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Mediterranean ecosystems, one of the most significant global hotspots of
biodiversity, are threatened by invasive weeds. Although endomicrobiomes -
the vast array of microbes colonising living plant tissues - are known to affect
plant fitness, their contribution to weed invasiveness remains virtually
unknown. Here, we experimentally assess the role of the endomicrobiome in
the invasiveness of Taraxacum officinale (common dandelion), a widespread
weed in Mediterranean ecosystems worldwide. In a culling experiment across
five generations, we compare the fitness of T. officinale from these ecosystems
on five continents grown with intact or reduced native seed-borne endomi-
crobiomes. Additionally, we report a competition experiment with F; and Fs
individuals assessing their impacts on native local Asteraceae species. We
found that T. officinale individuals harboring intact endomicrobiomes show
faster and more favorable trait development compared with individuals with
reduced endomicrobiomes. Enhanced competitiveness of endomicrobiome-
colonised T. officinale plants with local Asteraceae species is apparently caused
by increased synthesis of allelochemicals in shoots and rhizosphere soil, with
gene expression analyses also showing the endomicrobiome to affect the
expression by T. officinale of stress response and RNA-directed DNA methy-
lation genes. Our findings provide insights into the mechanisms underlying
weed invasiveness in Mediterranean ecosystems.

Mediterranean ecosystems cover only 5% of the Earth’s land surface
and yet support 20% of vascular plant species, and are thus considered
to be global biodiversity hotspots’. Currently, these ecosystems face
multiple and severe threats, including invasion by alien weed species,
which presents a significant risk to their rich native biodiversity and the
well-being of their ~500 million human inhabitants’. Invasive alien
plant species cause huge economic losses, with plant invasions

incurring costs totalling -$4 billion per annum worldwide’, and almost
$10 billion over three decades in the Mediterranean Basin alone®.
Invasive species can disrupt ecosystem services, such as water avail-
ability and nutrient cycling, and also increase the frequency and
intensity of wildfires, compounding their ecological and economic
impacts®®. Hence, understanding the mechanisms underlying the
success of alien plant species remains a fundamental goal in invasion
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ecology’. This knowledge is key to curtailing the impacts of alien
species and to developing effective programs to manage invasive
weeds in Mediterranean ecosystems®’,

Non-native plant species colonising new habitats often undergo
adaptive evolution, explaining - at least in part - the success of the
invasion process'* "% Following arrival in a new community, a lag phase
occurs until a plant species increases in abundance and transitions to
becoming invasive”. This lag phase is primarily due to initially low
population size and genetic variability, which require time to increase
and diversify in response to local selection pressures®. For instance,
invasive plant species demonstrate remarkable climate adaptability in
their invading ranges", manifested as differentiation among popula-
tions in key functional traits enhancing fitness and mechanisms of
environmental tolerance™'®. However, although research has focused
on genetic differentiation or local adaptation as mechanisms under-
lying the rapid adaptation rates of invasive species”, the potential role
of the endomicrobiome - i.e., the microbes (predominantly fungi and
bacteria) colonising mature and healthy plant tissues™ - has garnered
little attention as a factor explaining the invasiveness of weed species
(but see refs. 19,20).

The endomicrobiome is known to confer ecological advantages
and physiological benefits to plants, including enhanced nutrient
uptake, competitive ability, and tolerance to biotic and abiotic
stresses” . However, its role in plant invasiveness in new habitats
remains unknown’?**, In one of the few studies to have empirically
measured feedbacks between the host genotype and the endomicro-
biome, repeated exposures to a herbicide led to herbicide-resistant
populations of the invasive weed Echinochloa crus-galli*®, which
stemmed from co-adaptation between host plants and their vertically
transmitted seed microbiome”*, After five generations, the selected
microbiome showed enrichment in a bacterial taxon (Pantoea deleyi
SH-355) capable of inducing the expression of genes associated with
the metabolism of xenobiotics, such as those encoding for cyto-
chrome P450 monooxygenases and glutathione transferase”. Simi-
larly, an initially strong genotypic effect of Solanum lycopersicum on its
endomicrobiome declined over successive generations, resulting in a
convergent yet robust microbiome resistant to external invasions®.
Although these studies suggest a significant role of the microbiome in
plant invasiveness, empirical evidence linking endomicrobiomes to
plant competitive ability is still absent from the literature.

Accordingly, we conducted a series of laboratory selection (i.e.,
culling) experiments using Taraxacum officinale F.H. Wigg. (Aster-
aceae, common dandelion), a species originating in Eurasia that has
become one of the most successful and widespread invasive weeds
worldwide®. For this, we collected seeds of T. officinale from Medi-
terranean ecosystems on five continents and conducted experiments
to investigate changes in the invasiveness traits of plants grown across
five generations with intact or reduced local seed-borne endomicro-
biomes. We selected and reproduced genotypes with the highest
performance in each generation, measured by an integrated perfor-
mance index based on plant fitness proxies. By calculating Haldanes™,
we compared the micro-evolutionary rates of the index across gen-
erations. Furthermore, we evaluated the competitive ability of T. offi-
cinale grown with its intact seed-borne endomicrobiome in the first
(Fy) and fifth (Fs) generations against a phylogenetically closely-related
plant species native to each of the five Mediterranean ecosystems
studied. We explored potential mechanisms involved in this compe-
titive interplay by measuring soil and shoot concentrations of allelo-
chemical phenolic compounds®. Finally, the expression by T. officinale
of genes associated with different aspects of invasiveness, including
fitness, environmental tolerance and epigenetic variation, was mea-
sured in the F; and Fs generations. Whilst our experiments could not
differentiate between changes in plant phenotype caused by the seed-
borne endomicrobiome and genetic drift or maternal effects and other
factors® - and thus did not explicitly test for microbiome-associated

adaptive evolution—this approach enabled us to determine whether
the endomicrobiome influences the development of fitness traits
associated with the invasiveness of a globally important weed.

