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Microbial invasion of a toxic medium is facilitated by a resident
community but inhibited as the community co-evolves
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Predicting whether microbial invaders will colonize an environment is critical for managing natural and engineered ecosystems,
and controlling infectious disease. Invaders often face competition by resident microbes. But how invasions play out in
communities dominated by facilitative interactions is less clear. We previously showed that growth medium toxicity can promote
facilitation between four bacterial species, as species that cannot grow alone rely on others to survive. Following the same logic,
here we allowed other bacterial species to invade the four-species community and found that invaders could more easily colonize a
toxic medium when the community was present. In a more benign environment instead, invasive species that could survive alone
colonized more successfully when the residents were absent. Next, we asked whether early colonists could exclude future ones
through a priority effect, by inoculating the invaders into the resident community only after its members had co-evolved for
44 weeks. Compared to the ancestral community, the co-evolved resident community was more competitive toward invaders and
less affected by them. Our experiments show how communities may assemble by facilitating one another in harsh, sterile
environments, but that arriving after community members have co-evolved can limit invasion success.

The ISME Journal (2022) 16:2644–2652; https://doi.org/10.1038/s41396-022-01314-8

INTRODUCTION
Successful colonization of invader microorganisms into sterile
environments or existing microbial communities are common and
can impact ecosystem diversity and function, potentially with
significant consequences [1–3]. A better understanding of the
factors driving microbial invasions may help to prevent the spread
and establishment of invasive species, or to aid the intentional
introduction of a new species for a desired purpose. For example,
it might be desirable to prevent the invasion of a species that
reduces the efficiency of a bioremediation system [4], or to
promote the colonization of probiotic species in the intestinal
microbiome of a patient [5, 6].
What determines the ability of an invasive species to colonize

an existing ecosystem depends on the characteristics of both the
invading species and the resident community [7, 8]. Many
theoretical and empirical studies have established factors that
influence invasion outcome, such as propagule pressure [9–14],
resident community productivity [15], genotypic richness of
invaders [13, 16] or the resident community [3, 13, 17–20],
community niche coverage [3, 21, 22], and abiotic conditions (e.g.,
the presence of antibiotics [23]).
Invasion success may also depend on the sign and strength of

interactions between resident community members, and between
residents and invaders [24]. Previous studies tend to find that
invaders compete with resident species [3, 13, 17, 20, 23, 25, 26],
which is consistent with competition being prevalent in microbial
communities [27–29]. However, in sterile environments, early
colonizers can facilitate the arrival of other species [30–35]. This

occurs when new communities assemble and groups of species
follow one another in so-called “successions”, for example in the
formation of dental plaque [36, 37] or marine particle commu-
nities [32, 33]. Facilitation likely occurs in newly assembling
communities, as sterile environments are typically difficult to
colonize, for example if they have an extreme pH, contain toxic
compounds, or are lacking in easily accessible nutrients or water.
Pioneer species may alter the environment in ways that facilitate
invasion by new species that would otherwise not survive
[24, 38–41]. This is in line with the Stress Gradient Hypothesis
(SGH), which predicts that species are more likely to interact
positively in stressful environments [42–48]. The link between the
SGH and microbial invasion has, however, not yet been explored
experimentally.
As more species colonize the environment and species diversity

increases, previously available niches begin to fill up, such that
competition is expected to increase and invasion success to drop.
The negative relationship between invasion success and species
richness and diversity have been well-established [3, 13, 17–20].
As time passes, resident species may co-evolve to reduce niche
overlap and availability in a way that would prevent further
invasion. The Community Monopolization Hypothesis predicts
that early colonizers adapt to use available resources efficiently,
yielding a competitive advantage against later-arriving species
[31, 49–53], also known as a “priority effect” [31, 53].
Besides invasion success, it is important to consider whether

