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Abstract

Microbial diversity can restrict the invasion and impact of alien microbes into soils via resource competition. However, this theory has
not been tested on various microbial invaders with different ecological traits, particularly spore-forming bacteria. Here we investigated
the survival capacity of two introduced spore-forming bacteria, Bacillus mycoides (BM) and B. pumillus (BP) and their impact on the soil
microbiome niches with low and high diversity. We hypothesized that higher soil bacterial diversity would better restrict Bacillus
survival via resource competition, and the invasion would alter the resident bacterial communities’ niches only if inoculants do
not escape competition with the soil community (e.g. through sporulation). Our findings showed that BP could not survive as viable
propagules and transiently impacted the bacterial communities’ niche structure. This may be linked to its poor resource usage and
low growth rate. Having better resource use capacities, BM better survived in soil, though its survival was weakly related to the
remaining resources left for them by the soil community. BM strongly affected the community niche structure, ultimately in less
diverse communities. These findings show that the inverse diversity-invasibility relationship can be valid for some spore-forming
bacteria, but only when they have sufficient resource use capacity.
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Introduction
Microbial invasion is a common phenomenon, driven by natural
dispersal and increased human activities such as shipping, trade,
and farming (Chapman et al. 2017, Hallegraeff 1998, Mawarda
et al. 2020), with significant consequences for the ecosystems
(Thakur et al. 2019). In particular, microbial releases into the soil
are an example of human-induced invasions, part of ecological
approaches that increasingly happen in agroecosystems (de Souza
et al. 2015, Florio et al. 2017). Research on microbial invasions
has, in the recent years, increasingly addressed the traits of the
invader and resident communities determining invasion success
(De Roy et al. 2013, Eisenhauer et al. 2013, Hol et al. 2016, Mal-
lon et al. 2015). This has highlighted key factors influencing the
fate of microbial invasions, in particular the role of native com-
munity diversity and resource competition between the invader
and the resident community (Mallon et al. 2015, Xing et al. 2020).
The importance of these two factors is consistent with the basic
principle of the diversity–invasibility relationship (DIR), whereby
more diverse communities resist invasion better than less diverse
ones. The theory suggests that as the species richness and even-
ness of the community increase, the community can better ex-
ploit and compete for available resources, hence leaving fewer re-

sources available for the invader to establish (Mallon et al. 2015,
Tilman 1977). The negative DIR has been proven in previous stud-
ies for Escherichia coli invasion (Mallon et al. 2015, van Elsas et al.
2012). In reality, the DIR is more nuanced, ranging from neutral to
positive (Clark and Johnston 2011, Davies et al. 2007, Ferreira et
al. 2021). Previous microbial invasion studies in soil have mainly
used Gram-negative bacteria, such as Serratia liquefaciens (Jousset
et al. 2011), Listeria monocytogenes (Vivant et al. 2013), Pseudomonas
putida (Eisenhauer et al. 2013), and Escherichia coli (Mallon et al.
2015, 2018, van Elsas et al. 2012) as invader models. Never before
has the DIR been examined in Gram-positive and spore-forming
bacteria such as Bacillus spp., even though these are commonly
introduced into soils as plant growth-promoting bacteria (Borriss
2015, McSpadden Gardener 2007). The ability of Bacillus to sporu-
late might allow it to escape the negative DIR, but this has never
been tested.

While soil community diversity and resource use can control
the survival and invasibility of a bacterial inoculant, bacterial in-
vasion can, in turn, affect the composition and functioning of
the soil native community (2013, Mallon et al. 2018, Mawarda et
al. 2022, Trabelsi and Mhamdi 2013). A recent meta-analysis by
Mawarda et al. (2020) showed that among 108 studies of micro-
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bial invasions, where the impact on the soil microbial commu-
nity structure was measured, 71 revealed the inability of these
communities to return to their initial state. However, it remains
difficult to link changes in microbial community composition to
functional consequences (Louca et al. 2018, Souza et al. 2016). In-
deed, despite taxonomic variability, the functioning of microbial
communities can remain stable and vice versa (Louca et al. 2017,
Vanwonterghem et al. 2016, Wittebolle et al. 2008). Therefore, eval-
uating how a bacterial invader modifies the taxonomic diversity
of the resident soil community is not sufficient to predict how it
can change the soil microbiome’s functioning. One possibility is
to examine the impact of microbial invasion directly on the func-
tionality of the resident soil community by targeting changes in
their resource utilization profiles through high throughput phe-
notyping (metaphenomics) using the Biolog Gen III Plate. This ap-
proach has been widely used to measure microbial community
functioning (Doolittle and Zhaxybayeva 2010). Specifically, Salles
et al. (2009) showed that this method predicted about 70% of soil
bacterial functioning, whereas the species richness of communi-
ties predicted only 14%. Moreover, this approach has been used
to investigate whether resource competition drives invasion re-
sistance (Mallon et al. 2015, Xing et al. 2020).

