bacterial library and 61,652 for the fungal library. We 
first assessed the quality of each read from Macrogen Inc. 
using the FastQC package (v0.12.1) [38] and generated a 
report with MULTIQC (v1.0.dev0) [39] in a Python (v2.7) 
[40] environment. To remove all adapters and primers, 
we used the cutadapt package (v4.4) [41] with the follow-
ing parameters: a minimum length of 20 nucleotides was 
retained (-m 20), and untrimmed reads were discarded.

DADA2 workflow
To filter, remove chimeras, and perform taxonomic 
assignment, we used the DADA2 workflow (v1.26.0) 
[42, 43]. We filtered and trimmed the reads with the fol-
lowing parameters: truncation based on quality scores 
of 10 (truncQ = 10) and length-based truncation with 
truncLen = c(227,205) for the bacterial library and trun-
cLen = c(170,170) for the fungal library. We set a maxi-
mum expected error rate of 2 (maxEE = 2). Chimeras 
were removed using the pooled method, and taxonomic 
assignment was performed with the formatted SILVA 
database version 138.1 [44] for the bacterial library and 
the updated UNITE all eukaryote version 9.0 database 
[45] for the fungal library. To validate the quality of the 
filtered sequences, we conducted a second quality control 
report using FastQC and MULTIQC.

Correcting, filtering, and normalising data
Abundance tables of amplicon sequence variants (ASVs) 
from the DADA2 workflow were corrected using nega-
tive extraction controls. A total of 3933 and 161,010 
sequences were removed from the bacterial and fungal 
abundance tables, respectively. Taxa not affiliated with 
Bacteria and Fungi were removed from the bacterial 
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(1,226,768 sequences) and fungal (1,517,936 sequences) 
ASV tables, using the microeco R package (v1.2.0) [46]. 
The abundance tables were then normalised to counts 
per million (CPM). All these steps and subsequent statis-
tical analyses were performed using R (v4.2.0) [47] with 
RStudio software [48]. Overall, 147 out of 152 samples 
were sequenced, with 131 passing bioinformatics pro-
cessing for the 16S library. For the ITS library, 146 out of 
152 samples were sequenced, with 145 passing bioinfor-
matics processing.

Statistical analysis
Alpha diversity
Shannon and Inverse Simpson indices were calculated on 
the corrected, filtered, and normalised abundance tables 
using the vegan R package (v2.6–4) [49]. The mean and 
standard deviation for each index were computed using 
the aggregate function from the stats R package. As the 
data did not follow a normal distribution (p-value < 0.05; 
computed using the shapiro.test function from the stats 
R package), a Wilcoxon test was performed using the 
wilcox.test function from the stats package, with p-value 
adjustment applied using the fdr method. Tukey’s letters 
were then determined using the rcompanion package 
(v2.4.34) [50].

Relative abundances were calculated and visualised 
using the microeco package. To provide an overview of 
the data, bacterial and fungal profiles at the class level 
were displayed for each compartment and each species 
using stacked bar plots. Note that the analysis of relative 
abundance was restricted to taxa with an abundance of 
0.1% or greater. As with alpha diversity, the data did not 
follow a normal distribution, so a Wilcoxon test was per-
formed with the fdr method for p-value adjustment (see 
Additional file 2).

Beta diversity
The distance matrix of beta diversity was generated using 
the vegan package with the Morisita method [51]. The 
optimal number of clusters (k) was determined using the 
hierarchical merging method, and ascending hierarchical 
clustering was then performed with the ward.D2 method 
using the hclust function from the stats R package.

ASV distributions
Truth tables were calculated using the venn package 
(v1.12) [52], and Venn diagrams were created using Ink-
scape software [53]. Subsequently, the list of ASVs for 
each logical relationship between Pg (Ni-HA), Ps (nA), 
and Bs (bulk soil) was determined using the Reduce and 
setdiff functions in R. These lists of ASV distributions 
allowed us to focus on ASVs that were exclusively pre-
sent in each species (“Pg” and “Ps” subsets) and those 

specifically recruited by each species (“Pg-Bs” and “Ps-
Bs” subsets). To simplify subsequent analyses, we com-
bined the “exclusive ASVs” and “specifically recruited 
ASVs” for each species, resulting in two specific subsets 
of ASVs corresponding to the specific microbiotas of Pg 
(Ni-HA) and Ps (nA) (Fig. 1). Using the same method, we 
then determined the distribution of these specific ASVs 
across the different compartments for each plant species.

Linear discriminant analysis effect size
Linear discriminant analysis (LDA) effect sizes (LEfSe) 
were calculated using the microeco package. This method 
enabled us to characterise the differences between com-
partments in the specific microbiotas of Pg (Ni-HA) and 
Ps (nA). It identified discriminative features (biomarkers) 
that were statistically significant across compartments. 
To pinpoint specific microbial signatures for each spe-
cies and each compartment (biomarkers), we conducted 
LEfSe analysis at the genus level on the two specific 
microbiotas (Fig. 1), applying a p-value threshold of 0.05 
(see Additional file 3).

Co‑occurrence networks
To complete the analysis, we aimed to identify specific 
associations between microorganisms within each com-
partment of the specific microbiotas of Pg (Ni-HA) and 
Ps (nA) (Fig.  1). We conducted Spearman correlation 
tests for each compartment of our two specific subsets 
using the psych package (v2.3.9) [54]. We then selected 
only the significant positive correlations (R > 0.6 and 
p-value < 0.05) and created graph networks for each 
compartment using the igraph package (v1.5.1) [55]. To 
assess network stability and resilience, we calculated 
connectance, average degree, modularity, degree cen-
tralisation, and betweenness centrality [56]. Structural 
parameters for each graph network are available in Addi-
tional file 4. In these graph networks, vertices/nodes rep-
resent the ASVs, and links/edges denote the significant 
positive correlations between microbial ASVs (Additional 
file 4). By integrating the graph networks with the LEfSe 
results, we identified specific biomarkers that co-occur 
across the compartments of each species [57].

Results
Alpha diversity
A total of 3908, 3550, and 3805 bacterial ASVs were 
associated with Bs, Pg (Ni-HA), and Ps (nA), respec-
tively. On average, the number of distinct ASVs per spe-
cies and compartment ranged from 1 to around 1000. 
Belowground compartments (roots and rhizospheric 
soil) consistently exhibited a significantly higher abun-
dance of ASVs (585–977 observed ASVs) compared to 
aboveground compartments (leaves, pulps, and seeds), 
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which had between 1 and 20 observed ASVs, regardless 
of the species (Table 1, Fig. 3).

This trend was consistent across all alpha diversity 
indices, with Shannon (H) indices ranging from 0.23 to 
2.52 in aboveground compartments and from 5.12 to 
6.34 in belowground compartments. Similarly, Inverse 
Simpson indices ranged from 1.28 to 9.53 in above-
ground compartments and from 27.19 to 255.23 in 
belowground compartments. Significant differences in 
diversity between species (e.g., pulps and seeds) were 
observed. Furthermore, when comparing the diversity 
of bulk soil to rhizospheric soil, both H and Inverse 
Simpson indices were significantly lower in rhizos-
pheric soil for each species, as well as in fungal indices.

In the fungal analysis, a total of 2236, 2124, and 2761 
ASVs were associated with Bs, Pg (Ni-HA), and Ps (nA), 
respectively. On average, we observed ranges from 10 to 
around 600 ASVs per species and compartment. Below-
ground compartments consistently showed a signifi-
cantly higher abundance of ASVs (246–577 observed 
ASVs) compared to aboveground compartments (10–
149 observed ASVs) for each species (Table 2, Fig. 4).

This trend did not align with the H and Inverse Simp-
son indices. Specifically, the leaves compartments 
exhibited significantly higher diversity than the roots 
for each species and were even more diverse than the 
rhizospheric soil in Ps (nA). Inter-species comparisons 
also revealed significant differences, particularly within 
the leaves compartment.

Beta diversity
As determined by the merge fusion figure, the bacte-
rial communities were structured into 8 clusters (see 

Additional file  5). In belowground compartments, the 
bacterial community structure was distinct between 
roots (k2_B), rhizospheric soil (k1_B), and bulk soil 
(k3_B). However, these structures appeared to be simi-
lar between species. In contrast, for aboveground com-
partments, the leaves samples from each species were 
grouped with the seed samples of Pg (Ni-HA) (k6_B, 
k7_B, and k8_B). Only the pulps compartment of Pg (Ni-
HA) (k5_B) and the fruits—both pulps and seeds—of 
Ps (nA) (k4_B) exhibited distinct bacterial community 
structures.