invaders perturb the resident community, possibly changing
community structure and function [24, 54, 55], even if the invader
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does not manage to establish [56]. One prediction is that co-
evolved resident species would be less perturbed by species
invasion, presumably due to increased niche coverage [49].
Experimentally disentangling the role of the different factors
discussed above on invasion success and robustness against
invasion can be challenging.
Here we aim to test the effect of the two less-well understood

factors (the SGH and priority effects) on bacterial invasion success
and resistance by studying invasion into a synthetic bacterial
community whose composition is fixed at four species: Agrobacter-
ium tumefaciens, Comamonas testosteroni, Microbacterium saperdae,
and Ochrobactrum anthropi. These four species can grow and
bioremediate metal working fluids (MWF) [47, 57], an industrial
fluid used in metal manufacturing. MWFs contain mineral oils,
emulsifiers, and biocides, some of which are toxic to bacteria. In
previous work [47], we showed that when the four species were
grown together in this toxic environment, they facilitated each
other’s survival compared to when they were alone. Instead, when
we added amino acids to make the environment more permissive,
competition between species increased. This system allows us to
study biological invasion while experimentally manipulating
environmental conditions to control interactions between com-
munity members and holding all other factors constant. Another
advantage of this system is that the four species can coexist over
evolutionary time-scales, allowing us to explore the effect of
community co-evolution on microbial invasion.
Using four invader species, Aeromonas caviae, Klebsiella

pneumoniae, Providencia rettgeri, and Pseudomonas fulva that
were isolated from waste MWF (chosen from a set of 20 based on
our ability to distinguish them from the resident species), we first
show that the resident community facilitates invasion of species
that cannot grow alone, but inhibits those that can. Whether or
not species could grow alone was modulated by changes in the
growth medium. Second, after co-evolving the four resident
species for 44 weeks, we found that invasions were still possible in
MWF, but the growth of the invaders was inhibited relative to the
ancestral community and the co-evolved resident species were
less affected by invasions. Together, our results show that
facilitative communities are easier to invade than competitive
ones, but that a co-evolved community is more robust to invasion
compared to an ancestral one.

MATERIALS AND METHODS
Study system
The four bacterial species used to assemble the resident community were
isolated from MWF [57] and are referred to as: Agrobacterium tumefaciens
str. MWF001, Comamonas testosteroni str. MWF001, Microbacterium
saperdae str. MWF001, and Ochrobactrum anthropi str. MWF001 (as in ref.
[47]). The additional four bacterial species, used to invade the resident
community, were kindly donated by Peter Küenzi from Blaser Swisslube
AG, Hasle-Rüegsau and we identified them using MALDI-TOF MS
performed at Mabritec AG, Switzerland as: Aeromonas caviae, Klebsiella
pneumoniae, Providencia rettgeri, and Pseudomonas fulva. We name these
four strains str. Blaser001. As mentioned in the main text, these species
were chosen from a set of 20 isolates, based on our ability to design
selective plates on which the invader but not the resident species would
grow (see Table 1). The choice of invader species might favor species that
differ metabolically from the residents, which could potentially increase
invasion ability, but we expect this effect to be small, given how different
the selective media were from MWF. The MWF (Castrol Hysol XF, acquired
in 2016) was prepared at a concentration of 0.5% (v/v), diluted in water
with the addition of selected salts and metal traces to support bacterial
growth. We also used MWF medium supplemented with 1% casamino
acids (Difco, UK) (MWF+ AA). These media were prepared as in ref. [47].

Experimental setup
To assemble the resident community, a single isolated colony of each
species was selected and inoculated in 10ml of Tryptic Soy Broth (TSB) in
Erlenmeyer flasks (50 ml), then incubated overnight at 28 °C (200 rpm). ToTa
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achieve exponentially growing bacteria, with a final concentration of
∼106–107 CFU/ml, each bacterial species was inoculated at an OD600 of
0.05 measured by spectrophotometry (Ultrospec 10, Amersham Bios-
ciences), in 20ml of TSB in Erlenmeyer flasks (100ml) and cultivated at
28 °C, shaken at 200 rpm. After 3 h, 200 μl of each of the four resident
species were combined and centrifuged (5min, 10,000 rcf). The bacterial
pellet was resuspended in 30ml of MWF or MWF+ AA into borosilicate
glass tubes (16 × 125mm, 30ml).

