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Abstract

Background Bioaugmentation is considered a sustainable and cost-effective methodology to recover contaminated
environments, but its outcome is highly variable. Predation is a key top-down control mechanism affecting inoculum
establishment, however, its effects on this process have received little attention. This study focused on the impact

of trophic interactions on bioaugmentation success in two soils with different pollution exposure histories. We
inoculated a "*C-labelled pollutant-degrading consortium in these soils and tracked the fate of the labelled bio-

mass through stable isotope probing (SIP) of DNA. We identified active bacterial and eukaryotic inoculum-biomass
consumers through amplicon sequencing of 165 rRNA and 18S rRNA genes coupled to a novel enrichment factor
calculation.

Results Inoculation effectively increased PAH removal in the short-term, but not in the long-term polluted soil.

A decrease in the relative abundance of the inoculated genera was observed already on day 15 in the long-term
polluted soil, while growth of these genera was observed in the short-term polluted soil, indicating establishment

of the inoculum. In both soils, eukaryotic genera dominated as early incorporators of '*C-labelled biomass, while bac-
teria incorporated the labelled biomass at the end of the incubation period, probably through cross-feeding. We

also found different successional patterns between the two soils. In the short-term polluted soil, Cercozoa and Fungi
genera predominated as early incorporators, whereas Ciliophora, Ochrophyta and Amoebozoa were the predominant
genera in the long-term polluted soil.

Conclusion Our results showed differences in the inoculum establishment and predator community responses,

affecting bioaugmentation efficiency. This highlights the need to further study predation effects on inoculum survival
to increase the applicability of inoculation-based technologies.
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Introduction

Pollution is a major consequence of human activities,
affecting ecosystem productivity and biodiversity. Bio-
augmentation, the introduction of pollutant-degrad-
ing microorganisms, is a sustainable and cost-effective
approach to improve the pollutant removal capacity of a
contaminated matrix [1], particularly of persistent pollut-
ants like polycyclic aromatic hydrocarbons (PAH). The
inoculant’s survival and pollutant removal efficiency are
closely related to the ability of the inoculant to overcome
abiotic (e.g. resource availability) and biotic (e.g. compe-
tition) pressures after introduction into the new environ-
ment [2]. To date, most studies of these biotic pressures
have focused on resource competition and antagonism
with the native community as the main barrier to inocu-
lant survival and establishment [3]. While predation of
bacteria by larger soil organisms is a documented and
common phenomenon [4, 5], the role of predation in
inoculant survival has received little attention.

Predation exerts top-down control on bacterial com-
munities, regulating bacterial densities, and potentially
affecting the survival of introduced microbes. Predatory
protists are often assumed to be the main consumers of
bacterial biomass [6, 7]. Protists play a key role in biogeo-
chemical cycles: as their C:N ratios are higher than those
of their bacterial prey [8], predation releases nutrients
that can be used by other members of the food web [9].
Several bacterial groups also exhibit predatory activity,
such as obligate predators of the orders Bdellovibrion-
ales and Vampirovibrionales or facultative predators of
the order Myxococcales and the genus Lysobacter, among
others. Although there is less data available on predatory
bacteria, recent studies have shown that these groups are
ubiquitous, and their impact on bacterial communities
may be underestimated [7, 10, 11].

The composition of the predator community influences
bacterial community assembly and diversity by affecting
predator feeding selectivity and prey range [6, 12—14].
Simultaneously, the densities of predatory protists and
bacteria closely follow the abundance of their bacte-
rial prey [4, 10, 11, 15]. The inoculation of bacteria may
trigger a response of the predator community that could
hinder the survival of the inoculant [16] and impact the
native community. Bacterial amendments may, however,
also result in a bottom-up modulation of protistan com-
munities by affecting protist community structure [17].
Trophic interactions are rarely considered in studies of
the fate of microbial inoculants in soil [3], especially in
contaminated environments [18] where contaminants
also affect the abundance of the native microbial com-
munity. Protists are more sensitive to PAH toxicity than
bacteria, and their sensitivity varies between the different
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groups [4, 19, 20]. Community shifts (e.g. resulting from
disturbance) can increase invasion success of an inocu-
lum due to the increased prey release from protist pre-
dation stress [21]; however, this interaction is modulated
by the strength and the duration of the disturbances [22].
Long-term polluted environments may affect the compo-
sition of predator communities by selecting for pollutant-
resistant species [23, 24], which in turn may affect the
bacterial community’s response to inoculation and the
success of establishment of the inoculum. A few stud-
ies have shown a response of the predatory community
after bioaugmentation processes [25-27]. These studies
demonstrated that predation can lead to a reduction of
the inoculum below the detection limit [25], while inhibi-
tion of protist activities could increase its survival [26].
Importantly, to date, no studies have identified the preda-
tory groups that interact with these inoculants.