Table 1 Alpha diversity indices for bacterial communities

Observed, Shannon, and InvSimpson values are presented as mean ± standard deviation and Tukey’s letter
a Pg = Psychotria gabriellae (Ni-HA) and Ps = Psychotria semperflorens (nA)
b N = number of samples
c InvSimpson = Inverse Simpson

Species and  compartmenta Nb Observed Shannon InvSimpsonc

Pg (Ni-HA) seeds 3 1 ± 1 bf 0.23 ± 0.4 h 1.33 ± 0.58 h

Ps (nA) seeds 8 7 ± 2 c 1.31 ± 0.34 g 3.08 ± 1.63 g

Pg (Ni-HA) pulps 10 8 ± 2 c 1.79 ± 0.26 e 4.88 ± 1.16 e

Ps (nA) pulps 8 20 ± 3 g 2.52 ± 0.19 f 9.53 ± 2.35 f

Pg (Ni-HA) leaves 13 2 ± 1 b 0.59 ± 0.53 h 2.06 ± 1.36 h

Ps (nA) leaves 10 1 ± 0 f 0.2 ± 0.33 h 1.28 ± 0.45 h

Pg (Ni-HA) roots 16 623 ± 205 d 5.58 ± 0.12 a 87.43 ± 8.22 b

Ps (nA) roots 15 585 ± 64 d 5.46 ± 0.08 d 71.22 ± 7.37 d

Pg (Ni-HA) soil 16 784 ± 143 e 5.12 ± 0.11 b 27.19 ± 2.33 c

Ps (nA) soil 16 878 ± 140 ae 5.23 ± 0.11 i 31.68 ± 3.12 i

Bulk soil 16 977 ± 264 a 6.34 ± 0.33 c 255.23 ± 42.31 a

Table 2 Alpha diversity indices for fungal communities

 Observed, Shannon, and InvSimpson values are presented as mean ± standard 
deviation and Tukey’s letter
a Pg = Psychotria gabriellae (Ni-HA) and Ps = Psychotria semperflorens (nA)
b N = number of samples
c InvSimpson = Inverse Simpson

Species and 
 compartmenta

Nb Observed Shannon InvSimpsonc

Pg (Ni-HA) seeds 9 10 ± 3 g 0.35 ± 0.33 f 1.23 ± 0.33 f

Ps (nA) seeds 8 10 ± 2 g 0.9 ± 0.08 i 1.74 ± 0.1 h

Pg (Ni-HA) pulps 10 58 ± 7 f 1.61 ± 0.16 e 2.67 ± 0.54 e

Ps (nA) pulps 8 49 ± 8 h 1.06 ± 0.09 h 1.47 ± 0.06 g

Pg (Ni-HA) leaves 16 90 ± 12 b 3.42 ± 0.13 b 11.46 ± 1.99 b

Ps (nA) leaves 16 149 ± 23 e 4.31 ± 0.19 d 49.03 ± 12.05 a

Pg (Ni-HA) roots 16 246 ± 30 c 2.23 ± 0.54 c 3.73 ± 1.31 c

Ps (nA) roots 14 308 ± 14 d 3.96 ± 0.12 g 15.03 ± 3.15 d

Pg (Ni-HA) soil 16 327 ± 47 d 3.93 ± 0.17 g 14.24 ± 2.19 d

Ps (nA) soil 16 382 ± 37 i 3.53 ± 0.31 b 7.04 ± 1.6 i

Bulk soil 16 577 ± 88 a 4.96 ± 0.1 a 49.91 ± 6.42 a



Page 7 of 26Dijoux et al. Microbiome          (2025) 13:110  

Concerning fungal communities, the merge fusion fig-
ure revealed 10 clusters (see Additional file  5). Unlike 
bacterial community structures, belowground com-
partments were distinct between species and compart-
ments: k1_F for Pg (Ni-HA) rhizospheric soil, k2_F for 

Ps (nA) rhizospheric soil, k3_F for bulk soil, k4_F and 
k5_F for Pg (Ni-HA) roots, and k6_F for Ps (nA) roots. 
For aboveground compartments, the clustering differ-
entiated between leaves samples (k7_F for Ps (nA), and 
k8_F for Pg (Ni-HA)) and fruit samples—both pulps and 

Fig. 3 Cleveland diagram of alpha diversity indices for bacterial communities. (Pg = Psychotria gabriellae (Ni-HA), Ps = Psychotria semperflorens (nA), 
and InvSimpson = Inverse Simpson)

Fig. 4 Cleveland diagram of alpha diversity indices for fungal communities. (Pg = Psychotria gabriellae (Ni-HA), Ps = Psychotria semperflorens (nA), 
and InvSimpson = Inverse Simpson)
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seeds—of each species (k9_F for Pg (Ni-HA) and k10_F 
for Ps (nA)).

Structure of bacterial communities at class level
A total of 71 classes were identified in the bacterial 
library. Bulk soil exhibited the highest class diversity, with 
40 classes, followed by: Pg (Ni-HA) roots (35 classes) > Ps 
(nA) rhizospheric soil (32 classes) > Pg (Ni-HA) rhizos-
pheric soil and Ps (nA) roots (28 classes) > Pg (Ni-HA) 
pulps (8 classes) > Pg (Ni-HA) leaves (7 classes) > Ps (nA) 
pulps (5 classes) > Ps (nA) leaves (3 classes) > Pg (Ni-HA) 
and Ps (nA) seeds (2 classes) (Fig. 5).

For most compartments and both species, Alphapro-
teobacteria (20.5–96.6%) was the most abundant taxon, 
while the second and third most abundant taxa varied 
depending on the species and the compartment.

Structure of bacterial communities of Psychotria gabriellae 
(Pg, Ni‑HA)
Overall, more classes were observed in belowground 
compartments compared to aboveground compartments, 
with a similar distribution between roots and rhizos-
pheric soil compartments (Fig.  5). Alphaproteobacteria 
dominated both compartments (60.4% in rhizospheric 
soil and 64.4% in roots), followed by taxa such as Act-
inobacteria (8.1% in roots and 9.1% in rhizospheric soil), 
Acidobacteriae (6.4% in roots and 6.8% in rhizospheric 
soil), Acidimicrobiia (1.6% in roots and 5.4% in rhizos-
pheric soil), Planctomycetes (4.3% in rhizospheric soil and 

5.6% in roots), and Ktedonobacteria (1.9% in roots and 
2.0% in rhizospheric soil). In addition to shared classes, 
these compartments also exhibited specific, rare classes. 
For example, Dehalococcoidia (0.1%) was only present in 
rhizospheric soil, while Bacteroidia (0.2%), Armatimona-
dia (0.2%), Polyangia (0.1%), Parcubacteria (0.1%), Myxo-
coccia (0.1%), and Methylomirabilia (0.1%) were found 
exclusively in roots.

In the aboveground compartments, Alphaproteobac-
teria was the most abundant taxon in seeds (83.3%) and 
pulps (88.1%). However, in leaves, this class was less 
abundant (20.5%), with the difference being significant 
only when compared to bulk soil (see Additional file 2). 
Fusobacteriia was also present as an abundant taxon in 
all aboveground compartments (32.6% in leaves, 16.7% 
in seeds, and 4.2% in pulps). Actinobacteria (25.9% in 
leaves and 3.8% in pulps), Gammaproteobacteria (14.6% 
in leaves and 2.1% in pulps), and Acidobacteriae (1.3% in 
leaves and 0.5% in pulps) were shared between leaves and 
pulps. Notably, leaves and pulps each contained unique 
classes: AD3 (Chloroflexi phylum 3.8%) was exclusive to 
leaves, and Campylobacteria (0.5%) was unique to pulps.

In summary, there was a clear distinction between 
the bacterial community structures of aboveground and 
belowground compartments in Pg (Ni-HA). Additionally, 
apart from seeds, few classes were specific to any single 
compartment in Pg (Ni-HA).