Transfers
All communities (the four-species or the three-species resident commu-
nities) were incubated at 28 °C and shaken at 200 rpm for seven days in
either MWF or MWF+ AA medium. Every week, 300 μl (1%) of the week-
old culture was transferred into fresh medium and the growth cycle
repeated. Each week, we also harvested 1 ml of each culture, spun it down
at 10,000 rcf for 5 min, resuspended it in glycerol 25% (diluted in PBS) and
stocked it at −80 °C for future analyses. This was repeated for 44 transfers
(weeks) to co-evolve the resident communities or for four transfers in the
invasion assays. The evolutionary experiment was conducted in five
replicate culture tubes for each condition (three- or four-species
community), of which we show only one here (Fig. S1). After the 44 weeks,
we isolated one colony of each species, which we refer to as A. tumefaciens
str. MWF431, C. testosteroni str. MWF431, M. saperdae str. MWF431, and O.
anthropi str. MWF431 for the four-species co-evolved community; and A.
tumefaciens str. MWF351, C. testosteroni str. MWF351, M. saperdae str.
MWF351, and O. anthropi str. MWF351 for the three-species co-evolved
community. This design choice simplified our experiments, but means that
we cannot test how intraspecies diversity affects invasion success.

Invasion assays
Invasion was performed after 2 days of the first transfer of the resident
community. One single colony of each invader species was selected and
inoculated in 10ml of TSB in Erlenmeyer flasks (50ml) and incubated
overnight at 28 °C, shaken at 200 rpm. To achieve exponentially growing
bacteria, with a final concentration of ∼106–107 CFU/ml, each invader
strain was inoculated at an OD600 of 0.05 measured by spectrophotometry
(Ultrospec 10, Amersham Biosciences), in 20ml of TSB in Erlenmeyer flasks
(100ml) and cultivated at 28 °C (200 rpm). After 3 h, 200 μl of the invader
species were centrifuged (5 min, 10,000 rcf). The bacterial pellet was
resuspended in the same medium of the resident community. In total,
200 μl of this suspension were then added to the culture tubes, with or
without the resident communities. For the experiments where propagule
pressure was changed (Figs. S2 and S3), we took either 2 ml or 200 μl for
propagule size 107 or 106, respectively, centrifuged, and resuspended
them. For propagule size 105 or 104, we instead aliquoted 20 μl of cell
suspension into 180 μl of PBS and diluted it once more in PBS for 104,
before centrifuging and re-suspending in the growth medium of the
resident community.

Quantifying bacterial abundance
The abundance of each resident or invader species was quantified before
the inoculation in the MWF or MWF+ AA (before combining resident
species) and before each transfer using serial dilution and selective plating
(Table 1). We also quantified population sizes of the resident species at the
time of invasion (Fig. S4C) and the same approach was used to quantify
growth curves shown in Figs. S5–S8. To define invasion outcomes we used
an invasion threshold representing the dynamics of an invader species
with a growth rate of 0 (its abundance changes only due to dilution, i.e.,
100-fold decrease every transfer from the initial population size). By
subtracting this threshold value from the abundance of the invader species
at transfer four, the invasion is defined as successful if >0 (the growth rate
is positive) or failed if ≤0 (the growth rate is 0 or negative). We used a
Kruskal–Wallis test to assess whether effects were significant. Raw CFU/ml
data and the results of all statistical tests are listed in Dataset 1.

Quantifying growth rates
We quantified bacterial growth rates in Fig. S5 in two ways: first, we took
the difference in CFU/ml between all the measurements on consecutive
days that we had and took the maximum value (panels B and E). We also
computed the fold change between all consecutive CFU/mL measure-
ments and divided that by the number of days between measurements
(panels C and F).

