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Interplay between host and environmental
filters drives plant-associated microbiomes
in the remote sub-Antarctic Kerguelen Islands

Constance Bertrand', Roland Marmeisse?’, Marie-Claire Martin' and Francoise Binet'”

Abstract

Background Plants evolve as holobionts, ecological and evolutionary units made up of the host plant and its
associated microbiota, which shape plant fitness and adaptive capacity. Isolated ecosystems with low biodiversity and
plant cover, such as the fellfields of the remote sub-Antarctic Kerguelen Islands, represent ideal open-air laboratories
to disentangle the drivers affecting plant-microbiome interactions. In such pristine environments, endemic plant
species and their microbiota have coevolved in isolation possibly since the last ice age. In this study, we investigated
the bacterial and fungal communities associated with different soil-plant compartments of two phylogenetically
distant endemic plants, the Poaceae Poa kerguelensis and the Brassicaceae Pringlea antiscorbutica, in fellfields with
contrasted pedoclimatic conditions.

Results Using 165 rRNA gene and Internal Transcribed Spacer (ITS) region metabarcoding, we identified a strong
soil-plant compartment effect affecting microbial communities, with bacterial and fungal a-diversity higher in bulk
and rhizospheric soils and progressively decreasing in roots and above-ground compartments. The microbiota of the
different soil-plant compartments studied differ in their recruitment patterns. The bacterial communities of the aerial
parts of P antiscorbutica were less dependent on those of the underground parts compared to those of P kerguelensis.
We also showed that the microbiota of distinct plant species and their different soil-plant compartments respond
differently to pedoclimatic variables, with a greater impact of climatic variables over soil ones on aboveground
bacterial microbiomes than on belowground microbiomes.

Conclusions Our results highlight the dual role of environmental variability and of the identity of the host on the
recruitment and diversity of plant microbiomes in the isolated studied ecosystems. As plant holobionts are part of the
global biogeochemical ecosystem functioning, our results suggest that plant species-specific microbial recruitment
strategies and differential vulnerability to environmental factors should be included in predicting sub-Antarctic
ecosystem response to global warming.

Keywords Plant holobiont, Bacteria, Fungi, Sub-Antarctic, Environmental gradient

*Correspondence:

Constance Bertrand
constance.bertrand@univ-rennes.fr
Roland Marmeisse
roland.marmeisse@mnhn.fr
Frangoise Binet
francoise.binet@univ-rennes fr

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s40793-025-00814-2
http://crossmark.crossref.org/dialog/?doi=10.1186/s40793-025-00814-2&domain=pdf&date_stamp=2025-11-15

Bertrand et al. Environmental Microbiome (2025) 20:154 Page 2 of 16
(" 7
Graphical abstract
ENVIRONMENTAL GRADIENTS
Wind exposure
Phosphorus
Nitrogen
Poa kerguelensis
‘ Pringlea antiscorbutica
LEAF SURFACE Climate LEAF SURFACE
'{‘t,’: o 'A
LEAF ENDOSPHERE™ " lear
‘\\\\k
T ROOT ENDOSPHERE
[
BUKSOIL <
Sub-Antarctic Kerguelen Islands
Legend 4/
Microbial connectivity between soil-plant compartments
PR
Q“/ Bacteria IMPORTANCE OF ALPHA
/\:,\)\ DIVERSITY DRIVERS DIVERSITY
|\<’_//, Fungi
- J
Background their own ecological dynamics along environmental

Plants evolve in environments rich in microorganisms
that can colonize their rhizosphere (soil under the influ-
ence of the root) and all of their organs, including roots,
leaves, or seeds [1]. These associated microorganisms are
transmitted either vertically from generation to genera-
tion [2] or recruited horizontally from the pool of micro-
organisms in the local environment (e.g. air, soil) [3].
The microbiota that interacts with a plant contributes
to functions that are crucial for the fitness of the plant;
nutrient uptake (notably phosphorus or nitrogen through
symbiotic associations), resistance to pathogens, or to
abiotic stress [4—8]. These biotic interactions between
macro- and microorganisms have led to the emergence
of the “holobiont” concept, where the host plant and its
associated microbiome constitute a single ecological and
evolutionary unit [9].

Plant adaptation to environmental changes thus relies
on diverse biological and ecological mechanisms, genetic
diversity being the sine qua non condition for natural
selection and therefore long-term adaptation, while phe-
notypic plasticity allows individuals to modulate their
morphology and physiology in response to environmen-
tal fluctuations. As for the plants’ microbiome, it extends
the host plant’s functional phenotype by affecting nutri-
ent cycling, stress tolerance, and disease resistance [10—
12]. Additionally, microbial communities can display

gradients, further modulating host response to environ-
mental variability [13]. Within this holobiont framework,
microorganisms are active and co-evolving partners that
influence plant fitness and adaptation. This aligns with
the “hologenome theory of evolution’, which postulates
that selection acts not only on the plant genome but on
the combined genomes of the plant and its associated
microorganisms [14].

The current study documents the holobiont concept
by investigating the structure and environmental respon-
siveness of microbes associated with two phylogeneti-
cally distant and perennial endemic plant species that
co-occur in the same sub-Antarctic habitat currently
undergoing rapid climate change.