Fig. 5 Relative abundances of the 20 most abundant bacterial taxa at the class level in Psychotria gabriellae (Pg, Ni-HA), Psychotria semperflorens (Ps, 
nA) and bulk soil (Bs)
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Structure of bacterial communities of Psychotria 
semperflorens (Ps, nA)
Alphaproteobacteria was the most abundant taxon in 
each compartment: pulps (96.0%), seeds (90.8%), leaves 
(85.0%), roots (67.8%), and rhizospheric soil (65.1%) 
(Fig.  5). Actinobacteria and Gammaproteobacteria were 
the only other taxa shared across all compartments. As 
observed in Pg (Ni-HA), the belowground compartments 
of Ps (nA) exhibited a more diverse class composition 
than the aboveground compartments. The composition 
between roots and rhizospheric soil was similar, with 
a high abundance of Alphaproteobacteria, followed by 
Actinobacteria (8.9% in roots and 6.6% in rhizospheric 
soil), Acidobacteriae (6.2% in roots and 3.4% in rhizos-
pheric soil), and Planctomycetes (3.9% in roots and 5.1% 
in rhizospheric soil). These two compartments also con-
tained specific rare classes: Armatimonadia (0.2%) and 
Bacteroidia (0.1%) in roots, and Thermoleophilia (0.5%), 
bacteriap25 (Myxococcota phylum 0.2%), Methylomi-
rabilia (0.1%), Dehalococcoidia (0.1%), JG30-KF-CM66 
(Chloroflexi phylum 0.1%), and Limnochordia (0.1%) in 
rhizospheric soil.

In the aboveground compartments, each compart-
ment was primarily composed of Alphaproteobacteria 
(90.8% in seeds, 96.6% in pulps, and 85.0% in leaves) and 
Gammaproteobacteria (9.2% in seeds, 1.9% in pulps, and 
10.0% in leaves). Notably, pulps contained a specific class: 
Deinococci (0.3%).

In summary, like Pg (Ni-HA), the structure of bacterial 
communities differed significantly between aboveground 
and belowground compartments in Ps (nA). Additionally, 
rhizospheric soil, roots, and leaves also contained unique 
bacterial classes.

Inter‑species comparison at the compartment level
When comparing bacterial classes between plant spe-
cies within the same compartment, each plant species 
exhibited specific bacterial classes at the compart-
ment level (Fig.  5). In seeds, Fusobacteriia (16.7%) 
and Gammaproteobacteria (9.2%) were specific to Pg 
(Ni-HA) and Ps (nA), respectively. In pulps, Fusobac-
teriia (4.2%), Acidimicrobiia (0.6%), Acidobacteriae 
(0.5%), Campylobacteria (0.5%), and Clostridia (0.3%) 
were specific to Pg (Ni-HA), while Deinococci (0.3%) 
and Saccharimonadia (0.2%) were specific to Ps (nA). 
In leaves and roots, only Pg (Ni-HA) exhibited specific 
classes: Fusobacteriia (32.6%), AD3 (Chloroflexi phy-
lum 3.8%), and Bacilli (1.3%) in leaves, and Polyangia 
(0.1%), Parcubacteria (0.1%), Thermoleophilia (0.1%), 
Myxococcia (0.1%), bacteriap25 (Myxococcota phy-
lum 0.1%), Methylomirabilia (0.1%), and Fusobacteriia 
(0.1%) in roots. Finally, only Ps (nA) exhibited specific 
classes in its rhizospheric soil: Gammaproteobacteria 

(0.2%), Methylomirabilia (0.1%), JG30-KF-CM66 
(Chloroflexi phylum 0.1%), and Limnochordia (0.1%).

Structure of fungal communities at class level
Overall, 47 classes were observed in the fungal library. 
Bulk soil, along with Pg (Ni-HA) rhizospheric soil, exhib-
ited the highest class diversity (18 classes) among com-
partments and species, followed by: Ps (nA) rhizospheric 
soil (17 classes) > Ps (nA) leaves (15 classes) > Ps (nA) 
roots (13 classes) > Pg (Ni-HA) leaves (12 classes) > Pg 
(Ni-HA) roots (11 classes) > Pg (Ni-HA) and Ps (nA) 
pulps (9 classes) > Pg (Ni-HA) seeds (8 classes) > Ps (nA) 
seeds (5 classes) (Fig. 6).

In contrast to bacterial communities, a significant pro-
portion of unclassified fungi at the class level predomi-
nantly composed the fruits of Ps (nA), with 74.6% in seeds 
and 83.7% in pulps. This was also observed in the roots of 
Ps (nA) (49.1%) and bulk soil (30.3%). The proportion of 
unclassified fungi remained substantial in other compart-
ments, ranging from 11.3 to 25.3%, except in Pg (Ni-HA) 
seeds, where it was markedly lower at 0.5%.

Structure of fungal communities of Psychotria gabriellae (Pg, 
Ni‑HA)
The structure of fungal communities varied significantly 
between compartments (Fig.  6). Although most classes 
were shared, they were not represented in the same pro-
portions across compartments. Seeds were primarily 
composed of Dothideomycetes (91.9%) and Agaricomy-
cetes (6.0%). Pulps consisted of Dothideomycetes (59.6%), 
unclassified fungi (24.2%), Tremellomycetes (5.8%), and 
Sordariomycetes (6.5%). Leaves contained Dothideomy-
cetes (39.7%), Sordariomycetes (38.2%), and unclassified 
fungi (19.6%). Roots were composed of Agaricomycetes 
(70.6%), unclassified fungi (13.2%), Leotiomycetes (6.5%), 
and Sordariomycetes (5.3%). Finally, rhizospheric soil 
included Mortierellomycetes (36.8%), Agaricomycetes 
(28.2%), unclassified fungi (16.0%), and Sordariomycetes 
(8.1%).

Some classes were specific to certain compartments. 
GS35 (Ascomycota phylum 0.4%), Basidiobolomycetes 
(0.3%), Microbotryomycetes (0.2%), Ramicandelaberomy-
cetes (0.3%), Tritirachiomycetes (0.2%), Pucciniomycetes 
(0.1%), and Atractiellomycetes (0.1%) were only found in 
rhizospheric soil, whereas Geminibasidiomycetes (0.1%) 
and Umbelopsidomycetes (0.1%) were specific to leaves.

Structure of fungal communities of Psychotria semperflorens 
(Ps, nA)
Like Pg (Ni-HA), the structure of fungal communi-
ties in Ps (nA) varied significantly between compart-
ments (Fig.  6). Although abundant classes were shared, 
their proportions differed across compartments. Seeds 
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were primarily composed of unclassified fungi (74.6%), 
Sordariomycetes (19.6%), and Dothideomycetes (5.1%). 
Pulps consisted mainly of unclassified fungi (83.7%), 
Dothideomycetes (7.9%), and Sordariomycetes (5.2%). 
Leaves contained Sordariomycetes (30.7%), unclassified 
fungi (25.3%), Eurotiomycetes (11.7%), Dothideomycetes 
(10.4%), Agaricomycetes (8.3%), and Pezizomycetes (7.2%). 
Roots were composed of unclassified fungi (49.1%), 
Sordariomycetes (19.7%), Agaricomycetes (12.4%), Leo-
tiomycetes (8.5%), and Dothideomycetes (5.7%). Finally, 
rhizospheric soil included GS35 (Ascomycota phylum 
37.2%), Agaricomycetes (20.6%), Mortierellomycetes 
(14.0%), unclassified fungi (11.3%), Sordariomycetes 
(5.2%), and Tremellomycetes (4.5%).

Each compartment, except for seeds, contained specific 
classes. Tritirachiomycetes (0.2%), Spizellomycetes (0.1%), 
Microbotryomycetes (0.1%), Saccharomycetes (0.1%), and 
Pucciniomycetes (0.1%) were exclusive to rhizospheric 
soil. Geoglossomycetes (0.4%) and Glomeromycetes (0.2%) 
were specific to roots. In aboveground compartments, 
Geminibasidiomycetes (2.6%), Umbelopsidomycetes 
(0.2%), Malasseziomycetes (0.2%), and GS14 (Chytridi-
omycota phylum 0.1%) were unique to leaves, while Usti-
laginomycetes (0.1%) and Lecanoromycetes (0.1%) were 
specific to pulps.

Inter‑species comparison at compartment level
The comparison of fungal community structures between 
species within the same compartment revealed notable 
differences between Pg (Ni-HA) and Ps (nA) (Fig. 6). Even 

within identical compartments, species exhibited signifi-
cantly distinct community structures (Additional file 2). 
As discussed in the previous sections, while abundant 
classes were shared, their proportions differed signifi-
cantly between species. For instance, Mortierellomycetes 
was the most abundant class in Pg (Ni-HA) rhizospheric 
soil, whereas GS35 (Ascomycota phylum) dominated in 
Ps (nA) rhizospheric soil.