Results and discussion

Our study provides evidence that the vertically transmitted seed-borne
endomicrobiome enhances the development across several genera-
tions of traits associated with the invasiveness of T. officinale. It indi-
cates that endomicrobiome-associated traits, such as the enhanced
expression of stress tolerance genes and production of allelochem-
icals, confer competitive ability on the weed against native plant spe-
cies. Although our experiments did not track genetic lineage, measure
genome-wide variation, artificially select microbial communities or
involve reciprocal transplants of host and microbiome*, they never-
theless detected consistent, multigenerational shifts in fitness-related
traits of T. officinale colonised by seed-borne endomicrobiomes.
Whilst other factors, notably maternal effects®, could in part explain
the plant phenotypic changes reported here, the observations support
responses directly mediated by the seed-borne endomicrobiome.

The endomicrobiome drives plant invasion success

After five generations of experimental selection based on a perfor-
mance index calculated from integrated measurements of maximum
photosynthetic rate, flower head and viable seed production (see
“Methods”), distinct developmental trajectories were observed
between T. officinale individuals grown with their intact or reduced
seed-borne endomicrobiomes (hereafter referred to as E and E plants,
respectively). E" plants, which were generated using a fungicide and a
bactericide with no effects on plant growth (see “Methods”), con-
sistently exhibited slower and less positive trait development than E*
plants, which was evident in the performance index for the T. officinale
populations from each continent and the global mean (Fig. 1) and the
three individual traits from which the index was calculated (Supple-
mentary Figs. 1-3). The highly significant endomicrobiome x time
(generation) factor in all linear mixed models (Supplementary
Data 1-4), along with the significant differences in fitted slopes
between E and E* plants (Supplementary Data 5), supported these
findings. Microevolutionary rate, expressed in Haldanes (the average
change in the performance index, in units of standard deviations and
corrected for the number of generations) was significantly faster in E*
plants than in E plants, again for populations from each continent and
for the global mean (Fig. 1, and Table 1, Supplementary Fig. 4). Simi-
larly, supplementary experiments confirmed that the endomicro-
biome enhanced the performance of T. officinale, with E plants
inoculated with seed-borne microbes displaying the same maximum
photosynthetic rate, flower production, biomass and survival as E
plants (Supplementary Fig. 5).

These findings highlight the central role of the seed-borne endo-
microbiome in enhancing the fitness of the invasive weed species T.
officinale. The enhanced photosynthetic rate, flower head production
and viable seed output observed in E' plants across generations
demonstrate how the endomicrobiome boosts traits linked to com-
petitive capacity, specifically the ability to convert available resources
(i.e., photosynthetic rates) into reproductive output (i.e., flowers and
viable seeds). Nevertheless, populations from each continent varied in
their responses to seed-borne endomicrobiomes, with clear inter-
generational reductions in the performance and micro-evolutionary
rates of E' T. officinale plants from Europe, South America and Africa,
but null and positive effects on those of E T. officinale from North
America and Oceania over five generations, respectively (Fig. 1). This
variation was reflected in the global trend, which, despite showing
significant differences between E" and E* plants in both the individual
traits and the overall performance index, showed far more variability
within the two groups relative to those observed in each Mediterra-
nean ecosystem (Fig. 1; and Supplementary Fig. 1-3).
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Fig. 1| Distribution of the sampled populations of Taraxacum officinale in
Mediterranean ecosystems on five continents. The inset graphs show inter-
generational changes in a performance index derived from three fitness-related
traits (maximum photosynthetic rate, flower head production and viable seed
number; see “Methods”). For each continent, coloured and grey regression lines
represent the three sampled populations grown with intact (E*) or reduced (E")
seed endomicrobiomes, respectively, with each point corresponding to one bio-
logical replicate (n =5 individuals per population and generation). Accordingly, the

global dataset comprises 75 E* and 75 E- individuals per generation (15 from each
continent). Barplots show the average micro-evolutionary rate (Haldanes) calcu-
lated for the three populations within each continent. Comparisons between E* and
E~ rates were performed using two-sample t-tests (n = 3; two-sided). Values shown
in bar graphs are means + SD, with asterisks denoting differences between means
(*; p<0.01and ***; p < 0.001). All p values were corrected for multiple comparisons
using Benjamini-Hochberg FDR (g = 0.05). Detailed results from the LMM analyses
and t-tests are provided in Supplementary Data 1 and 12, respectively.

