A historical legacy of antibiotic utilization on bacterial seed banks in sediments

Peer

following the use of amoxicillin-clavulanate for skin and soft-tissue infections and the
increased use of cotromixazole (a combination of sulfonamides and trimethoprim) for
uncomplicated urinary tract infections, which represent the two most common bacterial
infections encountered in outpatient clinics and private medical practice.

Tetracycline binds to the elongating ribosome, affecting translation, and therefore
resistance can be acquired through diverse mechanisms (Davies ¢ Davies, 2010; Roberts ¢
Schwarz, 2016). tet (W) is one of a series of ARGs conferring resistance through ribosomal
protection and although the ancestral source of the gene is unknown, it has been reported
in both Gram-positive and Gram-negative bacteria (Roberts & Schwarz, 2016). Our analysis
suggest that medical historical use (1995-1970) fits well with the observed peak of relative
accumulation of tet (W) in the seed bank DNA, which was highly correlated with changes
in the abundance of Firmicutes. One potential explanation for the link between medical
use of tetracycline and fer (W) in Fimicutes is the fact that the human gut microbiome can
serve as a reservoir of ARGs, and in particular to genes conferring resistance to tetracycline
(De Vries et al., 20115 Van Schaik, 2015). A recent analysis of the human gut microbiome
suggests that Firmicutes are highly prevalent (Browne et al., 2016; Dethlefsen, McFall-Ngai ¢
Relman, 2007). More importantly, a recent study suggests that sporulation is a widespread
characteristic of the human microbiome (Browne et al., 2016), and it is precisely these
dormant forms that can contribute to the seed bank in human-impacted ecosystems.
However, linking tet(W) abundance and the human microbiome must not be seen as a
confirmation of the relationship between medical antibiotic use and increase of ARGs
levels in the environment. For example, a recent study monitoring the effect of tetracycline
on the performance of anaerobic digesters used in wastewater treatment has also shown
a highly significant increase in the relative abundance of spore-forming Firmicutes after
treatment with a concentration of 20 mg/L of tetracycline (Xiong, Harb ¢~ Hong, 2017).
Overall the data suggest that antibiotics such as tetracycline might select for specific groups
of Firmicutes that can be later found in the seed bank archives.

The same analysis performed on sulfonamides, another class of antibiotics with an
industrial history, shows a different trend. Sulfonamide drugs were also among the earliest
antibiotics discovered. The legacy of mass production of sulfonamides is reflected in one
of the most broadly disseminated cases of drug resistance, both in terms of prevalence
and taxonomy (Aminov, 2010). Resistance to this class of antibiotic is almost universally
associated to genetic mobile elements that confer a fitness advantage to the recipient
bacteria as shown in the case of non-pathogenic Escherichia coli (Enne et al., 2004). The
abundance of sull may thus be indicative of a dissemination trend of certain widespread
mobile genetic elements (e.g., class-1 integrons) (Gillings, 20145 Skold, 1976; Skold, 2000)
that may well carry other resistance elements. Horizontal gene transfer mediated by
mobile genetic elements is considered a major pathway of ARG dissemination (Bengtsson-
Palme, Kristiansson & Larsson, 2017; Berglund, 2015). This particular mechanism of ARG
dissemination overcomes taxonomic barriers, probably explaining the wide taxonomic
spectrum of bacterial seed bank groups correlated to sul1 quantification in the sediments.

The quantification of sull in the sedimentary record in the 1970s matches early

prescription history of this antibiotic class (Table S1). More recent detection could
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be correlated to changes in guidelines to reduce usage of penicillin derivatives (such

as co-amoxicillin) for uncomplicated urinary tract infection in favor of cotrimoxazole
(Sulfamethoxazol-Trimethoprim combination), which may partially explain the common
occurrence of sull resistance gene in the seed bank DNA especially after 2005 (Table S1).
At this time medical guidelines changed given the high rate of resistance of E. coli (90% of
the etiology of cystitis in healthy adult female humans) to penicillin derivatives, leading
to the reintroduction of sulfonamides. Indeed, the resistance rate of E. coli to amoxicillin
and to amoxicillin-clavulanate respectively reached 52% and 23% of the isolates tested at
the Lausanne University Hospital Diagnostic Laboratory in 2016 (4,581 strains), which has
prompted clinicians to use sulfonamides instead.

CONCLUSIONS

Previous studies of the historical legacy of the antibiotic era have come to contradictory
conclusions. On the one hand, they show the recent effect of human activity on ARGs in the
environment (Graham et al., 2016; Knapp et al., 2010; Thevenon et al., 2012), and suggest
that reducing non-therapeutic antibiotic use may reduce some of the environmental
ARG legacy. On the other hand, the results show that this is not universally applicable to
all antibiotic classes and that policies intended to reduce non-therapeutic use can have
undesirable consequences (Graham et al., 2016). Results for the accumulation of beta-
lactamase genes in soils suggest that accumulation in soil reflected a broader expansion
of antibiotic use across society, implying that development of resistance in clinical and
agricultural systems is mutually influential (Graham et al, 2016). Our results generate
valuable information for the debate regarding the long-term effect of the antibiotic era
as we show that antibiotics also affect a fraction of the microbial community that will
certainly outlast many of these policies: the seed bank bacterial community. This opens up
a new debate, concerning the potential long-term effect of these dormant and persistent
cellular structures and their potential for further spreading of ARGs in the environment.
Importantly however, we hereby provide a proof of concept for a new way to study the
historical development of resistance that is applicable to many geographic regions and
resistance determinants and that does not rely on human archiving of environmental

samples.
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Foreword

Wastewater treatment plants are known to be a main source of multiple
contaminants in the environments, among them antibiotics and antibiotic-resistant
organisms. In many cases, WWTP not only fail to eliminate ARG, they increase their
relative abundance. WWTP contribute to ARG dissemination, possibly due to the
mixing and high abundance of organisms from multiple origins, the pool of ARG
present in the different compartments of the WWTP, and the conditions favoring
gene transfer. Due to their ability to withstand harsh conditions, spore-formers are
likely to resist wastewater treatment. And due to their prevalence in the human
microbiome, they are likely to be found in high abundance in WWTP inflows.
Although spores had been suggested to have a significant role in ARG dissemination,
no study investigated the (distribution and) dispersal rate of ARG associated to
spores.

In this chapter we propose to investigate the role of the release ARG and ARG-
bearing organisms in the dissemination of antibiotic resistance through wastewater
discharge.

As for the preceding article, this publication was also a collective effort led by
collaborators from our laboratory and other institutions. My personal contribution
included the analysis of the sequencing data and the bacterial community, part of
the statistical analyses, the integration and interpretation of the results, the writing
of the manuscript, and the co-supervision of the master student (Zhanna
Bayrychenko) who proceeded to the DNA extractions and collaborated on the
guantification of ARG.
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ABSTRACT

Aquatic ecosystems serve as a dissemination pathway and a reservoir of both antibiotic
resistant bacteria (ARB) and antibiotic resistance genes (ARG). In this study, we
investigate the role of the bacterial sporobiota to act as a vector for ARG dispersal in
aquatic ecosystems. The sporobiota was operationally defined as the resilient fraction
of the bacterial community withstanding a harsh extraction treatment eliminating
the easily lysed fraction of the total bacterial community. The sporobiota has been
identified as a critical component of the human microbiome, and therefore potentially
a key element in the dissemination of ARG in human-impacted environments. A
region of Lake Geneva in which the accumulation of ARG in the sediments has been
previously linked to the deposition of treated wastewater was selected to investigate
the dissemination of tet (W) and sul1, two genes conferring resistance to tetracycline
and sulfonamide, respectively. Analysis of the abundance of these ARG within the
sporobiome (collection of genes of the sporobiota) and correlation with community
composition and environmental parameters demonstrated that ARG can spread across
the environment with the sporobiota being the dispersal vector. A highly abundant
OTU affiliated with the genus Clostridium was identified as a potential specific vector for
the dissemination of ter (W), due to a strong correlation with tet (W) frequency (ARG
copy numbers/ng DNA). The high dispersal rate, long-term survival, and potential
reactivation of the sporobiota constitute a serious concern in terms of dissemination
and persistence of ARG in the environment,

Subjects Microbiology, Public Health, Ecotoxicology, Freshwater Biology, Environmental
Impacts
Keywords WWTP, ARG, Seed bank, tet (W), sul1, Dispersal

INTRODUCTION

The prevalence and spread of antibiotic resistance is a pressing global public health
issue (Marti, Variatza & Balcazar, 2014; Perry, Westman & Wright, 2014; O’Neill, 2015).
Although resistance to antibiotics was traditionally viewed as a clinical problem, attention
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has recently been directed at understanding the ecological and environmental processes
involved in the dissemination of antibiotic-resistant bacteria (ARB) and their associated
resistance genes (ARG) (Berglund, 2015; Bengtsson-Palme, Kristiansson & Larsson, 2017).
The dispersal potential of organisms (or genetic elements) carrying ARG is an important
element to understand dissemination of antibiotic resistance in the environment. In terms
of dissemination, the so-called “sporobiota” is a portion of the bacterial community of great
interest. The sporobiota has been defined as a fraction of the microbial community that
can exist in the form of highly transmissible spores, which are spread in the environment
and are implicated in host-to-host transmission (Tefz & Tetz, 2017). This fraction of
the community, which can be considered as part of the seed bank (Lennon & Jones, 2011;
Shoemalker ¢ Lennon, 2018), is prone to high dispersal rates due its non-active physiological
state, bypassing limitations for local adaptation (Bartholomew ¢ Paik, 1966; Hubert, 2009;
Lennon & Jones, 2011). The sporobiota appears to play a significant role as part of the
natural microbiota of humans (Browne et al., 2016), and therefore, might be highly
relevant for ARG dissemination in human-impacted environments. Moreover, one of
the features that has been ascribed to the sporobiome (collection of genes of the sporobiota
community) is its potential implication in the spread of antibiotic resistance (Tetz & Tetz,
2017; Bengtsson-Palme, Kristiansson ¢ Larsson, 2017). Although the initial definition of
the sporobiota in humans makes reference to a particular type of spores produced by the
phylum Firmicutes (heat-resistant endospores; Tefz ¢ Tetz, 2017), it is likely that other
spore-like structures are found as part of the environmental sporobiota. Therefore, in this
study we use a more comprehensive operational definition based on the properties of the
sporobiota. The operational definition used here consists of cellular structures withstanding
a harsh extraction method designed originally to enrich in endospores from environmental
samples (Wunderlin et al., 2014).

Aquatic ecosystems can be considered as priority areas when investigating dispersal
of ARG in the environment. On the one hand, aquatic ecosystems have a reservoir
function, allowing the mixing of environmental organisms and human/animal pathogens,
potentially promoting gene transfer, mainly in sediments and biofilms (Van Elsas ¢
Bailey, 2002; Kenzaka, Tani ¢ Nasu, 2010; Drudge, 2012). On the other hand, the use of
water bodies for irrigation, recreational and domestic purposes, and as a drinking water
supply (after treatment), constitutes a potential pathway enabling transmission of ARB
(or ARG) between hosts through the environment (Baguero, Martinez ¢ Canton, 2008;
Taylor, Verner-Jeffreys & Baker-Austin, 2011). In particular, water bodies connected to
wastewater treatment plants (WWTPs) are a major concern (see Baguero, Martinez ¢
Cantdén, 2008; Marti, Variatza & Balcazar, 2014 for reviews in the topic). Many WWTPs
not only collect wastewater from domestic sources, but also from hospitals or the food-
industry, where antibiotics are extensively used {Szezepanowski et al., 2009; Bouki, Venieri
¢ Diamadopoulos, 2013; Rodriguez-Mozaz et al., 2015; Xu et al., 2015). Despite elaborate
treatment and disinfection phases put in place in moedern WWTPs, ARB and ARG have
been shown to be only partially eliminated, thus potentially having an important impact on
ARG transfer and dispersal (LaPara et al., 2011; Munir, Wong ¢ Xagoraraki, 2011; Dodd,
2012; Rizzo et al., 2013).
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Lake Geneva is the largest freshwater lake in Western Europe and constitutes a major
source of drinking water. The lake receives wastewater from the surrounding cities. The
largest WWTP is located near the city of Lausanne and receives wastewater from both
domestic and industrial/clinical sources. Treated wastewater is released into a bay of the
lake, the Vidy Bay. Overflow associated with strong rain episodes also contributed to the
occasional release of untreated wastewater. Although a natural background of resistance
genes is ubiquitous, and in addition the entire Lake Geneva basin is likely affected by human
activity, sediments of the Vidy Bay are more significantly impacted in terms of organic
and inorganic pollution by the WWTP discharge, due to their immediate proximity to
the outlet. Contamination by fecal-indicator bacteria, trace metals, nitrogen, phosphorus,
and ARG has been reported (Haller et al., 201 1; Czekalski et al., 2012; Thevenon et al., 2012;
Czekalski, Gascén Diez & Biirgmann, 2014; Devarajan et al., 2015). Moreover, ARG and
resistant bacteria have been detected close to the drinking water pump of Lausanne, 3.2
km away from the WWTP outflow, highlighting the potential risk for human health
from the transfer of ARB and ARG from the environment back into humans (Czekalski
et al, 2012). Therefore, Lake Geneva constitutes an ideal system to evaluate the role of
the sporobiota in ARG dissemination. We have previously shown that the sporobiome
of lake sediment preserves a historical record of resistance prevalence using as proxies
for ARG the tet (W) and sull genes (Madueiio et al., 2018) and the same genes were also
selected for this study. Although analyzing only two ARG limits the scope of our work and
results should therefore not be generalized, currently the low DNA yield resulting from the
separation of the sporobiota limits the number of genes that can be assessed simultaneously
without total DNA amplification. The tet (W) gene confers resistance to tetracycline, a class
of natural antibiotics isolated from Streptomyces that inhibit protein synthesis (Roberts,
1996). The sull gene confers resistance to sulfonamide, a class of synthetic antibiotics that
inhibit the enzyme dihydropteroate synthase (DHPS) in the folic acid pathway (Skald,
2001). Moreover, the sull gene has been suggested as a useful proxy for monitoring
ARG in the environment (Berendonk et al., 2015). Both genes are known to be abundant
in wastewater-impacted sediments (Czekalski, Gascén Diez ¢ Biirgmann, 20145 Na et al.,
2014, Rodriguez-Mozaz et al., 2015), and in particular, the high abundance of these two
genes among total bacterial communities was previously reported in sediments from the
same location (Czekalski, Gascén Diez & Biirgmann, 2014), Sulfonamides and tetracyclines
are still in use in human medicine and are the antibiotic classes with the highest and third
highest sales numbers, respectively, for the veterinary sector in Switzerland (Federal Office
of Public Health, 2016).