In aboveground compartments, the fungal composi-
tion of seeds differed markedly between species. Seeds 
of Pg (Ni-HA) were primarily composed of Dothideomy-
cetes (91.9%, p < 0.001), while seeds of Ps (nA) consisted 
mainly of unclassified fungi (74.6%) and Sordariomy-
cetes (19.6%, p < 0.01). In this compartment, only Pg 
(Ni-HA) contained specific classes compared to Ps (nA): 
Malasseziomycetes (0.5%), Wallemiomycetes (0.4%), and 
Cystobasidiomycetes (0.1%). In pulps, Dothideomycetes, 
Tremellomycetes, and Leotiomycetes were significantly 
more abundant (p < 0.05) in Pg (Ni-HA) (59.6%, 5.8%, and 
3.2%) than in Ps (nA) (7.9%, 0.7%, and 0.9%). Conversely, 
unclassified fungi and Eurotiomycetes were significantly 
more abundant (p < 0.001) in Ps (nA) (83.7% and 1.0%) 
than in Pg (Ni-HA) (24.2% and 0.3%). Specific classes like 
Wallemiomycetes (0.1%) and Cystobasidiomycetes (0.1%) 
were unique to Pg (Ni-HA) pulps, while Ustilaginomy-
cetes (0.1%) and Lecanoromycetes (0.1%) were unique to 
Ps (nA) pulps.

In leaves, the proportions of unclassified fungi, Euro-
tiomycetes, Pezizomycetes, and Agaricomycetes were sig-
nificantly higher (p < 0.01) in Ps (nA) (25.3%, 11.7%, 7.2%, 

Fig. 6 Relative abundances of the 20 most represented fungal taxa at the class level in Psychotria gabriellae (Pg, Ni-HA), Psychotria semperflorens (Ps, 
nA) and bulk soil (Bs)
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and 8.3%) than in Pg (Ni-HA) (19.6%, 0.4%, 0.5%, and 
0.4%). Dothideomycetes, however, were significantly more 
abundant (p < 0.0001) in Pg (Ni-HA) (39.7%) compared to 
Ps (nA) (10.4%). Additionally, Ramicandelaberomycetes 
(0.7%), Mortierellomycetes (0.1%), Rhizophydiomycetes 
(0.1%), and GS14 (Chytridiomycota phylum 0.1%) were 
exclusive to Ps (nA), while Lecanoromycetes (0.1%) was 
unique to Pg (Ni-HA).

In the belowground compartments, unclassified fungi 
and Sordariomycetes were significantly more abundant 
(p < 0.0001) in Ps (nA) roots (49.1% and 19.1%) compared 
to Pg (Ni-HA) roots (13.2% and 5.3%). On the other hand, 
Agaricomycetes were significantly more prevalent (p < 
0.0001) in Pg (Ni-HA) roots (70.6%) than in Ps (nA) roots 
(12.4%). Specific classes like Atractiellomycetes (0.1%) 
and GS35 (Ascomycota phylum 0.2%) were found only in 
Ps (nA) roots.

Finally, Pezizomycetes (1.2%), Ramicandelaberomycetes 
(0.3%), and Geoglossomycetes (0.1%) were exclusive to Pg 
(Ni-HA) rhizospheric soil, while Spizellomycetes (0.1%) 
and Saccharomycetes (0.1%) were unique to Ps (nA) 
rhizospheric soil.

ASV distributions
Overall, 5602 ASVs were classified as Bacteria, while 
4584 were classified as Fungi (Fig. 7).

The Venn diagram showed that half of the bacterial 
ASVs (657 + 2188 = 50.88%) were shared between Pg (Ni-
HA) and Ps (nA), while 1092 ASVs (19.5%) were strictly 
associated with bulk soil. Additionally, 17.1% (551 + 409) 
were specific to Ps (nA), and 12.6% (486 + 219) were spe-
cific to Pg (Ni-HA). For fungal ASVs, 32.9% (1132 + 377) 
were specific to Ps (nA), and 19.0% (644 + 228) were spe-
cific to Pg (Ni-HA).

When analysing the distribution of specific ASVs in Pg 
(Ni-HA) or Ps (nA), a similar trend was observed across 
all subsets of the libraries: the majority of ASVs were 
specifically associated with belowground compartments 
(roots and rhizospheric soil) (Fig.  7). Specifically, 97.5% 
(44.7% + 21.7% + 31.1%) of bacterial ASVs and 80.8% 
(54.1% + 19.5% + 7.2%) of fungal ASVs were uniquely 
associated with Pg (Ni-HA), while 97.4% (65.4% + 19.9% 
+ 12.1%) of bacterial ASVs and 64.2% (44.9% + 12.6% 
+ 6.7%) of fungal ASVs were associated with Ps (nA). For 
aboveground compartments (leaves, pulps, seeds), the 
proportion of specific ASVs varied between 0% and 8.1%, 
except for specific fungal ASVs in Ps (nA) leaves (26.4%).

Specific taxonomic biomarkers of Psychotria gabriellae (Pg, 
Ni‑HA) and Psychotria semperflorens (Ps, nA) at genus level
The intraspecific analysis of specific microbiotas at the 
genus level identified a total of 49 bacterial biomarkers 
for Pg (Ni-HA) and 74 for Ps (nA). For fungal biomarkers, 

78 were identified for Pg (Ni-HA), while 126 were found 
for Ps (nA) (Table 3).

Seeds of Pg (Ni-HA) were the only compartment that 
did not exhibit any fungal biomarkers. Overall, Ps (nA) 
had nearly twice as many biomarkers across all libraries 
combined compared to Pg (Ni-HA).

A noteworthy observation was the high proportion of 
unclassified genera among bacterial biomarkers, account-
ing for 53.1% in Pg (Ni-HA) and 62.2% in Ps (nA), repre-
senting the majority of the total bacterial biomarkers. In 
contrast, unclassified genera were less prevalent among 
fungal biomarkers, making up 32.1% in Pg (Ni-HA) and 
26.2% in Ps (nA).

Co‑Occurrence Networks Between Specific Microbiotas 
of Psychotria gabriellae (Pg, Ni‑HA) and Psychotria 
semperflorens (Ps, nA)
Except for Pg (Ni-HA) seeds and Ps (nA) leaves, all com-
partments met the Spearman correlation criteria (R > 0.6 
with p-value < 0.05) required (Fig. 8).

Each network exhibited low connectance (0.03–0.14), 
indicating that less than 1.4% of possible significant posi-
tive correlations were present (Table 4).

However, belowground compartment networks dem-
onstrated a high average degree (17.60–41.95), suggesting 
that individual ASVs had significant positive correlations 
within these networks. This was indicative of complex 
and interconnected networks with numerous modules, 
as observed in the belowground compartments. Indeed, 
these networks exhibited high modularity (ranging from 
0.70 to 0.92), reflecting substantial community structur-
ing. Specifically, the number of modules was greater in 
belowground compartments compared to aboveground 
ones: Ps (nA) roots (54 modules), Pg (Ni-HA) roots (20 
modules), Pg (Ni-HA) rhizospheric soil (19 modules), Ps 
(nA) rhizospheric soil (18 modules), Ps (nA) pulps (13 
modules), Pg (Ni-HA) leaves (10 modules), Pg (Ni-HA) 
pulps (9 modules), and Ps (nA) seeds (5 modules). Con-
cerning the centralisation degrees, they ranged between 
0.04 and 0.09, suggesting that no single ASV played a 
dominant role in any network. Additionally, betweenness 
centrality metrics did not exceed 0.18, indicating that no 
ASV was crucial for global interactions within networks.

Except for the Pg (Ni-HA) leaves network, each net-
work exhibited some modules containing bacterial and 
fungal biomarkers, which we highlighted in the previous 
section (Table 5).