The sub-Antarctic Kerguelen archipelago, one of the
most isolated landmasses on Earth (Fig. 1A) and home to
very species-poor terrestrial communities [15], is an ideal
open-air laboratory to study these plant-microbiota inter-
actions. While diversity of both animal and plants is well
documented in this archipelago [16], microbial diversity
remains largely unexplored, with only a few sporadic
studies targeting the soil microbiota [17-20]. In these
islands, fellfields, rocky and windswept areas shaped by
glacial retreat [21], represent one of the ecosystems least
affected by anthropic activities and biological invasions,
with few native plant species (13 among the 22 species
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Fig. 1 Study sites and studied plant species. Geographic location of the Kerguelen Islands and position of sampling sites (A). Climate change in the Ker-
guelen archipelago since 1951, as visualized by the evolution of mean annual air temperature and annual rainfall values expressed as deviations from the
mean of the 1951-2024 period (Port-aux-Frangais records by Metéo-France) (B). Whole Poa kerguelensis (C) and Pringlea antiscorbutica (D) plants

native to Kerguelen) as the main or exclusive components
of local plant communities. Fellfields thus represent an
ideal pristine biotope in which to investigate the impact
of environmental variables on local biodiversity.

In fellfield environments, the presumably pre-glacial
origin of the local flora [22], the long-term climate sta-
bility and isolation may have favored the establishment
of tightly integrated plant—-microbe associations. These
potentially long-lasting ecological assemblages are now
facing increasingly rapid environmental changes. Fell-
fields are indeed experiencing both biotic stresses, such
as the multiple introductions of animal and plant spe-
cies, and abiotic ones, notably climatic shifts linked to
global warming [23], rapid and obvious in this region [24,
25]. Since 1951, there has been a sharp increase in mean
annual temperatures and a decrease in annual rainfall
(+0.73°C; =30 mm per decade) (Fig. 1B). These changes
have already affected the local fauna and flora, and nota-
bly caused community shifts to the benefit of alien spe-
cies [15, 26, 27]. While the effects of climate change on
macroscopic biodiversity are well documented, their
impacts on plant and soil microbiomes remain uncertain,
despite microorganisms being key regulators of global
biogeochemical cycles and climate.

To capture the influence of environmental variation
on microbial communities at the local scale, we selected
sampling sites along an altitudinal gradient spanning a
range of microclimatic conditions. The measured envi-
ronmental parameters at each site (e.g., soil temperature,
soil moisture, soil properties) allowed us to explicitly test
the effects of local scale variations in abiotic variables on

soil and plant-associated microbiota. The environmental
conditions prevailing at the most extreme sites could be
representative of those predicted by future climate sce-
narios, thus serving as proxies for exploring the potential
responses of microorganisms to environmental changes.

By characterizing the diversity and structure of fun-
gal and bacterial communities associated with soils and
different plant organs in contrasted fellfield ecosystems
of the Kerguelen Islands, we hypothesize that, given the
sharp decrease in temperature with elevation [28], the
composition and diversity of microbial communities
should respond significantly to variations in abiotic con-
ditions along the gradients. We also hypothesized that,
due to Kerguelen’s isolation and the appearance of native
plant species before the glacial maximum, coevolution
between host plants and their microbiota has taken place,
leading to plant species-specific effects on microbial
communities. We further hypothesize that phylogeneti-
cally different plant species recruit distinct microbiomes,
reflecting different life strategies.

Our field-based study reveals a set of climate and
edaphic filters shaping the soil and plant microbiota, with
plant species-specific recruitment patterns and grounds
perspectives of the plant holobionts coping with climate
change.

Methods

Plant species

Poa kerguelensis Steud. (Poaceae; Fig. 1C), a hardy tus-
sock grass, and Pringlea antiscorbutica R. Br. (Brassica-
ceae; Fig. 1D), commonly known as Kerguelen cabbage,
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are two perennial species, both endemic to the Southern
Indian Ocean Province, that encompasses the Kerguelen,
Marion, Prince Edward, Crozet and Heard Islands. Their
populations have faced significant anthropic distur-
bances in the past century. The introduction of rabbits
to the Kerguelen Islands led to severe grazing pressure,
drastically reducing their presence in many areas. Alien
grasses, have further contributed to habitat modification
and competition for space and nutrients [29, 30]. Thus,
P kerguelensis and P. antiscorbutica are now primarily
confined to inland fellfields or steep, inaccessible coastal
cliffs where they are less vulnerable to grazing and com-
petition with introduced species. Inland fellfields, with
strong winds and frequent frost events, represent poten-
tial refuge areas where biotic pressures are lower. The two
species are now emblematic of these fellfield ecosystems.

Study sites and plant sampling design

Plants and associated soil were sampled during the
2022-2023 and 2023-2024 austral summers (December
to February). Four fellfield sites in the Kerguelen Islands
were visited, Mount Crozier (CRO) and Joan of Arc Pen-
insula (PJA) in the east of the mainland, Australia Island
(AUS) in the Morbihan Gulf, and Port-Christmas (PCH)
in northwestern Kerguelen (Fig. 1A).

At each site, we selected two ca. 10x10 m plots per
plant species that differed in elevation to encompass
contrasting microclimatic conditions (Table S1). While
several plots encompassed both plant species, others did
not, resulting in a total of 2 or 3 plots per site. Within
each plot, five isolated individuals per plant species were
sampled. The low vegetation cover in fellfields allowed
for the sampling of isolated plants in order to minimize
potential interferences from neighboring vegetation.
While P. kerguelensis was present and sampled on all four
sites, P antiscorbutica populations were only found in
CRO and PJA (i.e. 8 against 4 populations (plots)).