The aims of the present study were to investigate the accumulation of ARG tet (W)
and sull in DNA extracted from sediments treated to enrich the sporobiota and that are
impacted differentially by a WWTP discharge. In addition, we analyzed the sporobiota
community composition and its relationship to ARG levels, spatial distribution, and
characteristics of sediments,
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MATERIAL AND METHODS

Site description and sampling

Lake Geneva is the largest freshwater lake of Western Europe, with a volume of 89 km?,
a surface area of 580 km? and a maximum depth of 309 m. Vidy Bay is enclosed by the
shoreline near Lausanne between St.-Sulpice and Lausanne-Ouchy. The outlet pipe of the
WWTP is located 700 m offshore at 35 m depth (46.51197121 N; 6.587423025 E).

The ten cores used for this study were retrieved using standard corers (50 cm length
Plexiglas tubes of 6 cm diameter) between July 2011 and May 2012 in three sampling zones
differently impacted by the WWTP (Bueche, 2014; Sauvain et al., 2014): 5-40 m from the
outlet pipe of the WWTP (“near”, N1-N4); 134-429 m from the outlet pipe (“middle”,
MI1-M4); and 611-956 m from the outlet pipe (“distal”, D1-D2). Two sediment layers
were analyzed for the cores with the code numbers 1 and 2 (D1, D2, M1, M2, N1, N2)
[20]: 0-3 cm and 3-9 cm depth. Three sediment layers were analyzed for the cores with
the code numbers 3—4 (M3, M4, N3, N4): 0-1.5 cm, 1.5-3 cm and 3-9 cm depth.

DNA extraction

Sporobiome DNA was obtained using an indirect three step extraction method: (i)
extraction of cells from the sediment particles, (ii) separation of spores from the vegetative
cells, (iii) DNA extraction from the spores ( Wunderlin et al., 2014).

The treatment to separate spores from vegetative cells was performed on the biomass
from 1.5 grams of sediment collected on one nitrocellulose filter (Merck Millipore,
Darmstadt, Germany) per sample, as previously described (Wunderlin er al, 2014). The
first step consisted of the lysis of vegetative cells by heat, enzymatic agents (lysozyme)
and chemicals (Tris-EDTA, NaOH, SDS). The second step consisted of a DNase digestion
in order to destroy the free DNA, Treated filters were stored at —20 °C until DNA was
extracted from the pre-treated filters using a protocol based on the FastDNA® SPIN kit
for soil (MP Biomedicals, Santa Ana, CA, USA) (Wunderlin et al., 2013) with the following
additional modifications: samples in lysing matrix were submitted to two successive
bead-beating steps. Supernatant retrieved from each bead-beating was treated separately
according to manufacturer’s instructions and DNA extracts were pooled together at the end
of the procedure. Pooled DNA was precipitated with 0.3 M Na-acetate and ethanol (99%),
stored at —20 °C overnight and centrifuged for 1 h at 21460xg and 4 °C, Supernatant was
removed and the pellet was washed with 1 ml of 70% ethanol and centrifuged for 30 min
at 21460xg and 4 °C. Supernatant was removed and the residual ethanol was allowed to
evaporate at room temperature. Pellet was re-suspended in 50 pl of PCR-grade water. Total
DNA was quantified using Qubit® dsDNA HS Assay Kit on a Qubit® 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA).

Real-time quantitative PCR on tei(W) and su/1 genes

Real-time Taqman®-PCR on sull and tet(W) genes was performed in 384-well plates
using a LightCycler®480 Instrument IT (Roche, Basel, Switzerland). For sull, the
primers used were qSUL653f (5-CCGTTGGCCTTCCTGTAAAG-3") and qSUL719r
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(5-TTGCCGATCGCGTGAAGT-3") with tpSUL1 (FAM -CAGCGAGCCTTGCGGCGG-
TAMRA) probe (Heuer ¢ Smalla, 2007). The reaction mix for sul1 consisted of 2 L of DNA
template (between 0.08 and 1.39 ng/pL), 0.025 pM of each primer, 0.25 pM of TagMan
probe and 1 x TagMan® Fast Universal PCR Master Mix (Applied Biosystems, Foster
City, CA, USA). Total reaction volume of 10 nL was reached with PCR-grade water. For
tet (W), the primers used were tetW_f (5'-CGGCAGCGCAAAGAGAAC-3") and tetW_r
(5-CGGGTCAGTATCCGCAAGTT-3') with tetW_s (FAM -CTGGACGCTCTTACG-
TAMRA) probe (Walsh et al., 2011). The reaction mix for tet (W) consisted of 2 nL of DNA
template, 0.025 WM of each primer, 0.1 uM of TagMan probe and 1 x TaqMan® Fast
Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Total reaction
volume of 10 pL was reached with PCR-grade water. The gPCR program was the same
for both genes and started with a hold at 95 °C for 10 min, followed by 45 cycles of
denaturation at 95 °C for 15 s and annealing/elongation at 60 °C for 1 min. The qgPCR
assays were performed in technical triplicates on samples, standards and negative controls.
The negative controls consisted of PCR blanks with only the reaction mix and of PCR blanks
containing the mix and 2 pL of PCR-grade water. Standard curves were prepared from
serial 10-fold dilutions of plasmid DNA containing the respective target gene in a range of
5 x 107 to 50 gene copies. For sull, control plasmids and standard curves were prepared as
previously described (Heuer ¢ Smalla, 2007). For ter(W), standard curves were prepared
as previously described (Walsh et al., 2011). The effect of inhibitors on amplification was
tested for all the samples and for both genes. All samples were spiked with 10* copies of
plasmid DNA containing the tet (W) or the sull gene and amplified together with the same
set of non-spiked samples and control DNA and the results indicated that inhibition was

negligible.

Sequencing and data analysis

Purified DNA extracts were sent to Fasteris (Geneva, Switzerland) for 16S rRNA gene
amplicons sequencing using Tllumina MiSeq platform (Illumina, San Diego, USA),
generating 250 bp paired-end reads. The hypervariable V3-V4 region was targeted
using universal primers Bakt_341F (5-CCTACGGGNGGCWGCAG-3') and Bakt_805R
(5-GACTACHVGGGTATCTAATCC-3") (Herlemann et al., 2011). Analysis of the dataset
was performed using Mothur (Schloss et al., 2009) following the MiSeq SOP (Kozich et
al., 2013). The SILVA NR v123 reference database (Quast ef al., 2013) was used for the
alignment of amplicons and the taxonomic assignment of representative OTUs. After
quality filtering and removal of chimeras, a total of 1818238 amplicons were obtained
(408758 unique sequences). Singletons were removed prior to the clustering into OTUs
and corresponded to 373374 sequences. Average neighbor clustering of the 1444864
remaining sequences (35384 unique sequences) with an identity threshold of 97% led
to the identification of 6390 OTUs. Sequencing data was deposited to NCBI under the

V77

Bioproject accession number PRINA396277.

Statistical and multivariate analysis
Community and statistical analyses were performed using R version 3.4.0 (R Core Tean,
2014) and the phyloseq and vegan packages (McMurdie ¢ Holmes, 2013; Oksanen et al.,

Paul et al. (2018), PeerdJ, DOI 10.7717/peerj.4989 5/24

154



Dissemination of antibiotic resistance genes associated with the sporobiota in sediments impacted...

PeerJ

2017). The distance of samples to the WWTP outflow is a combination (euclidian
distance) of the distance between the sample and the pipe on the east axis, the north
axis (based on CH coordinates) and the water column depth. It is expressed in meters.
The difference in ARG levels between the zones (near, middle and distal) was tested
using analysis of variance (ANOVA) and Tukey’s test for pairwise comparisons. Pairwise
correlations between environmental parameters (organic carbon, total nitrogen, and
concentration of cadmium, copper, iron, manganese, aluminum, zinc and arsenic)

and ARG abundance/frequency were calculated using Spearman’s rank correlation
coefficient. This correlation coefficient was selected because we did not assume a normal
distribution of the variables. The organic carbon, total nitrogen, and metal concentrations
were obtained from previous studies (Bueche, 2014; Sauvain et al., 2014). P-values were
adjusted for family-wise error rate using the Holm method. Spearman’s rank correlation
coefficient was used for calculating the correlations between ARG frequency and the
relative abundance of OTUs. To provide a visual representation of the distribution of
the correlation coefficient of OTUs with ARG concentration, Kernel density curves
were computed from Spearman’s correlation coefficients calculated between each ARG
and OTU and can be thought of as continuous histograms representing the frequency
(density) of the correlation coefficients. The significance of the Spearman’s correlation
coefficients was tested by correcting the p-values using the false discovery rate correction
(Benjamini-Hochberg method). This method was selected because of the large number
of comparisons performed. Principal component analysis (PCA) was computed on the
environmental parameters and ARG abundance/frequency, after standardization (zero
mean and unit variance). The environmental parameters included were Coyg, Niop, metals
(listed above), distance to the outlet pipe (Dist_pipe), DNA abundance in ng per gram of
sediment (DNA_ng_gSed), and ARG abundance and frequency. Sporobiota community
was analyzed by principal coordinates analysis (PCoA), based on Bray-Curtis dissimilarity
and Hellinger transformation of the OTU table. Environmental parameters and ARG
abundance/frequency were standardized and passively fitted to the ordination. Only
significant parameters were displayed (p < 0.05).

RESULTS

Prevalence and spatial distribution of tef(W) and su/1 in sporobiome
DNA

To determine the prevalence of the two selected ARG in DNA extracted from the sporobiota
and to describe their spatial distribution in sediments impacted by a WWTP, ARG
quantification was carried out for three zones located at 5-40 m (near) 134-429 m (middle)
and 611-956 m (distal) from the outlet pipe (Fig. 1). These zones were previously shown
to be differentially impacted by the release of wastewater, according to the concentration
of particulate trace and heavy metals in the sediments and to the bacterial community
composition (Sauvain et al., 2014). The results of ARG quantification were expressed in
two different units. The first unit, ARG abundance, refers to the number of copies of ARG

per g of sediment. This reflects accumulation in sediment and represents the total ARG
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Figure | Map indicating the sampling locations in the Vidy Bay, Lake Geneva, Switzerland. Samples
were retrieved from three zones differently impacted by the wastewater treatment plant (WWTP). Red cir-
cles are for the distal zone (D; 611-956 m from the outlet pipe), green circles are for the middle zone (M;
134-429 m), and blue circle are for the near zone (N; 5-40 m), Qutlet pipe of the WWTP is represented by
the black line. The original maps were obtained from http://www swisstopo.ch, owners of the copyright of
the image.

Full-size Gl DOI: 10.7717/peer).4989/fig-1

pool for a given ARG. However, differential microbial load in sediments could bias this
measure. Therefore, we used a second unit, ARG frequency, which is defined as the number
of copies of ARG per ng of extracted DNA. This allowed us to estimate the enrichment
of specific ARG in DNA from the enriched sporobiota. We caution that both approaches
are potentially affected by changes in the proportion of different bacterial groups that may
not be causally related to either inputs or growth of ARB or local selection of ARG. For
example, an increase in abundance of a population without an ARG due to nutrient inputs
will result in a reduction of ARG frequency.

Both ARG, retr(W) and sull, were detected in DNA at all sampling locations. In all
samples, abundance and frequency were higher for fet (W) than for sul 1 (Table 1). The
influence of the WWTP as the main source of sporobiota-associated ARG can be observed
in the spatial distribution of ARG abundance. Abundance was highest in samples from
the proximal zone and decreased with distance to the outlet pipe (Fig. 2, Figs. S1 and 52).
This pattern was confirmed by principal component analysis (PCA; Fig. S1) and Spearman
correlation tests (Fig. $3), which showed that ARG abundance was mostly correlated with
environmental variables associated with deposition of treated wastewater, such as organic

carbon content (Cyy) and total nitrogen (Niyt) in sediments. However, unexpectedly, the
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Table 1 Abundance and frequency of antibiotic resistance genes in sediments, Abundance (copies/g of sediment) and frequency (copies/ng of
DINA) of two antibiotic resistance genes (fet (W) and sul1) in the sporobiota, in sediments samples from the Vidy Bay (Lake Geneva, CH).