Stable isotope probing (SIP) of DNA can assess trophic
linkages between microbes or identify their contribu-
tions to specific functions in the environment [28]. SIP
has been widely applied to trace carbon transfer in soil
food webs [29-32] and to identify microbial degraders
in bioremediation processes [33—38]. Most commonly, a
labelled substrate is added to the soil to follow its fate as
it is consumed by the soil biota. In contrast, inoculating
labelled bacteria into the soil can yield insights into the
fate of the inoculant, in particular the identification of
predatory bacteria and protists potentially involved in the
removal of the inoculant [39-41].

To study the impact of predation on inoculum survival
and to identify the predators potentially grazing upon the
introduced strains during bioaugmentation, we inocu-
lated a '*C-labelled co-culture of PAH-degrading strains
Sphingobium sp. AM and Burkholderia sp. Bk [42], in
two soils with different PAH exposure histories (long-
term and short-term pollution). We hypothesised that
(1) in soil exposed to long-term contamination, predators
would respond quickly, limiting inoculum survival and
biodegradation efficiency to a greater extent than in the
soil exposed to short-term pollution, and that (2) preda-
tory protists and bacteria would benefit via direct grazing
on the inoculated bacteria or via carbon transfer in the
days following inoculation.

Methods

Soil sampling

Two soil types with different contamination histories
were selected for this experiment. Soils were character-
ised using Bouyucus, Walkley—Black, Bray Kurtz and
Microkjeldahl methods for textural classification, organic
carbon, available phosphorus and total nitrogen respec-
tively. Non-contaminated soil (ST) was collected from an
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urban park near La Plata city, Argentina (34°51'24.6”S;
58°06'54.2” W) and was a clay loam soil with a pH of
5.8-5.9, 3.60% organic carbon, 6.21% soil organic matter,
0.296% total nitrogen, and 0.00042% available phospho-
rus. No hydrocarbons were detected. To create soil with
a short-term contamination history, ST soil samples were
artificially contaminated. The contaminant spiking solu-
tion contained 150 mg.kg dry soil™' of fluorene (FLU),
600 mg.kg dry soil"! phenanthrene (PHE), 100 mg.kg dry
soil ™! anthracene (ANT) and 150 mg.kg dry soil™! pyr-
ene (PYR) to final concentration of 1000 mg.kg dry soil ..
This spiking solution was selected because it contained
pollutants that were shown to be degradable by the added
inoculum [42] and were also found in the long-term con-
taminated soil.

A long-term contaminated soil (LT) was collected
from a petrochemical plant in Ensenada, Argentina
(34°53"19”S, 57°55'38”W). This soil was previously
treated by landfarming, with several applications of pet-
rochemical sludge over a 2-year period. Soil was sam-
pled~10 years after the cessation of petrochemical
sludge treatments, showing a total PAH concentration of
573+ 138 mg kg™'. LT soil was a loam soil with a pH of
7.71, 2.20% organic carbon, 3.78% organic matter, 0.20%
of total nitrogen, and 0.00083% available phosphorus.

Cultivation of '*C-labelled bacteria

The co-culture SC AMBk was used as inoculant, made up
of Sphingobium sp. (AM) and Burkholderia sp. (Bk), in a
proportion 65:35 of AM:Bk respectively. This co-culture
was previously characterised and demonstrated high
PAH-degradation efficiency under laboratory conditions
[42]. Each strain was grown in liquid mineral medium
(LMM) [43] supplemented with 2 g.L. ! of 99% 13C(,-glu-
cose (Sigma-Aldrich, Munich, Germany) as a sole carbon
source. In addition, the same strains were grown in LMM
supplemented with unlabelled glucose (?C-glucose).
After 48 h of incubation (28 °C, 150 rpm), cells were col-
lected and centrifuged at 6000 rpm for 10 min and resus-
pended in 5 ml of 0.85% NaCl solution. The 16S rRNA
gene of both strains was previously sequenced [44, 45].

Microcosm setup for SIP

Soils were sieved through a 2-mm mesh. Soil mois-
ture was assessed by drying, and the final moisture was
adjusted to 20% of humidity. Twelve microcosms were
constructed with 50 g of sieved soil in 150-ml Erlenmeyer
flasks. Half of the flasks contained LT soil, and the other
half contained artificially contaminated ST soil. Micro-
cosms were inoculated with 5x10” CFU.g dry soil™! of
SC AMBKk (determined by ODgg,.) as droplets to the
microcosms. Half of the ST and LT microcosms received
labelled inoculum, and the other half received unlabelled
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inoculum as controls. Each treatment was carried out in
triplicate, incubated over 30 days at 25 °C. Soil moisture
was adjusted once weekly to maintain the original mois-
ture content. The microcosms were resampled on days
0 (1 h after inoculation), 7, 15 and 30. Three additional
non-inoculated microcosms per soil type were used to
assess the intrinsic degradative capacity of the native
community.