Quantifying pairwise interactions
Pairwise interactions between species (Figs. S6G, S7G, and S8F) were
quantified as in ref. [47]. Briefly, arrow thickness indicates the interaction
strength measured as the ten-fold change in area under the growth curve
(AUC, plotted in Figs. S6F, S7F, and S8E), with the color showing the sign of
fold-change and the p values resulting from a Kruskal–Wallis test
comparing each species alone and with a given partner species. We use
the AUC to represent species growth, as we have found it to adequately
summarize species’ effects on one another, combining growth rate, yield,
and lag phase length [47].

RESULTS
The resident community facilitates the invasion of species
that cannot grow alone
We first ask whether each of the four invader species (A. caviae, K.
pneumoniae, P. rettgeri, and P. fulva), could colonize MWF and to
what extent the resident community promotes or inhibits
invasion. The resident community was cultured in MWF for
1 week, with 1% of the population transferred into fresh media
once a week for a total of 4 weeks (see Methods). Each invader
species was inoculated individually into three replicate micro-
cosms of the resident community 48 h after the first transfer,
presumably during the community’s exponential growth phase
(Fig. S9A). As a control treatment, we inoculated each of the
invader species into sterile MWF and performed transfers in
parallel (Fig. S9B). We quantified the abundance of all species at
inoculation and before each transfer (see Methods; invaders in
Fig. 1A and residents in Fig. S10A, left).
P. fulva was the only one of the four invader species that could

colonize the MWF when alone (Fig. 1A (red dotted line), C).
Instead, when the community was present, the number of
successful invasions increased: A. caviae, K. pneumoniae, and P.
fulva colonized the MWF containing the resident community,
while P. rettgeri still did not (Fig. 1A (red solid line), C). These
results are in line with our previous findings [47] that species that
cannot grow alone in MWF are likely to be facilitated by other
species, explaining why in some cases invasion is only successful
when the community is present.

Residents inhibit invaders that can grow alone in a more
permissive medium
MWFs are designed to prevent bacterial contamination and
include biocides [58], which make them quite toxic. This explains
why only one of the invader species was able to grow alone in the
MWF medium. To explore invasion in a less harsh environment, we
enriched the medium by adding 1% casamino acids (MWF+ AA).
Casamino acids are a nutrient source for three out of the four
resident community members and, according to previous work
[47, 59], we expect more negative interactions in a more
permissive medium. We found that K. pneumoniae, P. fulva, and
P. rettgeri could colonize MWF+ AA alone, while A. caviae still
suffered from the environmental toxicity (invaders in Fig. 1B, C and
residents in Fig. S10A, right). The three species that were able to
colonize alone were still able to invade the community, but
significantly less well compared to when the community was
absent (Kruskal–Wallis, all p values < 0.05, Fig. 1C). Consistent with
previous work [47], our results suggest that in this more permissive
environment, the community competes with the invaders.

A resident community co-evolved in MWF is more competitive
toward invaders
The capacity to colonize a resident community might depend on
community history: resident species that have adapted to one
another in a given environment may be more likely to exclude
future colonists through a priority effect [49–51]. To test this
hypothesis, we extend the pre-invasion phase to 44 weeks,
allowing the four resident species to adapt to MWF and to each