Sample Sediment depth  Dist. to the pipe  DNA tet (W) sull
(cm) (m) (ng/g sed) (copies/ng DNA) (copies/g sed) {copies/ng DNA) (copies/g sed)
D1_low 39 955.89 3.081 3.01E+03 9.26E+03 4.65E+01 1.43E+4-02
DI_up 0-3 955.89 5.385 2.81E+03 1.51E4-04 9.33E4-01 5.02E4-02
D2_low 29 610.99 2.461 3.73E+03 9.19E+03 5.17E+01 1.27E+02
D2 _up 0-3 610.99 3.805 3.27E4-03 1.24E4-04 8.58E+01 3.26E4-02
M1_low 34 239.15 3.066 2.56E404 7.85E4+-04 2.29E402 7.02E4-02
MI1_up 0-3 259.15 3.530 1.19E+04 4.19E4+04 3.22E4-02 1.14E+03
M2_low 39 429.04 2.391 2.50E+04 5.98E+04 1.78E4-02 4.25E+02
M2_up 0-3 429.04 2.166 1.19E4-04 2.58E+04 3.82E+02 8.26E+02
M3 _low 3-9 133.76 0.773 7.37E4-03 5.69F+4-03 2.80E401 2.17E4-01
M3_med 5 =3 133.76 1.104 9.56E+03 1.06E+04 1.75E4-02 1.93E4-02
M3 _up 0-1.5 133.76 2,963 1.38E+04 4.10E+04 4.97E+02 1.47E4-03
M4_low 3-9 335.80 0.968 8.85E+03 8.57E+03 1.65E4+02 1.60E+4-02
M4 _med 1.5-3 335.80 1.958 2.43E+03 4.75E4-03 6.56E401 1.28E+02
M4_up 0-1.5 335.80 1.208 8.93E+03 1.08E+04 5.83E+02 7.04E4-02
N1_low 28 539 2.313 7.24E+03 1.67E+04 1.26E+4-02 2.92E+02
N1_up 0-3 2.39 4.802 1.21E+04 5.79E+04 3.21E+02 1.54E+03
N2_low N 539 4.183 1.46E4-04 6.12E4+04 2.32E402 9.69E+02
N2_up 0-3 5.39 7.658 1.81E-+04 1.38E4-05 6.20E4+02 4.75E4+03
N3_low 352 36.14 2.497 1.31E4-04 3.27E4+-04 1.57E402 3.92E+02
N3_med 1.5-3 36.14 2428 1.36E-+04 3.31E+04 4.08E+02 9.90E4-02
N3_up 0-1.5 36.14 2.617 1.29E+04 3.38E+04 4.18E+02 1.09E+03
N4_low 3-9 39,61 13.900 1.14E4+-04 1.58E4-05 7.80E402 1.08E+04
N4 _med 153 39.61 10,315 1.72E+04 1.81E405 1.34E403 1.41E+04
N4_up 0-1.5 39.61 7.115 1.92E4-04 1.37E+05 1.60E+4-03 1.14E4-04
R? calculated for the linear regression established between ARG abundance and distance
to the outlet pipe in our case (Fig. 52) was generally low.

Measures of ARG frequency showed that tet (W) and su/1 genes had different enrichment
patterns in the sporobiota. In the case of su/l, ARG frequency decreases in relation to the
distance to the outlet pipe (Fig. 2, Fig. 52). A decrease in frequency could be attributed to
dilution of a population with high sul1 frequency (originating from the wastewater) within
the environmental sporobiota community. The frequency of tet (W) also decreased in
relation to the distance to the outlet pipe, but its pattern of distribution was more complex.
The highest tet (W) frequencies were found in two middle zone samples (M1_low and
M2 _low, Fig. 2, Fig. S1). Both correlation tests (Fig. 53) and PCA with the environmental
variables (Fig. S1B) indicated a significant correlation between tetr (W) frequency and
certain metals (Fe, As, and Cu).

Sporobiota community composition

Several studies have demonstrated a strong impact of WWTP discharge on bacterial

community composition, which is shown by changes in the community in impacted
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Figure 2 Abundance and frequency of ARG in relationship to distance to the wastewater treatment
plant. Boxplots for tef (W) and su!1 distribution in the samples from distal [D], middle (M) and near
(N) sampling zones. (A) fet (W) log-transformed gene abundance (copies/g of sediment). (B) fet (W) log-
transformed gene frequency (copies/ng DNA). (C) sull log-transformed gene abundance (copies/g of sed-
iment). (D) sull log-transformed gene frequency (copies/ng DNA). Pairwise comparison with Tuckey’s
test was performed to compare the ARG level between the zones (Distal-Middle, Distal-Near, Middle-
Near). Significance codes of p-values: 0 < ## % < 0.001 < #% < 0.01 < * < 0.05 <. <0.1. (n.s.) stands for
“not significant™.

Full-size &4 DOT: 10.7717/peerj.4989/fig-2

sediments compared to remote sites (LaPara et al., 2011; Czekalski, Gascén Diez ¢
Biirgmann, 2014; Sauvain et al., 2014). In previous studies using a different sequencing
technology (pyrosequencing), the total bacterial communities analyzed from the same
sediments were highly divergent, forming at least four distinct groups depending on the
distance to the outlet pipe and the concentration of heavy and trace metals in the sediments
(Bueche, 2014; Sauvain et al., 2014). In contrast, the sporobiota community has a low degree
of variability among impacted and supposedly less impacted sites (I'ig. 3), suggesting that
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Figure 3 Characterization of the sporobiome community in sediments. Composition of the sporo-
biome community in sediments from Vidy Bay (Lake Geneva) based on 165 rRNA gene amplicon se-
quencing. Relative abundance of the most abundant genera (>0.2% of the total community) is repre-
sented.

Full-size Bl DOT: 10.7717/peer).4989/fig-3

the distance to the wastewater outlet pipe had a relatively small impact on sporobiota
community composition. Firmicutes are the dominant phylum in all samples (Fig. 54),
accounting for at least 85.2% of the sporobiota community, except in sample taken from
the middle area at a depth of 1.5-3 cm (M4_med; 65.9%). This is in agreement with a
previous study demonstrating an enrichment of 83.9-90.6% in Firmicutes using the same
method for the isolation of spores (Wunderlin et al., 2014). Among the non-Firmicutes
representatives, we found several groups for which the production of spores is so far
not reported and that could represent potential contamination with vegetative cells that
withstood the extraction procedure (see below). Nevertheless, we performed the analysis
with the entire community as our definition of the sporobiota considers the resilience to
the extraction method, rather than phylogenetic affiliation.

In terms of relative abundance, 43.1% of the whole community was identical between all
samples. The two most abundant genera, Clostridium_sensu_stricto_1 and an unclassified
Peptococcaceae, were the same for all samples (except M4 _med), with an average relative
abundance of 57.3%. Both are widely represented in the human gut (Lozupone et al., 2012),
which is also the case for other subdominant genera, including Intestinibacter (9.7%),
Turicibacter (6.7%)), and Ruminococeus_2 (0.9%). These findings suggest a common origin
of the sporobiome and point again at the WWTP as the main source of the sporobiome
community depositing in the lake sediment in the area studied here.

Despite the high homogeneity of the sporobiota community, principal coordinate
analysis (PCoA, [ig. 4) reveals a slight variability among the communities. For example, in
Axis 1, Bacilli is associated with samples located at a greater distance from the outlet pipe,

Paul et al. (2018), PeerJ, DOI 10.7717/peerj.4989 10/24

159



Dissemination of antibiotic resistance genes associated with the sporobiota in sediments impacted...

PeerJ

D2_up X
x M4_up
D1_up
u
M3_up suil_freq
0.1- 2
Dist_pipg
A A
D2 \owx S 4 PR
—_ D1_low *%
< = XS
& oo M4 e, ¢
o Vo3
= » o8
M4 _low
™~ A
7]
=
<
e
X
ME tetW_freq
_oz-
02 0.0 02
Axis.1 [31.7%)]
Class
B Acidimicrobiia A Clostridia B Negativicutes
Actinobacteria #+ Coriobacteriia ® OPB54
A Alphaproteobacteria Deltaproteobacteria A Planctomycetacia
+ Bacilli Erysipelotrichia # Thermoleophilia
Bacteria_unclassified Gammaprotechacteria
Betaproteobacteria + KD4-96

Figure 4 Principal coordinates analysis (PCoA) triplot of the sediment samples based on Bray-Curtis
dissimilarity and Hellinger transformation of the OTU table. OTUs represented by less than four se-
quences in the whole dataset were removed from the analysis. OTUs were classified at genus level (or
higher taxonomic rank if not possible). Colors correspond to different orders. Only the 80 most abundant
OTUs are shown. Environmental variables (including Cy, Ny, trace and heavy metals (TMs), the dis-
tance to the outlet pipe (Dist_pipe), DNA abundance in ng/g sediment (DNA_ng_gSed), and ARG abun-
dance (cp_gSed) and frequency (cp_ng)) were standardized and passively fitted to the ordination. Only
significant parameters were displayed (p < 0.05). Values for Cyry, Nioi» and TMs were obtained from previ-
ous studies (Bueche, 2014; Sauvain et al., 2014) .

Full-size Gal DOL: 10.7717/peerj.4989/fig-4

while different Clostridia are associated to samples closer to the WWTP. While Clostridia
are mostly anaerobic and are common in the microbiome of humans and other mammals,
Bacilli include numerous aerobic organisms and are commonly found in soils (Madigan
et al., 2015). Accordingly, Clostridia could be seen as a signature of the human influence
in the sporobiota associated with wastewater discharge whereas Bacilli would represent a
more environmental sporobiota community.
In addition, PCoA revealed two groups of samples of particular interest (Iig. 4).

Group 1 (Gr.1 in Fig. 4; Fig. 55B), which was characterized by high load of C,g and Ny,

and high abundance/frequency of ARG, was composed of samples from the zone in close
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proximity to the WWTP discharge. Among the OTUs associated to this group, the most
abundant belong to the genera Bifidobacteria and Collinsella, two Actinobacteria common
in the human microbiome (Lamendella et al., 2008; Thorasin, Hoyles & McCartney, 2015),
albeit unknown for the production of spores. Another abundant genus in this group is
Trichococcus, a Firmicute found in sewerage infrastructure and WWTP (Vandewalle et
al., 2012). This group reflects the direct influence of the WWTP (Fig. S58). In contrast,
Group 2 (Gr.2 in Fig. 4; Fig. S5C) clustered samples from both the near and middle zones
and was related to elevated concentrations of particulate metals (Zn, Cd, Cu, As, and Fe)
and a high frequency of tet (W) (Fig. 4). OTUs defining this group belonged mainly to
non-Firmicutes (Fig. S5C). Some were affiliated to organisms that have been previously
isolated from WWTPs, including Synergistetes (Wang et al., 2013), Syntrophorhabdus (Saia
et al., 2016), Anaerolinaceae and Leptolinae (Yamada et al., 2006). Others were affiliated to
uncommon taxa previously isolated from rivers or aquifers, such as Gaiellales (Albuguerque
et al., 2011) and Kaistia (Jin et al, 2011). To our knowledge, there is no evidence that these
organisms are resistant to high metal contamination.

Correlation tests between OTUs and ARG

To further investigate the relationship between the sporobiota community and ARG
distribution, pairwise spearman correlation tests were performed between tet (W) frequency
and the relative abundance of each OTU. For both fet (W) and sull, the results indicated
that only a small number of OTUs correlate with the ARG studied here (Figs. SA-5B).
Interestingly, the 10 most positively correlated OTUs were specific to each ARG. Although
environmental correlations alone are not sufficient to identify carriers of antibiotic
resistance, the results can help to highlight potential groups that merit further investigation.
For example, the three most tet (W)- positively correlated OTUs (correlation coefficients
ranging from 0.84 to 0.71) all belonged to Firmicutes (Table 2). In particular, one of these
OTUs (OTU00002; Clostridium_sensu_stricto_1) was highly abundant (over 20% of the
relative abundance) in all samples (Fig. 5C). The known bacterial species most closely related
to this OTU were Clostridium celatum, Clostridium saudiense, and Clostridium disporicum,
all isolated from the feces of mammals, including humans, swine and rats (Horn, 1987,
Angelakis et al., 2014; Agergaard et al., 2016). Although in most Clostridium spp. studied
so far, tetracycline resistance is conferred by the tet(M) gene (Adams ef al., 2002), tet (W)
has been detected in a medical isolate from Clostridium difficile (Spigaglia, Barbanti &
Mastrantonio, 2008). A similarity search using this gene as a query showed the detection
of homologues in various uncultured environmental Clostridium spp. (Supplemental
Information 2). The other two most correlated OTUs (Otu00045 and Otu00062) both
belonged to the genus Ruminococcus_1, closely related to Ruminococcus callidus and
unclassified Ruminococcus spp., respectively, All of these have been reported in human
and other mammal feces (Wang, Cao & Cerniglia, 1997; Leser et al., 2002; Schmidt et al.,
2011). Another OTU of interest was OTU00008, which represented up to 1.75% of the total
community (0.87% in average). OTU00008 was closely related to Ruminococcus bromii,
one of the predominant species in human, swine, and cattle gut (Moore, Cato ¢ Holdeman,

1972; Klieve et al., 2007). Although the genus Ruminococcus was originally considered as
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to comprise non-spore forming species, a recent report has demonstrated the production
of spores by Ruminococcus isolated from human colon and rumen (Mukhopadhya et al.,
2018). This gives additional support to our approach and shows the importance of defining
the sporobiota based on its properties, rather than on the reports of spore production in
cultured isolates.