The purpose of this study was to examine (i) whether the sur-
vival of two spore-forming Bacillus spp. was determined by the di-
versity of soil bacterial community, particularly the community’s
resource utilization pattern compared to the inoculants’, and (ii)
whether invasion by these Bacillus spp. affects the metabolic po-
tential of the soil native community. We hypothesized that higher
soil bacterial diversity would better restrict Bacillus survival via
resource competition and that invasion would alter the resident
bacterial communities’ niche. However, an alternative hypothesis
is that these effects would not hold for spore-forming inoculants if
sporulation allows them to escape competition with the soil com-
munity. To test our hypotheses, we released soil-derived Bacillus
mycoides M2E15 (referred to as BM) and Bacillus pumilus ECOB02 (re-
ferred to as BP), known to promote the growth of potato and grass,
to native soil microcosms with either high or low diversity lev-
els. Our results allow testing to what extent the fate of introduced
spore-forming Bacillus in soil follows the negative DIR and whether
this type of inoculant impacts native community niche as previ-
ously observed for non-spore-forming bacterial inoculants.

Materials and methods
Experimental set-up and design
The soil used for creating diversity gradients and gamma ster-
ilized soil matrix is a sandy loam soil, sampled in Leeuwarden,
Friesland, The Netherlands. To create a diversity gradient of soil
microbiomes, sterile water and non-sterile soil were mixed and
shaken vigorously in a ratio of 1 : 2 to detach and extract as many
microbes as possible from the soil. This suspension was then 1 : 10
serially diluted in sterile water up to the 10−6 factor. Soil suspen-
sions of 16 ml from 10−1, 10−3, 10−6 dilutions were aseptically
transferred and homogenously stirred to inoculate microcosms
containing 60 g of previously gamma sterilized soil (50kGy). This
brought soil moisture to 65% of the water holding capacity (WHC).
The microcosms were then incubated for 60 days at room temper-
ature to allow microbial recolonization of soil. Previous studies
also showed that 60-day incubation is enough to establish micro-
bial network that avoids microbial invasions (Mallon et al. 2015,
Mawarda et al. 2022, van Elsas et al. 2012). The soil moisture was
checked and maintained regularly by measuring the weight of

each microcosm and replenishing the water to maintain its level
at 65% of the WHC until the first inoculation with a Bacillus strain.

Before the Bacillus was inoculated, we checked that the cultur-
able bacterial cells per gram of soil in microcosms had roughly
reached the same abundance across the diversity levels after 60
days of incubation. This was done to ensure that the impact we ob-
served was solely attributed to different diversity levels and avoid
the bias resulting from different community sizes. The colonies
were enumerated 4 days after dilution plating on Trypticase Soy
Agar (TSA) and incubation at 28◦C. After 60 days, total culturable
bacteria reached the same level of abundance (Table S1; mean of
9.0 log CFU/g soil), the rifampicin-resistant strains of BM and BP
(2.9 ml each) were introduced into the relevant soil microcosms
at a level of 1 × 107 CFU per gram soil and stirred to ensure ho-
mogeneity. The fitness of the rifampicin-resistant strains is the
same as the wild-type strains (Mawarda et al. 2022). The unin-
vaded controls were created by adding 2.9 ml of sterile water to
soil microcosms in each diversity level. The inoculations raised
soil moisture on each microcosm to 75% of WHC. The WHC value
was kept constant by replenishing the water until the end of the
experiments.