In total, 62 biomarkers were present across all the net-
works, with only 11 not showing a specific association 
with any particular network (Diaporthe, Acidothermus, 
Bryobacter, Gemmata, SWB02 (Proteobacteria phylum), 
Candidatus Solibacter, Mycena, Candidatus Udaeobac-
ter, Pirellula, Entoloma, and Hygrocybe). Aside from the 
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Pg (Ni-HA) leaves network, which contained only fungal 
biomarkers–specifically a co-occurrence of Colletotri-
chum and Diaporthe–the other networks presented both 
fungal and bacterial biomarkers. In some cases, these 
were associated with each other within one or more 
modules. For instance, in a non-exhaustive sense, Aci-
dothermus, Bryobacter, and Gemmata in the Pg (Ni-HA) 
roots network; Bryobacter, Castanediella, and Candida-
tus Solibacter in the Ps (nA) roots network; Candidatus 

sp., Entoloma, and Fusarium in the Pg (Ni-HA) rhizos-
pheric soil network; and Pedomicrobium, Entoloma, and 
Hygrocybe in the Ps (nA) rhizospheric soil network. In 
contrast, all biomarkers present in the Ps (nA) pulps 
network (Methylobacterium-Methylorubrum, Derxo-
myces, Neocucurbitaria, and Diaporthe) were not asso-
ciated within the same modules. Lastly, no biomarkers 
were present in the Ps (nA) seeds or Pg (Ni-HA) pulps 
networks.

Fig. 7 Venn diagrams of (a) bacterial ASV distribution and (b) fungal ASV distribution. (Pg = Psychotria gabriellae (Ni-HA), Ps = Psychotria 
semperflorens (nA), Bs = bulk soil, and r. soil = rhizospheric soil)



Page 13 of 26Dijoux et al. Microbiome          (2025) 13:110  

Discussion
How are metallophyte microbiotas structured?
Our work provides valuable evidence regarding the 
structure of the microbiotas of Psychotria gabriellae 
(Pg, Ni-HA) and Psychotria semperflorens (Ps, nA). By 
analysing alpha and beta diversities, the distributions 

of microbial ASVs, and relative abundance profiles, we 
revealed that the host plant and/or its compartment 
influence microbial communities depending on the 
microbial kingdom.

To the best of our knowledge, we are the first to dis-
sect in situ, through a systematic compartment-specific 

Table 3 Overview of LEfSe analysis results

LEfSe parameters: alpha threshold = 0.05; taxa level = genus; p-value adjustment method = Bonferroni
a Pg = Psychotria gabriellae (Ni-HA) and Ps = Psychotria semperflorens (nA)
b Refers to significant genus

Speciesa Kingdom Compartment Number of  biomarkersb Number of "unclassified" 
biomarkers

LDA score range

Pg
(Ni-HA)

Bacteria Seeds 1 (2.0%) 0 5.3

Pulps 2 (4.1%) 0 5.5–5.7

Leaves 11 (22.4%) 5 (45.5%) 4.2–5.0

Roots 18 (36.7%) 9 (50.0%) 4.1–4.9

Rhizospheric soil 17 (34.7%) 12 (70.6%) 4.0–4.9

Summary 49 (100.0%) 26 (53.1%) 4.0–5.7

Fungi Seeds 0 0

Pulps 7 (9.0%) 3 (42.9%) 4.0–5.3

Leaves 34 (43.6%) 6 (17.6%) 3.1–5.6

Roots 19 (24.4%) 9 (47.4%) 3.2–5.2

Rhizospheric soil 18 (23.1%) 7 (38.9%) 3.4–5.2

Summary 78 (100.0%) 25 (32.1%) 3.1–5.6

Ps
(nA)

Bacteria Seeds 2 (2.7%) 1 (50.0%) 4.8–5.6

Pulps 6 (8.1%) 2 (33.3%) 4.2–5.1

Leaves 11 (14.9%) 4 (36.4%) 3.6–4.5

Roots 14 (18.9%) 8 (57.1%) 3.8–4.8

Rhizospheric soil 41 (55.4%) 31 (75.6%) 3.7–4.7

Summary 74 (100.0%) 46 (62.2%) 3.6–5.6

Fungi Seeds 3 (2.4%) 1 (33.3%) 4.60–5.63

Pulps 12 (9.5%) 2 (16.7%) 3.95–4.90

Leaves 61 (48.4%) 10 (16.4%) 2.88–4.57

Roots 34 (27.0%) 14 (41.2%) 3.02–5.25

Rhizospheric soil 16 (12.7%) 6 (37.5%) 3.30–4.87

Summary 126 (100.0%) 33 (26.2%) 2.88–5.63

Table 4 Graph network properties

a Pg = Psychotria gabriellae (Ni-HA), Ps = Psychotria semperflorens (nA), and r. soil = rhizospheric soil

Graph  networka Edges Vertices Connectance Average degree Modularity No. modules Centralisation 
degree

Betweenness 
centrality

Ps (nA) seeds 14 14 0.15 2.00 0.71 5 0.08 0.00

Pg (Ni-HA) pulps 149 51 0.12 5.84 0.82 9 0.04 0.00

Ps (nA) pulps 163 57 0.10 5.72 0.71 13 0.09 0.00

Pg (Ni-HA) leaves 117 49 0.10 4.78 0.83 10 0.05 0.00

Pg (Ni-HA) roots 7,000 549 0.05 25.50 0.80 20 0.09 0.18

Ps (nA) roots 4,048 460 0.04 17.60 0.92 54 0.04 0.00

Pg (Ni-HA) r. soil 17,500 1,077 0.03 32.50 0.70 19 0.06 0.02

Ps (nA) r. soil 34,755 1,657 0.03 41.95 0.71 18 0.05 0.02
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Table 5 Summary of microbial biomarkers, identified using the LEfSe method at the genus level, present in the co-occurrence 
networks of Psychotria gabriellae (Pg, Ni-HA) and Psychotria semperflorens (Ps, nA)

Graph network Biomarkers at genus level Kingdom Module number

Ps (nA) pulps Methylobacterium‑Methylorubrum Bacteria 11

Derxomyces Fungi 3

Diaporthe Fungi 2, 4, and 9

Neocucurbitaria Fungi 13

Pg (Ni-HA) leaves Ceratosphaeria Fungi 10

Colletotrichum Fungi 2 and 8

Diaporthe Fungi 8 and 9

Pg (Ni-HA) roots Acidothermus Bacteria 3 and 4

Actinophytocola Bacteria 2 and 20

Bryobacter Bacteria 2, 3, 6, 8, 11, and 12

Gemmata Bacteria 3, 4, 5, 7, 11, and 14

Niastella Bacteria 2, 3, 11, 12, and 13

SWB02 Bacteria 5 and 8

Diluviicola Fungi 6

Endoradiciella Fungi 9

Gymnopus Fungi 6

Junghuhnia Fungi 19

Leohumicola Fungi 9 and 11

Neonectria Fungi 9

Ps (nA) roots Acidothermus Bacteria 18, 22, and 24

Bryobacter Bacteria 1, 3, 9, 11, 12, 14, 23, and 27

Candidatus Solibacter Bacteria 2, 3, 6, 12, and 17

Mycobacterium Bacteria 25 and 26

Bourdotigloea Fungi 8 and 23

Castanediella Fungi 1 and 2

Cladophialophora Fungi 7 and 13

Mycena Fungi 1

Thozetella Fungi 32

Verruconis Fungi 28

Pg (Ni-HA) rhizospheric soil Candidatus Solibacter Bacteria 6, 7, 8, 9, 10, 11, 12 and 13

Candidatus Udaeobacter Bacteria 3, 5, 6, 9, 10, 12, and 13

Nocardioides Bacteria 2 and 6

Pirellula Bacteria 10 and 12

Calceomyces Fungi 19

Clonostachys Fungi 2, 3, 15

Entoloma Fungi 2, 5, 6, 9, 12, and 13

Fusarium Fungi 3, 7, and 13

Hygrocybe Fungi 2, 6, and 12

Mycena Fungi 2, 5, and 13

Pidoplitchkoviella Fungi 2 and 10

Pluteus Fungi 2, 12, and 13

Pulvinula Fungi 2

Talaromyces Fungi 2

Virgaria Fungi 1, 2, 5, 7, and 13
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comparative approach, the structures and compositions 
of the fungal and bacterial microbiotas in relation to Ni 
hyperaccumulation or exclusion phenotypes of New 
Caledonian metallophytes. Moreover, we are the first to 
explore fungal and bacterial diversity within the pulps 
compartment of metallophytes. Therefore, this study 
provides the first comprehensive data on the microbiota 
across the entire fruit of Pg (Ni-HA) and Ps (nA).