Plant traits and plant-soil microbiome sampling

Plants were first measured for several phenotypic and
reproductive traits as summarized in Table S2. Each col-
lected plant was then subsampled to analyze separately
its rhizospheric soil, root endosphere, leaf endosphere
and leaf surface microbiomes (hereinafter referred to
as “the soil-plant compartments”). Prior to uprooting
the plant, microorganisms on the leaf surface were col-
lected by cleaning with a sterile cotton swab the adaxial
side of three leaves per plant. For P antiscorbutica, the
three leaves were selected, one in the center, one in the
middle and one on the outside of the rosette (Fig. 1D),
to account for age-related variations in microbial com-
munities. To minimize contaminations from soil par-
ticles, for both plant species, the outermost leaves of
the plants were excluded. The swab was then stored in
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RNAlater™ solution. Five bulk soil cores (0—10 cm depth)
dug with a sterilized gouge auger in the vicinity of each
sampled plant were pooled as one composite bulk soil
sample. Rhizospheric soil was collected by recovering soil
aggregates that remained attached to roots after manu-
ally shaking the excavated root system. Roots were fur-
ther cleaned in two successive bathes of sterile water and
one of 70% ethanol before being stored in 70% ethanol.
Cleaned leaves were directly stored in sterile tubes. All
soil and plant samples were frozen at —-20°C right after
conditioning and stored frozen until DNA extractions.

In situ plot instrumentation and abiotic soil-climate
measurements

Air (2 cm and 15 cm above soil surface) and top soil (at
a 6 cm depth) temperatures and relative soil moisture
were recorded every 15 min in each plot with a TMS4
datalogger (TOMST, Czech Republic; [31]) deployed on
each plot since December 2022. Mean soil temperature,
soil moisture, and the number of freeze—thaw cycles
were calculated for the period during which the major-
ity of all TMS4 probes were simultaneously operational,
from January 27, 2023, to January 16, 2024. Average and
maximal wind speed over a one-hour timespan at every
plot were measured with a portable anemometer (Kes-
trel 1000 wind meter, Kestrel Instruments®, Boothwyn,
PA). Each measure was standardized with respect to the
hourly average wind speed measured at the weather sta-
tion of the scientific base Port-aux-Frangais for the same
timespan to obtain a comparable wind exposure index for
each plot.

Bulk soil samples were analyzed for total nitrogen, total
carbon, C/N ratio, available Olsen phosphorus, soluble
sulfur, nitrates, ammonium and pH following standard-
ized protocols (INRAE Soil Analyses Laboratory, Arras,
France; https://las.hautsdefrance.hub.inrae.fr/). Two bulk
soil samples per site were also analyzed for texture, total
and exchangeable micronutrients contents (Fig.S1, Table
S1).

DNA extraction and metabarcoding

DNA extractions were performed using Qiagen extrac-
tion kits (Power Soil Pro Kit and Plant Pro Kit for soil and
plant samples, respectively) according to the manufactur-
er’s instructions. Roots and leaves were first surface-ster-
ilized by successive passages through different baths of
70% ethanol and diluted bleach according to Wemheuer
and Wembheuer [32] and ground in liquid nitrogen with
a mortar and pestle prior to the extractions. Absence of
external contaminants was assessed by PCR amplifica-
tion using aliquots of the last surface sterilization bath
water as template. A pre-extraction step was necessary
for the swabs, for which we followed the protocol by
Walker et al. [33]. DNA concentration and quality were
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assessed using a SpectroSTAR spectrophotometer (BMG
Labtech, France).

Metabarcoding of bacterial and fungal communi-
ties was performed by amplifying and sequencing the
V4 region of the 16S rRNA gene (primers 16S 515F
5-GTGYCAGCMGCCGCGGTAA-3 and 16S 806R
5-GACTACHVGGGTWTCTAAT-3’; [34-36]), and the
fungal ITS2 region of the Internal Transcribed Spacer
(ITS) (primers FITS9 5-GAACGCAGCRAAIIGYGA-3’
and ITS4 5-TCCTCCGCTTATTGATATGC-3’; [37]),
respectively. Due to the low amounts of DNA extracted
from leaves and leaf surfaces, we did not amplify and
sequence fungal ITS2 regions from these samples. All
locus-specific primers were extended by Illumina tails
and PCR amplifications, indexing and sequencing were
performed by IGA Technology (Udine, Italy) on a Nova-
Seq6000 instrument (Illumina, San Diego, CA) using
2 x250-bp paired-end mode. In the case of root and leaf
DNA extracts, Peptide Nucleic Acid (PNA) clamps were
added to the PCR amplification mix to limit amplification
of plant chloroplast and mitochondrial 16S rRNA gene
sequences (PNA Bio Inc, Newbury Park, CA).

Raw sequence preprocessing

All sequence preprocessing steps and statistical analyses
were carried out with R (v. 4.3.0, R Core Development
Team, 2005; www.R-project.org).

Raw sequences were demultiplexed and primer-
trimmed with cutadapt [38]. Reads were then processed
using DADA2 [39]. Because of the large number of
amplified sequence variants (ASVs), sequence alignments
were performed with MAFFT (v. 7.520; [40]) and phylo-
genetic trees were computed with FastTree2 (v. 2.1.11;
[41]). While bacterial sequences were kept as ASVs, fun-
gal ITS sequences were clustered as OTUs at a 97% iden-
tity threshold with the DECIPHER package [42], in order
to take into consideration intraspecific polymorphisms.
ASVs and OTUs taxonomic affiliation was performed
using SILVA (v.138.1; [43]; https://www.arb-silva.de/)
and UNITE (v.10.0; [44]; https://unite.ut.ee/) databases,
respectively.

From the total datasets, containing 147,876 bacterial
ASVs and 19,818 fungal OTUs, we filtered out 16S rRNA
sequences affiliated to plant chloroplasts or mitochon-
dria, as well as ITS sequences affiliated to non-fungal
taxa as well as ITS and 16S rRNA gene sequences that
could not be affiliated to any Kingdom or Phylum. We
also eliminated from the analysis ASVs and OTUs rep-
resented by sequences whose abundance represented
less than 0.005% of the total dataset. Additionally, we
removed putative contaminants using with the micro-
Decon package [45] that makes use of sequences ampli-
fied from the extraction blank samples. The final dataset
included 3,682 fungal OTUs and 61,340 bacterial ASVs.