Destructive samplings were initially planned for days 0, 3, 10,
15, 30, and 90 for the microcosms invaded by BM or BP. However,
the abundance of each Bacillus strain was below the detection limit
(1 log CFU/g soil) three days after inoculation. We speculate that
this was caused by a decrease in soil pH (to 4.9) upon inoculation
since the pH of non-inoculated controls remained stable. For each
experiment (i.e. either BP or BM), we, therefore, pooled invaded
soils from all the remaining replicate jars together 7 days after the
first inoculation (p.f.i) attempt. We then adjusted the soil pH to 7.0
by adding sterile 1 M Ca(OH)2, and transferred 39 g of soil at 65%
WHC from each treatment to a new sterile jar. Meanwhile, the pH
of uninvaded controls was not adjusted since the pH was stable
at 7. The soil microcosms were incubated at room temperature
(∼22◦C) for 2 weeks. After verifying pH stability, either BP or BM
were reinoculated into soil microcosms (at days 24 and 34 p.f.i,
respectively) using the procedure described above.

Destructive soil sampling was done on days 0, 3, 34, 35, 37, 63,
and 92 p.f.i for the BM experiment and on days 0, 3, 24, 25, 27,
56, and 84 p.f.i for the BP experiment. We conducted two sepa-
rated experiments with different sampling timepoints based on
the inoculant survival patterns observed from our previous study
(Mawarda et al. 2022). The uninvaded control was sampled on day
0 and day 28. This comprised 144 soil microcosms (i.e. 3 dilution
levels × 2 invaders × 7 sampling dates × 3 replicates and 3 dilu-
tions for uninvaded control x 2 sampling dates x 3 replicates).

Determination of the initial soil community
diversity
To determine the diversity of the resident bacterial community
for each dilution on the day before the first inoculation, bacte-
rial species richness was quantified by Illumina sequencing at
the University of Minnesota Genomic Centre (UMGC) (Minneapo-
lis, MN, USA). The sequencing was done on the Illumina Miseq
(Illumina, San Diego, California) using 2 × 300 base paired-end
reads and targeting the V4 region of the 16S rRNA gene (for-
ward primer 16S-515F: 5′-GTGCCAGCMGCCGCGGTAA-3′; reverse
primer 16S-806R: 5′-GGACTACHVGGGTWTCTAAT-3′) with a dual
indexing method (Gohl et al. 2016). DNA was extracted from 0.5 g
of soil using the DNeasy Powersoil Kit (Qiagen, Hilden, Germany)
for each sampling date according to the manufacturer’s instruc-
tions. DNA extract was quantified using the NanoDrop 2 000 spec-
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trophotometer (Thermo Scientific, USA) and stored at −20◦C be-
fore sequencing. The Quantitative Insights Into Microbial Ecology
(QIIME 2, https://qiime2.org) software was used to process and an-
alyze 16S rRNA gene sequences (see supplementary document A
for detailed protocol).

Amplicon sequences data were then used to quantify bacte-
rial diversity for each dilution. This was carried out in R v4.2.0
using the Phyloseq package. To minimize the effects of sequenc-
ing depth between samples when estimating species richness, 16S
rRNA gene sequences of our samples were rarefied to a depth of
6002 sequences and 5775 sequences per sample for the BM and BP
experiment, respectively. These rarefied data were used to calcu-
late species richness and evaluate the differences between diver-
sity treatments, using ANOVA and post-hoc Tukey Nemeyi tests.

Monitoring the survival of bacillus spp.
The total population of Bacillus was tracked via serial dilution plat-
ing on TSA medium supplemented with rifampicin (50 μg/mL)
and cycloheximide (400 μg/mL). The abundance of the spores
of each Bacillus was tracked by heating each diluted sample for
20 min at 80◦C and plating on TSA containing the same antibi-
otics. Plates were incubated at 28 ◦C for 48 h. The survival of BP
was tracked on days 0, 3, 24, 25, 27, 56, and 84. The survival of BM
was monitored on days 0, 3, 34, 35, 36, 63, and 92. ANOVA was used
to examine BP and BM survival differences stemming from time
and diversity as factors.

