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Abstract

Plants are associated with microbial communities, which are inherited through the seed and acquired from the
environment. These microbiomes influence plant physiology, chemistry, and functioning. Yet, we lack insights into how
seed origin and the environmental microbiome jointly influence the leaf metabolome. We used untargeted metabolomics
(gas chromatography/mass spectrometry) on leaves of pedunculate oak (Quercus robur) seedlings to examine metabolic
responses to different seed origins and environmental microbiomes, as well as home and away environments. For this,
acorns were collected from three mother trees and grown in a multifactorial design with soil and canopy microbiomes
originating from the local mother tree (i.e., the home treatment) and neighbouring trees (i.e., the away treatment). We also
measured two plant traits—plant height and leaf chlorophyll content—to examine relationships between plant traits and
the metabolome. The leaf metabolome did not differ significantly between plants growing with different soil and canopy
microbiomes. However, the leaf metabolome differed among acorn origins and between seedlings growing in home vs.
away treatments. We found no clear link between plant traits and the leaf metabolome. This study is one of the first to
disentangle the combined effects of seed origin and environmental microbiomes on plant leaf chemistry, and the home
vs. away framework provides novel insights into local adaptation effects on plant metabolomes within forest ecosystems.
These findings have practical implications for the use of local genotypes and the development of microorganism-based
management practices in sustainable forestry and agriculture.
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Introduction

The interaction between a plant and its microbiome, and
their joint genetic expression, is well-known to drive several
aspects of plant functioning, including nutrient uptake,
stress tolerance and defence against pathogens and insects
(Matsumoto et al. 2021). Interactions between a plant and
its microbiome are also expected to cause shifts in plant
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chemistry, and shifts in plant chemistry affect the composition
of the plant microbiome (Pang et al. 2021). For example,
Huberty et al. (2020a, b) used genetically identical plants
to demonstrate that soil microbiomes differ in the metabolic
responses they elicit, while Kudjordjie et al. (2021) showed
that chemically distinct Arabidopsis mutants recruit different
microbiomes from the same soil microbiome source. Yet,
most studies evaluating the effect of microbiomes on plants
have focused on plant fitness and functional traits, with
metabolomes receiving little attention (Yergeau et al. 2015;
Rodriguez et al. 2020). Unravelling the effect of microbiomes
on metabolomes can improve our mechanistic understanding
of how plant-microbiome interactions influence plant
functioning (Walker et al. 2022). Such insights are important
for our understanding of ecosystem functioning in nature
(Rodrigues et al. 2021), as well as the development of
sustainable, microorganism-based management practices in
forestry and agriculture.
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A developing plant acquires its microbiome vertically and
horizontally. The vertically transmitted community consists
of those microorganisms that are passed down from parent
to offspring. In seed plants, this occurs through the seed
(yellow arrow in Fig. 1a). Previous studies have focused
on how either seed microbiomes or environmental microbi-
omes affect the metabolome of seedlings. Due to difficulties
involved in culturing plants without seed microorganisms,
our understanding of the function of the vertically transmit-
ted microbiome remains limited (Chen et al. 2018). Never-
theless, several studies have shown that variation in seed
microbiomes is a major driver of differences between plant
metabolomes (Deepak et al. 2018; Hayashi et al. 2023).
Horizontal transmission refers to microorganisms acquired
from environmental microbiome sources such as soil and
plant canopies (blue and red arrows in Fig. 1a). Adult plants
play a central role in regulating the environmental microbi-
ome sources of seedlings in natural ecosystems, as they drive
soil processes and cover the seedlings with their canopies
(Womack et al. 2015; Eck et al. 2019; Hannula et al. 2021).
A major outstanding question is then how the different adult
plant-driven vertical and horizontal microbiome sources
jointly shape the metabolome of the developing seedling.
Many studies have pointed out that individual plants modify
the soil microbiome surrounding their root system, which
in turn affects the growth, physiology and metabolomes of
subsequent generations of plants (Huberty et al. 2022). On
the other hand, the canopy microbiome—i.e., the phyllo-
sphere microbiome associated with adult trees—and its role
as a microbiome source for seedlings growing underneath

Fig. 1 Conceptual overview of the study. Figure 1a illustrates the ver-
tical (i.e., inherited) and horizontal (i.e., environmental) sources of
microbial communities for a seedling. The yellow arrow represents
the vertical transmission that occurs through the seed, the red arrow
represents horizontal transmission through the soil, and the blue arrow
represents horizontal transmission through the air. Figure 1b illustrates
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the adult trees has received comparatively little focus. While
canopy-to-seedling transfer of microorganisms might occur
extensively in forest ecosystems (Womack et al. 2015), no
study thus far has looked at canopy microbiome effects on
seedling performance and metabolomes.

While traditional research on local adaptation has
largely focused on abiotic factors like heavy metals and soil
nutrients (Briscoe Runquist et al. 2020), recent studies using
reciprocal transplant experiments of plants from different
populations have shown that local microbiomes can lead to
microorganism-mediated local adaptation or maladaptation
(Petipas et al. 2021; Brady and Farrer 2024). However,
heterogeneity in environmental microbiomes exists even
within plant populations, where plant microbiomes will
differ not only between individuals belonging to different
plant species, but also between individuals belonging to the
same plant species (Albrectsen et al. 2018; Habiyaremye et
al. 2021; Malacrino et al. 2022; Khasanova et al. 2023). As
plants have coevolved with their microbiome (Abdelfattah et
al. 2022; Addison et al. 2025), this raises the possibility that
seedlings are adapted to the local microbiome of their parents
(Fig. 1b). Yet, there exists little research on microbiome-
mediated local adaptation, especially at small spatial scales
(Addison et al. 2024). As adult tree microbiomes have been
shown to affect seedling survival, performance and responses
to biotic stress (Vivas et al. 2013, 2017), microbiome-
mediated local adaptation is expected to be also reflected
in the seedling metabolome. However, to the best of our
knowledge, local adaptation effects on the plant metabolome
have not yet been studied. Investigating local adaptation
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an instance of local adaptation at the individual tree level. In this illus-
tration, the home tree (green) is an acorn source and thus represents
the home environmental microbiome for a seedling growing from its
acorn, and the other trees (brown and lilac) are neighbouring conspe-
cific trees that represent away environmental microbiomes for a seed-
ling from the green mother tree
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effects on plant chemistry is important for developing
microorganism-based forestry management strategies, such
as the use of tree genotypes adapted to the local microbiome
(Jones 2013; Boshier et al. 2015; Dupré la Tour et al. 2020),
or the inoculation of seedlings with their local microbiomes
(Rua et al. 2016; Beattie et al. 2024; Gomes et al. 2025).

In this study, we explored how seed origin, soil micro-
biomes, and canopy microbiomes jointly affect the leaf
metabolome of pedunculate oak seedlings. The pedunculate
oak is a keystone species that supports a rich biodiversity
and is one of the most common species of oak in Europe
(Ernst, 1965). We examined these effects at a small spatial
scale by using microbiomes and acorns stemming from
adult trees growing within a single population. Acorns were
collected from three trees and were grown with soil and can-
opy microbiomes originating from their mother tree (i.e.,
home treatment) and neighbouring trees (i.e., away treat-
ment). We utilized the home and away treatments to explore
patterns of local adaptation. In this study, we use the term
local adaptation to refer to metabolic differences between
home and away environments that are consistent with local
adaptation patterns, but we do not directly measure adapta-
tion in terms of fitness differences between the plants. We
used untargeted gas chromatography/mass spectrometry
(GC-MY) to analyse the metabolome. We also measured
two plant traits—plant height and leaf chlorophyll con-
tent—to complement the metabolomics. More specifically,
we focused on three questions:

1. What is the impact of the soil microbiome, canopy
microbiome, acorn origin, and home vs. away treat-
ments on the leaf metabolome?