The role of the endomicrobiome in interspecific competition

Having established that the endomicrobiome positively influences the
fitness of T. officinale from Mediterranean ecosystems, we sought to
further evaluate the ecological implications of this effect for the
invasiveness of the species. To this end, we assessed competition,
measured by the relative competition intensity index®, between E* T.
officinale and a local native Asteraceae species from each continent,
and compared values of the index between the F; and Fs generations.
Although this experimental design did not include a direct comparison
between Fs plants grown with intact or reduced endomicrobiomes, it
measured the cumulative impacts of selection over five generations on
the competitiveness of T. officinale grown with its intact seed-borne
endomicrobiome. After five generations, E* T. officinale plants exhib-
ited increased competitiveness, as indicated by the relative biomass
gains among Fs plants compared with F; individuals, and the detri-
mental effect on local native plant species (Fig. 2). Although relative
biomass gains among E* T. officinale Fs plants were not observed in all
populations, significant biomass losses were evident across all Medi-
terranean ecosystems among native Asteraceae species, mainly when
grown with E* T. officinale Fs individuals compared with F; plants
(relative to monoculture, Fig. 2; Supplementary Data 6). Interestingly,
despite the absence of inter-generational changes in relative biomass
gain among T. officinale plants from California and Chile, these
populations nevertheless exerted negative effects on their respective
local native species in the Fs compared with the F; generation (Fig. 2).

Although we cannot exclude the possibility of maternal effects
influencing the outcome of this experiment®, these findings suggest
that T. officinale benefits from seed-borne endomicrobiomes that
enhance its competitive advantage over Asteraceae species native to
each continent (see “Methods”). They partially support the evolution
of increased competitive ability hypothesis®, and indicate that the
endomicrobiome, and not a lack of specialised predators or enemies,
could explain the enhanced performance of T. officinale in its invaded
range. They also suggest that, if microbiomes had been exchanged
between T. officinale and each Asteraceae species (see “Methods”),
then those associated with E* seeds did not benefit the native plant
species. In addition to the increased competitive ability hypothesis, a
further mechanism, the novel weapons hypothesis®’~%, has been pro-
posed to explain the role of microbes in improving plant invasiveness’.
This hypothesis states that the competitive advantage of invasive
plants derives from their ability to release allelopathic chemicals that
inhibit the growth of native plants lacking protective mechanisms
against these compounds. We accordingly measured phenol con-
centrations in the soil and shoots of T. officinale and its local native
Asteraceae species when grown in interspecific competition or in
monoculture. The experiment revealed that when subjected to com-
petition, E* T. officinale plants increase the production of phenolics in
surrounding soil and in shoots, with a more pronounced effect when
grown in interspecific competition compared with in monoculture,
and with this pattern being consistent across all Mediterranean
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Table 1 | Micro-evolutionary rates of Taraxacum officinale

Continent Experimental groups Photosynthesis (Anax) Flower head Viable Performance index
production (n) seeds (n)
Oceania E- 0.39 (+0.056) * 0.05 (+0.088) ™ 0.42 (+0.015) * 0.34 (+0.027)*
E+ 0.54 (+0.009) * 0.32 (+0.125) * 0.42 (+0.024) * 0.46 (x0.019)*
North America E- -0.04 (x0.112) ™ -0.24 (+0.028) * 0.35 (+0.093) * 0.06 (+0.094) "™
E+ 0.46 (+0.036) * 0.31(x0.029) * 0.55 (+0.016) * 0.5 (x0.021) *
South America E- 0.11(x0.083) ™ -0.3(+0.042) * -0.39 (+0.018) * -0.34 (+0.016) *
E+ 0.5 (+0.007) * 0.08 (+0.134) ™ 0.55 (+0.031) * 0.51 (x0.046) *
Africa E- -0.5 (+0.039) * -0.29 (+0.059) * -0.35 (+0.033) * -0.39 (+0.047) *
E+ 0.09 (+0.063) * 0.07 (+0.127) ™ 0.23 (x0.058) * 0.14 (+0.063) ™
Europe E- -0.16 (+0.115) ™ -0.39 (x0.112) * -0.43 (+0.119) * -0.42 (x0.12) *
E+ 0.48 (+0.005) * 0.12 (x0.193) ™ 0.38 (+0.032) * 0.4 (x0.043) *
Global E- -0.04 (x0.311) ™ -0.23 (+0.167) * -0.08 (+0.399) " -0.17 (+0.287) *
E+ 0.41(x0.173) * 0.18 (x0.16) * 0.43 (+0.128) * 0.38 (+0.147) *

Rates, expressed in Haldanes, were measured after five generations of artificial selection for best individual performance (see “Methods” for details) in populations of plants grown with intact (E*) or
reduced (E) seed-borne endomicrobiomes (n =3 populations per continent). The sign of each mean rate indicates the direction of change. The standard deviation of each mean value is shown in
parentheses. Average rates that were significantly different from zero are marked with an asterisk (* one-sample, two-tailed t-tests, a = 0.05; Supplementary Data 12). For a given continent and trait,

pairs of rates marked with an asterisk differed significantly between experimental groups (E vs.

E’; two-sample, two sided t-test, a < 0.05; for details see Supplementary Fig. 4). All p values were

corrected for multiple comparisons using Benjamini-Hochberg FDR (g = 0.05). Abbreviations: An,.x, maximum photosynthetic rate; ns, not significant.

ecosystems (Figs. 3-4). In contrast, no changes to phenolic con-
centrations in soils and shoot tissues were observed between F; and Fs
native Asteraceae plants grown in monoculture (Figs. 3-4).