Metabolic profile measurement and data analysis
To measure microbial communities’ metabolic profile (i.e. re-
source use capacity), 3 destructive samplings were designed for
BP at day 0 before the first inoculation, and 56 and 84 days p.f.i.
For BM, this was done at day 0 (before the first inoculation) and
63 and 92 days p.f.i. The metabolic profiles of soil microbial com-
munities and the Bacillus invaders were quantified by measuring
their metabolic activity using the Biolog GEN III microtiter plate
based on Biolog’s high cell density phenotypic microarray proto-
col (Biolog, Hayward, California, USA). A detailed protocol can be
found in supplementary document B. The experiments were con-
ducted in triplicate. We did not measure the metabolic profile of
non-invaded soil communities over time because previous studies
have shown that incubation time had no impact on niche breadth
and niche structure of resident bacterial communities (Mallon et
al. 2018, Xing et al. 2020). Still, we measured the non-invaded com-
munity profile on day 28 and day 0 to verify this.

The absorbance was measured using a spectrophotometer at
590 nm and 750 nm at timepoints: 0, 12, 15, 18, 21, 24, 36, 39, 42, 45,
and 48 h after adding the sample to the Biolog GEN III plate. The
OD from each well was calculated using the following formula:

OD = C(ij ) − C(neg)j, (1)

where C represents the difference OD590–OD750 of well i, at time
j and C(neg) represents the difference OD590–OD750 of the nega-
tive control well at time j. For wells with C- C(neg) < 0.1, the value
was recorded as 0. The OD from each well was plotted against
time to calculate the maximum slope, indicating the maximum
resource utilization speed. This was carried out in R 1.2.5019 using
the pipeline package. The area under the curve (AUC) from each
well was calculated using the trapezoidal rule. Each AUC was nor-
malized to 0–1 by dividing the value by the maximum value from
the measurements across the 71 carbon sources in the plate. The
data with AUC values were used to quantify the total amount of

resource utilization (i.e. the sum of AUC), niche breadth (number
of resources being used), and niche structure (matrix of the AUC
for each resource). This was carried out in R v4.2.0 using the Vegan
package. The remaining niche for the invader (i.e. the resources
unused by the resident community and suitable substrates for
the invader) was also quantified by subtracting the resource uti-
lization of resident communities from that of the invader. When
the values were negative for a given resource, the value was set
to zero, indicating that the resident community could utilize the
resource better than the invader (no remaining niche for the in-
vader). Positive values indicated the resident community was less
competitive than the invader on the resource, hence providing
a vacant niche for the invader. The community exclusive niche
(i.e. carbon resources exclusively used by the resident commu-
nity) was also quantified by eliminating the data for all the carbon
resources used by the invader. The community’s exclusive niche
breadth and structure were quantified in the same way as above.

T-test, Kruskal Wallis, pairwise Wilcoxon test, ANOVA and post-
hoc Tukey Nemeyi tests were carried out to evaluate differences
in metrics between treatments and their temporal changes. Vari-
ation in niche structure was assessed by calculating Bray-Curtis
dissimilarity and visualized via a Principle Coordinates Analy-
sis (PCoA). Temporal patterns of beta diversity on each diversity
treatment were evaluated with PERMANOVA.

Results
Diversity of the soil bacterial community at the
start of the experiment
The ASV richness of the soil bacterial community in the BM and
BP experiments was significantly different between treatments
(ANOVA, P<0.0001) (Fig. S1A&B). In both experiments, this value
was significantly lower for the 10−6 than for the other treatments
(Tukey’s test, P<0.05), while ASV richness values were similar
in the 10−3 and 10−1 treatments (Tukey, P>0.05). The soil bac-
terial community structure (16S rRNA gene sequencing), deter-
mined by Bray-Curtis dissimilarity, was also similar in the 10−1

and 10−3 treatments (pairwise-Adonis, P > 0.05), while the com-
munity structure of the 10−6 treatment was significantly differ-
ent from that in the other treatments (PERMANOVA, P<0.0001;
pairwise-Adonis, P < 0.05). Therefore, for all the analyses below,
we grouped the 10−1 and 10−3 dilutions as the High-diversity treat-
ment, while the 10−6 dilution was considered to represent the low-
diversity treatment.

Survival of the introduced bacillus species
Concerning the inoculant survival dynamics, the total population
of these invaders fell below the detection limit, meaning they were
less than 1 log CFU/g soil 3 days post first inoculation (p.f.i; Fig. 1A).
In the BM experiment, the second inoculation (at day 34 p.f.i) led
to a successful establishment of the invader, detected at an abun-
dance of 5–6 log CFU/g soil from day 35 to day 92 in both diversity
treatments (Fig. 1A). Regarding the BM spore population, its abun-
dance increased to around 1–2 log CFU/g soil after the first inoc-
ulation and stabilized to around 4–5 log CFU/g soil after the sec-
ond inoculation in both high and low-diversity treatments (Fig. 1C:
ANOVA, p(time)<0.0001).