2. What is the impact of the soil microbiome, canopy
microbiome, acorn origin, and home vs. away treat-
ments on plant height and leaf chlorophyll content?

Methods and Materials
Collection of Acorns, Soils and Canopies

Acorns were collected from three trees on Stockholm Uni-
versity campus (59°21°58.5"N 18°03°43.0"E) located in the
Royal National City Park in Norra Djurgérden. To test for
small-scale local adaptation, we selected three trees within
the same population that were located c. 10 to 15 m apart.
Acorns from the three trees were stored in a 4 °C cold room
during winter. In spring, the acorns were rinsed with water
and germinated on cotton in a controlled climate chamber.
After two weeks, acorns were transferred to the treatment
pots. To obtain the soil microbiome associated with each of
the mother trees, we collected soil from beneath the canopy

of each mother tree. To obtain the canopy microbiome asso-
ciated with each of the mother trees, we regularly collected
twigs with leaves from each of the mother trees using a
sterile pruning shear. Before using the twigs, we removed
infested leaves to reduce the risk of insect infestation.

Experimental Setup and Sampling

To disentangle the relative effects of acorn origin, soil
microbiome and canopy microbiome on the leaf metabo-
lome, we set up a multifactorial greenhouse experiment
using germinated acorns (Fig. 2). For this experiment, we
combined three different acorn origins (A, B and C) with
four soil microbiome treatments (A, B, C and a control
treatment) and four canopy microbiome treatments (A, B,
C and a control treatment). Every treatment combination
had 4 replicates, leading to a total of 192 plants (Fig. 2ab).
The conditions in the greenhouse were 20 °C during the day
(10 h) and 10 °C during the night (14 h). The relative humid-
ity was maintained at 60%.

To establish the soil microbiome treatments, we planted
the germinated acorns individually into pots that contained
one of four soil treatments: (i) the soil microbiome associ-
ated with tree A, (ii) the soil microbiome associated with
tree B, (iii) the soil microbiome associated with tree C, and
(iv) a sterile soil treatment (i.e., the control). The pot with
soil for each treatment was prepared by combining 550 mL
sterile potting soil, 25 mL sterile sand and a 125 mL soil mix
(Fig. 2¢). The 125 mL soil mix for treatments A, B and C
was made up of equal parts of A, B and C soil with only the
designated treatment soil left unsterilized. Soil was steril-
ized in batches of ¢. 5 L under a sterilization temperature of
121 °C for 30 min. While this procedure may have affected
soil abiotic properties, we used it as an effective method to
biotically clear soil (King et al. 2024). In addition, we used
a large proportion of sterile background potting soil (550
mL potting soil to 125 mL soil mix) to minimize differences
in abiotic soil characteristics between treatments that might
result from sterilizing different parts of the soil mix for dif-
ferent treatments (van Dijk, Abdelfattah et al. 2022). For the
sterile soil control, the soil mix was made with equal parts
of sterilized A, B and C soil types.

To establish the canopy microbiome treatments, we tried
to simulate natural conditions and processes by placing
twigs from the three mother plants above the plant pots,
creating four canopy treatments: (i) the canopy microbiome
from tree A, (ii) the canopy microbiome from tree B, (iii)
the canopy microbiome from tree C, and (iv) no canopy
microbiome (i.e., the control, where no twigs were used).
To allow microorganisms to disperse with gravity, twigs
were placed atop a horizontal fence of chicken wire, under
which the seedlings from a given block were placed (Fig. 2a).
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(a) Greenhouse setup with canopy treatment boxes

Sterile

(c) Setup of individual pots

Fig.2 Graphical overview of the hierarchical setup of the experimental
design. Panel (a) shows the spatial layout of the greenhouse setup at
the canopy treatment level, with different canopy treatments shown
in the figure as differently coloured boxes (red for the canopy micro-
biome of mother tree A, green for B, blue for C and yellow for the
sterile control where no twigs are used). Panel (b) shows an example
of a canopy treatment box belonging to the mother tree A. Within each
canopy treatment box, twelve seedlings were placed, as represented
by circles. The colour of the outer circle represents the soil treatment

@ Springer

(b) Representative canopy treatment box A

The colour of the inner circle
represents acorn origin (in this
case tree C).

The colour of the outer circle
represents origin of the soil
treatment (in this case tree B).

25 mL sterile sand
250 mL sterile potting soil
125 mL mother tree soil mix

300 mL sterile potting soil

while the inner circle represents acorn origin. Panel (¢) illustrates the
setup of the individual plant pots. The soil treatment for each acorn
was prepared by combining 550 mL potting soil, 25 mL sand and a
125 mL soil mix made up of equal parts A, B and C soil with only the
designated treatment soil added unsterilized. For the sterile soil treat-
ment, the soil mix was made with equal parts of sterilized A, B and C
soil types. The canopy treatment consisted of twigs from the respective
mother tree placed on a mesh wire above the seedlings
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To simulate natural dispersal by rain, we watered from the
top using a watering nozzle, so water would go through the
twigs. To avoid drying of the twigs, they were placed in 50
mL Falcon tubes filled with water. The twigs were checked
twice a week and replaced when they showed signs of
wilting. The advantage of this novel approach of utilizing
twigs to simulate the natural canopy-to-seedling transfer of
microbiomes is that it allows for experimental manipulation
within the controlled setting of a greenhouse, along with any
other set of experimental manipulations (in this case, the
soil microbiome). At the same time, it is important to note
that the naturalness of the canopy treatment is also limited
by the controlled conditions in the greenhouse, as there are
less fluctuations in temperature, and no wind and insects to
disperse spores.

To investigate the effect of soil and canopy microbiome
treatments, we used seedlings from a single acorn origin
(i.e., acorn origin A; Fig. 3a). To investigate the effect of
acorn origin, we used seedlings from all three acorn ori-
gins growing in home environments (where the acorn ori-
gin, the soil treatment, and the canopy treatment were all
from the same tree), away environments (where the acorn
origin differed from the soil and canopy treatments), and in
sterile environments (where the acorn was growing in both
the control soil treatment and control canopy treatment;
Fig. 3b). It is important to note that while we investigated
the effect of acorn origin, we did not attempt to disentangle
whether this acorn origin effect is due to the vertically trans-
mitted acorn microbiome or due to genetic factors. To test
for local adaptation effects, we used the subset of seedlings
growing in home environmental microbiomes (i.e., environ-
ments with both home soil and home canopy treatments)
and away environmental microbiomes (i.e., environments

with both away soil and away canopy treatments; Fig. 3c).
In total, we analysed 96 out of the 192 plants included in the
full factorial design (Fig. 3).

Trait Measurements

Seven weeks after potting (i.e., nine weeks after germina-
tion), we measured the height of each sampled seedling and
recorded the chlorophyll content index (cci) of one of the
top leaves using a Opti-Sciences CCM-200 plus Chloro-
phyll Content Meter. We selected plant height as it is con-
sidered the most important indicator of plant fitness during
the seedling stage of forest species (Grossnickle 2012; Gar-
diner et al. 2019) and leaf chlorophyll content for its rela-
tionship with leaf metabolism (Croft et al. 2017).