While the role of host-microbe interactions in shaping the mac-
roevolutionary trajectories of plants is well-recognised*’, our findings
suggest that the endomicrobiome significantly influences plant com-
petitiveness over timescales of just a few generations. They build upon
previous research demonstrating that microbes can enhance plant
fitness by inducing physiological changes such as increased stress
tolerance and the production of defence compounds*®~**. Mechanisms
involved include the secretion into the rhizosphere of chemicals
mimicking plant hormones, the modulation of plant gene expression
to trigger physiological changes enhancing plant stress tolerance, and
the synthesis of plant growth-promoting hormones*°. Collectively, our
competition experiments demonstrate that microbial symbionts may
significantly enhance the invasive potential of T. officinale, primarily
through the increased synthesis of phenolic compounds, which have
well-established roles in plant defence against herbivory and compe-
titive interactions with other plants*. These findings align with recent
research showing that inoculation with fungal endophytes from
extreme environments augments plant fitness and stress tolerance by
promoting the production of allelopathic phenolic compounds in the
rhizosphere**.

Molecular mechanisms drive endomicrobiome-mediated trait
development

We compared the relative expression of genes in E and E* T. officinale
plants in order to explore the role of putative molecular mechanismsin
the observed inter-generational changes. Independent ¢-tests showed
that, from a global perspective, intact endomicrobiomes typically
increased the expression by T. officinale of CHS, COR47, HSP and LEC
genes across generations (Fig. 5). These genes are associated with the
synthesis of secondary metabolites such as phenols, tolerance to
drought and heat and increased seed production, respectively, sup-
porting the findings described above. In addition, increased expres-
sion of CHROMOMETHYLASE3 (CMT3), a gene associated with DNA
methylation maintenance, was observed in E* plants (Supplementary
Fig. 6), indicating that an increase in DNA methylation activity in E*
plants on specific (although yet to be discovered) genes may enhance
their expression levels®. Similarly, in the medicinal plant species Salvia
miltiorrizhiza, increased methylation levels of genes associated with
the biosynthesis of phenolic acids and tanshinones is concomitant

with both increased gene expression and contents of these
compounds®. Furthermore, in the plant species Artemisia annua, the
endophytic symbiont Pseudonocardia sp. upregulates genes asso-
ciated with the synthesis of artemisinin, a potent drug for malaria
treatment*®*’, which inhibits the germination and vegetative growth of
several other plant species*®. The only gene that was under-expressed
by E' T. officinale plants was IAAI2 (Fig. 5), which is associated with
auxin repression, perhaps accounting for the increased flower head
production of plants colonised by the endomicrobiome (Supplemen-
tary Fig. 2). As for the phenotypic results, gene expression profiles
varied to some extent between populations, with no inter-generational
effects on the expression of the CHS and HSP genes in the Spanish
population, the COR47 gene in Australian and American populations
and the LEC gene in the South African population (Fig. 5). These
observations suggest that endomicrobiomes from different geo-
graphical locations may differ in their abilities to influence plant gene
transcription across generations. However, collectively, our findings
suggest that the endomicrobiome affects gene expression in T. offici-
nale (including RNA-dependent DNA methylation mechanisms), likely
underpinning the invasiveness of the weed in Mediterranean
ecosystems.

Summary and outlook
Plant invasions cause huge financial losses each year worldwide?,
notably in densely-populated Mediterranean ecosystems*. Advan-
cing our knowledge of plant invasiveness in these ecosystems is
hence pivotal to constraining these losses and designing effective
weed management programmes. Here, we have shown that the ver-
tically transmitted seed-borne endomicrobiome is a critical factor in
the development of invasiveness traits in T. officinale, one of the
most aggressive invasive weeds worldwide®. By suppressing the
seed-borne endomicrobiomes of T. officinale plants and maintaining
this condition over several generations, we were able to slow the trait
development of the plant species, with negative effects on fitness-
related traits such as photosynthetic rate and fecundity. These
findings hold promise for the management of this, and other, inva-
sive plant species in Mediterranean ecosystems through microbiome
manipulation*® rather than through the application of glyphosate, a
herbicide with potential adverse effects on human health and the
environment™.

Despite all T. officinale plants being grown in the same sterile soil
and sand mixture (see “Methods”), variation was observed here in the
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Fig. 2 | Inter-generational (F; vs. Fs) changes in the relative competition index
(RCI) of native Asteraceae plant species from five continents and the local
population of E' Taraxacum officinale. The RCI quantifies the biomass change of
plants under competition relative to monoculture (negative = reduced biomass;
positive = increased biomass). For each region, the means are the averages of nine
biological replicates per generation, each corresponding to an independent plant
pair, with bars showing standard deviations. Accordingly, there were 45 replicates

per generation in the global analysis. Bars not differing from zero (one-sample, two-
sided t-tests; Supplementary Data 6) are indicated with a black arrow. Significant
inter-generational differences (two-sample, two-sided t-tests; a = 0.05; Supple-
mentary Data 7) are denoted with asterisks (*; p <0.05, **; p < 0.0L; **; p < 0.001).
Abbreviation: ns, not significant. All p values were corrected for multiple compar-
isons using Benjamini-Hochberg FDR (g = 0.05).