In spite of the widespread phylogenetic distribution of sull (Antinov, 2010), the 10 most
sull-positively correlated OTUs belonged mainly to Actinobacteria (Table 2). The other
most correlated OTUs belonged to Firmicutes, Proteobacteria, and Saccharibacteria (all
with a correlation coefficient above 0.8). Unsurprisingly, all these highly correlated OTUs
were closely related to organisms commonly reported as part of the human/mammal
microbiome and/or are commonly found in WWTPs, Compared to tet (W), none of
the best correlated OTUSs represented a major fraction of the sporobiome community
(«<0.25% in average, Fig. 510). However, one has to be careful in the interpretation of these
correlations. The system under study is mainly driven by the influence of the WWTP. Most
sull-correlated OTUs were related to Group 1 and their abundance correlates with high
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Table 2 Correlations between OTU relative abundance and ARG frequency. Each line indicates the cor-
relation coefficient of the 10 most positively correlated OTUs, their associated p-values (with and without
adjustment for multiple comparison) and the phylogenetic identity of OTUs. Adjusted p-value were calcu-
lated using the Benjamini-Hochberg method to control the false discovery rate.

oTU Cor. p-value Adj. Phylum Genus
coeff. p-value
tet (W)
Otu00045 0.841 2.58E—-07 8.23E—04 Firmicutes Rumitnococcus_1
Otu00002 0.805 2.10E—06 1.47E—03 Firmicutes Clostriditm_sensu_stricto_1
Qtu00062 0.712 9 42E—05 1.06E—02 Firmicutes Ruminococcus 1
Otu00090 0.673 3.09E—04  2.15E—-02 Synergistetes Synergistaceae_unclassified
Otu00823 0.673 3.13E—04  2.13E—-02 Actinobacteria Georgenia
Otu01955 0.667 3.66E—04 2.32E-02 Proteobacteria Kaistia
Otu01188 0.663 4.19E—04 2.50E—02 Actinobacteria Tessaracoccus
Otu00092 0.651 5.64E—04 2.91E—02 Actinobacteria Microbacterium
0Otu00008 0.638 8.05E—04 3.52E-02 Firmicutes Ruminococcus 2
0tu00908 0.635 8.68E—04 3.62E—-02 Proteobacteria Legionella
sull
Otu00188 0.882 1.18E—08 1.83E—-05 Actinobacteria Actinomycetaceae_unclassified
Otu00019 0.856 9.86E—08 5.66E—05 Actinobacteria Leucobacter
0tu00044 0.850 1.45E—07 5.80E—05 Actinobacteria Collinsella
Otu00154 0.843 241E-07 6.70E—05 Actinobacteria Ornithinibacter
0Otu00216 0.840 2.86E—07 7.62E—05 Firmicutes Firmicutes_unclassified
0Otu00035 0.835 3.79E—07 8.64E—05 Firmicutes Trichococcus
Otu00349 0.827 6.42E—07 1.17E—04 Proteobacteria Devosia
Otul0le4  0.826 6.61E—07 1.17E—04  Actinobacteria Bifidobacterium
Otu00366 0.821 8.69E—07 1.42E—04 Firmicutes Acetobacterium
0tu00945 0.816 1.18E—06 1.76E—04 Saccharibacteria Saccharibacteria_unclassified

concentrations of Cyrg and Ny, and other environmental indicators of the direct influence

of treated wastewater release (Fig. S5).

DISCUSSION

Our results show that the effluents from the studied WWTP have a clear impact on

the deposition of ARG associated with the bacterial sporobiome in sediments. Higher

concentrations of ARG were found in the proximity of the outlet pipe compared to a more

distal zone. These results were expected given the reported effect of treated wastewater on the

levels of ARG in WWTP-impacted environments. In a study evaluating the dissemination

of ARG from a river receiving WW'TP discharge and farming runoffs, a decrease of ARG

abundance with distance to the source was measured, reflecting a decreasing anthropogenic

impact. However, most ARG were detectable even in distant sediments (Chen et al., 2013).
Another study investigating the spatial distribution of different ARG in relation to WWTP
outflow into a lake detected an abundance up to 200 fold higher in the vicinity of the outlet

pipe with exponential decline (ARG abundance and concentration) as a function of the
distance to the WWTP outlet pipe (Czekalski, Gascon Diez & Biirgmann, 2014).
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The ARG investigated in the present study appeared to be differently enriched within
the sporobiota, which was reflected by their unequal distribution in the sediments. Our
results also suggest that the abundance of tet (W) in the sporobiota community is greater
than sull. This contrasts with previous studies quantifying ARG abundance within the
total bacterial DNA, which have shown that the abundance of sul 1 was higher (or at
least as abundant) than for other ARG, including tet (W) (Munir, Wong ¢ Xagoraraki,
2011; Czekalski, Gascdn Diez & Biirgmann, 2014; Guo et al., 2014; Rodriguez-Mozaz et al.,
2015). In order to generalize this interpretation, the analysis of additional ARGs within
the sporobiota needs to be considered in the future. This is even more relevant when
taking into account the fact that the patterns of dissemination of ARG associated with the
sporobiota appears to be unique, as suggested by the abundance of tet (W) across the area
investigated. For instance, the low R? calculated for the linear regression between ARG
abundance and distance (Fig. 52) demonstrated that ARG spatial distribution associated
with the sporobiome is not only a function of distance to the outlet pipe (highest frequency
of tet(W) found in the middle area). In contrast, a previous study on total microbial
community DNA reported the highest relative abundance (copy number normalized by
16S rRNA gene copy numbers) of rer (W) in the vicinity of the wastewater discharge and a
significant logarithmic decay in relative abundance with distance (Czekalski, Gascin Diez
& Biirgmann, 2014), This suggests that tet (W) accumulation is specific to the sporobiota
community. Interestingly, highest tet (W) frequencies were found among samples that
coincided with a high level of particulate metal concentration in sediments (Figs. S1B;
53). Correlation between ARG and metal concentration has been observed in various
environments (Berg et al., 2010y Knapp et al., 2011; Ji et al., 2012), including a previous
study in Vidy Bay (Devarajan et al., 2015). However, it should be noted that not all the
samples with high metal concentration have a high frequency of tet(W), suggesting
that there might be other reasons for the correlation observed rather than co-selection.
Moreover, co-selection is not expected for the sporobiota if the former is found in a
metabolically inactive state (spore), but only in the case of the vegetative growing state.

Persistence and dissemination of ARG within the sporobiota appeared to be linked to
a small number of species. The abundance of these ARG-bearing microorganisms in the
human/animal microbiome and subsequent selection processes will strongly influence the
potential of ARG to accumulate and spread in the environment. Qur results show that
endospore-forming Firmicutes play an important role in the environmental dissemination
of certain ARG and thus, their potentially long-term persistence in the environment,
Firmicutes are expected to be a major component of the sporobiota because of their ability
to form endospores (Schleifer, 2009). In addition, Firmicutes might constitute a proxy for
anthropogenic impact as they are common in the human microbiome (Browne et al., 2016).
Moreover, this phylum includes a wide variety of pathogens, especially within Clostridia
(Popoff & Bouvet, 2009).

Our results pointed to a Clostridium species as a potentially important vector for
tet (W) dissemination and accumulation. This provides experimental support for the
implication of the sporobiota and the sporobiome in the spread of antibiotic resistance
(Tetz & Tetz, 2017; Bengtsson-Palme, Kristiansson ¢ Larsson, 2017). The results are in
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accordance with a previous study investigating the natural reservoirs of antibiotic
resistance in the human gut, which revealed that tet (W) was preferentially present within
Clostridiaceae, Ruminococcaceae, and Lachnospiraceae (De Vries et al., 2011; Van Schaik,
2015). Interestingly, the sample with the lowest relative abundance of Firmicutes was also
the one with the lowest abundance/frequency of tet (W), suggesting that the abundance of
Firmicutes in the sporobiome was a good predictor of fet (W) contamination.

Compared to tet(W), a larger fraction of the community was correlated to suf1. Notably
among those were OTUs affiliated to Actinobacteria (Table 2). A recent study reported an
increase in Actinobacteria abundance that correlated to an increase in sull frequency in
activated sludge under tetracycline and sulfamethoxazole selection pressure, suggesting sull
is well represented in Actinobacteria (Zhang et al., 2016). In addition to Actinobacteria,
OTUs belonging to Firmicutes, Proteobacteria, and Saccharibacteria were also among the
most correlated to sull frequency. This can be seen as a confirmation of the distribution
of sull among a broad taxonomic range of bacterial clades, which is reflected in the
sporobiome. The association of sulfonamide resistance with Class 1 Integrons and its
transfer through horizontal gene transfer might explain this broad taxonomic distribution
(Aminov, 2010).

The selection of ARG may already occur within human microbiota. It is now largely
accepted that human intestinal bacteria not only exchange resistance genes among
themselves, but can also interact with other bacteria in the colon (Salyers, Gupta ¢~ Wang,
2004). This makes the human gut a potential reservoir of antibiotic resistance genes for
pathogenic bacteria (Sommer, Dantas & Church, 2009). Resistant spore-formers are then
partially released with human feces and arrive in WWTPs, where (if in a vegetative state)
they have the opportunity to mix and engage in horizontal gene transfer with other
bacteria. If the final treatment is not sufficient to eliminate these organisms, they end
up in the environment where they can interact with environmental organisms (Baguero,
Martinez & Cantdn, 2008).

CONCLUSION

The presence of ARG in the sporobiome highlights that it may be difficult to remove
the legacy of resistance genes once released into the environment. Detecting ARG within
this intrinsically long-lasting fraction of the microbial community also has important
implications for the monitoring of ARG and the understanding of the processes explaining
host-to-environment-to-host spread of antibiotic resistance. Notably, several studies have
reported the transport and survival of thermophilic Firmicutes endospores in cold marine
sediments, demonstrating their high dispersal and survival propensity (Hubert, 2009; de
Rezende et al., 2013). Likewise, comparison with our previous study on a sediment core
taken in the same basin but not directly influenced by the wastewater treatment discharge
(Rhone catchment area; Maduerio et al., 2018) also showed the enrichment of the sporobiota
in the same resistance genes, providing further evidence that the sporobiota is a significant
vector for ARG transport over considerable distance (Rhone river catchment). Moreover,

the temporal analysis performed in our previous work suggests that the sporobiota
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preserves the signature of ARG over long time scales (decades) (Maduesio et al., 2018).
Even if environmental conditions become harsh, this highly resilient fraction of the
bacterial community can survive for long periods of time and may eventually re-enter
humans via drinking water or other routes of contact, which may constitute an important
long-term risk for human health.
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7 General Discussion

Foreword

In this chapter, | give a resume of the main findings of the preceding chapters and
projects, and discussed the implications, importance and perspectives for future
projects.
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7.1 Main results

7.1.1 Foreword

In the preceding chapters, different terms have been used to describe the community obtained after
the application of the spore-separation method: seed bank in “legacy”, sporobiota in “vidy”, spore-like
or lysis-resistant organisms in “hamlet”. All these terms refers to the same resilient community, but
have been adapted depending on reviewer’s comments. There is no evidence that the organisms found
in this fraction of the community form structures that can be considered as “spores”. Therefore, the
use of the term “spore” can be confusing. Indeed, this community is defined by its capacity to
withstand the spore-separation method. Therefore, for the sake of clarity and homogeneity in the
discussion, the terms lysis-resistant or spore-like structures will be used henceforth, except when the
use of the term “spore” will be specifically chosen.

7.1.2  Cataloging the diversity of environmental lysis-resistant bacterial cells
in environmental samples

In this chapter, we analyzed the lysis-resistant communities from different environments to offer an
overview and increase our understanding of the diversity and distribution of potential spore-forming
organisms in the environment. In addition, we assessed the efficiency of the spore-separation method
by comparing the total and lysis-resistant communities in the same samples.

Main findings:

- The lysis-resistant community showed a unique signature compared to the total community,
in samples from Lake Geneva (Switzerland).

- The genera not known to sporulate but found in the lysis-resistant community in high relative
abundance, were among the least abundant in the total community, suggesting that
contamination of the former by robust or abundant members of the total bacterial community
is an unlikely explanation for the diversity observed in the lysis-resistant community.

- The lysis-resistant communities from the three types of environments were systematically
dominated by Firmicutes, Actinobacteria and Proteobacteria (representing in average 86%),
all known for containing representatives with the ability to produce spores, albeit through
different mechanisms and with different properties.

- Among the wide diversity of taxa found in the lysis-resistant fraction of the community, many
genera were hitherto not known to sporulate.

- The lysis-resistant community showed a geographic distribution pattern, challenging a
hypothetical cosmopolitan distribution of the community forming lysis-resistant cells.

The results of this study demonstrated the efficiency of the spore-separation method for the
enrichment of lysis-resistant structures. The diversity of the lysis-resistant community (at both phylum
and genus level) and the high abundance of organisms not known to sporulate in this community,
together with the observation of spore-like structures in genera also not known to sporulate suggests
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that the ability to form spores or similar resting and durable cell structures is more widespread than
previously considered.

7.1.3

Cross correlation of bacterial communities and geological proxies in
paleoecology: a holistic approach for the study of past environmental
history

In this chapter, we assessed the potential of using DNA from the total and lysis-resistant bacterial
community as a complementary proxy for paleoecological studies. The study was conducted in the
ephemeral Lake Liambezi, on the border between Namibia and Botswana.

Main findings:

Climate reconstruction of the past 5500 years highlighted an alternation of dry and wet
periods, reflected by variations in the lake regime (from fen to lake).

Results showed variability in the lake regime between the three studied sites, explained by
geomorphological characteristics of the lake.

This spatial and temporal variability was reflected in both the geochemical parameters and the
bacterial community.

The grouping of samples (cluster analysis) based on the bacterial community composition was
consistent with the grouping based on the visual characterization of the sediment and the
geochemical analyses. This demonstrates that changes in the bacterial community (total and
lysis-resistant) reflect changes in the environmental conditions.

Analysis of the bacterial community and specific populations (sulfur-oxidizing and thermophilic
bacteria) helped to correlate the three cores analyzed, and allowed to refine the age model.

High abundance of numerous sulfur-oxidizing, sulfate-reducing and thermophilic bacteria
pointed towards an active sulfur cycle and hydrothermal activity within the lake.

Sulfate-reducing bacteria were detected mainly in the lysis-resistant fraction.

Comparison of the total and the lysis-resistant communities, and concurrent analysis of the
barium levels, suggested variability of the hydrothermal activity, and suggested that the
hydrothermal source is in the north-basin of the lake, closer to the center coring site.

Overall, this study demonstrated the potential of using DNA from the total and the lysis-resistant
community, as a complementary proxy for paleoecological studies. The use of an innovative multi-
disciplinary approach, including bacterial DNA in complement to geochemical and sedimentological
analyses, allowed the reconstruction of the hydrological regime and the climatic variations in Lake
Liambezi (Namibia) during the past 5500 years.
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7.1.4 A historical legacy of antibiotic utilization on bacterial seed banks in
sediments

In this chapter, we investigated the accumulation of antibiotic resistance genes (ARG) over time in DNA
extracted from the total and lysis-resistant communities. The study was conducted in the Rhone Delta
(Lake Geneva, Switzerland) using a sediment core covering the past 100 years.