P. Piccardi et al.

2646

The ISME Journal (2022) 16:2644 – 2652



other (see Methods). Next, we mixed one co-evolved isolate of
each species and call this the “co-evolved community” (Fig. S9C).
We now ask to what extent the invader species can colonize

the co-evolved resident community compared to the ancestral
one. We found that while P. rettgeri could colonize neither, A.
caviae, K. pneumoniae, and P. fulva colonized both the ancestral
and co- evolved communities (invaders in Fig. 2A, B and
residents in Fig. S10B). However, all three invader species had a
smaller invasion magnitude in the co-evolved compared to the
ancestral community (Kurskal–Wallis, A. caviae p value < 0.0005,
K. pneumoniae p value < 0.0005, P. fulva p value < 0.05, Fig. 2B).
The invasion outcome for A. caviae was initially inconclusive,
where in one out of two biological replicates the invader went
extinct when inoculated into the ancestral community (Fig. S2A,
B). We tested whether this was due to variability in propagule
pressure [13], but found no evidence for this, as different
invasion population sizes of A. caviae all converged to a similar
population size at transfer four (invaders in Fig. S3 and residents
in Fig. S11). We therefore concluded that the death of A. caviae
in one biological replicate might have been due to a technical
error (Fig. S2).
We next wondered whether the pattern observed for A. caviae,

K. pneumoniae, and P. fulva was specific to these invader species
colonizing our community of four resident species, or whether
there was anything particular about the four resident species. One
way to explore this is to exclude one species from the co-

evolutionary process and allow it to invade at a later stage. We did
this by co-evolving three of the resident species, A. tumefaciens, C.
testosteroni, and M. saperdae together in MWF for 44 weeks,
excluding O. anthropi. Next, we combined single isolates of the
three co-evolved species and invaded the wild-type O. anthropi
into this co-evolved three-species community (Fig. S9D). As
before, O. anthropi could not colonize the MWF when alone (as
in ref. [47], Fig. 2C), but invaded successfully when inoculated into
the ancestral or the co-evolved community of three. Consistent
with the previous invasion assays (Fig. 2A, B) and our hypothesis
that a co-evolved community is more difficult to invade, O.
anthropi grew significantly worse when it was inoculated into the
co-evolved three-species community compared to the corre-
sponding ancestral one (invader O. anthropi in Fig. 2C, D and
residents in Fig. S12).
In summary, while invasions into a community co-evolved in

MWF are still possible, co-evolved community members inhibit
invading species more than their ancestors.

Co-evolved communities are less affected by invasion
compared to their ancestors
So far, we have focused on the effect of the resident community
on the invading species. Next, we consider how robust the
resident community is to these invasion events.
In all our treatments, the resident species were maintained over

the four transfers (Figs. S10 and S12). At transfer four (representing
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cumulative effects), the abundance of two of the ancestral
residents, A. tumefaciens and O. anthropi, was significantly lower
when invaded by P. fulva (t-test, both p value < 0.005, Figs. 3A
and S13A). Otherwise, we detected no significant changes in their
final abundance following invasion by other species. This lack of
perturbation was also observed for C. testosteroni. M. saperdae
instead had a greater final population size in the presence of most
invaders (t-test, A. caviae, P. rettgeri, and P. fulva, all p values <
0.005, Fig. 3A and Fig. S13A). This is not unexpected, as we know
that M. saperdae strongly depends on other species to grow in
MWF [47].
Once the community had co-evolved, the abundances of A.

tumefaciens and M. saperdae were no longer significantly affected
by the invasion of P. fulva (Fig. 3B). The abundance of O. anthropi
was still lower following invasion by P. fulva, but significantly less
compared to the ancestor (ancestral vs. co-evolved, t-test, p
value= 0.0167, Fig. 3A, B, last column). In addition, M. saperdae
was no longer significantly positively affected by any of the
invaders. This may be because the co-evolved M. saperdae grows
significantly better within the resident community (Fig. 3A, B). The
co-evolved three-species community behaved similarly: while the
abundance of ancestral A. tumefaciens was significantly lower
following the invasion of O. anthropi (t-test, p value < 0.05), its co-
evolved counterpart was not (Fig. 3C, D). Altogether, co-evolved
resident communities were more robust to invasion compared to
ancestral ones.

DISCUSSION
Studies on microbial invasion often focus on how resident
community composition and species richness affect invasion
outcomes. Here, we chose instead to work with a resident
community whose composition was fixed at the same four species
and ask how their environment—specifically environmental
harshness—and their common evolutionary history affect invasion
success and resistance.