Page 5 of 16

Sequencing depth was assessed for each sample to
ensure sufficient coverage of microbial diversity. Rar-
efaction curves were generated for each of samples using
the vegan R package, showing that all sample datasets
reached a plateau (Fig. S2).

Statistical analyses

To account for the compositional nature of amplicon
sequencing data without discarding information through
rarefaction, we applied a centered log-ratio transfor-
mation and computed Euclidean distances (thereafter
referred to as Aitchison distances) for B-diversity analyses
[46, 47]. For a-diversity analyses, we used the Shannon
index, as it is relatively robust to differences in sequenc-
ing depth, with non-significant correlations between
Shannon index and sequencing depth (Pearson; p >0.05),
and accounts for both species richness and evenness.

Effects of plant species, sampled plot and soil-plant
compartment were evaluated on Shannon indices with
Kruskal-Wallis tests followed by a Dunn test for multiple
comparisons; and on Aitchison distances with 9999 per-
mutations PERMANOVAs using the vegan package.

The nestedness of microbial communities across sam-
pled compartments of all sites combined was assessed
using the vegan package. This analysis aimed to quantify
the degree of taxonomic overlap between compartments
and to visualize taxa that are shared between soil-plant
compartments versus taxa that are compartment-spe-
cific. This analysis, based on the presence-absence of
taxa, produces a temperature metric (T) that indicates
the degree of nestedness between soil-plant compart-
ments. T ranges from 0 to 100; zero indicates a perfect
nestedness, where taxa are hierarchically shared across
compartments while 100 indicates a random distribution
of the taxa in the different compartments. This analysis
also returns a matrix fill value representing the propor-
tion of ASVs or OTUs present across all soil-plant com-
partments, reflecting overall taxonomic occupancy.

Source tracking analyses, based on the abundance
of each taxa (bacterial ASVs or fungal OTUs) in each
soil-plant compartment, were conducted using Source-
Tracker2 [48] to estimate the origin and potential trans-
mission of bacterial and fungal molecular taxa between
adjacent soil-plant compartments. A sink-source model
was used where each compartment was alternatively con-
sidered as a sink (recipient community) and the adjacent
ones as potential sources.

The influence of biotic (plant morphology) and abi-
otic (climate and soil parameters) factors on microbial
a-diversity (Shannon index) across soil-plant compart-
ments was assessed using linear mixed-effect models tak-
ing the plot as a random effect. The best-fitted model was
selected via stepwise backward model selection based on
the Akaike Information Criterion (AIC). Multicollinearity
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among predictors was evaluated using Variance Infla-
tion Factor (VIF<5), and assumptions of normality and
homogeneity of variance were tested using the Shapiro—
Wilk and Breusch-Pagan tests, respectively.

Effects of climatic, edaphic and plant morphology
variables on microbial community assembly were tested
using 9999-permutations PERMANOVAs on Aitchison
distances. The relationship between Aitchison and geo-
graphic distances was modeled using a negative exponen-
tial function.

In order to rank by importance the effect of these vari-
ables on both a and P diversity, we established structural
equation models (SEMs) using the package piecewis-
eSEM [49] across all sampled soil-plant compartments.
SEMs were constructed with linear mixed-effects mod-
els, incorporating the plot as a random effect to account
for spatial non independence of samples collected in the
same plot. For each model within the SEM, we assessed
normality and homogeneity of variance using the Shap-
iro—Wilk and Breusch-Pagan tests, respectively. We also
assessed multicollinearity among predictors using vari-
ance inflation factors (VIF). Climatic and edaphic vari-
ables were selected based on their significance in prior
alpha and beta diversity analyses, and summarized using
the values of the first principal component axis of each
corresponding PCA, which explained 63.5% and 36.4% of
the variance, respectively. To account for host morpho-
logical variability, we derived a plant morphology index
from the PC1 of a PCA integrating Z-score standardized
height, largest diameter, and number of leaves for each
plant species, explaining 58.2% of variance. For each soil—
plant compartment’s -diversity, we used the coordinates
of the first axis of the PCoA on Aitchison distance. For
each soil-plant compartment a-diversity, the Shannon
index was used. The models’ goodness of fit was ensured
according to the criterion of a low X2, a non-significant
probability level (p>0.05), and on the base of the lowest
AIC.

Results

Plot, plant species and soil-plant compartment effects on
microbial diversity

Although the two plant species studied are phylogeneti-
cally distant, we did not observe any significant effect of
plant species on a-diversity (using Shannon’s index as a
metric) of associated bacterial and fungal communities
(Kruskal-Wallis; p>0.05). The same observation was
made for the plots, which had no significant effect on
a-diversity (Kruskal-Wallis; p=0.05). However, a strong
effect of the soil-plant compartment was observed (bac-
teria; x> =241.72, df=4, p<0.001; fungi, x*=93.50, df=2,
p<0.001), indicating that each of the soil-plant compart-
ments represented a distinct habitat for the microbial
communities. For both bacteria and fungi, soils (bulk and
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rhizospheric) were characterized by a higher a-diversity,
with Shannon index values ranging from approximately
7 to 7.5 for bacteria, and around 3 for fungi. In compari-
son, roots had lower Shannon indices (bacteria: ca. 4;
fungi: <2). Regarding leaves, the bacterial diversity of the
leaf surface was similar to that of the roots, while the leaf
endosphere consistently displayed the lowest diversity
levels, with Shannon indices of about 2 (Fig. 2).