The survival of BP was poorer than BM as its total abundance
was always below the detection limit of 1 log CFU/g soil after the
first and second inoculations except at day 25 p.f.i (one day after
the second inoculation) (Fig. 1B). The spores of BP were not found
after the first and second inoculation events (Fig. 1D).

https://qiime2.org
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Figure 1. Survival of total population of B. mycoides M2E15 (A) and B. pumilus ECO-B-02 (B) and total spore number of B. mycoides M2E15 (C) and B.
pumilus ECO-B-02 (D) for high and low community diversity treatments over time. Values represent the log CFU of the total population per gram of soil.
Bars represent the standard error of the mean. Full symbols represent the average, whereas the light symbols indicate the values per replicate.
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Relationship between inoculant survival and
species richness of the initial soil community
No relationship was observed between the survival of both Bacillus
invaders and the species richness of the resident bacterial com-
munity at each sampling date (Fig. 2A-B). Even though there was a
significant negative correlation on Day 25 (1 day after the second
inoculation) in the BP experiment (Fig. 2B, p = 0.043), the slope was
very low (less than 0.001). This indicates that the effect of species
richness was (mathematically) too small to affect the survival of
BP. No relationship was observed between the spore population
for both Bacillus invaders and the resident bacterial community’s
species richness at each sampling day (data not shown).

Relationship between bacillus spp survival and
initial soil community niche
To examine whether resource competition could govern the inva-
sion of soil by the Bacillus spp., we calculated the remaining niche
left by the soil microbiomes for the invader and the amount and
speed of resource utilization by the invader compared to the com-
munity. For both Bacillus strains, invader abundance was never cor-
related with the remaining available niche (Fig. 2C-D). However,
for BM, a relationship was observed at day 37 when focusing only
on the 10−3 and 10−6 treatments.

In addition, as depicted in Fig. 3A, the total resource utilization
(i.e. the sum of AUC) was much lower for the BP than for the BM or
soil community with low or high diversity (Tukey, P<0.01). Mean-
while, the high-diversity treatment community utilized more re-
sources than the others (Tukey, P<0.01). The total resource uti-
lization in the low-diversity treatment was similar to BM (Tukey,
P>0.05; Fig. 3A). More specifically, the speed of resource utiliza-
tion in the overlapping niches between invaders and communi-
ties (i.e. carbon sources used by each invader and the resident
soil bacterial communities) was compared between BM and BP ex-
periments. In both the high (Fig. 3B) and low-diversity treatments
(Fig. 3C), there were nearly no carbon sources on which the BP
invader could utilized faster C sources than the soil communi-
ties. In contrast, the number of resources used more quickly by
the invader than the soil communities was higher for BM (T-test
in high and low-diversity treatment, P<0.001). In addition, there
were more carbon sources utilized faster by the bacterial commu-
nity than the invader in the BP experiment than in the BM exper-
iment (T-test for either high or low-diversity treatment, P<0.001).
Finally, we also observed that BM was able to grow faster (at 0.068
h−1) in LB broth than BP (at 0.038 h−1) (Fig. S2, T-test, P<0.0001).

Changes in soil community niche following
invasion by bacillus
The full array of 71 carbon sources present in Biolog plates was ex-
amined to analyze the shift in the community niche breadth and
structure induced by Bacillus invasion. The invasion by BM led to
a significant decrease in the soil community niche breadth in the
high-diversity treatment, the effect increasing with time (Fig. 4A:
ANOVA, P<0.001), whereas niche breadth in the low-diversity
treatment remained unchanged (Fig. 4B: ANOVA, P>0.05). Mean-
while, in the BP experiment, the invader decreased the niche
breadth in both the high and low-diversity treatments (Fig. 4C
for high-diversity treatment: ANOVA, P<0.001; Fig. 4D for Low-
diversity treatment: ANOVA P<0.05). However, the impact was
transient in the low-diversity treatment, and the initially reduced
niche breadth returned to its pre-invasion state at Day 84 p.f.i
(Tukey, P<0.001). The niche breadth of non-invaded control re-
mained the same over time (Fig. S4a, T-test, P = 0.999). The results

and patterns observed in total community niche breadth for the
BM and BP experiments were similar to those observed in com-
munity exclusive niche breadth (not shown).