phenotypic and genotypic responses of different populations of the
species. Whilst all populations of E* plants showed positive trait
development, inter-generational declines in traits were observed in
populations of E* plants from South America, Europe and Africa, with

null and positive trends being observed in E plants from North
America, and Oceania, respectively. These findings, together with the
variation observed between populations in gene expression, suggest
that different populations of T. officinale may be colonised by
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Fig. 3 | Independent comparisons of phenol concentrations in soils of F; and Fs
generations of Asteraceae plant species native to each continent and the
corresponding local population of E' Taraxacum officinale. Plants were grown
either in monoculture (no shading) or in interspecific competition (grey shading).
Boxplots show the interquartile range, and dots represent individual biological
replicates (one plant pair). For each region and generation, phenolic measurements
were based on nine independent soil samples from an equal number of plant pairs

per treatment (Native, T. officinale, or Competition). Accordingly, the global data-
set consisted of 45 plants per pair type and generation. Significant inter-
generational differences (two-sample, two-sided t-tests; a = 0.05; Supplementary
Data 8) are denoted with asterisks (*; p < 0.05, **; p<0.01; **; p<0.001). Abbre-
viation: ns, not significant. All p values were corrected for multiple comparisons
using Benjamini-Hochberg FDR (g =0.05).

endomicrobiomes of different taxonomic composition, leading to
variation in the development of plant invasiveness traits. Interactions
with native soil microbiomes may introduce further variation into the
response of T. officinale to the seed-borne endomicrobiome®. How-
ever, the successful establishment of the weed species in all five
Mediterranean-type ecosystems studied here, as well as its global
success®, suggests that it benefits from positive effects of the seed-
borne endomicrobiome across diverse edaphic conditions.

Genetic mechanisms may also be responsible for the observed
variation between T. officinale populations in their responses to the
endomicrobiome. Since the seeds of T. officinale can be of sexual or
asexual (apomictic) origin in diploid or polyploid forms®, choosing
those from the fittest plants in each E* line in the experiments reported
here could have selected for either plant genotypes or phenotypes and
their associated microbiomes. In the former scenario, we would expect
an increase in plant fitness resulting from the co-selection of plant
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plants native to each continent and the corresponding local population of E
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shaded panels show the responses of T. officinale. Boxplots represent the inter-
quartile range, and dots represent individual biological replicates (n =9). Sig-
nificant inter-generational differences (two-sample, two-sided t-tests; a = 0.05;
Supplementary Data 9) are denoted with asterisks (*; p < 0.05, **; p < 0.0L; ***;
p<0.001). Abbreviation: ns, not significant). All p values were corrected for
multiple comparisons using Benjamini-Hochberg FDR (g = 0.05).

genotypes and their associated microbiomes. In the latter, the majority
of phenotypic advancements in E* plant lines could be attributed to
alterations in the endomicrobiome. The between-continent variability
could thus have resulted from interactions with different selected
genotypes, potentially influenced by distinct reproductive strategies
among the plants. This variability likely led to the differential expres-
sion of genes associated with stress tolerance (COR47 and HSP) and
growth and seed production (/AA12 and LEC) in E* lines compared with
E lines in the F; and Fs generations. Distinct reproductive strategies
among the plants could also explain why some E* lines responded and
why some E lines did not respond to the selective pressure favouring
the fittest individuals.

In conclusion, our study shows the enhancement of fitness-related
plant traits in the presence of the endomicrobiome across five

generations of T. officinale from Mediterranean ecosystems on five
continents, indicating that the endomicrobiome underpins the inva-
siveness of this aggressive weed. Contemporary adaptations can
amplify the impact of an invading species by increasing its abundance,
environmental tolerance and dominance within a community, poten-
tially altering its ecosystem functions’**, In an increasingly anthro-
pized world in which native plants are constantly confronted with alien
species, studies of invasive plants and their native competitors, as well
as the endomicrobiome-mediated interplay between invasive and
native species, represent pivotal areas for future research. Our findings
are critical for unravelling the role of endomicrobiomes in the devel-
opment of invasiveness traits in weed species, as well as for ensuring
the conservation of hyper-diverse Mediterranean ecosystems in the
face of global change.
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erations across five continents. Bars show the mean ratio (+ - SD) between the
relative expression levels of plants grown with intact (E*) or reduced (E") seed-
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expression in E* relative to E” plants; ratios < 1 indicate under-expression. For each
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Means not differing statistically from 1 (i.e., no detectable endomicrobiome effect)
are indicated with arrows (one-sample, two-sided ¢-test; Supplementary Data 10).
Significant between-generation comparisons (F; vs. Fs; t-tests, Supplementary
Data 11) are denoted with asterisks (*; p < 0.05, **; p <0.01; ***; p < 0.001). Abbre-
viation: ns, not significant. All p values were corrected for multiple comparisons
using Benjamini-Hochberg FDR (g =0.05).