Metabolomic Analyses

Seven weeks after potting, we collected one of the top leaves
from the first flush for metabolomic analysis. This time period
is sufficient for oak seedlings to establish roots that interact
with the soil microbiome treatments, as demonstrated by pre-
vious studies that detected clear differences in seedling micro-
biome composition, as well as metabolic responses of the
seedling, after similar time frames (van Dijk, Abdelfattah et
al. 2022; Van Dijk et al. 2022). For this, the leaf was cut using
sterile scissors, after which the midrib was excised and the
leaf snap-frozen in liquid nitrogen before storage in —80 °C.
The frozen leaf samples were ground in liquid nitrogen using
amortar and a pestle and a subsample of ~ 10 mg was used for
metabolomic analysis For extraction, 1000 pL of extraction
mixture (1/1/3 v/v/v chloroform/water/methanol) including
internal standards (2.5 ng pL~! L-proline-13C5, 2.5 ng uL ™!

Acorn Origin

Soil treatment origin OA @

Treatment component
originates from tree A

Treatment component
originates from tree B

Canopy treatment origin

Canopy treatment origin B A B S S
©0 060 0060 0060 00 60/

Acorn Origin @A \ oC \

Soil treatment origin @A @B @C OS @A @B @C OS @A @B @C OS

©A @B @C OS

Treatment component
originates from tree C

Control/sterile treatment

OA @B @C OS

Acorn Origin

Soil treatment origin

Canopy treatment origin

4
: ]| Subset of samples

i | designated as “home”
l

Subset of samples
designated as “away”

Fig. 3 The subsets of plants used for looking at the effects of (a) soil and canopy microbiome, (b) acorn origin, and (¢) home vs. away environ-
ments. Each treatment combination has four replicates. In total, 96 plants were analyzed
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alpha-ketoglutarate-13C4, 2.5 ng pL~! myristic acid-13C3,
7.5 ng pL! cholesterol-D7, 7.5 ng uL ™! succinic acid-D4,
0.0625 ng uL ! salicylic acid-D6, 2.5 ng L~ L-glutamic
acid-13C5,15 N, 7.5 ng puL™! putrescine-D4, 7.5 ng puL™!
hexadecanoic acid-13C4, 2.5 ng L' D-glucose-13C6 and
2.5 ng pL~! D-sucrose-13C12) was added to each sample
along with two tungsten beads (3 mm diameter, Qiagen).
The samples were homogenized in a Retsch GmHB MM400
mixer mill for 3 min at 30 Hz. The samples were then cen-
trifuged at 4 °C at 14,000 rpm for 10 min and supernatants
were transferred into new vials. An aliquot of 200 pL was
transferred into an insert in a LC vial and dried in a vacuum
centrifuge (SpeedVac). Sample blanks without plant material
were included in the analysis to account for background sig-
nals. Quality control (QC) samples were prepared by combin-
ing aliquots of sample extracts. Dried samples were stored at
—80 °C prior to GC/MS analysis.

Derivatization was performed according to Schauer et
al. (2005). Samples were thawed and dried in a vacuum
for 5 min before derivatization with 30 pL of methoxy-
amine (15 pg pL ! in pyridine). The sample vials were then
capped, vortexed for 10 min and incubated overnight (16 h)
at room temperature. The samples were then derivatized
with 30 uL of MSTFA containing 1% TMCS, and 30 pL
heptane including 15 ng pL™! of methyl stearate was added
to each sample. The samples were vortexed and incubated
at room temperature for 1 h before GC/MS analysis. The
details of GC/MS analysis and data pre-processing are pro-
vided in Text S1.

Statistical Analyses

From the raw GC/MS data, 52 metabolites were annotated.
Five samples that failed quality control were removed
before analysis. Data was first normalized with multiple
internal standards using Cross-Contribution compensating
Multiple standard Normalization (CCMN), which is based
on a principal component analysis (PCA) model (Redes-
tig et al. 2009). Subsequently, data were normalized based
on the fresh weight of the sample. Multivariate statistical
analyses were conducted with the normalized data using
SIMCA v18.0.0 (Umetrics, Umeda, Sweden).

We visualized differences in the metabolic profiles
between soil microbiome treatments, canopy microbiome
treatments, acorn origins and home vs. away environments
using a principal component analysis (PCA). For the PCA
and OPLS-DA, we applied log transformation to the data to
reduce skewness (Li et al. 2016). If visual separation was
validated in the PCA, we conducted a supervised Orthogo-
nal Projections to Latent Structures Discriminant Analysis
(OPLS-DA). To obtain “metabolites of special interest” for
univariate analyses, we utilized the VIP scores (Variable
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Importance in Projections) from the OPLS-DA models and
selected metabolites with VIP>1. These metabolites are
shown in Tables S2 and S3.

We further modelled the concentration of each metabolite
as a function of soil, canopy, acorn and home/away envi-
ronments with one-way ANOVAs using the function /m in
base R v4.3.3 (R Core Team, 2024). If the ANOVA showed
a significant treatment effect (p<0.05), we conducted post
hoc pairwise comparisons with Tukey’s HSD to control
for the family-wise error rate. In cases where the residu-
als were not normally distributed or had unequal variances,
we used Kruskal-Wallis tests as followed by post-hoc Dunn
tests with Holm-Bonferroni adjustment using the function
dunnTest in package FSA (Ogle et al. 2020). We used similar
models to analyse the two measured plant traits—seedling
height and leaf chlorophyll content.

Results

Impact of the Soil Microbiome, Canopy Microbiome,
Acorn Origin and Home vs. Away Treatments on the
Leaf Metabolome

The leaf metabolic profile did not differ between the soil
microbiome treatments, or between the canopy microbiome
treatments (Fig. 4). While there was no overall treatment
effect, a few of the 52 metabolites still differed signifi-
cantly in univariate analyses: allothreonine and serine dif-
fered between soil microbiome treatments and ellagic acid,
1,5-anyhdrosorbitol, alpha-tocopherol, cycloartenol, delta-
tocopherol, gamma-tocopherol, and glucuronic acid differed
between canopy microbiome treatments (Table S1).

The leaf metabolic profile differed between acorn origins,
with A separating from B and C along the second component
(Figs. 5 and S2). Eight individual metabolites were found
to significantly differ between acorn origins in univari-
ate analyses: citric acid, delta-tocopherol, dehydroascorbic
acid, glucose, glucuronic acid, kaempferol, succinic acid and
N-methyl trans-4-hydroxy-L-proline (2 S,4R)—4-hydroxy-
I-methyl pyrrolidine-2-carboxylic acid (UHMOGBX-
QYJLCHX-IMSYWVGISA-N) (Table S2).

The leaf metabolic profile differed between the home and
away treatments (Figs. 6 and S3). Fifteen individual metab-
olites differed significantly between the home and away
treatments in univariate analyses: alanine, allothreonine,
alpha-linolenic acid, beta-sitosterol, ethanolamine, glutamic
acid, glyceric acid, glycine, malic acid, palmitic acid, quinic
acid, scyllo-inositol, serine, sucrose and threonine (Table
S3). All metabolites except malic acid were significantly
higher when seedlings were grown in away environments
compared to seedlings grown in home environments.
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Fig. 4 The leaf metabolic profile of oak seedlings in response to dif-
ferent (a) soil microbiome and (b) canopy microbiome treatments, as
visualized in PCA (Principal component analysis) score plots. The
colours in panel (a) represent the origin of the soil microbiome (soil

Impact of the Soil Microbiome, Canopy Microbiome
and Acorn Origin on Plant Traits

Chlorophyll content, but not plant height, differed signifi-
cantly between soil microbiome treatments (Fig. 7). How-
ever, the only pairwise difference in chlorophyll content was
between soil treatment C and the sterile treatment (Table
S5). Plant height and chlorophyll content did not differ sig-
nificantly between the canopy microbiome treatments. Both
plant height and chlorophyll content differed significantly
between acorn origins (Table S4). Chlorophyll content dif-
fered significantly between the A & B and B & C acorn ori-
gin pairs, and plant height differed significantly between the
A & C and B & C pairs (Table S5). Neither trait differed
significantly between the home and away treatments (Fig. 7).