Main findings:

- Two selected antibiotic resistance genes (tet(W) and sull) were detected in DNA extracted
from the total and lysis-resistant communities.

- Although the total abundance of ARG was higher in total community, their relative abundance
was higher in the lysis-resistant fraction, indicating that the lysis-resistant DNA was enriched
in ARG as compared to the total DNA.

- Different temporal accumulation patterns were observed for tet(W) and sull, reflecting the
timeline of the medical use of their related antibiotic.

- Correlation tests between ARG and OTUs resulted in a low number of high correlations,
suggested that only few OTUs possess ARG.

- Higher number of high correlations for su/l compared to tet(W) suggested that more OTUs
possess sull than tet(W).

- The taxonomic distribution of ARG appeared to be heterogenous: tet(W) accumulation highly
correlated with changes in the abundance of Firmicutes, while su/l accumulation correlated
with a wide range of taxonomic groups.

Overall, the results suggest that the relative abundance of ARG in the lysis-resistant fraction constitute
a good proxy to evaluate the accumulation of ARG in the environment in relationship with the historical
use of two specific antibiotics.

7.1.5 Dissemination of antibiotic resistance genes associated with the
sporobiota in sediments impacted by wastewater

In this chapter, we investigated the impact of wastewater treatment plant (WWTP) releases on the
abundance of ARG in sediments of the Vidy Bay (Lake Geneva, Switzerland).

Main findings:

- WWTP was identified as a main source of ARG, illustrated by the detection of ARG in all
samples, the decreasing abundance/frequency of ARG with increasing distance to the WWTP
outlet, and the correlation between ARG levels and concentrations of Corg, Ntot and DNA, all
indicators of wastewater discharge.
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- The different distribution patterns for tet(W) and sul/l, and their correlation with different
taxonomic groups, suggested that both ARG were differently enriched in lysis-resistant
community.

- tet(W) frequency (copies/ng DNA) correlated with OTUs belonging to Firmicutes (Clostridium
and Ruminococcus), while sull correlated with a large taxonomic spectrum of OTUs.

- Clostridium sp. was found in high relative abundance and was highly correlated with tet(W)
frequency, suggesting it might be a potential vector for tet(W) dissemination.

- The low relative abundance of OTUs correlating with su/l suggested that the sul/1-associated
lysis-resistant fraction might have low impact on ARG dissemination.

Overall, the results of this study highlighted the impact of wastewater releases on the dispersal of ARG
in the environment. The high survival and dispersal rate of spores and other lysis-resistant structures
raises serious concerns in terms of dissemination and persistence of ARG in the environment.

7.2 Discussion

7.2.1 General considerations

The environmental significance of spores and spore-forming bacteria remains widely unexplored, with
most of the knowledge on spore-formers and sporulation coming from model organisms studied in the
laboratory (Nicholson et al., 2000; Nicholson, 2002). Little is known regarding the ecological role of
spores and spore-formers, their significance in population dynamics and/or their interactions with
other living populations. This lack of knowledge can be attributed, at least partly, to methodological
considerations. The study of spores in the environment using genomics and other PCR-dependent
methods is challenging, due notably to methodological issues and the difficulty to access spore DNA
and the impossibility to distinguish it from vegetative cell DNA. The recent development of a series of
molecular tools dedicated to the study of spores and spore-forming bacteria (Bueche et al., 2013;
Wunderlin et al., 2013, 2016; Junier et al., 2015) filled, at least partly, this methodological gap. The
application of these innovative methods provided new insights, not only about their possible use as a
paleoecological proxy (Wunderlin et al., 2014a), but also about the unsuspected diversity of spore-
formers in sediments (Wunderlin et al., 2014b).

7.2.2  Diversity of spore-formers

Analysis of the bacterial community from the different projects conducted revealed an unsuspected
diversity of taxa in the lysis-resistant fraction of the community. Firmicutes, Proteobacteria and
Actinobacteria were systematically the most abundant phyla, which is not surprising since the ability
of some members of these phyla to form spores is well documented (see introduction). However, the
analysis of the community at the genus level revealed that many of the detected organisms, including
some with very high abundance, are not known to form spores. One can argue that this is the result of
a methodological issue, namely the method for the separation of spores failing to remove the
vegetative cells. Therefore, the non-spore-forming organisms detected in the lysis-resistant fraction of
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the community might be the result of a contamination. However, a close analysis of the data strongly
suggests that this not the case.

When comparing the total and the lysis-resistant communities (from Lake Geneva and Lake Liambezi
studies), it appears that the separation treatment induced a clear change in the bacterial community.
Firmicutes and Actinobacteria significantly increases, while other taxa such as Bacteroides, Chlorobi
and Parcubacteria tend to disappear from the community, corroborates the current knowledge about
bacterial spore-formers. However, at OTU level, it appears that in most cases, the most abundant OTUs
are different in the total and lysis-resistant communities. More importantly, the most abundant OTUs
not known as spore-formers found in the lysis-resistant fraction (i.e. Mesorhizobium, Gaiella,
Rhizobium, Arthrobacter, Acidothermus, Fonticella) are, in most cases, not among the most abundant
OTUs of the total community. Considering the detection of non-spore-formers in the lysis-resistant
fraction as the result of contamination, one can expect to find the most abundant OTUs of the total
community as the main contaminant. The simple fact that an OTU have a higher relative abundance in
the lysis-resistant fraction than in the total community indicates that this OTU has been enriched
compared to other OTUs following the separation of spore treatment. This demonstrates an ability of
withstand degradation, at least above the average, demonstrating that separation of spore method
has a different impact depending on taxa, and acts as a selective process. We do not pretend to remove
completely the vegetative cells. In fact, an enrichment between 84 and 90% was reported for the
method (Wunderlin et al., 2014b). However, we can assert that OTUs found in high relative abundance
in the lysis-resistant fraction present some ability to withstand degradation.

From an evolutionary point of view, the ability to form spores is of great advantage in terms of survival,
because of the high dispersal rate potential and the ability to withstand unfavorable harsh conditions
(Lennon & Jones, 2011; Shoemaker & Lennon, 2018). Therefore, the hypothesis that this feature
evolved widely among Bacteria is far from unlikely. Moreover, the fact that spores have not been
reported for a species, genus or group of organisms does not constitute a proof of the inability of the
group to produce spores. For instance, a recent study has reported spore formation for members of
the genus Ruminococcus, which was considered as non-sporulating until then (Mukhopadhya et al.,
2018). It is likely that this is also the case for other taxa. The question is to which extend is this the
case?

Our studies suggest that the ability to form spores is widespread among bacteria, in species/genera,
but also in phyla that are not recognized as spore-formers. However, the method used does not allow
to demonstrate the production of spores by the identified organisms. Only the direct observation of
the formation of spores in each of these taxa would constitute an irrefutable proof. Conversely, the
absence of observation is not a proof of the inability to form spores. In fact, the “real” concern is about
the use of the term “spore”, which refers to a wide variety of structures produced by various organisms
among both prokaryotes and eukaryotes. In Bacteria, spores refer to specific structures associated to
different groups of organisms: endospores for Firmicutes, exospores for Actinobacteria, myxospores
for Myxobacteria or akinetes for Cyanobacteria (Barton, 2005).

Demonstrating the formation of spores for each species/taxon individually appears not only
unrealistic, but is beyond the scope of this project. To be a suitable as a proxy, the selected structure
has to be preserved in sedimentary records. This is more a functional than a structural trait. Given the
nature of the spore treatment (lysozyme, NaOH, heat, DNase), we assume that cells that are able to
withstand this treatment are also likely to be preserved from degradation in natural environments.
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7.2.3 Lysis-resistant versus total community

The idea of using DNA from spores (or spore-like structures) as biological proxy as an alternative to
total DNA, came from the hypothesis that DNA in vegetative cells is subjected to degradation while
DNA within spores might be preserved for extended times. Moreover, DNA degradation is considered
to be taxon-dependent and related to environmental conditions (Boere et al., 2011), suggesting that a
change in the community might reflect this susceptibility to degradation more than a change in the
environmental conditions.

Our results indicate that total DNA indeed decreases with depth (and time), while spore DNA is more
stable in time, suggesting spore DNA is more resistant to degradation. In Lake Geneva, the total DNA
yields were 2-3 order of magnitude higher than lysis-resistant DNA, while in Lake Liambezi, the
difference was smaller (~1 order of magnitude). This can probably be explained by the different time
scales covered by the cores (~100 years for Lake Geneva, up to 5’500 years for Lake Liambezi), and/or
a higher degradation rate in Lake Liambezi. In both cases, total DNA decreased with depth, but the
decrease was higher in Lake Geneva, suggesting that the main part of vegetative cells might be
degraded quickly (decade scale) after deposition, the decrease slowing down afterwards. Although the
decay less pronounced in Lake Liambezi, this can be due to the resolution of the sampling. Possibly
sediment from the last century was not retrieved, and therefore, the exponential decay was not seen.
For the lysis-resistant fraction, data obtained from Lake Geneva and Lake Liambezi showed similar DNA
yields (same order of magnitude). The decrease observed in Lake Geneva suggests that lysis-resistant
structures are also subject to degradation, but to a smaller extend than vegetative cells. For older
samples (Lake Liambezi), lysis-resistant DNA yields are relatively constant. These results also have to
be mitigate because these interpretations does not take into account the variations between and
within cores: sedimentation rate, variability in organic matter production and exogenous inputs,
microbial activity in the sediment, etc... To noteworthy indicating that the total DNA comprised not
only bacterial DNA, leading to an overestimation when comparing with lysis-resistant DNA. Moreover,
all the calculations were made based on the quantification after DNA extraction, and it is likely that
the extraction efficiency is variable, depending on the sample characteristics and some random effect
probably due to the heterogeneity of the samples and the reproducibility due to the technician.

Our results are consistent with previous studies, which reported a better conservation of spores in
sediment. Analyzing the same sediment core and samples from Lake Geneva using a quantitative PCR
approach, the abundance of endospore-forming bacteria (copies number of spo0A gene) showed to
be relatively constant with depth, while total DNA and total bacteria (copies number of 16S rRNA gene)
showed an exponential decay. Although this study did not isolate the lysis-resistant fraction, but
targeted the fraction able to form endospores, whether it is vegetative cells or endospores, both
studies highlighted the preservation ability of endospores or other lysis-resistant structures. Another
study conducted in the sediments of Lake Constance and using a cultural approach showed that viable
heterotrophic bacterial cells were mainly present under the form of spores below 25 c¢cm, which
correspond to ~170 years (Rothfuss, Bender & Conrad, 1997). In addition, spore abundance decreased
exponentially in the first 6 meters of the sediment core. Such an exponential decrease was not
observed in our samples. This can be due to the different approach used (cultural vs molecular). While
the cultural approach took into account the viable cells, the molecular approach we used does not
make this distinction. Therefore, spores can be preserved in sediments, but their ability to resuscitate
decrease with time. If the bacterial cells were mainly present under the form of spores or spore-like
structures in old sediments, as suggested by Rothfuss et al. (1997), one can expect to detect the
signature of lysis-resistant community in the total community. Indeed, total and lysis-resistant
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communities might be more similar in lower sediment compared to upper sediment. This does not
seems to be the case in Lake Liambezi. Older samples are not more similar than latest ones, except in
the north core (as shown by the distance matrix and the PCoA), suggesting that the signal of vegetative
cells overcomes those of the lysis-resistant cells in the total community, even in old samples with lower
DNA yields. This also suggests that the DNA yields is not a good estimator of the ratio vegetative/lysis-
resistant cells. This can also be the result of the microbial activity in the sediment, affecting more
strongly the active than the inactive community.

Despite these uncertainties regarding the preservation of DNA/vegetative cells, our results suggest
that bacterial DNA extracted from the total community can be used as a proxy. Even in old samples
(up to 5’500 years in Lake Liambezi), DNA yields were sufficient for DNA-based analyses such as HTS
sequencing or gPCR quantifications. In most cases DNA yields for the total DNA was also higher than
for lysis-resistant DNA. Moreover, the grouping of samples based on both total and lysis-resistant
communities (cluster analysis) were consistent with the grouping of samples based on the visual
characterization of the sediment cores and the geochemical proxies. This suggests that the change in
the community reflects changes in the environment, and probably not an artefact produced by
differential degradation. Why then to use lysis-resistant DNA if the total DNA can be used instead? The
method to extract the lysis-resistant fraction is more complicate, expensive, and time-consuming.
Moreover, DNA yields are lower, and lysis-resistant community might not reflect the activity of
bacteria and thus, not reflect environmental conditions.

In fact, these two proxies may be complementary. Considering our results from Lake Liambezi,
although the clustering of samples based on both communities were consistent, the lysis-resistant
community reflected better the changes in the environmental conditions than the total community
did. This was interpreted as a possible consequence of the microbial activity in the sediment. Likewise,
the study conducted in Lake Liambezi also showed that environmental conditions, biological processes,
trends or extreme events were detected better or only in one of the fractions. Some groups of
organisms appeared to be mainly detectable in the lysis-resistant fraction, such as sulfate-reducing
and mammals-associated bacteria. On the contrary, sulfur-oxidizing bacteria were more diverse and
detected in higher abundance in the total fraction, since the most abundant sulfur-oxidizing bacteria
are not known to form spores.