Diversity of microbial communities in Psychotria gabriellae 
(Pg, Ni‑HA) and Psychotria semperflorens (Ps, nA)
Alpha diversity indices effectively differentiate bacte-
rial communities between above- and belowground 
compartments, with diversity decreasing from soil to 
endosphere [58]. Our study shows similar values for 
belowground compartments but lower diversity in 
aboveground compartments compared to the litera-
ture (see Additional file 6). Several factors may explain 
this reduction. Firstly, the use of primers not suited to 
our study may lead to either a mismatch between bac-
terial 16S rRNA genes and universal primers [59] and/
or increased amplification of plant-derived sequences 
[60], which limits amplification and reduces detected 
diversity. In this study, we filtered 1,226,768 sequences 

affiliated with mitochondria or chloroplasts. The 
majority of these filtered sequences were represented 
by 2 ASVs (ASV5086_16S and ASV4803_16S), which 
accounted for an average of 90–92% of the reads in 
the plant compartments. This could led to an under-
estimation of bacterial diversity. Secondly, the lower 
diversity in aboveground compartments may reflect 
high niche specialisation, particularly in seed endo-
phytes. The high Ni concentrations in Pg (Ni-HA) 
leaves (21,400 µg.g⁻1) and seeds (9810 µg.g⁻1) [61] 
may have driven the selection. Indeed, the bacte-
rial genera present in these compartments appear to 
be well adapted to heavy metal (HM) stress and pro-
mote plant growth. Methylobacterium, abundant in Pg 
(Ni-HA) pulps (17.9%) and Ps (nA) pulps (30.2%) and 
seeds (1.2%) (see Additional file 2), enhances plant fit-
ness [62, 63]. It also produces N-acyl-homoserine lac-
tones, signaling molecules involved in quorum sensing, 
which may facilitate biofilm formation and endophyte 
colonization [64]. Other genera, including Rhizobium, 
Frankia, Brevundimonas, Sphingobium, Sphingomonas, 
Novosphingobium, Bradyrhizobium, Bosea, and Labrys, 
exhibit similar plant growth-promoting (PGP) traits 
and HM tolerance [65–72]. Some genera also modulate 

Table 5 (continued)

Graph network Biomarkers at genus level Kingdom Module number

Ps (nA) rhizospheric soil Candidatus Udaeobacter Bacteria 1, 2, 3, 4, 5, 7, 10, 11, and 13

Gemmata Bacteria 2, 8, 11, 13, 16, and 18

Pedomicrobium Bacteria 2, 3, 4, 8, and 9

Pirellula Bacteria 2, 4, 9, 11, 12, and 13

Reyranella Bacteria 2, 3, and 16

Rhodoplanes Bacteria 1, 2, 7, and 11

SM1 A02 Bacteria 1, 2, 3, 7, and 12

SWB02 Bacteria 2 and 7

Aphanoascus Fungi 3 and 4

Clitopilus Fungi 2, 7, 9, 13

Entoloma Fungi 2, 3, 7, 9, 12, and 13

Geastrum Fungi 3 and 6

Humicola Fungi 2, 3, and 7

Hygrocybe Fungi 2, 3, 7, 9, 10, 13

Mariannaea Fungi 2

Pilidium Fungi 2 and 3

Trichoderma Fungi 2, 3, and 11

Volutella Fungi 1, 2, and 7

Genera in bold are those present in only one network
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metal uptake [72, 73]. Their competitive advantages 
and pre-existing presence in micro niches may partly 
explain the observed low diversity. A third hypothesis 
concerns bacterial-fungal competition in leaf compart-
ments. The high ASV count in fungal leaf endophytes 
(90 in Pg (Ni-HA) and 149 in Ps (nA)) suggests com-
petition with bacteria. Notably, abundant genera in Pg 
(Ni-HA) and Ps (nA) include antimicrobial-producing 
fungi such as Pseudocercospora (30.6% in Pg (Ni-HA)), 
Colletotrichum (11.4% in Pg (Ni-HA), 4.8% in Ps (nA)), 
Anthracobia (5.9% in Ps (nA)), Talaromyces (5.0% in Ps 
(nA)), and Penicillium (4.8% in Ps (nA)) [74–79]. Lastly, 
a low diversity in seeds is in agreement with findings 

of Ancousture et  al. [19], who have shown a relatively 
low richness of the HA seeds bacterial communities. 
Moreover, the same authors have also demonstrated 
that significant differences in bacterial community 
diversity across hyperaccumulator seed families may 
be observed, which could explain the lower diversity 
observed in the species studied. However, further tests 
are needed to confirm if the New Caledonian Psycho-
tria species studied belong to families with inherently 
reduced microbial diversity.

Regarding fungal communities, our results align with 
literature findings to varying degrees, depending on 
the study and compartments examined (see Additional 

Fig. 8 Co-occurrence networks of significant positive correlations between specific microorganisms (bacteria and fungi) of Psychotria gabriellae (Pg, 
Ni-HA) and Psychotria semperflorens (Ps, nA) in leaves, pulps, seeds, roots, and rhizospheric soils



Page 17 of 26Dijoux et al. Microbiome          (2025) 13:110  

file  6). Although we observed higher diversity in some 
compartments compared to the literature, we may have 
underestimated the overall diversity of fungal commu-
nities. One-third of ASVs (33.2%) were unclassified at 
the kingdom level, suggesting we might be overlook-
ing fungal species that have not yet been sequenced 
and are therefore absent from international databases. 
This knowledge gap is especially relevant to New Cal-
edonia and tropical regions in general [80, 81]. New Cal-
edonia’s ultramafic substrates are well known for their 
high levels of endemism and microendemism [82, 83]. 
While research typically emphasises the endemism and 
microendemism of vascular organisms, microorganisms 
associated with these soils can also exhibit a significant 
proportion of native taxa. For example, a study by Car-
riconde et  al. [84] on ectomycorrhizal diversity in the 
New Caledonian tropical rainforest on ultramafic soils 
reported that up to 95% of taxa had only been recorded 
in New Caledonia. Therefore, our study emphasises the 
importance of implementing a comprehensive sequence 
database to better characterise New Caledonian metallo-
phytes and their microbiomes.

Composition of microbial communities in Psychotria 
gabriellae (Pg, Ni‑HA) and Psychotria semperflorens (Ps, nA)
The bacterial communities of both plant species are 
dominated by Alphaproteobacteria. At the class level, 
bacterial profiles differ between aboveground and below-
ground compartments, which reflects the observed pat-
terns in alpha diversity. Belowground compartments 
primarily consist of Alphaproteobacteria, Actinobacteria, 
Acidobacteria, Planctomycetes, and Acidimicrobia. These 
profiles are consistent with those found in Ni-hyper-
accumulator species on ultramafic soils [85]. Studies 
by Lopez et  al. [85] and Gourmelon et  al. [34] similarly 
identified Proteobacteria, Acidobacteria, Chloroflexi, 
and Planctomycetes in hyperaccumulator rhizospheres 
(Additional file 2). In contrast, Durand et al. [86] found 
that Actinobacteria, Alphaproteobacteria, Gammapro-
teobacteria, and Betaproteobacteria were dominant taxa 
in poplar roots on Hg-contaminated sites, while Gam-
maproteobacteria dominated Odontarrhena chalcidica 
roots under Ni pressure [87]. However, in the seeds and 
leaves compartments of New Caledonian Psychotria 
species, there are slight deviations from those reported 
bacterial profiles. For example, Ancousture et  al. [19] 
revealed that seeds of various hyperaccumulator (HA) 
and non-HA species were predominantly associated with 
Gammaproteobacteria; a finding that was subsequently 
confirmed in Odontarrhena seeds by Durand et al. [17]. 
In contrast, the present study found that Alphaproteo-
bacteria to be dominant in the seeds of both species, with 
smaller proportions of Fusobacteriia in Pg (Ni-HA) and 

Gammaproteobacteria in Ps (nA). In the leaves compart-
ment, we observed a dominance of Proteobacteria, Fuso-
bacteriota, and Actinobacteriota in Pg (Ni-HA), while Ps 
(nA) leaves exhibited a predominance of Alphaproteo-
bacteria. Jiang et  al. [88] reported that Actinobacteria 
and Proteobacteria were predominant in Sedum alfredii 
leaves, alongside minor Firmicutes and Bacteroidetes, 
while Durand et  al. [89] found that poplar leaves from 
Hg-contaminated sites were mainly composed of Alp-
haproteobacteria, Bacteroidetes, Actinobacteria, and 
Deinococcus.