Discussion

Our study investigated how environmental microbiomes
and seed origin affect the oak seedling leaf metabolome and
patterns of local adaptation. While seed origin had a strong
effect on the metabolome, we did not detect a direct imprint
of the soil and canopy microbiome on the leaf metabolome.
However, seedlings growing in home environments dif-
fered in their metabolome from seedlings growing in away
environments. The role of the environmental microbiome
and seed origin in shaping the leaf metabolome and local
adaptation patterns improves our understanding of the pro-
cesses underlying plant-microbe interactions in natural
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A, soil B, soil C and sterile soil) and the colours in panel (b) represent
the origin of the canopy microbiome (canopy A, canopy B, canopy C,
and control). Both PCA models were autofit to two components with
R2X(cum) of 0.358 and Q2(cum) of 0.208

ecosystems and might inform the use of local tree geno-
types and the application of microbiomes in sustainable
forestry (Wei and Tan 2023).

We did not detect a direct imprint of the soil microbiome
on the leaf metabolome. While our findings contrast with a
recent study demonstrating that plant-induced changes in
soil microbiomes alter the metabolomes of plants that later
grow in these soils (Huberty et al. 2020), they corroborate
a previous study demonstrating a weak effect of the soil
microbiome on the leaf metabolome of pedunculate oak
seedlings (Van Dijk et al. 2022a; Dijk et al. 2022b, c). Like-
wise, we found that canopy environmental microbiomes did
not affect the seedling leaf metabolome. As no other studies
have looked at the effects of the microbiome originating
from the canopy on the leaf metabolome of seedlings, the
lack of a canopy effect on the seedling metabolome is dif-
ficult to interpret. One possible explanation for the lack of
independent soil and canopy effects on the leaf metabolome
could be the time of sampling in our study. Some studies
indicate that in the early stages of seedling development,
seed-transmitted microorganisms dominate the seedling
microbiome and are the primary drivers of plant chemis-
try (Johnston-Monje and Raizada 2011; Abdelfattah et al.
2023), and only as a seedling matures, it develops increased
interactions with environmental microorganisms (Latz et
al. 2015). Studies conducted with poplar trees (Populus
spp.) found that the root and shoot microbiome of seed-
lings changed drastically during the first months of growth
(Dove et al. 2021), and that this shift in the microbiome
triggered substantial changes in the seedling metabolome
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Fig.5 The leaf metabolic profile of oak seedlings in response to acorn
origins, as visualized in PCA (Principal component analysis) score
plots. The colours represent different acorn origins. The PCA model

(Mangeot-Peter et al. 2020; Xie et al. 2023). While spe-
cies-specific differences between oaks and poplars could
exist, we hypothesize that oak seedlings grown for a longer
time would show increasing effects of the environmental
microbiomes on the metabolome. Another explanation for
the lack of independent soil and canopy effects on the leaf
metabolome could be that the soil and canopy microbiomes
were only weakly differentiated among our three trees;
however, research on within-population variation in tree
microbiomes is limited and shows that the amount of varia-
tion depends on tree species and environmental contexts
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‘ Acorn origin B

‘ Acorn origin C

was autofit to five components with R2X(cum) of 0.597 and Q2(cum)
0f 0.208. For the visualization of the OPLS-DA model between acorn
origins, see Fig. S1

(Saetre and Baath 2000; Nacke et al. 2016; Craig et al.
2024). Finally, we tested the independent soil and canopy
effects on the leaf metabolome for a single acorn origin,
and we hope that future studies will confirm (or refute) our
findings by comparing origins from multiple trees, popula-
tions and regions.

In contrast to the absent or weak effects of the soil and
canopy microbiomes, we found a strong independent effect
of acorn origin on the leaf metabolome. While we note that
we cannot pinpoint whether the effect of acorn origin is
driven by the microbiome transferred from the mother tree,



Journal of Chemical Ecology (2026) 52:18

Page9of 14 18

s L4 °
(3:2 ° ... L ]
°. .
N ° o ° °
8 °
[ ]
[ ]
L
PC1(27.6%)
[] Home B Away

Fig. 6 The leaf metabolic profile of oak seedlings grown in home
and away environments, as visualized in PCA (Principal compo-
nent analysis) score plots. The colours represent the home and away
environments. The PCA model was autofit to three components with
R2X(cum)=0.496 and Q2(cum)=0.208. For the visualization of the
OPLS-DA model between home and away environments, see Fig S2
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Fig.7 The effect of soil and canopy microbiome, acorn origin and home
vs. away treatments on the plant traits plant height and leaf chlorophyll
content. Shown are box plots, separately for the (a) soil microbiome,

plant genetics, or a combination of both, our result aligns
with the established theories about the dominance of seed
microorganisms at early stages of seedling development and
that differences in seed microbiomes drive diversity in plant
metabolomes (Miiller et al. 2020; Hayashi et al. 2023). Such
differences in metabolomes are known to exist between
plant individuals belonging to the same population, and this
within-population metabolic heterogeneity is hypothesized
to deter herbivore and pathogen outbreaks (Ziist et al. 2012;
Moore et al. 2014; Miiller et al. 2020). As a future direction,
it would be interesting to test the effect sizes of among-tree
genetic differentiation vs. the inherited microbiome in driv-
ing these patterns.

Two metabolites, serine and allothreonine, significantly
differed between soil microbiome treatments. The amino
acid serine is a precursor of allothreonine, which is a non-
proteinogenic amino acid. Both serine and allothreonine
have been linked to stress responses in plants (Kefale et al.
2024). The metabolites that differed between canopy treat-
ments were all secondary metabolites: tocopherols, which
are associated with chloroplasts and redox homeostasis in

(b) Canopy microbiome treatments
a a a
A B C

(d) Home vs Away treatments
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Plant height (cm)

Leaf chlorophyll content (cci)
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(b) canopy microbiome, (c) acorn origins, and (d) home vs. away treat-

ments. Significant differences between treatment are noted by a letter
above the boxes, where groups with the same letter do not differ

@ Springer



18 Page 10 of 14

Journal of Chemical Ecology (2026) 52:18

leaves (Kanwischer et al. 2005), the phenolic ellagic acid,
the steroid precursor cycloartenol, glucuronic acid, which
is a hemicellulose precursor (Ishihara et al. 2017; Tietel
et al. 2020) and 1,5-anhydrosorbitol. The metabolites that
differed between acorn origins were citric acid, delta-
tocopherol, dehydroascorbic acid, glucose, glucuronic acid,
kaempferol, succinic acid and N-methyl trans-4-hydroxy-
L-proline (2 S,4R)—4-hydroxy-1-methyl pyrrolidine-2-car-
boxylic acid (UHMOGBXQYJLCHX-IMSYWVGIJSA-N).
Delta-tocopherol, which also differed between canopy treat-
ments, has been extensively described in the literature as
integral to plant defence (Wedow et al. 2021), and is linked
to dehydroascorbic acid (DHAA) levels (Kanwischer et al.
2005). Glucose was the sole sugar that differed significantly.
Glucose levels modulate several physiological processes in
plants (Siddiqui et al. 2020). Kaempferol is a flavonoid and
a known antioxidant in plants (Kumari et al. 2024). Among
the acids that differed, glucuronic acid is a hemicellulose
precursor (Tietel et al. 2020), and citric acid and succinic
acid are TCA cycle intermediates (Choi et al. 2021).