Unlike a-diversity, bacterial and fungal [-diversity
(Aitchison distances) was affected not only by the soil—-
plant compartments, but also by the plant species, the
plots and their interactions (Table 1). Among those fac-
tors, the plots and soil-plant compartments had the
strongest effects on B-diversity, both when all samples
were analyzed together or when analyses were performed
separately for each plant species.

All pairwise comparisons between soil-plant compart-
ments highlighted significant differences between the
microbial communities (both fungal and bacterial) that
colonized them (PERMANOVA; p<0.01) (Table S3). The
only exception was the absence of significant difference
between communities in bulk and rhizospheric soils for
P, kerguelensis (both fungal and bacterial) and P. antiscor-
butica (only bacterial) (Table S3 and Fig. 2).

Nestedness analysis revealed that microbial communi-
ties across soil-plant compartments are not independent
of one another. Specifically, root and leaf communities
largely represent subsets of the bulk and rhizospheric soil
communities (Fig. 3). We then performed source tracking
to assess, for each plant species, the contribution of com-
munities in adjacent compartments to communities in
compartments connected to them. This analysis revealed
profound differences between plant species (Fig. 3). For
example, a high proportion of fungal (89%) and bacte-
rial (37%) taxa associated with P antiscorbutica roots
appeared to originate from the rhizospheric soil, whereas
these proportions are only 1% (fungi) and 7% (bacteria)
in the case of P. kerguelensis roots (Fig. 3). In the case of
the leaf endosphere, while for P antiscorbutica only 3%
of bacterial taxa appeared to originate from the roots,
this percentage is of 53% for P. kerguelensis leaves, which
recruit fewer taxa from their surface (15%), unlike cab-
bage leaves (50%).

These differences in modes of recruitment by the
organs of different plants are also reflected in the vary-
ing proportions of microbial taxa specific to a given
soil-plant compartment (U value in Fig. 3). These taxa
are often among the most abundant in the compartment
under consideration, and are either completely absent or
very poorly represented in the adjacent compartments.
Looking at taxa with a minimum of 50% prevalence in
root samples and a global relative abundance of at least
0.01% in roots, we noticed that the roots of P. kerguelen-
sis are heavily colonized by fungal OTUs that were not
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Fig. 2 Principal Coordinates Analysis (PCoA) ordinations of fungal (left panels) and bacterial (right panels) communities associated with the different
soil-plant compartments of Poa kerguelensis (A) and Pringlea antiscorbutica (B). Each point represents a sample, and colors correspond to distinct soil-
plant compartments: bulk soil, rhizospheric soil, root endosphere, leaf surface, and leaf endosphere. The Aitchison distance was used as the metric of
B-diversity. Colored numbers correspond to the average Shannon index values + standard deviation for each compartment and different letters indicate
significant differences between compartments (p < 0.05). Arrows points to the bacterial and fungal families or orders contributing most to communties’
dissimilarity. In the case of bacterial communities, the third axis of the PCoA clearly separated the root from the leaf surface communities (Fig. S3)

Table 1 PERMANOVASs revealing effects of soil-plant compartments, plots, plant species and their interactions on microbial
communities'assembly (Aitchison distances)

Bacteria Fungi

df F R? P df F R? p
Global
Plot 8 5.8568 0.09730 0.0001 8 44221 0.15117 0.0001
Soil-plant compartment 4 16.6832 0.13857 0.0001 2 6.1014 0.05214 0.0001
Host species 1 2.1248 0.00441 0.0482 1 4.6564 0.01990 0.0004
Plotx Soil-plant compartment 32 34291 0.22787 0.0001 16 2.0257 0.13850 0.0001
Plot x host species 2 - - - 2 2.1689 0.01854 0.0051
Soil-plant compartment x host species 4 1.7231 0.01431 0.0185 2 - - -
Plot x Soil-plant compartment x host species 8 1.34375 0.02388 0.283 - - -
Poa kerguelensis
Plot 7 5.1697 0.11459 0.0001 7 3.9656 0.17752 0.0001
Soil-plant compartment 4 10.0077 0.12676 0.0001 2 4.2637 0.05453 0.0001
Plot x Soil-plant compartment 28 2.8777 0.25515 0.0001 14 1.7918 0.16042 0.0001
Pringlea antiscorbutica
Plot 3 3.1220 0.05919 0.0002 3 24334 0.25442 0.0002
Soil-plant compartment 4 11.1665 0.28225 0.0001 2 4.5594 0.18208 0.0001
Plot x Soil-plant compartment 12 23514 0.17831 0.0001 6 1.5824 0.05543 0.00037

Only significant effects (p <0.05) are reported
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Fig. 3 Nestedness and source tracking analyses of fungal (left panels) and bacterial (right panels) communities associated to Poa kerguelensis (A) and
Pringlea antiscorbutica (B). Each grey vertical line in the nestedness plots corresponds to an ASV or OTU that was observed in the corresponding com-
partment; the curve shows the isocline of perfect nestedness, with grey lines underneath the curve indicating disorder that contributes to the T metric.
A lower T value reflects a more nested community structure. The matrix fill parameter reflects the proportion of occupied cells in the matrix. For source
tracking analyses, only direct source-sink relationships were tested. The "U" percentage indicates the proportion of reads originating from unknown

sources in each soil-plant compartment

detected at all in adjacent soil and by bacterial ASVs
that were either not detected or at very low frequencies
in soil (Table S4). P antiscorbutica also hosted promi-
nent “root-specific” fungal and bacterial taxa (Table S5).
All these “root-specific” fungal OTUs in both plant spe-
cies belonged to either the Helotiales or Pleosporales,
whereas the most abundant root-specific bacterial ASVs

had more diverse taxonomic affiliations, predominantly
from the orders Pseudomonadales and Burkholderiales.