PAH quantification by GC-FID

To determine PAH concentration, 3 g of soil was sam-
pled from each microcosm at each time point. Sam-
ples were lyophilized (L-3, REFICOR), and three
consecutive extractions were carried out, using 9 ml of
hexane:acetone 1:1 (v/v). In each step, the hydrocarbons
were extracted in an ultrasonic bath (Testlab Ultrasonic
TB10TA) at 40 kHz, 400 W for 30 min [46]. The mixture
was centrifuged at 3000 rpm for 10 min (Presvac model
DCS-16 RV), and the supernatants were collected in
brown glass flasks. Then, samples were resuspended in
1 ml of hexane:acetone and filtered (nylon membrane
of 0.45-um pore size). A total of 5 pl of each sample was
injected into a PerkinElmer Clarus 500 gas chromato-
graph equipped with a flame ionisation detector and a
PE-5HT column. The retention times of the different
PAH were determined with a mix of the PAH selected for
the spiking solution or the Restek 610 mix PAH standard
solution, for ST and LT soil microcosms respectively, and
quantified using calibration curves through serial dilu-
tions of the standard solutions.

DNA extraction and gradient fractionation

Total DNA was extracted from 0.5 g of soil from each
triplicate mesocosm at 0, 7, 15 and 30 days using the
NucleoSpin™ Soil kit (Macherey—Nagel, Germany), and
DNA was quantified with Quant-iT BR ds-DNA assay kit
with a Qubit fluorometer (Invitrogen, USA).

Fractionation of DNA from !3C-labelled treatments
and '>C-controls was performed according to [28].
Briefly, 2 pg (ST samples) or 0.7 pg (LT samples) of DNA
was added to CsCl solution (1.85 g.ml™!) and gradi-
ent buffer (0.1-M Tris—HCI, 0.1-M KCI, 1-mM EDTA,
pH=8.0) to reach a final concentration of 1.72 g.ml™.
The mix was loaded into 5.2-ml Quick-Seal Polyallomer
tubes (Beckman Coulter Pasadena, USA), and isopycnic
density ultracentrifugation was carried out at 44,100 rpm
for 36 h at 20 °C in an Optima XPN-80 ultracentrifuge
(Beckman Coulter) equipped with VTi 62.5 rotor.

After centrifugation, samples were separated into 12
fractions. Each fraction density was inferred through
the refraction index determined by an AR200 digi-
tal refractometer (Reichert, Seefeld, Germany). Then,
DNA samples were precipitated using polyethylene
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glycol (PEG)/glycogen method, and samples were
resuspended in 30 pl of buffer TE. DNA final concen-
tration was determined with Quant-iT HS ds-DNA
assay kit with a Qubit fluorometer (Invitrogen, USA).
For each treatment, SIP DNA density profiles were
created. Equal density ranges were selected for the
13C-treatment and '2C-control profiles, based on the
differences in the amount of DNA between labelled and
unlabelled treatments. For each replicate, DNA frac-
tions were pooled in two groups, heavy (1.72-1.735 g.
ml~') and light (1.70-1.715 g.ml™!) (Figure S1). Because
samples from day 30 of the LT soil showed a low DNA
recovery after fractionation (below 35%), these samples
were excluded from the analysis.

Amplicon sequencing analysis
Bacterial and eukaryotic community composition in
pooled fractions of each replicate for all microcosms was
assessed by sequencing the V3—V4 hypervariable region
of 16S rRNA gene and V8-V9 hypervariable region of
the 18S rRNA gene, respectively. The gene regions were
amplified with 25 cycles of PCR using the primer sets
16S_Illu_V3_F (TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGCCTACGGGNGGCWGCAG) and
16S_Illu_V4_R (GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGGACTACHVGGGTATCTAATC
C) for the 16S rRNA gene and 18S_ILLU_1422F (TCG
TCGGCAGCGTCAGATGTGTATAAGAGACAGATA
ACAGGTCTGTGATGCCCT) and (GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAGCCTTCYGCAGG
TTCACCTAC) for the 18S rRNA gene. PCR products
were checked by gel electrophoresis, and sequencing was
performed using a MiSeq sequencer (Illumina Inc., San
Diego, CA) using a 600-bp kit. Due to low concentration
and no PCR amplification, three samples were discarded.
Sequencing data processing was performed in R v 4.3.1
(R Core Team, 2023). The 16S rRNA and 18S rRNA gene
sequencing reads were filtered, trimmed, dereplicated,
chimera-checked, and merged using the dada2 pack-
age (v 1.22.0) using the following parameters: Trun-
cLen=260, 220; maxEE=4; trimLeft=10 for 16S rRNA
gene reads; and TruncLen=220, 190; maxEE=5; trim-
Left=10 for 18S rRNA gene reads. Sequences were pro-
cessed according to standard dada2 workflows [47].
Reads were assigned with SILVA classifier v.138 for
prokaryotes and SILVA v.132 for eukaryotes. 16S rRNA
sequenced samples had a range of 67-69,417 reads per
sample, and 18S rRNA samples had a range of 74,584—
169,040 reads, and they were standardised to 22,159 and
74,584 reads per sample, for 16S and 18S rRNA respec-
tively with the phyloseq (v. 1.42.0) [48] package (function
rarefy_even_depth, with seed=1). Due to the low number
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of reads, one sample was discarded for 16S analysis after
rarefaction.