To further analyze the niche structure of the soil bacterial com-
munity in response to Bacillus invasion, we examined the Bray-
Curtis dissimilarity of metabolic activity at each diversity level.
In the BM experiment, the invader shifted the niche structure for
both diversity levels (Fig. 5A, High-diversity treatment: ADONIS
time, R2 = 0.20, P = 0.02; Fig. 5B, Low-diversity treatment: ADO-
NIS time, R2 = 0.43, P = 0.006), and the niche structure shift was
maintained until the end of the experiment. Meanwhile, the inva-
sion by BP significantly altered the niche structure only in the low-
diversity treatment (Fig. 5D ADONIS time, R2 = 0.36, P = 0.011); the
niche structure of more diverse bacterial communities showing
resistance to BP invasion (Fig. 5C, ADONIS time, P = 0.053). How-
ever, the impact of the low-diversity treatment was transient. The
niche structure at day 56 p.f.i mainly shifted along the first axis
(30.4% of variation) from the pre-invasion state and then shifted
back to the initial state at Day 84 (Fig. 5D). The niche structure of
non-invaded control remains the same over time (Fig. S4b, ADO-
NIS time, R2 = 0.0004, P = 0.999).

The results and patterns observed for the total community
niche structure for BM and BP experiments were similar to those
observed in the community exclusive niche structure (Fig. S3).

Discussion
Spore-forming bacterial invaders do not comply
with the negative diversity-invasion relationship
Studies in microbial invasion highlight the importance of the res-
ident community’s diversity as the key factor that explains pos-
sible resistance to the invasion (van Elsas et al. 2007, 2012). The
DIR suggests that highly diverse communities are less prone to in-
vasion than less diverse communities (Elton 2020). In the frame-
work of microbial invasion, this notion is tightly linked to biotic
resistance imposed by the availability of resources and the abil-
ity of more diverse communities to exploit those resources bet-
ter and hence compete with the invaders (Catford et al. 2009, Far-
gione and Tilman 2005, van Elsas et al. 2012). Our results show
that these concepts do not apply well to the invasion of soil com-
munities by spore-forming Gram-positive bacteria (i.e. two soil-
derived Bacillus species, BM and BP) since the survival of these in-
vaders was not related to the soil community species richness,
nor the remaining niche left by the soil community to the in-
vader. This contrasts with our previous work with E. coli, which
showed that competition between the soil community and in-
vader increases as community species richness increases, reduc-
ing the remaining niche available to the invader and ultimately
decreasing the inoculant survival in soil (Mallon et al. 2015). The
sporulation feature of Bacillus may explain the absence or poor ap-
plicability of the negative DIR concept in our study. A recent study
by Blath and Tóbiás (2020) showed that dormancy is an effective
survival strategy for spore-forming microbial invaders to with-
stand unfavorable conditions, increasing their survivability when
facing resource scarcity, competitive pressure and extreme envi-
ronmental fluctuations. Under oligotrophic conditions, the fitness
of these microbial invaders may be mainly driven by their abil-
ity to stay alive rather than reproduce and grow. In our lab, for the
BM experiment, resources were limited enough to trigger sporula-
tion regardless of the differences in the remaining niche available
across diversity treatments. Therefore, the survival of this type of
spore-forming bacteria in soil may be largely independent of the
diversity of recipient communities. This does not jeopardize the
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Figure 2. Correlations between the survival of B. mycoides M2E15 (A) and B. pumilus ECOB02 (B) and the species richness of the resident bacterial
community in soil were observed on different sampling days (i.e. different symbols/colors). Correlation between the survival of B. mycoides M2E15 (C)
and B. pumilus ECOB02 (D) and the remaining niche available for these inoculants, as observed at different sampling days (i.e. different symbols/colors).
Values represent the log CFU of the total population of the inoculated bacteria per gram of soil.

rationale of the DIR being related to competition for resources.
Spore-forming bacteria such as BM may largely avoid competition
with the resident community, thanks to their capacity to produce
spores.