Fungal and bacterial a-diversity responds to different
environmental cues

The sampled plots located in distinct geographic sites of
the Kerguelen Islands differed in their climatic and soil
characteristics (Fig. S1B; Table S1), making it possible to
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Table 2 Linear models assessing the influence of environmental (edaphic and climatic) variables on Shannon indices across soil-plant

compartments

Soil-plant compartment Variables df F R2 p

Fungi

Bulk soil Total N*+Soluble Sb 46 5.033 0.1795 0.01056
Rhizospheric soil P (Olsen)® 52 7.574 0.1271 0.00813
Root Nitrates?+P (Olsen)? 51 4913 0.1615 0.01119
Bacteria

Bulk soil Total Na+P (Olsen)® 52 26.900 0.4896 9.528e-09
Rhizospheric soil Total N2+ P (Olsen)® 51 51.99 0.6709 4909e-13
Root Total N+ Average soil temperature? 47 8.567 0.2672 0.00067
Leaf endosphere P (Olsen)®+ Average soil temperature + No. of freeze—thaw cycles® 41 3.753 0.158 0.01802
Leaf surface Wind exposure?+Soil humidity®+ No. of freeze—thaw cycles? 46 11.020 04181 1.425e-05

Superscript letters indicate the direction of the relationship for each variable with * indicating a positive effect (estimate >0, p <0.05) and ® indicating a negative one

(estimate<0, p<0.05)
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Fig. 4 Relative influence of environmental variables on the fungal (left) and bacterial (right) Shannon indices calculated for each of the studied soil-
plant compartments. Partial R? values reflect the relative influence of the variables tested individually on the Shannon indices. Only variables with a
significant effect (p <0.05) are reported. Coloured links between bars indicate the effect size of the same explanatory variable across adjacent soil-plant

compartments

evaluate the environmental factors that locally affected
microbial diversity. Linear models revealed that fungal
and bacterial Shannon indices were affected by distinct
abiotic variables, with varying contribution of edaphic
versus climatic environmental filters in the different soil—
plant compartments, but with no influence of plant mor-
phology (Table 2; Fig. 4).

While soil bacterial and fungal communities (bulk and
rhizospheric) are mainly affected, either positively or
negatively, by soil nutrient availability (P, S, N concen-
trations), communities associated with plant organs are
in addition largely affected by local climatic variables
(soil humidity that reflects precipitations, temperature,
freeze/thaw cycles frequency). The pre-eminence of cli-
matic over edaphic effects is particularly evident when

we consider bacterial communities associated to leaves
that are not in direct contact with soil.

In soils, fungal and bacterial communities are not
affected to the same degree by the edaphic variables
taken into consideration. For example, an increase in soil
N concentrations has a positive effect on bacterial bulk
and rhizospheric soil a-diversity (f=0.063, p=0.0028
and Pp=0.055, p<0.001, respectively), while there was
no such effect for fungal diversity. Interestingly, in the
root compartment, nitrogen concentration had a nega-
tive effect on bacterial diversity (fp=-0.164, p=0.005),
while roots’ fungal diversity responded positively to
nitrate concentrations in soil (f=-0.087, p=0.013). On
the other hand, the concentration of available phospho-
rus (Olsen) has a strong negative impact on soil diversity,
in bulk soil for bacterial diversity (f=-9.95, p=0.017) and
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in rhizospheric soils for both bacteria and fungi (fungi,
B=-3.5675, p=0.008; bacteria, p=-5.93, p<0.001).

Environmental and biological filters structure microbial
communities’ assembly.

In addition to a-diversity, we also assessed the impact
of geographic distance and environmental factors as
well as of plant traits on microbial community assem-
bly (B-diversity). Since B-diversity patterns varied not
only across soil-plant compartments but also between
the two host plant species (Table 1), the effects of spatial
distances, environment and plant traits on community
structuring were analyzed separately for P kerguelensis
and P, antiscorbutica.

A significant distance-decay relationship was observed
for bacterial and fungal communities in bulk soils and
rhizospheric soils for both species, with increasing dis-
similarity between distantly located sites (Figs. S4 and
S5). No such pattern was observed for root endophytic
communities whether bacterial or fungal. For P kerguel-
ensis, endophytic leaf communities differentiated with
distance but not those of P antiscorbutica leaves that
remained unaffected. Regarding leaf surface communi-
ties, both species harbored geographically structured
bacterial communities, with P antiscorbutica leaf sur-
face communities displaying the strongest distance-decay
relationship (R?=0.64).

These spatial patterns suggest that microbial assem-
blages are not randomly distributed but are structured
by geographic distance, likely reflecting underlying habi-
tat heterogeneity across plots and geographic sites in the
Kerguelen.

PERMANOVA analyses using Aitchison distances,
conducted separately for each plant species and soil—
plant compartment, revealed plant species-specific pat-
terns in microbial community assembly, with distinct
environmental and morphological drivers affecting diver-
sity across soil-plant compartments (Fig. 5, Tables S6
and S7). Globally, whatever the plant species, microbial
communities were primarily structured by climatic vari-
ables, followed by edaphic factors, and to a lesser extent
by plant morphological traits (Fig. 5).

In P kerguelensis, climatic variables consistently
explained the highest proportion of community variation
for both fungi and bacteria, especially in bulk and rhizo-
spheric soils. Edaphic variables such as pH, phosphorus,
and sulfur also contributed significantly. Plant morpho-
logical traits had weaker effects, mainly in the rhizo-
sphere and root compartments.