Calculation of taxon-specific enrichment factors in labelled
rDNA

To identify both bacteria and eukaryotic taxa actively
involved in the assimilation of '*C from the labelled
strains, we developed a modified version of the enrich-
ment factor (EF) index presented by [30]. EFs were calcu-
lated for all genera that had a relative abundance greater
than 0.5% on average and a prevalence higher than 6%
(i.e. present in at least three samples) across all experi-
mental samples. The enrichment factor was calculated as
follows:

13Cheavy 12Cheavy

EF = —
13Cheavy + 13Clight ~ 12Cheavy + 12Clight

13C heavy and 13C light represent the relative abun-
dance of a genus in the '3C-labelled treatment in the
heavy and light carbon fractions respectively, and 12C
heavy and 12C light are the relative abundance of that
genus in the two fractions of the '*C-controls. Combi-
natorial subtractions were made between *C treatment
triplicates and '?C control triplicates, to keep the varia-
bility found in each sample. The mean of these values was
calculated. The EF ranges between—1 and 1, with EF>0
indicating some degree of enrichment. We set a threshold
of EF>0.015 (i.e. a 1.5% increase in relative abundance of
that genus relative to the unlabelled soil) for enrichment
and considered those genera that showed significant
change of the EF value through time (ANOVA p <0.05).

Data analysis

Statistical analyses were performed using the phyloseq (v.
1.42.0) [48], vegan (v. 2.6—4) [49], rstatix (v 0.7.2) [50] and
PMCMRplus (v 1.9.9) [51] R packages. For PAH concen-
trations, outliers were identified with the identify_outli-
ers function of rstatix, and samples excluded for each
analysis are detailed in Table S1. Shapiro and Levene
tests were done to check for normality and homogene-
ity of variance. Then, we performed repeated measures
ANOVA and post hoc pairwise comparisons using paired
t-tests with a Holm correction to determine differences
in PAH concentration through time, for each PAH spe-
cies. To identify changes in relative abundance of Sphin-
gobium and Burkholderia in the heavy and light fractions
of the *C-treatment, we carried out Friedman tests and
post hoc Conover pairwise comparisons. Due to the loss
of one replicate of the heavy fraction of LT microcosms
on day 15, statistical comparisons were not possible.
Both % of PAH degradation and relative abundances of
the inoculum are reported as mean £ SD throughout the
study.
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To distinguish genera that became enriched through
potential inoculum predation from those enriched
through cross-feeding, a Kendall correlation analysis was
performed between the relative abundance of the inocu-
lated genera and the potential predator. A negative value
of Kendall correlation coefficient (1) and statistical sig-
nificance (p-value <0.01) was considered an indication of
predation, and cross-feeding was assumed otherwise.

Results

Bioremediation efficiency

In the ST soil, inoculation of the degrading consortium
effectively removed all PAHs within the 30 days of the
experiment (Fig. 1a). Fluorene and anthracene concen-
trations were below the detection limit after 7 days of
incubation, while 98.0+0.7% of phenanthrene (repeated
measures ANOVA, p<0.01) and 25.0+£12.2% of pyrene
(repeated measures ANOVA, p<0.01) were degraded,
reaching lower levels than in the non-inoculated micro-
cosms, where no degradation was observed until 15 days
of incubation (Figure S2).

Eight PAHs were detected in the LT soil, including
both low-molecular-weight (acenaphthylene, anthracene
and phenanthrene) and high-molecular-weight PAHs
(pyrene, fluoranthene, benzo[a]pyrene, chrysene and
benzo[a]pyrene). Notably, inoculating SC AMBk did not
reduce the concentration of the PAHs detected in the LT
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soil after 30 days of incubation (Fig. 1b, repeated meas-
ures ANOVA, p>0.05 for all PAHs).