The leaf metabolic profile differed between the home
and away environments, indicating an interactive effect
between acorn origin and the environmental microbi-
omes. Several studies focusing on plant performance and
fitness traits have demonstrated microbiome-mediated
local adaptation between plant populations using recipro-
cal transplant experiments (Johnson et al. 2022; Kazarina
et al. 2023; Khasanova et al. 2023). With regards to tree
species, a single study utilizing pine found that seedlings
grown in home environments with the local soil microbi-
ome performed better when facing climatic disturbances
when compared to seedlings grown in away environments
(Remke et al. 2020). While soil microbiome-mediated local
adaptation has been studied extensively in terms of plant
performance and fitness, the role of tree canopy microbi-
omes in local adaptation remains unexplored. Likewise, no
other studies have addressed the impact of microbiome-
mediated local adaptation on the seedling metabolome. Our
study indicates that local adaptation leaves a pronounced
imprint on the plant metabolome, even at a relatively small
(i.e., within-population) spatial scale.

The metabolites that differed between home and away
environments did not overlap with the metabolites that
differed between acorn origins, indicating that the effect
of local adaptation is distinct from the effect of acorn ori-
gin. The metabolites that differed between home and away
environments included the amino acids alanine, glutamic
acid, serine, glycine, threonine, and allothreonine. Alanine
and glutamic acid are central to amino acid metabolism in
plants (Forde and Lea 2007), and serine and glycine are
integral to photorespiration and stomatal functioning in
leaves (Less et al. 2011; Eisenhut et al. 2017). Threonine

@ Springer

has been shown to be similar in function to allothreonine
in plants (Muthuramalingam et al. 2018). Ethanolamine,
which is a serine derivative and phospholipid precursor
(Volz et al. 2021), and whose derivatives have been shown
to play roles in plant-bacteria interactions (Coutinho et
al. 2018) differed between home and away environments.
Other metabolites that differed between home and away
environments were the carbohydrates sucrose and scyllo-
inositol, alpha-linolenic acid, quinic acid, beta-sitosterol,
palmitic and malic acid. Alpha-linolenic acid is a precur-
sor to plant oxylipins (Blée 2002; Wasternack and Feuss-
ner 2018). Quinic acid has been shown to accumulate in
leaves under different stresses, although its exact function
is unknown (Hijaz and Killiny 2019). Beta-sitosterol is
a phytosterol and forms a component of plant cell mem-
branes (Griebel and Zeier 2010). Palmitic acid is a lipid
precursor (Napier and Graham 2010) and malic acid is a
tricarboxylic acid pathway intermediate.

To help explore associations between plant growth and
the metabolome or specific metabolites, we measured two
plant traits—seedling height and leaf chlorophyll content.
Yet, while we found disparate effects on the measured
traits across microbiome treatments, no link could be made
with the leaf metabolome results. For instance, the pres-
ence of increased tocopherol levels is linked to increased
chlorophyll concentrations in the literature (Kanwischer
et al. 2005). In our experiment, alpha-, beta- and gamma-
tocopherols differed between canopy treatments. However,
chlorophyll content did not differ between these treatments.
Plants from acorn origins B and C generally overlapped in
their leaf metabolomes but differed strongly in the two mea-
sured traits. Similarly, the leaf metabolome differed between
the home and away treatments, but the two measured traits
did not differ. This study utilized GC-MS, which is effec-
tive for measurements of primary metabolites (Lee et al.
2013). Assigning specific functions to primary metabolites
is complicated as they are upstream of several derivatives
with varied functions that are dynamic and depend on spatial
and temporal factors (Gupta et al. 2022). To extend our find-
ings, we hope that future studies will use advanced metabo-
lomics techniques, such as LC-MS, to obtain information
on downstream metabolites that can be concretely linked to
plant health, stress conditions, and defence responses. While
few if any other studies have tried to link plant metabolomes
and plant traits within the context of microbiomes, several
reviews have pointed out that fluctuations in the plant metab-
olome are not reflected linearly in plant functional traits,
suggesting that the two methods provide different informa-
tion on plant performance and fitness (Sardans et al. 2021;
Walker et al. 2023). The plant metabolome can, for example,
give more direct insights into ongoing plant physiological
processes, detect changes not (yet) detectable as changes in
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plant traits, and provide a mechanistic understanding of why
plant traits change (Diaz et al. 2016). Plant functional traits,
in turn, are relevant for plant growth, ecological interac-
tions and assessment of fitness outcomes. Thus, it might be
fruitful to incorporate metabolomics approaches alongside
functional trait analyses to obtain a holistic view of the inter-
actions between plants and their microbiomes.

Conclusion

We found that acorn origin had a larger direct impact on
the leaf metabolome than the soil and canopy environmental
microbiomes, and that acorn origin and the environmental
microbiome jointly shaped patterns of local adaptation. We
hope that future studies will investigate the mechanisms
behind microbiome-mediated local adaptation and look at
how it affects plant metabolomes in natural ecosystems.
These findings also have applied management implications,
in terms of the use of local plant genotypes and plant breed-
ing within the context of the local microbiome, with poten-
tial to sustainably improve forest health (Vivas et al. 2020).
Likewise, the use of adapted microbiomes could be useful
in afforestation and forest management practices (Baldrian
et al. 2023; Addison et al. 2024). Utilizing metabolomics
approaches alongside microbiome studies can also help dis-
entangle the roles of specific microorganisms or specialized
metabolites, which can help us design microbe-driven solu-
tions in sustainable forestry management and agriculture.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s10886-026-01692-9.

Author Contributions Chandrasekar Ramanathan, Lisse Goris, Ayco
J. M. Tack, Katharina Pawlowski, and Benedicte Riber Albrectsen
conceptualized the study. Chandrasekar Ramanathan and Lisse Goris
conducted the greenhouse experiment. Chandrasekar Ramanathan,
Benedicte Riber Albrectsen, Arti Mishra, and Jenna Lihavainen-Bag
conducted the metabolomics work. Chandrasekar Ramanathan analysed
the data with the help of Benedicte Riber Albrectsen, Arti Mishra, Jenna
Lihavainen-Bag and Ayco J. M. Tack. Chandrasekar Ramanathan wrote
the first draft of the manuscript and created all the figures. All authors
commented on previous versions and approved the final manuscript.

Funding Open access funding provided by Stockholm University.
This work was supported by the Swedish Research Council (2021-
03784 to Ayco J. M. Tack). Open access funding was provided by
Stockholm University.

Data Availability All data supporting this study are included in the
manuscript and supplementary files.

Declarations

Competing Interests The authors declare no competing interests.

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/.