In contrast, microbial communities in P. antiscorbutica
showed stronger responses to individual climatic vari-
ables, with predictors such as wind exposure and eleva-
tion explaining up to 18.6% and 17.4% of the variation in
bulk soil bacterial community composition, respectively.
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Plant morphological variables played a more prominent
role in this plant species, unexpectedly in the surround-
ing bulk soil and in roots (e.g,, number of leaves R?=0.11;
diameter at collar R*=0.10, respectively).

Ranking the effects of biotic and abiotic variables on
a-diversity and microbial community assembly

Structural Equation Modeling (SEM) conducted sepa-
rately for the different soil-plant compartments dis-
entangled the relative importance of previously tested
parameters on communities’ a-diversity and assembly
(Fig. 6). Once again, our findings underline that the influ-
ence of environmental and host-related factors on micro-
bial a- and B-diversity is highly compartment-dependent
with a shift in the relative importance of drivers from
belowground to aboveground compartments.

In bulk and rhizospheric soils (Fig. 6B and C), micro-
bial community assembly was shaped by both climate
and edaphic properties, but with compartment-specific
patterns. In bulk soil, fungal communities were primarily
influenced by edaphic factors (estimate=0.44, p<0.01),
while bacterial communities responded strongly to cli-
mate (estimate = 0.53, p=0.03) and to soil properties (esti-
mate =0.53, p=0.03). In the rhizospheric soil, bacteria
were affected by both climatic (estimate=-0.57, p=0.04)
and edaphic variables (estimate=0.25, p<0.01), while
fungal communities showed no significant response.
Host-related variables had minimal effects here, indicat-
ing that soil communities are largely structured through
abiotic environmental filtering.

In the roots (Fig. 6D), the structuring drivers shifted.
The plant species identity and plant traits, possibly
reflecting plant’s age, significantly influenced fungal
B-diversity (estimate=-0.46, p=0.007; estimate=-0.25,
p<0.05, respectively), while bacterial diversity remained
unaffected by any of the variable proxies.

In aboveground compartments, host identity became
dominant. In the leaf endosphere (Fig. 6E), bacterial
community assembly was strongly structured by the
plant’s species (estimate =-0.65, p=0.001). Similarly, on
the leaf surface (Fig. 6F), host identity also played a major
role (estimate=-0.73, p=0.001), with climatic variables
exerting a marginal effect on bacterial B-diversity (esti-
mate =-0.28, p=0.08).

Altogether, these results enforce that both bacterial
and fungal community assembly is governed by a shift-
ing importance of environmental and host-related driv-
ers along the soil-plant continuum; while abiotic filters
dominate belowground, biotic ones become more promi-
nent aboveground.
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Bacteria

Bulk soil

Rhizospheric soil Leaf surface

Root endosphere Leaf endosphere

Bulk soil
Pringlea antiscorbutica

Rhizospheric soil Leaf surface

A

Root endosphere Leaf endosphere

Morphology

Fig. 5 Relative contribution of climatic, edaphic and plant-derived variables to the assembly of fungal and bacterial communities. PERMANOVA's R?
values agglomerated per variable type (ie. climatic, edaphic and morphology) across each sampled compartment, for fungal (left) and bacterial (right)
communities for P kerguelensis (A) and P antiscorbutica (B). See detailed PERMANOVAs outputs in Tables S6 and S7

Discussion and perspectives

The aim of our study was to provide a comprehensive
overview of the diversity, recruitment strategies, and
interconnections across microbial communities coloniz-
ing different soil-plant compartments of two endemic
species from a pristine and rapidly warming sub-Ant-
arctic ecosystem. Beyond the characterization of these
microbiota, we sought to uncover how plant-intrinsic
traits (phylogeny and architecture) and environmental
factors (encompassing a wide range of abiotic variables)
modulate their composition and connectivity. This com-
prehensive approach highlights the complexity of inter-
actions between microbiota and their abiotic and biotic
contexts. Going beyond previous compartment- or spe-
cies-specific studies, we show that even in a low plant
diversity and climatically constrained environment,
microbial communities of co-occurring plant species, or

even different organs of the same plant, respond differ-
ently to similar environmental cues. This was highlighted
using different statistical approaches and the establish-
ment of Structural Equation Models (SEMs) that hierar-
chize these complex interactions.

Differential diversity and interconnections between soil-
plant compartments

From a quantitative perspective, for the bacterial com-
munities investigated across both belowground and
aboveground compartments, we observed, for both
plant species, a progressive decrease of diversity from
soil to aerial tissues, a pattern that has been previously
reported in various plant species [50—55]. This decline is
generally interpreted as a consequence of multiple selec-
tive barriers that shape microbial communities along the
soil—plant continuum since each soil-plant compartment
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is characterized by unique physicochemical conditions,
immune defenses, and specific interfaces that act as
environmental filters, selecting for a progressively nar-
rower subset of microbial taxa [56], via recruitment from
the outside environment or xylem transportation [57].
However, we can not exclude that this difference across
soil-plant compartments reflect distinct adaptations
of microorganisms to reach and colonize plant tissues,
which needs to be experimentally tested.