Changes in the abundance of the inoculum
We identified two and six ASVs that had a similarity
higher than 99.5% with the 16S rRNA sequence of Sphin-
gobium sp. AM and Burkholderia sp. Bk, respectively
(Tables S2 and S3, Figure S3). These ASVs represented,
on average, 98.0+1.8% and 95.3+7.3% of the ASVs
belonging to the genera Sphingobium and Burkholderia
in the soils, respectively, and were thus used to estimate
the fate of the inoculum. In non-inoculated controls,
Sphingobium and Burkholderia had a relative abundance
of < 1% of the total community, on average (Figure S4).
Following inoculation, the initial relative abundance of
the genera Sphingobium and Burkholderia in the heavy
fractions of the 13C treatment in ST microcosms was
32.2+7.2% and 51.6 +6.7% of the community (Fig. 2) and
gradually dropped (although not significantly; Friedman
test, p=0.08) to 3.1+0.8% and 8.7+0.5% of the heavy
fraction, respectively, on day 30. Notably, the abundance
of Sphingobium and Burkholderia in the light fraction
of the ST soil increased from 1.7 +£0.7% and 3.6 +1.4% of
the light fraction on day 0 to 17.5+1.8% (Friedman test,
p=0.042) and 36.6 +0.8% (Friedman test, p=0.0293) on
day 7 for Sphingobium and Burkholderia, respectively,
and gradually decreased thereafter.

Time (days)
o
[ K
[ RE
B 30

ACY ANT PHN PYR FLN B[aA CRY B[a

Fig. 1 PAH concentrations in short-term (ST) (A) and long-term (LT) (B) contaminated soil microcosms. Microcosms were constructed with 50 g

of soil. The LT soil was sampled in a contaminated state (ACY, acenaphthylene; ANT, anthracene; PHE, phenanthrene; PYR, pyrene; FLN, fluoranthene;
B[a]A, benzo(a)anthracene; CRY, chrysene; B[a]P, benzo(a)pyrene), and ST soil microcosms were contaminated with a mix of PAH (FLU, fluorene; ANT,
anthracene; PHE, phenanthrene; PYR, pyrene). Microcosms were inoculated with a degrading consortium (SC AMBk) immediately before sampling
(day 0). Results are expressed as the mean concentration of combined 3Ctreatment and '2C-control microcosms, and error bars indicate standard
deviation. For each PAH, significant differences between time points were tested separately (ANOVA) and are indicated (p-value < 0.05%,0.01*¥,
0.001***,0.0001****)_ Details on outliers excluded for each test are provided in Table S1
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Fig. 2 Relative abundances of the inoculated genera Sphingobium and Burkholderia in short-term (ST; A) and long-term (LT; B) contaminated soils
in the '*C-enriched treatments. Samples were taken on days 0, 7, 15 and 30 of the incubation and separated into heavy (i.e. inoculated) and light
(i.e. grown after inoculation) fractions through ultracentrifugation. Samples of day 30 in LT soil were excluded from the analysis due to low efficiency
recovery. The 16S rRNA gene of both fractions was sequenced. Results are expressed as the mean relative abundance of the biological replicates

In LT soil, the relative abundance of the inoculated gen-
era in the heavy fraction of '3C treatment was 28.8 +2.4%
and 39.5+2.0% of the total community on day O, for
Sphingobium and Burkholderia, respectively. However, a
decreasing trend was observed through the incubation
time, reaching 16.2+0.3% and 5.2+ 0.1% of the commu-
nity for Sphingobium and Burkholderia on day 15. In the
light fraction following inoculation, Sphingobium and
Burkholderia made up 10.9+9.5% and 18.4+16.9% of the
total community respectively, and no significant changes
were detected over time (Sphingobium: Friedman test,
p=0.368; Burkholderia: Friedman test, p=0.097). Sam-
ples from day 30 of the LT soil were excluded from
the analysis since they had a low DNA recovery after
fractionation.

Enriched community during bioaugmentation

In total, we identified 21 bacterial taxa which were
enriched in the ST soil and 3 in the LT soil (Fig. 3a).
After 1 h, Burkholderia and Sphingobium were the only
enriched taxa (EF: 0.42 and 0.46). Their EF decreased
during incubation to 0.09 and 0.05 on day 30 respectively.