However, this did not apply to BP, which did not sporulate
and quickly ‘vanished’ below the detection limit. A disclaimer
should be placed here in that we cannot fully address how the
introduced populations behaved in terms of establishment, sur-
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Figure 3. Total resource use of each bacterial invader and the soil resident community before the invasion (A). The number of carbon sources used
faster by the bacterial inoculants, faster by the soil community, or similarly by the inoculant and the resident community, distinguishing the B.
mycoides experiment (blue) and the B. pumilus experiment (pink), in high (B) and low diversity (C) treatments. Bars represent the standard error of the
mean. Different letters above the bars indicate significant differences within each panel.

vival, and platability (the ability to form colonies in agar plate)
when taken out of the soil onto a rifampicin-containing growth
medium. In other words, the exact fate of the introduced cells, as
to their physiological status (injured, dying, temporarily viable-
but-nonculturable), remains unknown. This can be explained by
examining the nature of dormancy itself (Hutchison et al 2014)
since switching to a metabolically inactive state (sporulation) re-
quires resources (Atrih and Foster 2001, Bressuire-Isoard et al.
2018) and hence leads the invader to compete with the resident
bacterial communities, at least in a transient manner (Blath and
Tóbiás 2020). Our data showed that BP has much less competitive
capacity than BM, which is exemplified by BP’s inability to out-
compete with even less diverse communities on all resources and
a lower growth rate on LB medium. It is thus very likely that BP ex-
perienced stronger competition in the soil system than BM follow-
ing the invasion. This might explain why BP could not gain enough
resources to sporulate and disappear quickly from the soil, regard-
less of the diversity level.

Overall, our findings align with previous studies reporting that
the DIR varied from neutral to positive (Belote et al. 2008, Fer-
reira et al. 2021, von Holle 2013). Our results highlight that under-
standing DIR implies that one must distinguish various invaders’
lifestyles and evolutionary strategies. The summation of concep-
tual analysis about this finding is available in Fig. 6.

The bacillus invader competitiveness influences
their impact on the soil community functioning
The results above deduce that Bacillus invasions could alter the
metabolic potential of a soil resident bacterial community, regard-
less of invader survival. This result corroborates previous find-
ings that, despite invader death and defeat, unsuccessful inva-
sions caused tangible changes in the diversity (Amor et al. 2020,
Buchberger and Stockenreiter 2018) and functionality of resident
soil communities (Derrien and van Hylckama Vlieg 2015, Mallon
et al. 2018). Indeed, the microbiome modulation is one of the most
important responses following the introduction of microbial inoc-
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Figure 4. Temporal changes in the total soil community niche breadth during the B. mycoides M2E15 (A, B) and B. pumilus ECO-B-02 (C, D) invasion
experiments for the high (A, C) and low diversity (B, D) treatments. Bars represent the standard error of the mean, and different letters above the bars
indicate significant differences within each panel.

Figure 5. Temporal variation of the soil community niche structure, depicted by PCoA plot of Bray–Curtis dissimilarity, for the B. mycoides (A and B) and
B. pumilus (C and D) invasion experiments, for the high (A, C) and low diversity (B, D) treatments. For each panel, the effect of invasion on the
community niche structure, determined by PERMANOVA, indicated with the R2 and p values when significant. Each point corresponds to the centroid
computed from the replicates and is presented with the standard errors (error bars) for the first two PCoA axes.
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Figure 6. Conceptual synthesis depicting the outcome of diversity-invasibility relationship which depends on the ecological strategies and functional
traits of each invader (i.e resource use efficiency and dormancy/sporulation capacity).

ulants (Berg et al. 2021, Mawarda et al. 2020). In particular, numer-
ous in situ studies have shown that Bacillus inoculants could mod-
ify the indigenous soil and plant microbiome structure and func-
tionality (Erlacher et al. 2014, Kröber et al. 2014). However, our re-
sult showed that this impact depends on the ecological ‘strength’
of the invader. In line with our previous studies (Mawarda et al.
2022), the invasion by BM led to a more significant impact, as they
had a higher competitive ability which allowed them to establish
and survive in the soil. In contrast, BP could hardly compete effi-
ciently for resources with the resident soil community. Indeed, the
BP invasion did not lead to major changes in the soil community
niche structure, with no significant difference for high-diversity
communities and only transitory change for low diversity com-
munities.