Although this soil to leaf diversity decay trend appears
to be consistent for bacterial communities across plant
species, our source-tracking analyses reveal plant spe-
cies-specific differences in how adjacent compartments
are interconnected suggesting different recruitment
rulesbetween plant species. For instance, P. kerguelensis
seems more permissive to bacterial exchange between
roots and leaves, while in P antiscorbutica, microbial
transmission between belowground and aboveground
parts appears more restricted. This finding contrasts
with those reported by Schneijderberg et al. [58], for
the annual Brassicaceae species Arabidopsis thaliana
where a weaker rhizosphere effect was recorded, com-
pared to long-lived co-occurring perennials. In our case,
both studied plant species are perennial, meaning that
rather than lifespan, phylogeny may play a significant
role in microbial recruitment. Additionally, we can also
hypothesize that plant architecture, such as the pres-
ence of a stem separating root and leaves in P antiscor-
butica, which is absent in P. kerguelensis, may play a role
in regulating microbiota connectivity. While the reasons
for such differences remain unclear, our observations
argue in favor of setting up studies involving a large num-
ber of phylogenetically distinct plants with contrasting
architectures, to assess the respective effects of plant
phylogeny, physiology and architecture, not only on the
diversity of associated microbiomes, but also on their
modes of transmission and recruitment between organs
of the same individual.

Interplay between the host plant and environmental
factors

Bacterial and fungal communities across all soil-plant
compartments showed consistent responses to climatic
variables, especially in aboveground compartments,
albeit in species-specific ways. This finding is especially
relevant for Kerguelen fellfields where harsh conditions
(e.g. strong winds, high freeze—thaw cycles frequency)
and therefore abiotic stress potentially impose strong
selective pressures on microbial communities.

Along with climate, phosphorus and sulfur concen-
trations in soils, present at very low concentrations
in this sub-Antarctic region (Table S1) [59], were in
our study the most consistent edaphic predictors of
microbial assembly and diversity across all soil-plant
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compartments. However, globally, soil bacterial diver-
sity is mainly shaped by gradients in pH, moisture, and
organic matter [60—63]. Similarly, for fungi, assembly and
diversity is globally strongly influenced by pH [64—66].
These global studies typically include broader pH gradi-
ents, which may explain why pH was not identified as the
main driver of diversity and assembly in Kerguelen’s fell-
fields, as it ranged from 5.87 to 6.84. In contrast, studies
from other cold-climate ecosystems such as Antarctica
have similarly identified phosphorus as one of the main
drivers of soil fungal and bacterial diversity [67], along
with air temperature which was found to be positively
correlated with bacterial diversity [68]. However, beyond
these prevailing drivers, compartment-level responses
differed between the two plant species, suggesting that
each host shapes its microbiota in a distinct way along
the soil-to-shoot continuum.

In Kerguelen’s fellfields, nitrogen is one of the most
limiting nutrients (Table S1) and emerged in our study as
a key driver of both microbial a- and B-diversity across
soil and plant compartments. Microorganisms impli-
cated in the nitrogen-cycle are likely playing key roles
in ecosystem functioning in fellfields and are probably
of importance for plant’s fitness. Compared to bacte-
ria, fungal diversity appeared more strongly shaped by
host plant identity, suggesting that tight biotic interac-
tions (e.g., plant-fungal symbioses) play a dominant role.
In phosphorus-limited sub-Antarctic soils, microbial
organic matter mineralization and fungal symbioses are
likely critical for plant phosphorus acquisition, as organic
phosphorus must first be converted into bioavailable
forms via microbial phosphatases or solubilized by plant-
associated taxa. This role may be filled by dark septate
endophytes (DSE), ubiquitous root-associated taxa that
we found to dominate root-associated fungal communi-
ties in both studied plant species. DSE have indeed been
found to increase phosphorus acquisition in alpine nutri-
ents-poor environments [69] and are known to generally
enhance plant tolerance to abiotic stress such as tempera-
ture, moisture and nutrient availability [70-73].

Interestingly, we found that leaf surface bacterial
assembly was affected by soil properties, pointing to pos-
sibly direct connections between soil and leaf surface
communities. This could arise from droplet’s splashing
during rainfall or from wind-transported soil particles
[74], supporting the idea that the leaf surface is at the
junction between soil, air, and plant microbial pools [75,
76].

Finally, to comprehensively model and rank biotic and
abiotic interactions on microbial communities, we used
synthetic variables (derived from PCA axes, reducing
environmental dimensions) to account for climatic and
edaphic gradients and plant morphometric variability
in SEMs. While it likely underestimates the strength of
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these environmental effects, the persistence of signifi-
cant relationships despite this simplification highlights
the robust influence of biotic and abiotic filters in shaping
both fungal and bacterial community diversity, with vary-
ing intensity across soil-plant compartments.

Conclusions

Our study underscores the specificity of plant—-microbe
interactions in pristine sub-Antarctic environments,
where abiotic constraints, both climatic and edaphic, as
well as host identity play pivotal roles in shaping bacterial
and fungal community structure and diversity.

Ongoing climate change is likely to affect both abiotic
conditions (e.g. temperature and precipitation regimes)
and biotic components (e.g. changes in plant commu-
nity composition and biological invasions). Thus, to
predict the future trajectories of plant communities and
their microbiomes, it is necessary to be able to antici-
pate differences in microbiome recruitment patterns and
responses to stress factors between host species.

Moreover, if these microbiomes harbor a high pro-
portion of endemic or geographically constrained taxa,
particularly among dominant microbial groups, any dis-
turbance, whether climatic, anthropogenic, or biotic (e.g.,
invasions), may lead to disruption in biotic interactions.

Given the pace of climate change in these ecosystems,
integrating long-term monitoring of the plant holobi-
ont into existing biodiversity observations could provide
early warnings of ecosystem functional shifts and help
guide conservation strategies in the sub-Antarctic region.

Our findings advocate for extended sampling efforts of
holobiont microbial biodiversity in these regions, which
remain among the most understudied and ecologically
vulnerable on the planet.
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