On day 7, Gemmatimonas and Bacillus were enriched. By
day 30, we detected 18 enriched genera. Among them,
only Lysobacter and a member of Chitinophagaceae fam-
ily were enriched on day 15, while the remaining gen-
era were enriched on day 30. These genera belonged to
Pseudomonadota (6 genera) and Acidobacteriota (6 gen-
era), with Candidatus Udaeobacter and Sphingomonas
exhibiting increased relative abundances and the highest
enrichment (0.17 and 0.11, respectively). No correlation
was found between the relative abundance of the inocu-
lated genera and seven of the enriched genera identified
in the ST soil (Table S4). In the LT soil, Promicromono-
spora was enriched only after 1 h of incubation (day 0),
while the ASV affiliated to 67—-14 (unclassified Solirubro-
bacterales) and WN-HWB-116 (unclassified Gammapro-
teobacteria) were enriched on day 15, and none of these
genera correlated with the relative abundance of the
inoculated genera (Fig. 3b, Table S4).

We further identified 15 enriched eukaryotic taxa
in the ST soil (Fig. 4a). After 1 h of incubation (day 0),
five genera were enriched, including Cercozoa (two gen-
era), Amoebozoa (one genus) and Fungi (two genera).
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Fig. 3 '*C-enriched bacterial genera identified by calculating the EF in the ST (A) and LT (B) soil amended with the labelled consortium SC AMBk
after O (after 1 h of incubation), 7, 15 and 30 days of incubation. The colour scale reflects the mean value of the EFs, and the size scale represents

the mean relative abundance of each genus in the heavy fraction of the "*C treatment. The figure shows the genera whose EF was higher than 0
at least at one time point, showing significant change in their value through time (p <0.05), and whose relative abundance was higher than 0.5%

in at least one time point. White circles represent EFs lower than 0.01

On day 7, eight genera were enriched, which included
Cercozoa (four genera), Amoebozoa (two genera) and
Fungi (two genera). On day 15, 10 enriched genera were
identified, among which Allas showed the highest EF
(0.42) and Mortierella and D3P0O5A02 (Apicomplexa)
showed the highest relative abundance. Only six genera
were enriched on day 30, which belong to Cercozoa (four
genera) and Amoebozoa (two genera). Notably, Allas
and Cercomonas exhibited a negative correlation with
the inoculated genera (Allas: T=—0.71, Cercomonas:
1=—-0,67 for Burkholderia, and Allas: r=—0.75 for
Sphingobium; p-value < 0.01, Table S5).

Among the eukaryotic enriched genera in LT soil
(Fig. 4b), D3P05A02 (Apicomplexa) and Ophistonecta
were enriched after 1 h. On day 7, five genera were
enriched, which included Ochrophyta (2), Amoebo-
zoa (1), Ciliophora (1) and Chlorophyta (1). Of these,
Spumella and Clamydomyxa had the highest EF values
(0.24 and 0.17, respectively). On day 15, only Colpoda
remained enriched (EF 0.20). None of the enriched gen-
era showed significant correlation with the inoculated
genera (Table S5).

Discussion

Bioaugmentation is considered a cost-effective and sus-
tainable technology for the removal of pollutants from
contaminated environments [1]; however, the efficacy of

this process is highly variable [44, 52, 53]. The establish-
ment of inoculated microorganisms is a key part of this
process, which may ensure the successful removal of pol-
lutants. Using DNA-SIP to track the incorporation of
isotopically labelled biomass carbon from the inoculum
strains into members of the soil microbial food web, we
demonstrate how the performance of a PAH-degrading
two-strain inoculant depends on contamination exposure
times and highlights the role of inoculum predation by
the native community in modulating this performance.

Although predation is an important top-down regula-
tion process [4], its impact in bioremediation has been
overlooked. To date, few studies consider the role of pre-
dation in degradation, and those which do, report both a
decreased degradation [25, 26, 54], or increased degrada-
tion in the presence of predators [55—-57]. Nevertheless,
how predator communities vary in different environ-
ments, and how this affects the success of bioinoculants,
remains a significant hurdle to the wider application of
this promising technique. These studies lack the iden-
tification of the main predatory groups involved in the
process.

We found that inoculum biomass was assimilated by
members of the native soil microbial communities, and
that these differed between soils with different contami-
nation legacies, highlighting the complex relationship
between the native microbiota, the pollutant, and the
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efficacy of bioinoculants in removing pollutants from the
environment. We were able to identify the main groups
involved in the assimilation of inoculum biomass. In both
soils, eukaryotic genera predominated as consumers of
the >C-labelled biomass at the first sampling time points,
but the identity of individual genera varied between the
soils. In the ST soil, members of the Cercozoa phylum
and fungal genera were predominant among the enriched
genera. This trend continued throughout the month of
study, and during this time, additional cercomonadid
and amoeboid genera incorporated the labelled biomass.
On the other hand, in the LT soil, no Cercozoa genus
was enriched, and members of Amoebozoa, Ochrophyta
and Ciliophora were found among the early incorpora-
tors. Previous studies have reported a quick response
of the fungal community after the addition of labelled
carbon substrates [30] and labelled bacteria [39, 58, 59].
Although saprophytic fungi are considered to mainly
decompose plant litter, they can be dominant in the
decomposition of newly added residues, including bac-
terial biomass. Fungi produce a variety of extracellular
enzymes attacking compounds not easily degradable (e.g.
bacterial cell wall components), releasing low molecular