Methods

Seed collection and production of plant material

Seeds of Taraxacum officinale (Asteraceae) were collected from Med-
iterranean ecosystems on five continents (Fig. 1). Three populations,

geographically distanced by ca. 40-60 km, were selected on each
continent (North America: 37°17°N-121°44 W~, 36°55°N-121°31"W
and 36°37°N-121°48"W; South America: 34°08°S-70°44"W,
34°37°S-70°52"W and 34°57°N-71°12"W; Europe: 37°44°"N-00°54"E,
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38°06°'N-00°40°E and 37°32°N-01°23°E; Africa: 33°45°S-18°30°E,
34°04°S-18°50"E and 34°20°S-19°12°E; Oceania: 34°43°S-138°39°E,
35°07°S-138°02°E and 35°20°S-139°027E). In each population, ~five
seeds per individual were collected from ca. 50 widely spaced maternal
plants in ruderal areas. All seeds were stored in paper bags under dry
conditions until their use in the manipulative experiments. Seeds from
each of the 15 populations were pooled and germinated under glass-
house conditions (air temperature 29+4°C and solar radiation
1723 + 365 pmol m? s PAR during daylight hours). The Fq generation
of T. officinale was germinated from this seed pool and was grown in a
glasshouse at the University of Talca, Chile. Fo plants were placed in
750-ml plastic pots filled with autoclaved field soil and sand (2:1), and
irrigated every three days with 75 ml of tap water for five months until
they produced seeds. These seeds were used to obtain F; experimental
plants. Plants from the F; generation were germinated at 30 +2 °C on
wet filter paper in plastic boxes, and the seedlings were planted in 1L
capacity plastic pots filled with autoclaved potting soil (field soil and
sand, 2:1v/v).

One week after the appearance of the first true leaf, half of the
plants were irrigated with 50 ug mL™ of rifampicin, a potent and broad-
spectrum systemic antibiotic, and the commercial broad-spectrum
systemic fungicide Benlate, to obtain individuals with a reduced
complement of local seed-borne endomicrobiomes (hereafter referred
to as E plants). The remainder were irrigated with sterile tapwater in
order to retain their local endomicrobiomes, i.e., the vertically trans-
mitted seed-borne endomicrobiome acquired from each of the five
continents (hereafter E* plants). By propagating from the seeds of E or
E* plants over five generations, we were able to maintain plants with
reduced or intact endomicrobiomes, respectively (Supplementary
Fig. 7). In agreement with previous studies***°, treatment with rifam-
picin or Benlate did not result in any visible symptoms or detectable
differences in the growth or development of E plants. The presence of
the endomicrobiome was confirmed by observing aniline blue-stained
fungal hyphae in leaf, stem and root cross-sections in ca. 2% of plants
(Supplementary Fig. 7). In addition, surface-sterilised leaf, stem and
root fragments from the same T. officinale individuals were pressed
into potato dextrose agar (PDA, Difco, USA) in 90 mm diameter Petri
dishes and incubated for 15 days at 27 + 2 °C. These analyses confirmed
that E plants were apparently free of seed-borne endomicrobiomes.
Only plants in which fungal hyphae were observed, or from which fungi
or bacteria were grown, were considered to be colonised by endomi-
crobiomes and were used in the experiments described below.

Finally, two seeds from each individual plant from each popula-
tion were randomly selected to assess for the presence of the seed
endomicrobiome. First, one seed was cut in half transversely with a
razor blade and was stained with aniline blue prior to observation at
400x magpnification (Motic BA310) to record stained fungal hyphae.
Second, the remaining seed from each plant was pressed into potato
dextrose agar (PDA, Difco) in 90 mm diameter Petri dishes prior to
being incubated at 18 °C for 2 weeks. Maternal plants were considered
to be endomicrobiome-reduced when no fungal hyphae were visually
detected in seeds and no hyphal or bacterial growth was observed in
the culture medium. Conversely, plants were considered to have intact
endomicrobiomes when stained hyphae were visible in the seeds and
when either fungal hyphae or bacteria grew from the seeds onto the
medium. Although we did not confirm the absence of bacterial cells
from E seeds using microscopy, it is unlikely that unculturable bacteria
survived in rifampicin-treated seeds, since this antibiotic has a high
affinity for bacterial DNA-dependent RNA polymerase®’. Consequently,
irrespective of culturability, it inhibits protein synthesis, halting the
growth of, and ultimately killing, bacterial cells.

Culling experiment
To measure the performance of E and E* T. officinale plants, we cal-
culated an integrated index of seed output, flower head production

and photosynthetic rate in a five generation laboratory culling
experiment®. Five E and five E* plants from each of the 15 populations
were grown for five generations at 33 + 3 °C in the same sterile soil and
sand mixture as described above. The use of a single sterilised sub-
strate allowed the effect of the vertically transmitted seed-borne
endomicrobiome on T. officinale to be isolated, eliminating variability
between populations caused by the influence of local soil microbiota
on seed-borne endomicrobiomes®. The mixture had a water potential
of ca. =36 + 8 kPa, mimicking frequent summer conditions in Medi-
terranean ecosystems. Capitula from E” and E" individuals from each of
the 15 populations were enclosed in nylon mesh bags and were allowed
to self-pollinate. Although T. officinale is capable of cross-pollination in
sexually reproducing diploid individuals, apomixis is common in
polyploids, leading to offspring genetically identical to the mother
plants®. Therefore, any potential variation in the mating and or
reproductive traits reflects the characteristics of the experimental
populations. From each population in each generation, the three
individuals with the highest seed output (or, as tiebreakers, flower
head production or photosynthetic rate) were selected to produce the
next generation. Seeds from these selected individuals were used to
generate five new plants for the next generation, always maintaining 15
individuals per condition (E and E*) and generation in each of the three
populations from each continent.