Importantly, the omission of one fraction could lead to misinterpretation. In the lysis-resistant fraction,
the sulfur-oxidizing bacteria were not only detected at lower abundance, their abundance pattern was
also different. In the upper half of the center core, sulfur-oxidizing bacteria were almost absent, while
they were highly abundant in the total community, reaching up to 30% of the total community. This
could lead to completely different interpretation about the environmental conditions and/or the
availability of sulfur for example. Furthermore, the lysis-resistant community might provide additional
information about phenomena or events occurring in the watershed, while the total community is
more likely to reflect the environmental conditions reigning in the lake. Each community appears to
provide relevant and complementary information and their concurrent use allow to enhance our
understanding of the studied system.
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7.2.4  First detection of ARG in DNA extracted from lysis-resistant cells and
validation of the method

Although the presence of genes conferring resistance to antibiotics has been previously shown in
spore-forming bacteria (Tetz & Tetz, 2017 and references therein; see introduction for more
references), the two studies conducted (chapter 5-6) provide the first evidence for the detection of
ARG directly from spores or other lysis-resistant structures. This is of great interest since spore-formers
have been recently shown to be prevalent in the human microbiome (Browne et al., 2016; Forster et
al., 2019), and it is supposed to have a significant role in the dissemination of ARG. Spores are not only
a potential vector for ARG dissemination due to high dispersal rate. They are also more likely to acquire
a beneficial mutation (Levin-Reisman et al., 2017) or resistance genes because they can survive
antibiotic treatment and co-evolve with ARG-bearing organisms, highlighting the importance of our
findings. Although resistance to antibiotics is a growing public health concern in medical environment,
little is known about the environmental significance of ARG and the consequences of releasing ARG
and ARG-bearing organisms in the environment. Likewise, much less is known about the role of spore-
forming bacteria in ARG dispersal and accumulation. Although several authors have recently pointed
their potential important role (Bengtsson-Palme, Kristiansson & Larsson, 2017; Tetz & Tetz, 2017,
Shoemaker & Lennon, 2018), no study (to the best of our knowledge) has investigated its
environmental significance, probably due to the poor understanding of this fraction and the lack of
adapted tools. Therefore, the development and use of tools allowing the study of this specialized
fraction of the community is essential to assess its role in the dissemination of antibiotic resistance.

Using the newly developed method for the study of endospores, we demonstrated the potential to
use spore or lysis-resistant DNA for tracking ARG in the environment. The results of our studies
demonstrated the relevancy of this novel approach, and showed its applicability as a proxy for:

- Monitoring the environmental pool of ARG associated to this highly persistent, resilient and
mobile fraction of the community.

- Assessing the impact of WWTP and other sources of ARG (for example animal husbandry) on
the dispersal of ARG.

- Reconstructing the accumulation of ARG over time, and evaluating the effect of change in the
use of antibiotics on the pool of environmental ARG.

- ldentifying potential ARG-carriers within the spore community.

Increased knowledge and a global vision of the environmental pool of ARG, dispersal rate and
dissemination vectors, and the “long-term” effect of antibiotic usage on the fate of ARG, may help to
develop adequate policies for a reasonable usage of antibiotics.

7.2.5 ARG in the total vs lysis-resistant community and abundance vs
frequency
Our postulate was that DNA extracted from spores constitutes a better proxy than total DNA, due do

the degradation of DNA, selective or not, inducing a potential bias in the detected ARG levels, which is
not the case with the DNA extracted from spores. The result of our study in the Rhéne Delta in Lake
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Geneva (chapter 5) brought other arguments in favor of the use of DNA extracted from the spore or
lysis-resistant cell fraction. First, for both studied genes, the quantification based on total DNA
revealed low numbers of ARG copies, which were close to the detection limit of the gPCR. Normalized
to the amount of DNA (frequency=ARG copies/ng DNA), both genes are almost undetectable on the
whole profile of the core, except for the last 10 years for sull. Second, the amount of required DNA
template used for gPCR (determined by successive dilutions on a selection of DNA extracts) is larger
for the total DNA than for the lysis-resistant DNA, suggesting a lower ratio of targeted DNA in the total
DNA.

Once the total amount of DNA extracted per gram of sediment is considered, ARG abundance is higher
in the total DNA. This was expected given the low amount of DNA retrieved from the spore-separation
method. However, ARG frequency is higher in the lysis-resistant fraction, suggesting an enrichment of
ARG in the latter, which is highly unexpected result. However, we must be careful while interpreting
these results. First, the efficiency of the gPCR depends on many factors, such as dilution and purity of
the DNA. Likewise, the proportion of the targeted DNA within the total DNA also influence
amplification efficiency. Based on the results of the gPCR optimization, different concentrations of
DNA were used for the total and lysis-resistant DNA. Therefore, the direct comparison of the
abundance (both total and relative) obtained from the total and the lysis-resistant DNA might be
biased. Moreover, ARG frequency was calculated by normalizing ARG copies by the amount of DNA. In
the case of lysis-resistant structures, the entire DNA extracted should belong to bacteria, while for the
total DNA other taxa might be represented, leading to an underestimation of the ARG frequency in the
total bacterial DNA. Hence, a normalization based on the number of 16S rRNA gene copies or rpoB
could help to overcome or at least limit this bias. Unfortunately, all the remaining DNA was used for
the sequencing and we could not proceed to the quantitation of these additional markers.

ARG enrichment of the lysis-resistant fraction suggests a propensity of spore-formers to acquire ARG
compared to non-spore-formers. This could be the results of a selective process. Since spore-formers
can survive antibiotic stress, they are more likely to acquire a resistance gene simply because they
survive long enough to undergo a beneficial mutation (Levin-Reisman et al., 2017). Moreover,
supposing that the human microbiome might be enriched in both antibiotic resistant organisms and
spore-formers, the isolation of spores would inevitably lead to an enrichment in ARG. An alternative
explanation would be the heterogeneous distribution of ARG among taxa. If an ARG is preferentially
present in a taxon with sporulation abilities, then the rise or the decline of this taxon would lead to the
subsequent change in the associated-ARG frequency, even if the factors selecting are independent of
antibiotic resistance. It remains difficult to discriminate these different explanations, because it is
difficult to determine if ARG frequency increase because a population becomes more resistant, or
because a resistant population becomes more abundant. Maybe the frequency within a population
does not change, but the relative abundance of this population increases. However, determining if the
enrichment in ARG is due to a selective process within or across taxa (selection of ARG-bearing
organism within taxa, or selection of ARG-bearing taxa) is impossible for our data and the methods
used. In vivo experiments (see following section) are required to help addressing this question.

Comparison of abundances and frequencies was also very informative. Frequency has the advantage
to eliminate the effect of the DNA amount retrieved from the different samples, therefore removing
potential bias due to variable efficiency of the DNA extraction method (possibly due to sediment
nature), or variable organic matter content. It is then suitable when investigating the enrichment in
ARG rather than their “true” abundance. Interestingly, both the frequency of tet(W) and sull showed
particular accumulation patterns, correlating with the historical use of their related antibiotic, which
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was not reflected in the accumulation pattern based on ARG abundance (see chapter 5). In the study
conducted in the Vidy Bay, sull abundance and frequency as well as tet(W) abundance correlate with
the distance to the WWTP. However, the frequency of tet(W) showed a particular pattern, being
associated to samples with high trace metal concentrations. These results suggest that frequency
might be a better measure to highlight events or relationships that are not visible with abundance. In
fact, abundance mostly represent the amount of DNA retrieved from the sediment and thus is rather
a measure of the productivity and/or deposition rate. As a precision, it is obvious that for a study
aiming to evaluate the global pool of ARG, then ARG abundance in the total community would be more
appropriate.

7.2.6 Heterogeneity of ARG distribution among taxa

The two studied ARG were detected in the lysis-resistant fraction but appeared to be differently
associated with different groups of organisms, suggesting ARG are not homogeneously distributed
among bacterial taxa. Results indicated an association between tet(W) resistance and Firmicutes,
confirming previous studies (de Vries et al.,, 2011; van Schaik, 2015). On the contrary, sul/l was
associated with a wide range of taxa, suggesting a wide distribution among various taxa. These results
were expected in a certain way. Given that sull is commonly associated with class-1 integrons, it may
favor its transfer among taxa (Aminov, 2010). The heterogeneous distribution of ARG within taxa was
also reflected in the ARG levels (abundance/frequency) measured. The same order of magnitude for
tet(W) and sull abundance were observed in samples from the Rhone Delta (chapter 5). But in the
Vidy Bay (chapter 6), the abundance and frequency of tet(W) is higher than for su/l. This can be
explained by the community structure from the Vidy Bay, which are largely dominated by Firmicutes.
This is probably due to their prevalence in the human microbiome (Browne et al., 2016; Forster et al.,
2019) and to the footprint of humans in the communities surrounding a WWTP.

This heterogeneous distribution of ARG among taxa is important since different bacterial taxa might
behave differently in the environment, thus, having an impact on the dissemination potential of ARG.
The ability of these human-associated microorganisms to survive in natural environments is a
determining factor to establish the potential threat they represent in terms of dispersal, dissemination,
gene exchange rate, re-introduction, etc... Horizontal gene transfer (HGT) has been suggested as the
main pathway for spreading of the ARG in the environment (Pruden et al., 2006). However, for gene
exchange to occur, strains have to share the same habitat, at least temporarily. Moreover, in the case
of spore-forming bacteria, they have to be active. One can argue that these human-associated
populations are not adapted to natural environments and might remain in a spore state (if they can),
or decline and die. In addition, HGT is more likely to occur between closely phylogenetically related
organisms. Therefore, HGT is supposedly more frequent between pathogens and human-associated
organisms from the microbiota, than between human-associated organisms and environmental strains
(Bengtsson-Palme, Kristiansson & Larsson, 2017).

However, little is known about the fate of human-originated microorganisms when released in the
environment. Although spores are inactive, implying that no transfer is possible from these organisms,
it is difficult to determine where sporulation occurred and what are the factors that trigger
sporulation/resuscitation in human and natural environments. Likewise, the extent to which the
human microbiota can survive and grow in natural environments, notably in hotspots (sediments and
biofilms) where activity and gene exchange rate are enhanced (Taylor, Verner-Jeffreys & Baker-Austin,
2011; Marti, Variatza & Balcazar, 2014), has not been established. Giving that the diversity of spore-
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formers is probably largely underestimated, their ecological significance and population dynamics in
natural environments remains widely unknown.

7.3 Perspectives

7.3.1 Diversity of spore-forming organisms

Although the purpose of this project was not to evaluate the diversity and prevalence of spore-formers
among the domain of Bacteria, our results revealed an unsuspected diversity in the lysis-resistant
community. This has great implications in terms of evolution and supports the idea of a widespread
functional trait that evolve early in the life history, emerging in a common ancestor prior to its radiation
among taxa (Tocheva, Ortega & Jensen, 2016). However, as mentioned above, our results do not
provide proofs on the formation of spores in the taxa detected. We can only assert that these enriched
taxa resist the separation of spore treatment, at least more than average.

For proving the formation of spores in these taxa, each organism should be isolated and cultivated
separately. Only the direct observation of the formation of spores can be considered as a proof.
However, such an approach is unrealistic if one want to assess the ability of forming spores in each
taxon, moreover many of these organisms being uncultivable. An intermediate option would be to
concentrate the effort on some taxa, for example those found in high abundance in the lysis-resistant
community. If one can demonstrate the formation of spores in most of the tested taxa, that would
constitute a good indication that spore-separation really enrich spores, and not only some lysis-
resistant structures. An alternative to the culture-based approach would be to look for genes
associated to sporulation in genomes available in databases. Model organisms are often used to
predict the ability of forming spores of other organisms, although this limits the investigations to the
known regulatory pathways of sporulation. Once again, the presence of genes associated to
sporulation does not constitute a proof in itself, but this can drive the investigations towards organisms
that are more likely to produce spores. The whole genome sequencing from environmental samples
also constitute another alternative option. The actual limitations of the method (high quantity DNA
needed, few genomes reconstructed) would restrict the analysis to a small number of samples and
genomes, and would not be representative of the diversity found in our samples. However, the rapid
development associated to metagenomics can sustain the hope that such studies can be performed in
the next future.

7.3.2 Environment and time scale

Although the use of total DNA and DNA from the lysis-resistant organisms showed its relevance in Lake
Liambezi, this constitutes only one step forward in the evaluation of its potential use as a proxy for
paleoecology. Supplementary studies are needed to give an overview of its potential applicability.

The response of an ecosystem to environmental changes and fluctuations is complex and depends on
multiple parameters (climate, geomorphology, biodiversity, among others). The variability of the
bacterial community is related to the variability of the environmental conditions; “Microbial
community in a certain habitat is shaped by the interaction of microbes and the environment, while the
microbes also modify the environments by their metabolism, especially the recycling of the nutrients"
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(Chen et al., 2015). We can assume that a fluctuating environment will induce higher variability in the
community. The variability of the bacterial community, and at which extend it reflects the
environmental changes might be variable, depending on the type of ecosystem under investigations
and its adaptability/resilience capacity. Therefore, we aim to broaden the application of this novel
approach and test its potential for paleoecological studies in other aquatic systems, from various
environments.

Another parameter of main importance is the time scale of the study, which depends on the length of
the core (and the time covered), the resolution of the sampling, and the sedimentation rate. While our
study in Lake Geneva was based on a sediment core of ~1 meter covering the last 100 years, the center
core from Lake Liambezi covered 5500 years but the length of the core was only 50 cm. It appears
obvious that the environmental changes cannot be investigated at the same time scale, and that
seasonal or annual variations of the environmental conditions may not be detected in the latter. For
example, several studies showed high seasonal variability of the bacterial community in sediment from
lakes of rivers (Bucci et al., 2014; Zhang et al., 2019). However, if the sedimentation rate is low, the
different communities that have developed at different times (seasons) might be mixed in the same
sediment layer. In addition, another study showed a reoccurrence of the bacterial community over
years in river sediments (Hullar, Kaplan & Stahl, 2006). Considering a low sediment rate, we could easily
conclude from this reoccurrence that the community is stable over time, missing the seasonal
variations due to the condensate sediment layers.

In Lake Liambezi, deductions on environmental conditions based on the community composition were
difficult to establish for several reasons: (i) low variability of the community, (ii) condensate layers (low
sedimentation rate), and (iii) the resolution of the sampling. From the climatic perspective, the low
variability of the community was interesting and showed that the system was relatively stable over
time, despite changes in the hydrological regime. On the contrary, the seasonality of the system
(alternation of wet/dry seasons) was not recorded in the microbial community, due to the condensate
layers and the resolution of the sampling. This illustrates the importance of the time scale, and
determining carefully the sampling strategy in function of the problematic under investigation.
Therefore, it would be of great interest to apply our approach to different problematics, implying
different time scales.