By increasing the permissiveness of a harsh medium (MWF)
through the addition of amino acids (MWF+ AA), the number of
invader species able to grow alone increased from a single one to
three out of four species. In almost all cases where invaders died
alone, the resident community facilitated their survival and
growth. Unfortunately, we do not yet know why more nutrients
or the presence of the resident community increased species
survival. The resident species might be producing additional
resources or removing toxic compounds [60]. Regardless of the
mechanism, though, if invaders could survive alone in the more
permissive environment, they experienced a net negative effect if
the community was present.
The observation that species that couldn’t survive alone

benefitted from those that could is consistent with our previous
research [47] and more generally with the SGH, which can now be
linked to invasion ecology due to our ability to modulate
environmental harshness and inter-species interactions: in a harsh
environment colonized by few species, invasion success may be
high, as niches are still available and invaders can rely on the
presence of the residents to survive. This is expected if early-
arriving species improve the environment, facilitating the growth
of others that are less well adapted to it [38–41]. Although MWF is
particularly toxic, we expect many sterile environments to be
“harsh” for many species, as every environment poses challenges
to species that are not adapted to it. Nevertheless, facilitation may
not always dominate, as it is possible that first colonizers alter the
environment in a way that inhibits future invaders [31], or that late
colonizers out-compete earlier ones and replace them [61], but
this is not what we observe here.
Our new intuition might then help to explain why the assembly

of many natural microbial communities is often highly predictable
[32, 33, 36, 37, 62]. Assuming that only few species can act as
pioneers and improve the environment in similar ways, the
following colonizers may come from a predictable set of species.
For example, microbial colonization of the healthy mammalian gut
displays specific patterns of species arrival [62, 63]. But is a sterile
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gut a harsh environment? Microorganisms colonizing a newborn
gut must survive the acidic conditions of the stomach, the host’s
immune system and bile acids, and cholesterol produced by the
host that are toxic for most microbial species [64]. A few
specialized Lactobacillus and Bifidobacterium species produce bile
resistance proteins [65], which allow them to colonize the gut and
may facilitate the arrival of other species [66]. Similar dynamics
may occur in other systems where strong ecosystem perturbations
clear the ground for new communities to assemble, such as
following antibiotic treatments, or the heavy pollution of soils.
However, it remains to be seen whether first colonizers facilitate
future arrivals as would be predicted by the SGH [42, 47, 67], or
whether it is more of a race to fill available niches.
Once a community has assembled despite the challenging

environment, we next asked whether the timing of invasion
matters. In our experiments, early invaders fared better than those
colonizing a community whose species had co-evolved, and co-
evolved species were less perturbed by (more robust against) the
invaders. Our findings corroborate several theoretical studies on
the Community Monopolization Hypothesis [49, 50, 52] and

provide rare experimental support to it. To our knowledge, this
hypothesis has so far only been experimentally tested with single
microbial species invading an ancestral or evolved second species
[53, 68].
But what makes the co-evolved MWF community more resistant

and robust to invasion? Possible explanations are summarized in
Fig. 4. First, more productive communities (greater population
size) are expected to be harder to invade (Fig. 4A) [15]. Although
we observed no significant differences in productivity between
ancestral and co-evolved communities at the time of transfer
(Fig. S4A, B), co-evolved A. tumefaciens and M. saperdae (but not C.
testosteroni and O. anthropi) grew faster during the first days
(Fig. S5) and population sizes at the time of invasion were
significantly greater in the co-evolved communities (Fig. S4C).
While productivity is a plausible explanation for reduced

invasion success in co-evolved communities, it need not be the
only one [15]. Another explanation could be that communities
with higher species- and strain-level diversity tend to be more
robust against invasions (Fig. 4B) [3, 13, 69]. However, diversity
cannot explain invasion outcomes in our system: by using single
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isolates from the co-evolved communities, our experiments had
the same species- and strain-level diversity in all treatments
(Fig. S9A, C).
It could also be that co-evolved communities are more resistant