decomposition products available for other organisms
[58, 60]. Regarding protists, consumers are the predomi-
nant functional group in soil, with Cercozoa being the
most abundant group followed by Ciliophora [61]. Due
to the rapid division times, they can respond quickly to
changes in the prey abundances [4, 15, 62].

Our study suggests that inoculation triggered distinct
successional trajectories in the community, between the
two soils with different contamination exposure times.
This is likely due to the different contaminant tolerance
and preference ranges of predatory eukaryotes in the soils
with different contaminant legacies, resulting in different
communities of potential predators to consume the inoc-
ulum. Cercozoa has been documented to dominate soils
freshly contaminated with PAH [20]. Also, a positive cor-
relation was found between this group and PAH-degrad-
ing bacteria and fungi [63]. However, this study showed
that Cercozoa abundance was negatively correlated
with high-molecular-weight PAH, the main compounds
found in the LT soil. Unlike Cercozoa, positive correla-
tions were found between the high-molecular-weight
PAH concentration and the abundance of Strameno-
piles (which includes Ochrophyta) and Amoebozoa
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[63]. Furthermore, higher abundance of amoeboids in
soils chronically contaminated with PAH was previously
observed [64, 65]. As with Cercozoa, this pattern is likely
related to the higher resistance to PAH toxicity of amoe-
boids compared to flagellates [19]. However, information
regarding the interaction between soil protists and pol-
lutants is still lacking [18], and more studies should be
done to confirm these patterns.

In contrast to eukaryotic genera, few bacterial genera
were enriched at the first sampling time. The number of
enriched bacterial genera increased only by the 30th day
and only in the ST soil. Enrichment of members of the
genera Sphingomonas, Lysobacter, Rhodanobacter, and
uncultured Xanthomonadaceae has been also shown in
previous work, where '3C-labelled Pseudomonas putida
and Achromobacter globiformis were inoculated in bulk
or rhizosphere soils [40]. Also, some of the enriched
genera (e.g. Bacillus) were previously identified as con-
sumers of dead biomass derived from Escherichia coli
[66]; however, among them, only Lysobacter is known as
a facultative predator [67]. This fact, together with the
late incorporation of labelled biomass, suggests that the
enrichment of bacteria may have resulted from cross-
feeding [38]. It has been recently suggested that the role
of predatory bacteria may be underestimated, and that
they could play a major role in the soil food web [7, 11].
Interestingly, and contrary to our expectation, we did not
identify known predatory bacteria in the first stages after
incubation. In both soils, eukaryotic predators were likely
the main consumers during the first stages after inocula-
tion, releasing nutrients that could later be used by the
bacterial and fungal communities [9].

We also found that Sphingobium and Burkholderia
showed different survivals depending on the soil in which
they were inoculated, which could also explain the dif-
ferent degradation performances. In the ST soil, both
inoculated genera showed a high relative abundance in
the heavy fractions of the '*C treatments during the first
15 days of incubation. Interestingly, we observed growth
in situ for both genera 7 days after inoculation, as indi-
cated from the dilution of the label and the increase of
the relative abundance in the light fractions. In con-
trast, in the LT soil, we did not observe any increase in
their relative abundance in the light fraction, but by
day 15, the relative abundance of both genera had pro-
gressively decreased in the heavy fraction, meaning
the inoculated genera were not able to grow during the
incubation period. It should be noted that we tracked
the changes in the abundance of the Sphingobium and
Burkholderia genera to monitor the inoculated genera,
as their abundance in non-inoculated soils was low dur-
ing the incubation period and the ASVs identified for
the inoculated strains contributed significantly to these
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genera. While splitting a genome into different clusters
can introduce bias when using ASVs [68], all identified
ASVs were correlated and behaved similarly, support-
ing our approach (Figure S3). However, further research
using more specific methods (e.g. qPCR [69]) can experi-
mentally corroborate these results.