Lake Fagnano, located in “Tierra del Fuego” (Patagonia), is one of the ecosystems we aim to
investigate. A series of studies based on sediments and seismic analyses allowed for the reconstruction
of the past climate and the tectonic activity on the island of Tierra del Fuego during the Holocene
(Waldmann et al. 2010; Moy et al. 2011; Waldmann et al. 2011). The most recent of these studies
presented a multidisciplinary approach for the reconstruction of the paleoenvironmental conditions in
Tierra del Fuego, allowing for a better understanding of the environmental changes under the
influence of the Southern Hemisphere Westerlies wind stream (SHW) in the region, and the impact on
the surrounding vegetation (Waldmann et al. 2014). ). In particular, the use of different biological
proxies in this study, palynomorphs analyses (pollens, spores, and algae) associated to palynofacies
offers very interesting data for comparison with bacterial communities and assessing the validity of
our method.

On the contrary, working at a much smaller time scale, our study in the Vidy Bay (Lake Geneva) showed
a high proportion of human-associated bacteria in sediments impacted by wastewater releases. In
addition, results of Lake Liambezi also exhibits high abundance of mammal-associated organisms in
several layers. This suggests that spores could be used for evaluating the anthropogenic impact in
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modern ecosystems. Such a proxy could help to establish statements of ecosystem health, and the
implementation of protective measures.

Considerations about DNA

The time scale also have main implications for the conservation of the DNA. The more the DNA is
ancient, the more a bias due to selective degradation is likely to appear. In Lake Liambezi, the total
DNA showed to be appropriate for the climatic reconstruction over the last 5500 years, in terms of
both quantity and quality. However, what about studies at smaller or bigger time scale? In a previous
study in Lake Geneva (using the same core used in our study), DNA showed an exponential decay in
the first decades following deposition (Wunderlin et al., 2014a). Therefore, a selective degradation of
the DNA might affect the total community, possibly blurring the seasonal signal. Likewise, the
degradation of DNA may be too important in older sedimentary records, or in different environments,
limiting its availability and increasing the bias.

Enlarge the application of our innovative approach to various types of ecosystems, and evaluate its
relevancy in different environments, at different time scales, is necessary to demonstrate the utility of
the method and define the scope of its applicability.

7.3.3  The origin of spores

One main concern about the possible use of spores and spore-like structures as a paleoecological proxy
is their origin. Previous studies have shown their exogenous origin due to their high dispersal capacity
(Bartholomew & Paik, 1966; de Rezende et al., 2013). In Lake Liambezi, the populations found in the
lysis-resistant community suggested both an endo- and exogenous origin. This consideration is of main
importance if one want to interpret correctly the community composition, and its relation to the
ecosystem; this has considerable implications for the spatial scale of the study. Does the lysis-resistant
community found in the sediment reflect the environmental conditions reigning in the lake, or is it
representative of the whole watershed?

Spores, and subsequently by extension lysis-resistant structures, are assumed to be inactive.
Therefore, we may wonder whether their analysis inform about the environment they are found in. To
better interpret the composition and the changes in the lysis-resistant community in the sediments, a
better knowledge of its community dynamic is needed. Although sporulation/reactivation of model
organisms have been observed and studied in laboratory, little is known about the response of
sporulating organisms to environmental changes and their role in the shaping and adaptability of the
community. Bacterial spores are considered to have a prominent role in the resilience of ecosystems
after perturbation, due to their ability to colonize new habitats. However, no study demonstrated the
link between dormancy and the community dynamic (Lennon & Jones, 2011).

One of our next objectives is to investigate the origin of lysis-resistant structures, and follow the
evolution of the lysis-resistant community in their response to environmental change. The Jori lakes,
located in the Jori catchment in the Swiss Alps (Canton Graubilinden) was selected as model
environment. Initially formed by the J6ri glacier, the catchment currently encompasses 24 small and
medium cascading lakes (at sampling time), distributes on different sub-catchments (their exact
number changes depending on the source; Hinder et al. 1999; Yuhana et al. 2006). Some of these lakes
are relatively ancient (several thousand years old) while others have been formed more recently during
the last 150 years with the progressive retreat of the glacier (Yuhana, Horath & Hanselmann, 2006).
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Cascading lakes from the same sub-catchments might be viewed as the same lake at different stage of
evolution, and thus can be considered as natural chronological records. This constitutes a perfect
model for studying the establishment of communities of spore-forming bacteria in sediments, and
their evolution over time. We can suppose that, if the lysis-resistant community reflect the
environmental conditions (and evolution state of a lake), what is found in the upper sediment layer of
a young lake should be found in the lower sediment layer of an older lake. In addition, the origin of
spores will be investigated by comparing the lysis-resistant community found in upper sediment, with
the communities (both total and lysis-resistant) from the overlying water column, surrounding soils,
and river inflows. Results of this study might provide precious data for the understanding of the
dynamic of spore-forming community in the environment and bring new insights into the ecological
significance of the “seed bank” component of the bacterial community.

7.3.4  Natural background of ARG in the environment

The environmental impact of intensive antibiotic usage on the spread and accumulation of both
antibiotics and their associated resistance determinants have received increasing attention these past
few years. However, most of the studies concern highly human-impacted environments, like WWTP
outlets or agriculture/farming soils (see introduction). There are relatively few data about the ARG
levels in natural environments, with no or little impact by human activities. Additional data on the
environmental background of ARG would help to evaluate the impact of intensive use of antibiotics
and release of ARG-bearing organisms. Such knowledge would also be very useful for the
implementation of new regulations and policies on the discharge standards.

Using a selection of samples from our own collection, we aim to provide a broader vision of the ARG
distribution and levels across various environments, from different geographical location and
differently affected by human activities. This selection includes samples from Antarctica, Botswana
(Lake Liambezi and Okavango Delta), Swiss alpine lakes (pristine or bordered by grazing land), which
will complement the data obtained in Lake Geneva.

7.3.5 Screening of ARG from all classes in spore-formers

Our findings provide the first evidence of ARG detection in spores or spore-like structures,
demonstrating the applicability to use spore DNA as a proxy for tracking ARG in the environment for
two selected genes. However, ARG are very diverse and include resistance to almost all classes of
antibiotics known (Lee Ventola, 2015). Giving the apparent heterogeneous distribution of ARG among
taxa, a systematic evaluation of other genes is necessary to determine the best applicability of our
method. Depending on local usage policies (quantity, period), the frequency of each specific ARG
within the spore-formers, and the efficiency of the detection/quantification protocol, the relevance of
the choice of specific genes might be evaluated case-by-case, depending on the study context.

7.3.6 Cross-analysis of genes and genomes from human microbiome

The results of our studies suggest a heterogeneous distribution ARG among bacterial taxa. This
assumption is mainly based on the results from the correlation tests, which have to be interpreted
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with care, particularly in the case of the Vidy Bay. Due to the high impact of the WWTP, phenomena
of co-deposition might shape the spatial distribution pattern of the community. Since it is likely that a
part of the community (if not the main part) is inactive at time of deposition, the community structure
can be assumed to reflect the composition of the deposited material, rather than the environmental
conditions. Extreme deposition events (flooding events, release of untreated waters) might result in
correlations between bacterial taxa solely based on their co-occurrence in the deposited material. If
one of these taxa correlates with one ARG, the other taxa could also correlate, but without a real sense
of causality. The same could be the case in the sediments of the Rhéne Delta, but the various possible
origins of lysis-resistant structures coupled to the variability of community over time should attenuate
the covariance of these populations. Indeed, it is less likely that deposition of different taxa follows the
same deposition pattern over time.

Although our studies highlighted correlations between ARG and certain specific taxa (genera), and
gives potential candidates for ARG carriers, these correlation tests do not prove the presence of ARG
in a taxon. This illustrates the limit of the metagenomic approach used in these studies. To further
investigate the distribution of ARG and undoubtedly establish the presence of an ARG in specific taxa,
alternative approaches have to be used. A following step is to try to identify the resistance genes
directly in the genome of the human microbiota. For that, a cross-analysis of a wide variety of ARG and
a collection of complete genomes from the human microbiota is in progress. Likewise, the same
analysis will be performed for the screening of genes involved in the sporulation. The results of such
analyses will provide evidence for the presence/ absence of ARG in specific taxa, and an overview of
their taxonomic distribution. It will also increase knowledge about the diversity of spore-former, by
potentially identifying sporulation determinants in “new” species or taxonomic groups.

7.3.7 Evaluate the effect of wastewater treatment on the spore-formers
community

Wastewater treatment plants (WWTP) have been identified as hotspots for the dissemination of
antibiotic resistant bacteria (ARBs) and ARG (see introduction). Although the impact of WWTP and
their effluents is well reported, selection processes and the effect of different treatment types on the
diversity and abundance of ARG in the WWTP are still not well understood, and studies are
contradictory. Although a general decrease of ARG abundance is generally reported (Munir, Wong &
Xagoraraki, 2011; Czekalski et al., 2012; Laht et al., 2014), frequency is commonly reported to increase,
at least for some ARG (Bouki, Venieri & Diamadopoulos, 2013; Michael et al., 2013; Mao et al., 2015;
Rodriguez-Mozaz et al., 2015), suggesting selection processes. WWTP are also proposed to be a
reservoir of resistance, where environmental conditions would enhance gene transfer (Berendonk et
al., 2015; Karkman et al., 2018).

In that context, the survival ability of human-associated spore-formers, and the factors controlling
sporulation before and during wastewater treatment is of particular importance. This will define their
potential to interact and exchange genes among themselves and with endogenous community.
Currently itis not clear where sporulation occurs (in the human gut, before entering the WWTP, during
treatment, in the environment). Inactive spores might not be able to interact with other populations,
and acquire resistance. Moreover, we can assume that active human-associated and lysis-resistant
structures such as spores will not require the same treatment to be removed, or at least reduced.
Therefore, a screening of the cellular state of the human-associated microbiota (vegetative vs spore)
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at the different steps of the wastewater treatment, by comparing total and lysis-resistant
communities, might offer new insights on sporulation dynamics. The efficiency of wastewater
treatment is of main importance if one wants to limit antibiotics and ARG pollution. Hence, a better
understanding and control of the decontamination processes, based on the origin and the content of
wastewaters, is essential for the risk assessment and might help to define adapted treatment.

Likewise, sediments and biofilms are also considered as hotspots of bacterial activity, where HGT rate
is enhanced (see above). These hotspots represent environments where pathogens, human-associated
and environmental organisms can meet and exchange genes, feeding the environmental reservoir of
ARG and possibly transmit in return to pathogens and human-associated organisms. More attention
must be paid on the key compartments, where bacterial density, diversity and activity is high, favoring
interactions and gene transfer. Investigating the presence of lysis-resistant organisms associated to
the human microbiota in these compartments will provide precious information for a better
understanding of the potential ARG dissemination mediated by this resilient community.

7.3.8 In vivo experiments

Finally, one important question that we would like to address is how the exposure to antibiotics affects
the shape of microbiome resistome, and more specifically in the spore-forming fraction of the
community. On the one hand, selection pressure due to antibiotic stress increases ARG frequency.
Indeed, surviving populations have higher frequency of ARG, inducing higher chance to share them.
On the other hand, antibiotic stress is also supposed to stimulate HGT. Although this latter is commonly
accepted, there is a lack of data demonstrating this phenomenon (Lopatkin, Sysoeva & You, 2016).
Organisms able to enter a dormant state are thought to have more chance to acquire a beneficial
mutations, because they survive longer (Levin-Reisman et al., 2017). We can then assume that they
also increase their chance to acquire a gene by HGT. However, currently there is no data proving that
theory. Altogether, these considerations suggest that spore-forming bacteria have a predisposition for
the acquisition of ARG under antibiotic exposure.

Here we propose to conduct an in vivo experiment on model organisms (mice) for testing the effect of
antibiotics on: (i) the composition of both the total and the lysis-resistant communities, (ii) the
frequency of ARG associated to these communities, (iii) and the spread of resistance within and across
taxa. Composition of both the total and the spore communities will be analyzed on faeces from these
model organisms, and a follow-up of the evolution of the microbiome exposed to different classes and
concentrations of antibiotics will be performed. Whole genome sequencing would also allow detecting
the appearance of resistance in formerly non-resistant taxa. Results of such experiments would greatly
increase our knowledge of the dynamics of lysis-resistant bacteria populations and its reactions to
antibiotic exposure, and help to clarify the presumable ability of spore-formers to acquire ARG.

The detection of ARG in environmental samples and their attribution to specific organisms is
challenging, due to methodological considerations. New technologies, such as new high-throughput
single-cell genome sequencing (Lan et al., 2017) or epicPCR techniques (Spencer et al., 2016), will
provide powerful tools to overcome these limitations. This could be of particular interest to study the
distribution of ARG among taxa, and the HGT rate among and across taxa, notably in the case of the
WWTP or the in vivo experiments.
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A better understanding of the role and fate of the spore-formers and other lysis-resistant organisms in
the environment, their interactions with environmental strains, as well as a screening of ARG in the
spore-forming or lysis-resistant populations might help to develop appropriate strategies for the usage
management of antibiotics, and for the efficient treatment of contaminated wastewater.
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8 Other projects and collaborations

Foreword

In this chapter, | present a few projects in which | was also involved during my PhD.
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8.1  Physical Isolation of Endospores from Environmental
Samples by Targeted Lysis of Vegetative Cells

Tina Wunderlin, Thomas Junier, Christophe Paul, Nicole Jeanneret, Pilar Junier

2016, Journal of Visualized Experiments (Issue 107, pp. e53411), DOI:
10.3791/53411

Foreword

This chapter is a video article showing how to realize the isolation of endospores, a
method developed by Tina Wunderlin and previously described in “Endospore-
enriched sequencing approach reveals unprecedented diversity of Firmicutes in
sediments” (Environmental Microbiology Reports, Vol. 6, Issue 6, pp. 631-639,
2016).