References

Abdelfattah A, Tack AJM, Wasserman B, Liu J, Berg G, Norelli J,
Droby S, Wisniewski M (2022) Evidence for host-microbiome
co-evolution in Apple. New Phytol 234(6):2088-2100

Abdelfattah A, Tack AJM, Lobato C, Wassermann B, Berg G (2023)
From seed to seed: the role of microbial inheritance in the assembly
of the plant microbiome. Trends Microbiol 31(4):346-355

Addison SL, Ria MA, Smaill SJ, Singh BK, Wakelin SA (2024) Partner
or perish: tree microbiomes and climate change. Trends Plant Sci
29(9):1029-1040

Addison SL, Yan Z, Carlin T, Ria MA, Smaill SJ, Daley K, Singh BK,
Wakelin SA (2025) Unravelling changes in the Pinus radiata root
and soil microbiomes as a function of aridity. Glob Change Biol,
31 (4),e70165

Albrectsen BR, Siddique AB, Decker VHG, Unterseher M, Robinson
KM (2018) Both plant genotype and herbivory shape Aspen
endophyte communities. Oecologia 187(2):535-545

Baldrian P, Lopez-Mondéjar R, Kohout P (2023) Forest microbiome
and global change. Nat Rev Microbiol 21(8):487-501

Beattiec GA, Edlund A, Esiobu N, Gilbert J, Nicolaisen MH, Jansson
JK, Jensen P, Keiluweit M, Lennon JT, Martiny J, Minnis VR,
Newman D, Peixoto R, Schadt C, van der Meer JR (2024) Soil
microbiome interventions for carbon sequestration and climate
mitigation. mSystems 10(1):e01129-24

Blée E (2002) Impact of phyto-oxylipins in plant defense. Trends Plant
Sci 7(7):315-322

Boshier D, Broadhurst L, Cornelius J, Gallo L, Koskela J, Loo J,
Petrokofsky G, St Clair B (2015) Is local best? Examining the
evidence for local adaptation in trees and its scale. Environ Evid
4(1):20

Brady MV, Farrer EC (2024) The soil Microbiome affects patterns of
local adaptation in an alpine plant under moisture stress. Am J
Bot, 111 (3), 16304

Briscoe Runquist RD, Gorton AJ, Yoder JB, Deacon NJ, Grossman
JJ, Kothari S, Lyons MP, Sheth SN, Tiffin P, Moeller DA (2020)
Context dependence of local adaptation to abiotic and biotic
environments: a quantitative and qualitative synthesis. Am Nat
195(3):412-431

Chen H, Wu H, Yan B, Zhao H, Liu F, Zhang H, Sheng Q, Miao F, Liang
Z (2018) Core microbiome of medicinal plant salvia miltiorrhiza
seed: a rich reservoir of beneficial microbes for secondary
metabolism? Int ] Mol Sci 19(3):672

Choi I, Son H, Baek J-H (2021) Tricarboxylic acid (TCA) cycle inter-
mediates: regulators of immune responses. Life 11(1):69

Coutinho BG, Mevers E, Schaefer AL, Pelletier DA, Harwood CS,
Clardy J, Greenberg EP (2018) A plant-responsive bacterial-
signaling system senses an ethanolamine derivative. Proc Natl
Acad Sci 115(39):9785-9790

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10886-026-01692-9

18 Page 12 of 14

Journal of Chemical Ecology (2026) 52:18

Craig ME, Harman-Ware AE, Cope KR, Kalluri UC (2024)
Intraspecific variability in plant and soil chemical properties in
a common garden plantation of the energy crop Populus. PLoS
ONE, 19 (10), €0309321

Croft H, Chen JM, Luo X, Bartlett P, Chen B, Stacbler RM (2017) Leaf
chlorophyll content as a proxy for leaf photosynthetic capacity.
Glob Change Biol 23(9):3513-3524

Deepak M, Lihavainen J, Keski-Saari S, Kontunen-Soppela S, Salo-
jérvi J, Tenkanen A, Heimonen K, Oksanen E, Keindnen M
(2018) Genotype- and provenance-related variation in the leaf
surface secondary metabolites of silver Birch. Can J For Res
48(5):494-505

Diaz S, Kattge J, Cornelissen JHC, Wright 1J, Lavorel S, Dray S, Reu
B, Kleyer M, Wirth C, Colin Prentice I, Garnier E, Bonisch G,
Westoby M, Poorter H, Reich PB, Moles AT, Dickie J, Gillison
AN, Zanne AE, Chave J, Joseph Wright S, Sheremet’ev SN,
Jactel H, Baraloto C, Cerabolini B, Pierce S, Shipley B, Kirkup D,
Casanoves F, Joswig JS, Giinther A, Falczuk V, Riiger N, Mahecha
MD, Gorné LD (2016) The global spectrum of plant form and
function. Nature 529(7585):167-171

Dove NC, Veach AM, Muchero W, Wahl T, Stegen JC, Schadt CW,
Cregger MA (2021) Assembly of the Populus microbiome is tem-
porally dynamic and determined by selective and stochastic fac-
tors. mSphere. https://doi.org/10.1128/mSphere.01316-20

Eck JL, Stump SM, Delavaux CS, Mangan SA, Comita LS (2019) Evi-
dence of within-species specialization by soil microbes and the
implications for plant community diversity. Proc Natl Acad Sci
116(15):7371-7376

Eisenhut M, Briautigam A, Timm S, Florian A, Tohge T, Fernie AR,
Bauwe H, Weber APM (2017) Photorespiration is crucial for
dynamic response of photosynthetic metabolism and stomatal
movement to altered CO 2 availability. Mol Plant 10(1):47-61

Ernst WR (1965) Flora Europaea. Vol. 1 by T. G. Tutin, V. H. Hey-
wood, N. A. Burges, D. H. Valentine, S. M. Walters, D. A. Webb.
Madrofio; a West American journal of botany 18:62—63

Forde BG, Lea PJ (2007) Glutamate in plants: metabolism, regulation,
and signalling. J Exp Bot 58(9):2339-2358

Gardiner R, Shoo LP, Dwyer JM (2019) Look to seedling heights,
rather than functional traits, to explain survival during extreme
heat stress in the early stages of subtropical rainforest restoration.
J Appl Ecol 56(12):2687-2697

Gomes SIF, Gundersen P, Bezemer TM, Barsotti D, D’Imperio L,
Georgopoulos K, Justesen MJ, Rheault K, Rosas YM, Schmidt
IK, Tedersoo L, Vesterdal L, Yu M, Anslan S, Aslani F, Byriel
DB, Christiansen J, Hansen SH, Kasal N, Kosawang C, Larsen
H, Larsen KS, Lees J, van Dijke ACP, Kepfer-Rojas S (2025)
Soil Microbiome inoculation for resilient and multifunctional
new forests in Post-Agricultural landscapes. Glob Change Biol,
31 (1), 70031

Griebel T, Zeier J (2010) A role for B-sitosterol to stigmasterol conver-
sion in plant—pathogen interactions. Plant J 63(2):254-268

Grossnickle SC (2012) Why seedlings survive: influence of plant attri-
butes. New Forest 43(5-6):711-738

Gupta S, Schillaci M, Roessner U (2022) Metabolomics as an emerg-
ing tool to study plant-microbe interactions. Emerg Top Life Sci
6(2):175-183

Habiyaremye JDD, Herrmann S, Reitz T, Buscot F, Goldmann K
(2021) Balance between geographic, soil, and host tree param-
eters to shape soil microbiomes associated to clonal oak varies
across soil zones along a European North—South transect. Envi-
ron Microbiol 23(4):2274-2292

Hannula SE, Heinen R, Huberty M, Steinauer K, De Long JR, Jongen R,
Bezemer TM (2021) Persistence of plant-mediated microbial soil
legacy effects in soil and inside roots. Nat Commun 12(1):5686

@ Springer

Hayashi K, Alseekh S, Fernie AR (2023) Genetic and epigenetic con-
trol of the plant metabolome. Proteomics 23(13-14):2200104

Hijaz F, Killiny N (2019) Exogenous GABA is quickly metabolized
to succinic acid and fed into the plant TCA cycle. Plant Signaling
Behavior, 14 (3), e1573096

Huberty M, Choi YH, Heinen R, Bezemer TM (2020) Above-ground
plant metabolomic responses to plant—soil feedbacks and herbiv-
ory. J Ecol 108(4):1703-1712

Huberty M, Martis B, van Kampen J, Choi YH, Vrieling K,
Klinkhamer PGL, Bezemer TM (2020b) Soil inoculation alters
leaf metabolic profiles in genetically identical plants. J Chem
Ecol 46(8):745-755