Cumulative flower head production (i.e., the number of floral
heads) was recorded every three days on each T. officinale individual.
Each flower head was labelled in order to avoid duplicate counts. Once
a flower head was closed, indicating the start of seed development, it
was carefully enclosed in a nylon mesh bag to protect it against seed
dispersal. These bagged flower heads were then collected, and the
viable seed output was determined by calculating the proportion of
filled seeds to the total number of florets per flower head, accounting
for both filled, aborted and predated seeds. Finally, maximum photo-
synthetic rate (Anax) Was recorded on healthy leaves with an Infra-Red
Gas Analyzer (CIRAS-2, PP-Systems Haverhill, Amesbury, MA, USA).
During the measurements, the leaf chamber was set at a CO, con-
centration of 400 ppm, temperature of 30 °C and irradiance of 1500
pmol m2s™ PAR.

Effects of the endomicrobiome on plant competitive ability

The influence of the endomicrobiome on the ability of T. offici-
nale to compete with Asteraceae species native to each continent
was tested by calculating the relative competition intensity index
(RCL;*), using final biomass as the response variable. For each of
the five Mediterranean ecosystems, 36 pots (I1-L capacity) con-
taining the same mixture of sterile soil and sand as described
above were prepared, for a total of 180 pots. Nine pots were each
planted with two T. officinale individuals grown from E* seeds,
and another nine pots were each planted with two individuals of
native Asteraceae species occupying similar ecological niches
(Leontodon taraxacoides from Europe, Taraxacum californicum
from North America, Hypochaeris scorzonerae from South Amer-
ica, Ursinia nana from Africa and Actites megalocarpus from
Oceania). All native individuals used in the manipulative experi-
ments were obtained from seeds germinated under the same
conditions as those described above. The remaining 18 pots were
each planted with two individuals of T. officinale (nine pots) and
two individuals of the native Asteraceae species (nine pots). This
assay was conducted with 360 T. officinale individuals from F; and
Fs (nine individuals x four treatments x two generations x five
ecosystems = 360 plants). The 72 pots containing plants from
each continent were divided equally between four automated
growth chambers set to the same environmental conditions as
those described above. The pots were randomised and rotated
among chambers to avoid chamber effects. Note that micro-
biomes may have been exchanged between T. officinale and each
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of the native Asteraceae species (and vice versa) in these
experiments. After 75-90 days, the plants were harvested and the
relative competitive impact of T. officinale (;nyasive) ON its native
counterpart (nqrive) Was calculated as RCI native = ([biomass
native:native ~ biomass natiue:inuasiue]/biomass native:native): and the
resistance of the native counterpart to invasion by T. officinale
was calculated as RCI invasive = ([biomass ;,yasive-invasive ~ Diomass
native:invasivel/DIOMASS  inyasivesinvasive), Where invasive and native
represent the biomasses of T. officinale and its native counter-
part, respectively*’.

To assess the potential effect of plant-to-plant competition
mediated through the exudation of allelochemicals, we measured the
total content of phenolic compounds in fresh biomass and in the soil in
which the plant had been grown using the Folin-Ciocalteu assay (with
gallic acid as the standard®;). Briefly, the phenols in each sample were
extracted with methanol/H,O (4:1, v/v) and homogenised by sonica-
tion. The extracts were then stirred for 1.5 h at room temperature and
centrifuged at 4,200 g before the supernatant was recovered. Super-
natant (100 pl) was oxidised with 200 pl 10% (v/v) Folin-Ciocalteu
reagent, neutralised with 800 pl sodium carbonate, and incubated for
2 h at room temperature. The absorbance of the resulting solution was
measured at 765 nm, using an Epoch microplate spectrophotometer
(BioTek Instruments, Winooski, VT, USA). Finally, phenol concentra-
tion was calculated using a standard curve of gallic acid®.

Effects of the endomicrobiome on T. officinale gene
expression levels
To assess whether the seed-borne endomicrobiome exerts a positive
effect on the ecophysiological performance of T. officinale through
genetic control, we recorded the differential expression of five genes
linked to traits related to invasiveness. The gene expression included
in our assessment corresponded to those associated with floral
development [/AA12], drought stress tolerance [COR47], synthesis of
phenolic compounds [CHS - chalcone isomerase], heat tolerance [HSP]
seed production [LEC], and DNA Methylation [CMT3]. Gene expression
was assessed in E and E* T. officinale plants in generations F; and Fs.
To select these genes, a reference transcriptome assembly of T.
officinale was obtained from publicly available raw Illumina reads
(NCBI accession PRJNA316842; SRA |libraries SRR5342876,
SRR5342878, SRR5342880, SRR5342882, SRR5342884, SRR5342886).
These reads were assembled de novo locally using Trinity version 2.15.1
into 102,882 contigs. The transcriptional abundance was then esti-
mated by aligning raw reads to this transcriptome using BOWTIE, and
by counting mapped reads with RSEM®'. This transcriptome was also
annotated with Mercator4 V5.0 and the Diamond BlastX alignment
tool using the NCBI NR protein database as a reference. From this
annotated set, five protein-encoding contigs, involved in different
plant molecular mechanisms and showing in silico transcriptional
evidence (number of mapped reads > 0), were selected for down-
stream expression analysis using qPCR. Selected contigs encode for:
Chalcone-Flavanone Isomerase type Il (CHS, “Chalcone”), Dehydrin-
COR47 (COR47), Heat Shock Protein 70 (HSP70), Indole-3-acetic acid
inducible 12 (/AA12), LEAFY COTYLEDON 1-LIKE (LECI-LIKE) and
CHROMOMETHYLASE3 (CMT3). Using the contigs’ sequences as tem-
plates, specific qPCR primers were designed using NCBI Primer Blast.
The primers used are listed in Supplementary Data 14.