We also observed notable differences in fungal com-
munity profiles at the class level across compartments 
and species. Chen et  al. [90] reported a dominance of 
Ascomycota and Basidiomycota, with smaller propor-
tions of unclassified fungi and Mortierellomycota in 
the rhizosphere of Ricinus communis at an abandoned 
mining site. Although the same phyla were present in 
our study, we found that Mortierellomycota and Basidi-
omycota were predominant in Pg (Ni-HA) with smaller 
proportions of Ascomycota and unclassified fungi, while 
Ascomycota was dominant in Ps (nA), followed by Basidi-
omycota and Mortierellomycota. The higher proportion 
of Mortierellomycota in our rhizospheric samples was 
not noted by Gourmelon et al. [34] in their characterisa-
tion of fungal diversity in multiple rhizospheres on New 
Caledonian ultramafic substrates. Similarly, Zhang et al. 
[91] found lower proportions of Mortierellomycota, with 
a dominance of Ascomycota, in their study on soil fungal 
diversity under Ni pressure. Sharma et al. [92] reported a 
dominance of Ascomycota in the roots of Arabis alpina, 
while we observed a predominance of Basidiomycota, 
followed by Ascomycota and unclassified fungi, in Pg 
(Ni-HA) roots. In contrast, Ps (nA) roots were primarily 
composed of Ascomycota, Basidiomycota, and unclas-
sified fungi. The dominance of Ascomycota in roots has 
also been reported in other studies [90, 93]. In leaves 
and seeds, we found that Ascomycota and Basidiomycota 
were predominant, consistent with other studies [88, 90, 
92, 94].

Structure of microbial communities in Psychotria gabriellae 
(Pg, Ni‑HA) and Psychotria semperflorens (Ps, nA)
Despite similar class composition in the belowground 
compartments of Pg (Ni-HA) and Ps (nA), we observed 
that bacterial communities in the rhizosphere primarily 
clustered according to the compartment type. The aver-
age number of observed ASVs does not significantly dif-
ferentiate the communities between species in these 
compartments. Of the total 5602 ASVs, 2845 are shared 
between species (see Additional file  7). Of this core 
group, 98.7% are exclusively associated with the rhizo-
sphere. Examining the distribution of species-specific 
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ASVs in Pg (Ni-HA) and Ps (nA) reveals that a majority 
are exclusively present in the roots (31.1% for Pg (Ni-HA) 
and 12.1% for Ps (nA)) and in rhizospheric soil (44.7% 
for Pg (Ni-HA) and 65.4% for Ps (nA)). Similar cluster-
ing by root and soil compartments has been observed in 
other studies [86, 95]. In contrast to belowground com-
partments, the beta diversity analysis of aboveground 
compartments did not group all compartments together. 
Only the fruits of Ps (nA) and the pulps of Pg (Ni-HA) 
were distinctly separated. This separation was not always 
evident in aboveground compartments; for instance, in 
grapevine, the grape, leaf, and flower compartments clus-
tered together [96]. The leaves of Ps (nA) and the seeds 
of Pg (Ni-HA) were scattered among themselves (clusters 
k6_B and k7_B) and with the leaves of Pg (Ni-HA) (clus-
ter k8_B) (see Additional file 5). The dispersion of these 
samples in the beta analysis can be attributed to their het-
erogeneity, particularly within the leaves compartment, 
where not all ASVs were consistently present in each 
replicate. This reduced distinction between aboveground 
compartments aligns with findings by Durand et al. [86] 
in poplar, where stem and leaf compartments showed 
less marked dissimilarity (R = 0.61; p = 0.001) compared 
to roots and soil (R = 1; p = 0.001) on Hg-contaminated 
sites. Additionally, the dispersion is influenced by the fact 
that most ASVs associated with these samples are shared 
across compartments. Analysis of ASV distribution in Ps 
(nA) revealed that, out of 24 ASVs associated with pulps, 
11 are exclusive to pulps, while 8 are strictly shared 
between pulps and seeds (out of a total of 11 ASVs asso-
ciated with seeds). This distribution likely accounts for 
the distinct clustering of Ps (nA) fruits samples. Similarly, 
in Pg (Ni-HA), we observed that 5 of the 9 ASVs found in 
pulps are unique to this compartment (with an average of 
8 ± 2 ASVs in Pg (Ni-HA) pulps), potentially accounting 
for the distinct clustering of Pg (Ni-HA) pulps samples.

In contrast to bacterial communities, fungal commu-
nities are distinctly grouped by species and compart-
ment, including rhizospheric soil, roots, leaves, and fruits 
(seeds and pulps). This grouping is primarily explained by 
the distribution of ASVs, where compartment- and spe-
cies-specificity are most pronounced.

Is there a distinct microbial signature associated with plant 
exclusion and hyperaccumulation phenotypes?
A total of 1577 and 2469 microbial ASVs were strictly 
associated with Psychotria gabriellae (Pg, Ni-HA) and 
Psychotria semperflorens (Ps, nA), respectively. Using an 
integrated approach that combines linear discriminant 
analysis and graph networks, we identified specific bio-
markers for Pg (Ni-HA) and Ps (nA) (Table 5, Fig. 9).

As highlighted below, several specific and common 
biomarkers identified are known to secrete molecules—
such as siderophores, organic acids, hydrogen cyanide 
(HCN), and exopolysaccharides (EPS)—that complex 
metals, sorb Ni, enhance plant metal stress tolerance, or 
even amplify metal accumulation (Tables 6 and 7).

Common biomarkers that may explain the adaptation 
of both Psychotria species to ultramafic constraints
The genera Diaporthe and Mycena, which are common 
biomarkers for both Pg (Ni-HA) and Ps (nA) (Table 6), 
are both known to exhibit tolerance to Ni [97, 98]. 
The genus Diaporthe, a biomarker in the leaves of Pg 
(Ni-HA) and the pulps of Ps (nA), plays a crucial role 
in Ni accumulation in the Ni-hyperaccumulating spe-
cies Noccaea caerulescens and N. goesingensis [97]. 
Inoculation of plantlets with the Phomopsis strain (the 
anamorph form of Diaporthe) increases Ni accumula-
tion in the roots and leaves of these two species under 
controlled conditions. In the case of N. caerulescens, 
inoculation with the Phomopsis strain also induced the 
overexpression of genes associated with metal trans-
porters. This study, conducted by Wazny et  al. [97], 
underscores the complexity of the hyperaccumulation 
process in plants. This specific HA mechanism seems 
to depend not only on the plant but also on its microbi-
ome. Indeed, depending on the source of the inoculated 
Phomopsis strain, Ni accumulation in N. caerulescens 
varies. A significant increase in Ni accumulation is 
observed only when the inoculated strain is native to 
the plant (i.e., isolated from the plant using culture-
dependent methods). The presence of this genus in the 
foliar compartment of Pg (Ni-HA) could, therefore, 
potentially promote the Ni hyperaccumulation pheno-
type in Pg (Ni-HA). Furthermore, this genus also exhib-
its numerous growth-promoting effects, which could 
support the establishment and/or development of Pg 
(Ni-HA) and Ps (nA) on ultramafic substrates [89].

Specific biomarkers of Psychotria gabriellae (Pg, Ni‑HA) 
that may explain its Ni‑hyperaccumulation phenotype
Several biomarkers associated with the rhizosphere of 
Pg (Ni-HA) exhibit sorption capacities for different HM, 
such as Fusarium [117] and Talaromyces [108] (Table 7). 
These sorption capacities can render HM, other than Ni, 
present in the soil unavailable and thus reduce metal-
induced stress and the accumulation of HM in the plant. 
Additional microbial-assisted mechanisms could also 
assist in reducing metal-induced stress in the plant. For 
example, the Colletotrichum genus, which is a biomarker 
in Pg (Ni-HA) leaves in our study, is known for producing 
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1-aminocyclopropane-1-carboxylate (ACC) deaminase 
(ACCD) [100]. This enzyme degrades ACC [118], a pre-
cursor of ethylene, which is a hormone produced in 

response to metal stress [119]. When present in high 
concentrations, ethylene can inhibit growth and induce 
senescence processes [120]. ACCD production by 

Fig. 9 Summary diagram of the results obtained from the analysis performed (LEfSe + graph network) on the specific microbiotas of Psychotria 
gabriellae (Pg, Ni-HA) and Psychotria semperflorens (Ps, nA). r.: roots; r. s.: rhizospheric soil; l.: leaves; p.: pulps; Ni: nickel