Huberty M, Steinauer K, Heinen R, Jongen R, Hannula SE, Choi YH,
Bezemer TM (2022) Temporal changes in plant—soil feedback
effects on microbial networks, leaf metabolomics and plant—
insect interactions. J Ecol 110(6):1328-1343

Ishihara H, Moraes TA, Pyl E, Schulze WX, Obata T, Scheffel A, Fer-
nie AR, Sulpice R, Stitt M (2017) Growth rate correlates nega-
tively with protein turnover in Arabidopsis accessions. Plant J
91(3):416-429

Johnson LC, Galliart MB, Alsdurf JD, Maricle BR, Baer SG, Bello
NM, Gibson DJ, Smith AB (2022) Reciprocal transplant gar-
dens as gold standard to detect local adaptation in grassland
species: new opportunities moving into the 21st century. J Ecol
110(5):1054-1071

Johnston-Monje D, Raizada MN (2011) Conservation and diversity of
seed associated endophytes in Zea across boundaries of Evolution,
ethnography and ecology. PLoS ONE, 6 (6), 20396

Jones TA (2013) When local isn’t best. Evol Appl 6(7):1109-1118

Kanwischer M, Porfirova S, Bergmiiller E, Dérmann P (2005) Altera-
tions in tocopherol cyclase activity in transgenic and mutant
plants of Arabidopsis affect tocopherol content, tocopherol com-
position, and oxidative stress. Plant Physiol 137(2):713-723

Kazarina A, Sarkar S, Thapa S, Heeren L, Kamke A, Ward K, Hartung
E, Ran Q, Galliart M, Jumpponen A, Johnson L, Lee STM (2023)
Home-field advantage affects the local adaptive interaction
betweendndropogon  gerardiiecotypes and root-associated
bacterial communities. Microbiol Spectr. https://doi.org/10.1128
/spectrum.00208-23

Kefale H, You J, Zhang Y, Getahun S, Berhe M, Abbas AA, Ojiewo
CO, Wang L (2024) Metabolomic insights into the multiple stress
responses of metabolites in major oilseed crops. Physiol Plant,
176 (6), 14596

Khasanova A, Edwards J, Bonnette J, Singer E, Haque T, Juenger TE
(2023) Quantitative genetic-by-soil microbiome interactions in a
perennial grass affect functional traits. Proc R Soc Lond B Biol
Sci 290(1991):20221350

King WL, Grandinette EM, Trase O, Rolon ML, Salis HM, Wood H,
Bell TH (2024) Autoclaving is at least as effective as gamma irra-
diation for biotic clearing and intentional microbial recoloniza-
tion of soil. mSphere 9(7):¢00476-24

Kudjordjie EN, Sapkota R, Nicolaisen M (2021) Arabidopsis assemble
distinct root-associated microbiomes through the synthesis of an
array of defense metabolites. PLoS ONE, 16 (10), 0259171

Kumari S, Nazir F, Maheshwari C, Kaur H, Gupta R, Siddique KHM,
Khan MIR (2024) Plant hormones and secondary metabolites
under environmental stresses: enlightening defense molecules.
Plant Physiol Biochem 206:108238

la Dupré Tour A, Labatut J, Spiegelberger T (2020) Unraveling
the concept of local seeds in restoration ecology. Restor Ecol
28(6):1327-1334

Latz E, Eisenhauer N, Scheu S, Jousset A (2015) Plant identity drives
the expression of biocontrol factors in a rhizosphere bacterium
across a plant diversity gradient. Funct Ecol 29(9):1225-1234


https://doi.org/10.1128/spectrum.00208-23
https://doi.org/10.1128/spectrum.00208-23
https://doi.org/10.1128/mSphere.01316-20

Journal of Chemical Ecology (2026) 52:18

Page 13 0f 14 18

Lee D-K, Yoon MH, Kang YP, Yu J, Park JH, Lee J, Kwon SW (2013)
Comparison of primary and secondary metabolites for suitability
to discriminate the origins of Schisandra chinensis by GC/MS
and LC/MS. Food Chem 141(4):3931-3937

Less H, Angelovici R, Tzin V, Galili G (2011) Coordinated gene net-
works regulating Arabidopsis plant metabolism in response to
various stresses and nutritional cues. Plant Cell 23(4):1264-1271

LiB, Tang J, Yang Q, Cui X, Li S, Chen S, Cao Q, Xue W, Chen N, Zhu
F (2016) Performance evaluation and online realization of data-
driven normalization methods used in LC/MS based untargeted
metabolomics analysis. Sci Rep 6(1):38881

Malacrino A, Mosca S, Li Destri Nicosia MG, Agosteo GE, Schena L
(2022) Plant genotype shapes the bacterial microbiome of fruits,
leaves, and soil in olive plants. Plants 11(5):613

Mangeot-Peter L, Tschaplinski TJ, Engle NL, Veneault-Fourrey C,
Martin F, Deveau A (2020) Impacts of soil microbiome variations
on root colonization by fungi and bacteria and on the metabolome
of Populus tremula % alba. Phytobiomes J 4(2):142—155

Matsumoto H, Fan X, Wang Y, Kusstatscher P, Duan J, Wu S, Chen S,
Qiao K, Wang Y, Ma B, Zhu G, Hashidoko Y, Berg G, Cernava
T, Wang M (2021) Bacterial seed endophyte shapes disease resis-
tance in rice. Nat Plants 7(1):60-72

Moore BD, Andrew RL, Kiilheim C, Foley WJ (2014) Explaining
intraspecific diversity in plant secondary metabolites in an eco-
logical context. New Phytol 201(3):733-750

Miiller C, Brautigam A, Eilers E, Junker R, Schnitzler J-P, Steppuhn A,
Unsicker S, Van Dam N, Weisser W, Wittmann M (2020) Ecology
and evolution of intraspecific chemodiversity of plants. Res Ideas
Outcomes 6:e49810

Muthuramalingam P, Krishnan SR, Pandian S, Mareeswaran N, Aruni
W, Pandian SK, Ramesh M (2018) Global analysis of threonine
metabolism genes unravel key players in rice to improve the abi-
otic stress tolerance. Sci Rep 8(1):9270

Nacke H, Goldmann K, Schoning I, Pfeiffer B, Kaiser K, Castillo-Vil-
lamizar GA, Schrumpf M, Buscot F, Daniel R, Wubet T (2016)
Fine spatial scale variation of soil microbial communities under
European beech and Norway spruce. Front Microbiol 7:2067

Napier JA, Graham IA (2010) Tailoring plant lipid composition: designer
oilseeds come of age. Curr Opin Plant Biol 13(3):329-336

Ogle DH, Wheeler P, Dinno A (2020) FSA: Fisheries stock analysis. R
package version 0.9.3

Pang Z, Chen J, Wang T, Gao C, Li Z, Guo L, Xu J, Cheng Y (2021)
Linking plant secondary metabolites and plant microbiomes: a
review. Front Plant Sci 12:621276

Petipas RH, Geber MA, Lau JA (2021) Microbe-mediated adaptation
in plants. Ecol Lett 24(7):1302-1317

R Core Team (2024) R: A language and environment for statistical com-
puting. R foundation for statistical computing, Vienna, Austria.
https://www.R-project.org/

Redestig H, Fukushima A, Stenlund H, Moritz T, Arita M, Saito
K, Kusano M (2009) Compensation for systematic cross-
contribution improves normalization of mass spectrometry based
metabolomics data. Analytical chemistry 81:7974-80. https://doi
.org/10.1021/ac901143w