Statistical analyses

Linear mixed models (LMMs) were employed to examine inter-
generational (temporal) variations in Ay, flower head and viable
seed production, and the integrated performance index. These analyses
were done separately for E and E* T. officinale plants. The continent of
origin was integrated into the error structure of the LMMs as a random
factor, and its significance was assessed using marginal and conditional
R® coefficients. In the context of mixed models, these coefficients

quantify the variance explained solely by the fixed factors or the overall
model (i.e., fixed and random factors), respectively®’. Hence, within each
LMM, the difference between the coefficients equals the role of the
random factor in the model’s performance, i.e. to the local inter-
population variability present in each region. In addition, to explore the
overall trend, a global analysis was also conducted including data from
all 15 populations (three from each continent) in the same model.

For each trait, as well as for the integrated performance index,
deviations of fitted slopes from zero were tested with LMMs. Moreover,
the impacts of symbiotic status on these trends were determined by the
statistical significance of the endomicrobiome x generation interaction
in LMMs, indicating differences in regression slopes between plants with
different endomicrobiome statuses. In addition, we calculated the
micro-evolutionary rate for each trait and the integrated performance
index in Haldanes®. The Haldane unit scales the change in a trait across
generations (i.e., the model slope) by the magnitude of trait variation.
Specifically, we computed Haldanes as the difference between the mean
trait values in the F; and Fs generations standardised by five times the
pooled standard deviation of the population®.

For the competition experiments, we examined differences in the
relative competition index (RCI) for soil and shoot phenol concentra-
tions for E* F; and Fs T. officinale plants, and their corresponding local
native Asteraceae species, after being grown together (native - T.
officinale) or in monoculture (native - native or T. officinale - T. offi-
cinale). Since these variables were derived from competition experi-
ments, the results represent both the effect of invasive T. officinale on
the performance of the local native Asteraceae species (the “native”
experimental group) and the effect on T. officinale of competing
against the local native species (the “invasive” experimental group).
One-sample t-tests were used to determine whether RCI averaged for
each experimental group was statistically different from zero (where O
= no effect of competition) and independent two-sample t-tests were
used to compare the RCI averaged between generations (F; vs. Fs)
within each experimental origin, with significant differences indicating
changes to the invasion potential of T. officinale.

Finally, we also used one and two-sample, two-tailed t-tests, to
evaluate whether the endomicrobiome influences the relative gene
expression of the five stress response genes evaluated in T. officinale
across generations. We first obtained a relative ratio between the
expression levels of genes in E and E* T. officinale plants averaged
among individuals from the F; and Fs generations. We then estimated
the significance of the endomicrobiome in determining the relative
expression levels of each gene in each generation by determining how
different these ratio values were from 1 using one-sample, two-tailed ¢-
test (where 1 = no effect of the endomicrobiome). To determine the
occurrence of a given inter-generational change, we searched for sig-
nificant differences in the expression ratios between F; and Fs plants
using two-sample, two-tailed t-tests, with values > 1 indicating positive
effects of the endomicrobiome on gene expression and those <1
indicating significant genetic repression. Consequently, inter-
generational changes (F; vs. Fs) in relative gene expression levels
were obtained for T. officinale plants from each Mediterranean eco-
system. To control for multiple comparisons across all pairwise t-tests
(both one-sample and two-sample), we applied Benjamini-Hochberg
false discovery rate correction®* at g=0.05 within appropriate test
families, ensuring conservative and statistically robust data inter-
pretation. All data recorded were incorporated into the analyses. All
datasets were tested for normality using the Shapiro-Wilks test, ana-
lyses were performed in the R language and statistical environment
v.4.2.2% using the “nlme” package (v. 3.1-163) for fitting LMMs®, the
“emmeans” package (v. 1.11.1) for slopes estimation and paired
comparisons®” and the “ggplot2” package (v. 4.0.0) for data
visualisation®®.

All figures and graphical elements were generated by the authors.
The world map shown in Fig. 1 was created in R using openly available
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cartographic data from Natural Earth®, rendered and customised for
visualisation purposes. Additional graphical elements (including the
dandelion illustration shown in Fig. 1 and the leaf, flower, and seed
images shown in Supplementary Fig. 4) were created using Canva
(Canva Pty Ltd.) under an active user license, with individual graphical
elements credited to Anna Kuzmina, Hus, DAPA Images, and Gra-
phixmania, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data tables used for the generation of the plots shown in Figs. 1-5,
have been deposited in a publicly available Figshare repository
(https://doi.org/10.6084/m9.figshare.28127108). The transcriptome
assembly generated in this study, as well as the annotated sequences
used as templates for qPCR primer design are available at https://doi.
org/10.6084/m9.figshare.30707714. Supplementary Data 1-14 are
also provided with this paper, in the Supplementary Information File.
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