to invasion because co-evolved residents actively inhibit other
species through interference competition (Fig. 4C) [70]. This is
difficult to test here, as spent media experiments are challenging
with MWF. But if this were true and species had evolved to
produce broad spectrum inhibitory molecules, we might expect
the resident species to interact negatively with one another. On
measuring pairwise interactions between ancestral (Fig. S6G) and
co-evolved species (Figs. S7G and S8F, see Methods), however, we
only observed that positive interactions weakened between A.
tumefaciens and C. testosteroni and increased in the other two
species (Figs. S7G and S8G), making this scenario less plausible.
A final reason for reduced invasion success in co-evolved

communities is that the co-evolving residents may have
partitioned the available niches among themselves, leaving little
“space” for new arrivals (Fig. 4D) [31]. Further investigation,
possibly using metabolomics analyses, would be needed to clarify
whether this is the case and to more mechanistically understand
resistance against invasion in our system. Taken together,
although our experimental data cannot conclusively test all the
different explanations (Fig. 4), we find support for the role of
community productivity [15], but cannot exclude increased
interference competitive or niche coverage as additional factors
reducing invasion success.
Our fixed-species experimental design revealed some interest-

ing patterns of invasion success, but also has its limitations. One
confounding factor is that adding amino acids to the growth
medium allowed more species to grow alone, but also provided
new or larger niches for invader species to occupy. This is reflected
in the higher overall invasion magnitude of species in MWF+ AA
compared to MWF (Fig. 1C). But despite these additional niches,
invasion magnitude was still lower when the community was
present compared to its absence (Fig. 1C). This made it difficult to
interpret how invaders affected the resident community grown in
MWF+ AA: the effects varied depending on the invader species
and the resident species with no clear pattern (Fig. S13). Further
exploring the mechanisms behind the interactions in our system
and developing a theoretical basis for what to expect may help to
understand these effects.
One could also question whether a small synthetic community is

representative of natural communities and their diversity. A
mathematical model in our previous study indicated that
competition would increase with a higher number of species in
MWF [47] and perhaps we would expect invasions to be less

successful in this context. This would also align with experiments
involving larger communities that presumably occupy more niches
and leave fewer resources for the invader [13, 17–20, 25]. Never-
theless, our community could help to understand the first phases
of community assembly, when only few species have colonized.
Another weakness of our study is the arbitrary choice to

perform four transfers at a 1% dilution rate. To compensate, we
were careful to define our measures independently of these
choices, such that we could compare between treatments rather
than considering absolute measures of invasion. We quantified
“invasion success”, representing absolute population increase or
decrease and “invasion magnitude”, which compares population
sizes between treatments at the end of the experiment. Another
possibility would have been to extend the length of the
experiment to observe whether invaders eventually went extinct
or established themselves. However, as we were interested in the
ecological dynamics of invasion separately from the evolutionary
dynamics of the resident community, we decided to keep the
invasion time-scale short and assume that species’ genetic
adaptation to the environment and each other was negligible.
In reality, of course, invaders might acquire mutations that
increase invasion success.
In conclusion, we used a model system to disentangle

interactions between species and measure their effect on
microbial invasion. This revealed that a small, facilitative resident
community can improve the environment for species that would
otherwise be unable to colonize. However, a community whose
residents have adapted to the environment and each other is
more difficult to invade. Our work provides new experimental
support for the Community Monopolization Hypothesis
[42, 49, 71] and by linking invasion ecology with the SGH,
provides a fresh perspective on community assembly as a
sequence of invasion events into a harsh environment, where
facilitation may be dominant at first as species complement each
other, but decreases as niches are occupied through co-evolution
or through invasion.

DATA AVAILABILITY
All data used in this manuscript are provided in Dataset 1.
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