Remke MJ, Hoang T, Kolb T, Gehring C, Johnson NC, Bowker MA
(2020) Familiar soil conditions help Pinus ponderosa seedlings
cope with warming and drying climate. Restoration Ecology,
28 (S4)

Rodrigues AM, Miguel C, Chaves I, Anténio C (2021) Mass spec-
trometry-based forest tree metabolomics. Mass Spectrom Rev
40(2):126-157

Rodriguez CE, Antonielli L, Mitter B, Trognitz F, Sessitsch A (2020)
Heritability and functional importance of the Setaria viridis bac-
terial seed microbiome. Phytobiomes J 4(1):40-52

Rua MA, Antoninka A, Antunes PM, Chaudhary VB, Gehring C, Lamit
LJ, Piculell BJ, Bever JD, Zabinski C, Meadow JF, Lajeunesse
MJ, Milligan BG, Karst J, Hoeksema JD (2016) Home-field
advantage? Evidence of local adaptation among plants, soil, and
arbuscular mycorrhizal fungi through meta-analysis. BMC Evol
Biol 16(1):122

Saetre P, Baath E (2000) Spatial variation and patterns of soil micro-
bial community structure in a mixed spruce—birch stand. Soil Biol
Biochem 32(7):909-917

Sardans J, Gargallo-Garriga A, Urban O, Klem K, Holub P, Janssens
IA, Walker TWN, Pesqueda A, Pefiuelas J (2021) Ecometabolo-
mics of plant—herbivore and plant—fungi interactions: a synthesis
study. Ecosphere, 12 (9), e03736

Siddiqui H, Sami F, Hayat S (2020) Glucose: sweet or bitter effects
in plants-a review on current and future perspective. Carbohydr
Res 487:107884

Tietel Z, Wikoff WR, Kind T, Ma Y, Fiehn O (2020) Hyperosmotic
stress in Chlamydomonas induces metabolomic changes in bio-
synthesis of complex lipids. Eur J Phycol 55(1):11-29

van Dijk LJA, Abdelfattah A, Ehrlén J, Tack AJM (2022) Soil micro-
biomes drive aboveground plant—pathogen—insect interactions.
Oikos 2022(12):e09366

van Dijk LJA, Regazzoni EDE, Albrectsen BR, Ehrlén J, Abdelfattah
A, Stenlund H, Pawlowski K, Tack AJM (2022b) Single, but not
dual, attack by a biotrophic pathogen and a sap-sucking insect
affects the oak leaf metabolome. Front Plant Sci, 13

Van Dijk LJA, Regazzoni EDE, Albrectsen BR, Ehrlén J, Abdelfat-
tah A, Stenlund H, Pawlowski K, Tack AJM (2022) Single,
but not dual, attack by a biotrophic pathogen and a sap-suck-
ing insect affects the oak leaf metabolome. Front Plant Sci
13:897186

Vivas M, Zas R, Sampedro L, Solla A (2013) Environmental maternal
effects mediate the resistance of maritime pine to biotic stress.
PLoS ONE, 8 (7), 70148

Vivas M, Kemler M, Mphahlele MM, Wingfield MJ, Slippers B (2017)
Maternal effects on phenotype, resistance and the structuring of
fungal communities in Eucalyptus grandis. Environ Exp Bot
140:120-127

Vivas M, Wingfield MJ, Slippers B (2020) Maternal effects should be
considered in the establishment of forestry plantations. For Ecol
Manage 460:117909

Volz R, Park J-Y, Harris W, Hwang S, Lee Y-H (2021) Lyso-phos-
phatidylethanolamine primes the plant immune system and pro-
motes basal resistance against hemibiotrophic pathogens. BMC
Biotechnol 21(1):12

Walker TWN, Alexander JM, Allard P, Baines O, Baldy V, Bardgett
RD, Capdevila P, Coley PD, David B, Defossez E, Endara M,
Ernst M, Fernandez C, Forrister D, Gargallo-Garriga A, Jassey
VEIJ, Marr S, Neumann S, Pellissier L, Pefiuelas J, Peters K,
Rasmann S, Roessner U, Sardans J, Schrodt F, Schuman MC,
Soule A, Uthe H, Weckwerth W, Wolfender J, Van Dam NM,
Salguero-Gémez R (2022) Functional traits 2.0: the power of the
metabolome for ecology. J Ecol 110(1):4-20

Walker TWN, Schrodt F, Allard P-M, Defossez E, Jassey VEJ,
Schuman MC, Alexander JM, Baines O, Baldy V, Bardgett RD,
Capdevila P, Coley PD, Van Dam NM, David B, Descombes
P, Endara M-J, Fernandez C, Forrister D, Gargallo-Garriga A,
Glauser G, Marr S, Neumann S, Pellissier L, Peters K, Rasmann
S, Roessner U, Salguero-Gomez R, Sardans J, Weckwerth W,
Wolfender J-L, Pefiuelas J (2023) Leaf metabolic traits reveal
hidden dimensions of plant form and function. Sci Adv. https://do
i.org/10.1126/sciadv.adi4029

Wasternack C, Feussner I (2018) The oxylipin pathways: biochemistry
and function. Annu Rev Plant Biol 69(1):363-386

@ Springer


https://doi.org/10.1126/sciadv.adi4029
https://doi.org/10.1126/sciadv.adi4029
https://www.R-project.org/
https://doi.org/10.1021/ac901143w
https://doi.org/10.1021/ac901143w

18 Page 14 of 14

Journal of Chemical Ecology (2026) 52:18

Wedow JM, Burroughs CH, Acosta R, Leakey L, A.D.B., and, Ain-
sworth EA (2021) Age-dependent increase in a-tocopherol and
phytosterols in maize leaves exposed to elevated Ozone pollution.
Plant Direct, 5 (2), e00307

WeiN, Tan J (2023) Environment and host genetics influence the biogeog-
raphy of plant microbiome structure. Microb Ecol 86(4):2858-2868

Womack AM, Artaxo PE, Ishida FY, Mueller RC, Saleska SR, Wiede-
mann KT, Bohannan BJM, Green JL (2015) Characterization of
active and total fungal communities in the atmosphere over the
Amazon rainforest. Biogeosciences 12(21):6337-6349

Xie J, Ma Y, Li X, Wu J, Martin F, Zhang D (2023) Multifea-
ture analysis of age-related microbiome structures reveals

@ Springer

defense mechanisms of Populus tomentosa trees. New Phytol
238(4):1636-1650

Yergeau E, Bell TH, Champagne J, Maynard C, Tardif S, Tremblay J,
Greer CW (2015) Transplanting soil microbiomes leads to lasting
effects on Willow Growth, but not on the rhizosphere Microbi-
ome. Front Microbiol, 6

Ziist T, Heichinger C, Grossniklaus U, Harrington R, Kliebenstein DJ,
Turnbull LA (2012) Natural enemies drive geographic variation
in plant defenses. Science 338(6103):116-119

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	﻿The Effects of Acorn Origin, Environmental Microbiomes and Local Adaptation on the Leaf Metabolome
	﻿Abstract
	﻿Introduction
	﻿Methods and Materials
	﻿Collection of Acorns, Soils and Canopies
	﻿Experimental Setup and Sampling
	﻿Trait Measurements
	﻿Metabolomic Analyses
	﻿Statistical Analyses

	﻿Results
	﻿Impact of the Soil Microbiome, Canopy Microbiome, Acorn Origin and Home vs. Away Treatments on the Leaf Metabolome
	﻿Impact of the Soil Microbiome, Canopy Microbiome and Acorn Origin on Plant Traits

	﻿Discussion
	﻿Conclusion
	﻿References