This finding is similar to what was found in previous studies by
Mallon et al. (2018) and Xing et al. (2020), who found niche shifts
for the resident bacterial communities upon E. coli invasion. Since
BM could better compete for some resources than the resident
community, we speculate that resident taxa using the same car-
bon sources as the invader might have been outcompeted, leading
to the decline of these taxa’s abundance, thereby reducing these
taxa’s abundance in the niche breadth of resident bacterial com-
munities. Such a decline in diversity following invasion has been
observed in micro- (Mawarda et al. 2020) and macroorganisms
(Carboni et al. 2021, Sapsford et al. 2022), which often leads to the
changes in their functional diversity (Mallon et al. 2018, Matsuzaki
et al. 2016, Souza et al. 2021, Xing et al. 2020). This type of footprint
of microbial invaders on soil communities has to be accounted for
to fully appreciate the impact of invasion on soil functioning and
services (Liu et al. 2022).

In the BP experiment, the niche structure of the invaded com-
munities in the low-diversity treatment was first altered follow-
ing the invasion and then returned to their initial state. This was

likely due to the recovery and regrowth of previously impacted
taxa, reoccupying the niche that the invader just transiently occu-
pied. Consistently, using successional analysis, it was shown that
some decreasing taxa following invasion by Bacillus reappeared in
later stages after the invaders’ abundance waned off (Mawarda
et al. 2022). Similarly, Orlewska et al. (2018) found that the niche
shift following Pseudomonas putida introduction restored to its ini-
tial balance on day 90 after the invasion. Meanwhile, the inva-
sion by BP showed more prominent impact on the niche breadth
than the niche structure, as they significantly reduced the niche
breadth in both diversity treatments. Our previous study showed
that even though BP did not survive, their arrival could still re-
duce the abundance of some copiotrophic bacteria that did not re-
cover after invasion (Mawarda et al. 2022). These decreasing taxa
may explain the reduction of communities’ niche breadth follow-
ing the BP invasion.

However, it is important to mention that measuring micro-
bial community functionality using the Biolog technology has
its own limitations, especially when dealing with soil and other
natural environments. A previous study by Smalla et al. (1998)
showed that only copiotrophic bacteria growing under such in-
oculation regime and incubation conditions, contributed to the
substrate utilization patterns. That is to say the responding or-
ganisms on the plate may not reflect the whole in-situ dynamics
of the soil sample. However, despite this drawback, Biolog tech-
nology is still an effective way to gauge the potential resource
use and metabolic structure of microbial communities (Borglin
et al. 2012, Mackie et al. 2014). Numerous studies have proven
that this approach is able to differentially characterize microbial
communities in the artic soil (Kumar et al. 2016), rhizosphere (Ve-
lasco et al. 2009), wastewater treatment (Jałowiecki et al. 2017),
even in the case of multi drug resistance bacteria (Blanco et al.
2018).
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Taken together, our findings reinforce the notion that the re-
sponse of resident microbial communities to microbial invaders
depends on the type and magnitude of the invasion disturbance,
which is related to the ecological strategies and functional traits
of each invader (Fig. 6). All the previous studies on microbial inva-
sion in the soil only used Gram-negative bacteria as invader mod-
els. Meanwhile, Bacillus is Gram-positive and capable of chang-
ing its physiology from an active to dormant state depending on
the availability of nutrients. These features likely explain why we
found different invasion patterns and biodiversity-stability rela-
tionships for Bacillus invaders compared to previously studied in-
vaders. In terms of practical application, our results call for more
systematic investigations of microbial traits (Krause et al. 2014)
when selecting microbial inoculants, going beyond the traits di-
rectly linked to e.g. plant-inoculant interactions and including
traits determining the outcome of competition with the resident
community. Specifically, our results suggest that the ability of
Bacillus inoculants to outcompete soil resident communities on
a sufficient amount of resources is essential for making inocula-
tion successful or not. This requires profiling inoculant candidates
based on these capacities to avoid the use of poor competitors.
Furthermore, since commercial products of Bacillus inoculants are
practically applied in a spore-form, future experiment should in-
troduce Bacillus strains as spores to examine whether the data
would corroborate or reject the current findings. Finally, it could
be tested to what extent resource pulses (i.e. punctual additions
of resources usable by the inoculant) and the presence of plants
could improve Bacillus survival in soil, and to what extent these
could lead to the finding of a more classical, negative DIR.

Supplementary data
Supplementary data are available at FEMSEC online.
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