Table 6 Overview of the effects on plant growth and adaptation to nickel stress, as well as nickel tolerance, of genera identified as 
biomarkers in Psychotria gabriellae (Pg, Ni-HA) and Psychotria semperflorens (Ps, nA) (non-exhaustive listing)

a (F) = fungal genus
b IRT1 = IRON REGULATED TRANSPORTER 1 gene; IRT2 = IRON-REGULATED TRASNPORTER 2 gene; ZIP5 = ZINC TRANSPORTER 5 PRECURSOR gene; Ni-HA = 
Ni-hyperaccumulator

Species and compartment Biomarkera Environment PGP effect Ni‑tolerance and effect on plant under 
metal  stressb

Pg (Ni-HA) leaves
/
Ps (nA) pulps

Diaporthe (F) Endophytes from Noccaea caerulescens 
(Ni-HA population and Pb–Zn adapted 
population from Spain), Noccaea goes-
ingensis (Ni-HA population from Austria 
and non-toxic metal-adapted population 
from Spain), and Odontarrhena serpyllifolia 
(Ni-HA from Spain) [97]
Isolated from roots of Festuca rubra subsp. 
pruinosa (Spain) [89]

Siderophore 
production 
[89]

Ni-tolerance (3000 µM) [97]
↑ [Ni] in shoots and roots of Noccaea 
caerulescens (Ni-HA) (with an inoculation 
of native strain) [97]
↑ [Ni] in shoots and roots of Noccaea goesin-
gensis (Ni-HA) (with an inoculation of native 
or foreign strain) [97]
↑ gene expression of IRT1, ITR2, and ZIP5 
in Noccaea caerulescens (Ni-HA) under Ni 
pressure. [97]

Pg (Ni-HA) rhizospheric soil
/
Ps (nA) roots

Mycena (F) Ni-tolerance [98]
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microorganisms can therefore mitigate the impact of 
metal stress on the growth of the host plant. Interest-
ingly, some Colletotrichum strains are also capable of 
producing HCN, EPS, and siderophores [10, 100, 101]; 
three compounds that can form complexes with metals, 
affecting their bioavailability [121–123]. All these mecha-
nisms work together to promote the development of the 
host plant, even in the presence of metal stress.

Concerning the Ni hyperaccumulation trait in Pg (Ni-
HA), several biomarkers associated with its rhizosphere 
are capable of inducing, in some species, an increase or 
decrease in the concentration of one or more HM in the 
foliar and/or root tissues of their host plants. For exam-
ple, Leohumicola, which is a biomarker in Pg (Ni-HA) 
roots, can decrease Zn and Cd concentrations in the 
leaves of Salix caprea under metal stress [124]. Fusarium, 
which is a biomarker in the rhizospheric soil of Pg (Ni-
HA), can increase Fe, Pb, and Zn concentrations in the 
roots of Alocasia calidora, as well as Cr, Cu, Mn, Ni, Pb, 
and Zn concentrations in the leaves [106]. Meanwhile, 
Talaromyces, also a biomarker in the rhizospheric soil 
of Pg (Ni-HA) in our study, can increase Cd concentra-
tion in Arabidopsis thaliana under Cd stress [125] and 
decrease concentrations of Cd, Ni, Cu, and Zn in Triti-
cum aestivum during a phytoremediation process [109]. 
It is undeniable that these microbial genera exhibit metal 
tolerance/resistance mechanisms and play a role in metal 
bioavailability for the plant. Therefore, the microbial 
ecotypes specifically associated with Pg (Ni-HA) could 
influence its Ni hyperaccumulation phenotype. How-
ever, further studies are needed to confirm or refute these 
hypotheses. For instance, inoculation tests of Pg (Ni-HA) 
under metal stress conditions with cultivable strains iso-
lated from this species could confirm the role played by 
certain microbial strains in the Ni-hyperaccumulation 
phenotype evolved by Pg (Ni-HA).

Specific biomarkers of Psychotria semperflorens (Ps, nA) 
that may explain its Ni‑exclusion phenotype
As observed in Pg (Ni-HA), the rhizosphere of Ps (nA) 
also contains biomarkers with HM sorption capacities 
such as Trichoderma [114, 126] (Table  7). The Myco-
bacterium genus, a biomarker in Ps (nA) roots, exhib-
its numerous metal tolerances [102] and promotes root 
elongation in Brassica napus under Cd stress [127]. This 
growth-promoting effect in B. napus can be explained by 
its ability to produce ACCD [102]. This genus may thus 
mitigate metal stress in Ps (nA) on ultramafic soils.

The biomarkers present in the rhizospheric soil also 
exhibit interesting capacities that support the develop-
ment of Ps (nA) despite metal stress. For instance, the 
Clitopilus genus increases potassium and nitrogen acqui-
sition in certain plants [128, 129]. The Mariannaea genus 

is capable of synthesising selenium nanoparticles [130], 
which can contribute to plant growth and stress tolerance 
[131]. The genus Trichoderma, known for its tolerance 
and sorption capacities towards several heavy metals, 
displays a wide range of plant growth-promoting effects, 
notably the siderophore production [114, 132]. Depend-
ing on the species, this genus can either enhance or 
reduce metal accumulation in the host plant. For exam-
ple, under Cd stress, it reduces Cd accumulation in Cicer 
arietinum [132]. In contrast, under Ni and Cd stress, 
inoculating Brassica juncea with Trichoderma increases 
the phytoextraction of Ni and Cd by the host plant [116]. 
This trend of enhancing metal accumulation in the host 
plant is also observed in Zea mays, where accumulation 
of As, Cd, Cu, Pb, and Zn in roots and shoots is increased 
[114]. These studies highlight the specificity of plant-
microorganism associations, which, depending on the 
species and type of metal considered, can promote either 
metal accumulation or exclusion mechanisms in plants. 
Lastly, the genus Rhodoplanes, a biomarker of Ps (nA) 
roots, presents genes encoding binding proteins, notably 
involved in Ni regulation [133].

Additionally, the competitive advantages of the Meth-
ylobacterium-Methylorubrum genus could explain Ps 
(nA) ability to grow and thrive on ultramafic soils. As 
mentioned above, this genus exhibits numerous plant 
growth-promoting effects. Its presence as a biomarker 
in Ps (nA) pulps could potentially support the plantlet’s 
establishment and development on ultramafic substrates 
[134]. In fact, Kwak et  al. [62] identified genes involved 
in HM tolerance and even in reducing metal toxicity. In 
addition to its tolerance to HMs [99, 135, 136], this genus 
also displays sorption capacities for Ni and Cd [63]. 
Moreover, under metal stress, this genus can reduce Ni 
and Cd accumulation in the roots and shoots of Lyco-
persicon esculentum [63]. Therefore, Methylobacterium-
Methylorubrum could play a key role in the establishment 
of Ps (nA) and in its Ni exclusion mechanism.

As with the Ni hyperaccumulation phenotype in Pg 
(Ni-HA), further studies are necessary to more precisely 
explore the role of Ps (nA) biomarkers in its development 
and Ni exclusion phenotype.

Conclusions
This study builds upon previous research focusing on 
the plant-specific aspects of Psychotria gabriellae (Pg, 
Ni-HA) and Psychotria semperflorens (Ps, nA) by intro-
ducing a microbial perspective on their different adap-
tive behaviours towards nickel. We aimed to explore 
whether microbial communities are shaped by plant 
compartments or by plant species themselves, and 
whether each species has a distinct microbial signa-
ture, which may contribute to the hyperaccumulation 
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or exclusion phenotypes. Our findings reveal a nota-
bly low bacterial diversity in aboveground compart-
ments, which merits further exploration. We observed 
that bacterial communities are compartmentalised 
within the belowground compartments, while both 
compartments and plant species influence fungal com-
munities. Both Pg (Ni-HA) and Ps (nA) exhibit unique 
microbial signatures that could enhance their respec-
tive phenotype of hyperaccumulation and exclusion 
(non-accumulation). However, further research on the 
functional roles of these specific microbiotas is now 
needed to confirm these findings. This study is pioneer-
ing in characterising the microbiota of these two New 
Caledonian species, and it would be valuable to include 
other Ni-accumulating or excluding species at the same 
site to determine if there is a common microbial core 
contributing to Ni-adaptive phenotypes. Future works, 
including studies on other Ni-HA from New Caledonia 
and comparisons with species from different ultramafic 
sites, will provide deeper insights into the site-specific 
effects and broader microbial patterns.
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