Both environmental factors (e.g. resource availability,
pollutant toxicity) and antagonistic biological interac-
tions (e.g. competition, predation) can hinder inoculum
establishment [2]. Although we did not directly assess
competition, in the ST soil, the inoculated genera out-
competed the native community in PAH consumption, as
reflected by the increase in degradation, and were able to
grow [2], outpacing predation pressure [70]. By the end of
the incubation time, PAH concentrations had decreased,
but the predation pressure remained, possibly explaining
the decrease in the relative abundance of the inoculum at
the end of the experiment. No degradation was observed
the LT soil. Notably, the LT soil had a lower clay content
and near-neutral pH, conditions which favour PAH bio-
degradation [71] relative to the ST soil. A limitation for
biodegradation in long-term contaminated soils is low
PAH bioavailability, which decreased over time, in addi-
tion to the limited nutrient flow due to a degraded soil
structure [72]. The low survival of the inoculum in the
LT soil may be the result the lower PAH bioavailability
[73, 74], combined with existing predator pressures. In
this scenario, in which no growth was observed, Sphin-
gobium exhibited higher survival than Burkholderia. Sev-
eral predation-resistance strategies have been described
for the Sphingobium genus, such as aggregate formation
[75, 76] and the presence of sphingolipids which stabilise
the outer membrane of the cell wall and reduce digest-
ibility [77, 78].

Combined strategies of bioaugmentation and sur-
factant-enhanced bioremediation have been proposed as
an option to increase the degradation of PAH in environ-
ments with low bioavailability [79]. To date, most studies
have focused on the degradation efficiency of inocula to
design consortia [45, 80, 81]. However, our study dem-
onstrates the need to consider other ecological traits
(e.g. predation resistance) in inoculum design [2, 3, 53].
Understanding predation interactions between an inocu-
lum and native communities under changing environ-
ments will help to increase the probability of successful
application of inoculum-based technologies.

Conclusion

Our work suggests that predation pressure is cen-
tral to the establishment and success of bioaugmenta-
tion in soil, and that the effect of predation pressure is
also modulated by the environment. At the same time,
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we find commonalities across soils, including a quick
response of the eukaryote-dominated predator commu-
nity. Although we did not monitor the absolute abun-
dance of the eukaryotic predators, our work highlights
the relationship between growth and predation and its
impact on inoculum survival. Future research should
focus on understanding predation preferences and
selectivity by soil microbial eukaryotes in situ and in
isolation.
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Additional file 1: Figure S1: Normalized DNA concentration according to
the density of each fraction for both ST (green lines) and LT (blue lines).
Each point represents the mean concentration of the triplicates of “*treat-
ment (dashed lines) and <'?control (continuous lines). Red areas indicate
density ranges of heavy and light pools. Figure S2: PAH concentrations

in ST (A) and LT (B) non inoculated soil microcosms through incuba-

tion period. Results are expressed as the mean concentration with their
standard deviation. (ACY: acenaphthylene; FLU: fluorene; ANT: anthracene;
PHE: phenanthrene; PYR: pyrene; FLN: fluoranthene; B[a]A: benzo(a)
anthracene; CRY: chrysene; B[a]P: benzo(a)pyrene). Table S1: Samples
identified as outliers by PAH specie, marked by an X, and excluded from
the statistical analysis to determine differences in PAH concentration
through time. (ACY: acenaphthylene; FLU: fluorene; ANT: anthracene; PHE:
phenanthrene; PYR: pyrene; FLN: fluoranthene; BlalA: benzo(a)anthracene;
CRY: chrysene; B[a]P: benzo(a)pyrene). Table S2: Predominant ASV (relative
abundance > 0.05%) with the highest percentage of identity with Sphingo-
bium sp. AM 16S rRNA gene sequence. Table S3: Predominant ASV (relative
abundance >0.05%) with the highest percentage of identity with Burk-
holderia sp. Bk 165 rRNA gene sequence. Figure S3: Correlation between
the relative abundance of the ASVs with high identity with the 165 rRNA
gene sequence of Sphingobium AM (A) and Burkholderia Bk (B) strain using
Spearman correlation method. All the correlations had a p-value <0.05.
Figure S4: Relative abundance of the top 15 bacterial genera in (A) ST

and (B) LT non inoculated soil microcosms. Results are expressed as the
mean relative abundance of triplicates at time 0 and 15 days or 30 days

of incubation for ST and LT soils respectively. Table S4: Kendall correla-

tion coefficient for the enriched bacterial genera abundance regarding
Burkholderia and Sphingobium abundances in both ST and LT soils.
*p<0.05, **p<0.01, **p<0.001. Table S: Kendall correlation coefficient

for the enriched eukaryotic genera abundance regarding Burkholderia
and Sphingobium abundances in ST soil. *p <0.05, **p <0.01, ***p <0.001.
Table S5: Kendall correlation coefficient for the enriched eukaryotic genera
abundance regarding Burkholderia and Sphingobium abundances in LT
soil. *p < 0.05, **p < 0.01, **p < 0.001.
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