My contribution to this publication included some modifications of the original
protocols, to allow the simultaneous treatment of multiple samples, the preparation
of the experiment, before and during the recording, as well as a participation to the
written part accompanying the video.
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Endospore formation is a survival strategy found among some bacteria from the phylum Firmicutes. During endospore formation, these bacteria
enter a morpho-physiological resting state that enhances survival under adverse environmental conditions. Even though endospore-forming
Firmicutes are one of the most frequently enriched and isolated bacterial groups in culturing studies, they are often absent from diversity studies
based on molecular metheds. The resistance of the spore core is considered one of the factors limiting the recovery of DNA from endosperes.
We developed a method that takes advantage of the higher resistance of endospores to separate them from other cells in a complex microbial
community using physical, enzymatic and chemical lysis methods. The endospore-enly preparation thus obtained can be used for re-culturing
or to perform downstream analysis such as tailored DNA extraction optimized for endospores and subsequent DNA sequencing. This method,
applied to sediment samples, has allowed the enrichment of endospores and after sequencing, has revealed a large diversity of endospore-
formers in freshwater lake sediments. We expect that the application of this method to other samples will yield a similar outcome.

Video Link

The video component of this article can be found at http:/fwww jove.com/video/53411/

Introduction

The goal of this work is to provide a protocol for the separation of bacterial endospores from vegetative bacterial cells in environmental samples.
The formation of bacterial endospores is a survival strategy, usually triggered by starvation, found in a number of bacterial groups belonging to
the phylum Firmicutes'. Endospore-forming bacteria are well studied, mainly because a number of strains are pathogens and hence of medical
importance (e.g., Bacillus anthracis or Clostridium difficile). Environmental strains of endospore-forming bacteria have been isolated from virtually

every environment (soil, water, sediment, air, ice, human gut, animals gut, and more)”. Therefore, Firmicutes are the second most abundant
phylum in culture collections®.

Because of their hardy outer cortex and protective core proteins, endospores can survive extreme environmental conditions ranging from
desiccation to higsh radiation, extreme temperatures and harmful chemicals®. This remarkable resistance makes it a challenge to extract DNA
from endospores®®. This likely explains why they have been overlooked in environmental sequencing studies™'®. Other methods, such as
targeting of endospares in environmental samples by fluorescent antibodies'", quantification of dipicolinic acid (DPA) in soil'? and sediment®,
flow cytometry™ or pasteurization and subsequent cultivation' "™ have been used to retrieve or quantify endospores in environmental samples.
In recent years, optimized DNA extraction methods as well as specific molecular primers to target endospore-specific gene sequences have
been developed1 1720 This has helped to reveal more biodiversity amonq this group of bacteria®' and has also led to applications in industry
and medicine for the detection of endospores, for example in milk powder ,

The protocol presented here is based on the difference in resistance to harmful physicochemical conditions (such as heat and detergents)

of bacterial endospores relative to vegetative cells. To destroy vegetative cells in a sample, we consecutively apply heat, lysozyme and low
concentrations of detergents. The time and strength of these treatments have been optimized so as not to destroy spores, but to lyse all
vegetative cells. Some cells in an environmental cell pool are more resistant than others, so in order to increase the probability of destroying all
vegetative cells, we apply three different treatments. The advantage and novelty of this method is that the endospores after the treatment are still
intact and can be used for further downstream analyses. These include DNA extraction, quantitative PCR (qPCR) and amplicon or metagenomic
sequencing (targeting specifically the group of endospores and thus reducing diversity, while increasing coverage). The endospores could also
be used for downstream cultivation or quantification by flucrescence microscopy, flow cytometry, or detection of DPA. An important feature of
this method is that by comparing an untreated sample with a treated sample, one can deduce the quantity and diversity of endospores in an
environmental sample in addition to the component corresponding to vegetative cells.

Copyright © 2016 Journal of Visualized Experiments January 2016 | 107 | e53411 | Page 1 of 7
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1. Preparation of Chemicals and Equipment
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Make 500 ml of a 1% sodium hexametaphosphate (SHMP) (NaPO3), solution and sterilize by autoclaving.

Sterilize nitrocellulose (NC) filters (pore size 0.22 um, diameter 47 mm) by autoclaving in closed glass Petri dishes.

Sterilize NC filters (pore size 0.22 ym, diameter 256 mm) by autoclaving in closed glass Petri dishes.

Weigh and note the empty weight of sterile 50 ml tubes (with cap on) (one tube per sample).

Prepare Tris-EDTA-buffer (TE-buffer) 1x: make solution of 10 mM Tris ({ris(hydroxymethyl)aminomethane) and 1 mM EDTA buffer. Adjust pH
to 8 and sterilize by autoclaving.

Prepare lysozyme solution (20 mg/ml) by dissolving 0.02 g of lysozyme in 1 ml TE-buffer. Ideally, make fresh every time. Store at 4 °C for no
more than 1 week.

Prepare physiological solution by dissolving 8 g/L sodium chloride (NaCl) in distilled water. Sterilize by autoclaving.

2. Separation of Biomass from Sediment

Add 3 g of sediment sample to pre-weighed sterile 50 ml tubes using ethanol-flamed metal scoops. Perform this in a clean, UV sterilized
biosafety cabinet to avoid contamination.

Add 15 ml of a 1% sterile (autoclaved) SHMP solution to the sample using a sterile graduated burette. The SHMP solution can also be filtered
to avoid contamination.

Homogenize the sediment and SHMP solution with a liquid disperser/fhomogenizer (e.g., Ultra-Turrax homogenizer). 70% ethanol-sterilize

or autoclave the dispersion rotor prior to use. Run the homogenization for 1 min at 17,500 rpm. Let the sample rest for 2 min and repeat the
homogenization for 1 min at the same rotor speed.

Let the sample stand for 10 min. At this step, the heaviest particles (minerals) will settle. The cells and any organic components of the sample
however will remain in solution. Afterwards, transfer the supernatant solution (containing cell biomass) into a clean 50 ml tube, while taking
care not to disturb the sediment pellet.

To the sediment pellet add again 15 ml of a 1% sterile (autoclaved) SHMP solution using a sterile graduated burette. Then repeat steps 2.3
and 2.4. This repetition ensures the separation of the maximum amount of cells and organic particles from the mineral component of the
sediment. The supernatant of this second separation can be merged with the supernatant from the first separation.

Note: The following steps are all done on the supernatant (containing cell biomass). The mineral component (sediment pellet) can be
discarded.

Centrifuge the sample at 20 x g for 1 min. This step increases the g-force enough to settle small mineral particles while the biological cell
material still remains in solution. After centrifugation, transfer the supernatant solution (containing cell biomass) into a clean 50 ml tube.
Discard the mineral pellet.

Determine the final volume of the solution containing biomass by weighing the sample. The weight determination avoids having to transfer the
sample to a graduated cylinder and reduces risk of contamination.

3. Collection of Biomass on Filter Membrane

B

Prepare filtration unit (for 47 mm diameter membranes) and vacuum pump. Sterilize the filtration unit either by autoclaving or (if Pyrex glass)

by spraying it with 70% ethanol and flaming it with a Bunsen burner. Let it cool down before continuing with the protocol.

Add sterile NC membrane to the filtration unit using ethanol-flamed sterilized forceps.

Add half of the supernatant sample (from step 2.6) onto the membrane filtration unit and collect cells on the membrane using the vacuum

pump.

When the liquid has fully passed through the filter, stop the vacuum pump and carefully remove the membrane using ethanol-flame sterilized

forceps. Place the membrane into a sterile Petri dish.

1. Cut the membrane in half using ethanol-flamed sterilized scissors. Add each half of the membrane to a separate 2 ml tube. One half of

the membrane will be used for DNA extraction and analysis of the entire bacterial community. The other half of filter will be stored at -80
°C and serves as a backup.

Place new NC membrane onto the filtration unit and collect biomass from the second half of sample volume (from step 2.6) using the vacuum
pump.

When the liquid has fully passed through the filter, stop the vacuum pump and carefully remove the membrane using ethanol-flamed sterilized
forceps. Place the entire membrane into a separate 2 ml tube. This sample will be used for the treatment to separate endospores from
vegetative cells. The sample can be stored at -20 °C until use.

4. Lysis of Vegetative Cells

i

Perform the treatment to separate endospores from vegetative cells on the biomass previously collected on a NC membrane (step 3.6).
1. If the membrane was frozen, leave it at RT for 10 min to thaw. Then place the membrane in a sterile Petri dish and cut it (approximately
4 times) into smaller pieces using ethanol-flamed sterilized scissors. Then place all membrane filter pieces into a sterile 2 ml tube.

2. Add 900 pl of 1x TE (Tris-EDTA) buffer (see 1.5) to the tube containing the sample membrane and mix thoroughly by vortex. At this step, the
biomass is removed from the membrane into the TE-buffer solution.
3. Place the tube in an incubator at 65 °C for 10 min and 80 rpm. Afterwards remove the tube from the incubator and let it cool down for 15 min.
Copyright © 2016 Journal of Visualized Experiments January 2016 | 107 | e53411 | Page 2 of 7
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4. Add 100 il of freshly prepared lysozyme (see 1.5) to reach a final concentration of 2 mg/ml. Do not add the lysozyme before the sample has

cooled down to 37 °C, as this could degrade the enzyme.

Incubate the sample at 37 °C for 60 min and 80 rpm, the optimal conditions for the lysozyme to lyse vegetative cells.

After lysis is complete, add 250 pl of 3 N sedium hydroxide (NaOH) and 250 pl of 6% sodium dodecyl sulfate (SDS) solution to the sample.

By adding this, the sample volume reaches 1.5 ml and there is a final concentration of 0.5 N NaOH and final concentration of 1% SDS.

7. Incubate this mix at RT for 80 min and 80 rpm. Adding the base and detergents will help in final cell lysis. The concentration of these
detergents has been optimized as to not harm the endospores, while lysing vegetative cells.

8. Prepare a sterile filtration unit that holds 25 mm diameter membranes by autoclaving, or (if Pyrex glass) spraying it with 70% ethanol and
flaming it with a Bunsen burner. Let it cool down.

. Place a0.2 um NC membrane (25 mm diameter) on the filtration unit using ethanol-flame sterilized forceps.

10. Add the sample from step 4.7 onto the membrane and filter the liquid using the vacuum pump. When liquid has passed through, turn off
vacuum pump. At this step, the lysed vegetative cell material is removed, as it is not retained on the membrane. Only endospores will remain
on the membrane.

11. Add 2 ml of sterile physiological solution to wash off residual detergents and filter the liquid using the vacuum pump.

12. When liquid has fully filtered, turn off the vacuum pump. Leave the membrane on the filtration unit.

o o

5. DNase Treatment

Note: Perform the DNase treatment directly on the filter membrane. It is important that the filtration unit does not leak and the vacuum pump is
turned off.

1. Add 450 pl of sterile water, 50 pl of DNase reaction buffer (1x) and 0.5 yl DNase enzyme directly onto the filter membrane and let it stand for
15 min. If possible, do this digestion in a room that is slightly warmer than average RT, since the enzyme works better at temperatures of 25
°C and above.
Note: Keeping the Bunsen burner aside the filtration unit also increases the temperature and has the added benefit of keeping the
surroundings sterile, therefore reduced risk of contamination of the samples.
When the DNase digestion is finished, turn on vacuum pump to remove the enzyme from the sample.
3. Wash off residual enzyme by adding and filtering 1 ml of physiological solution.
4. | liquid has fully passed, turn off vacuum pump and remove the filter membrane containing endospores using sterile forceps and place it into
a sterile Petri dish.
Note: The sample of separated endospores is now ready for downstream analysis. Store at -20 °C if used for DNA extraction or alternatively
at 4°C if used for germination and cultivation.

Representative Results

10,21

M

The results presented here have been published earlier
the data.

. Please refer to those articles for the environmental interpretation and discussion of

The overall procedure is summarized in Figure 1 and corresponds to three main steps: first, the separation of biomass from sediment or any
other environmental matrix; second, the destruction of vegetative cells; and third, the downstream analysis of the separated endaspores.
Downstream analysis could consist, for example, of DNA extraction and amplicon sequencing to determine diversity. The DNA extraction needs
to be optimized as to guarantee lysis of endospores. In sediment samples, we have achieved this by using a forceful sequential DNA extraction
procedurem. The application of the method in sediment demonstrates a significant increase in the fraction of endospore-forming Firmicutes after
separation. In amplicon sequencing of the 165 rRNA gene, Firmicutes in the untreated samples (whole community) corresponded only to 8.0
and 19.0% of the sequences (Table 1}. In contrast, after the treatment Firmicutes represented 90.6% and 83.9% of the endospore-enriched
sample. The two major orders of endospore-forming Firmicutes, Bacilliales and Clostridiales, were enriched with the methed, contrasting with the
absence of orders like Lactobacilliales that are non endospore-forming Firmicutes. In order to demonstrate that the method is particularly suitable
for the enrichment of true endespores, other groups capable of producing spore-like structures were also analyzed. Accordingly, the frequency of
Actinobacteria, Cyanobacteria and Myxococcales decreased after the treatment to lyse cells.

The efficiency of the treatment was also demonstrated using pure cultures. An endospore preparation (> 95% endospores) of Paenibaciilus alvei,
Bacillus subtilis and Bacillus megaterium, as well as a vegetative cell culture of Escherichia coli, were treated as described in the protocol for

the lysis of vegetative cells. All cultures were then incubated in nutrient broth at 37 °C and growth was measured using optical density at 600 nm
wavelength. Growth was observed for the endospore cultures while no growth was observed in the treated E. coli culture, proving that vegetative
cells are irreversibly damaged (Figure 2).
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Figure 1. Overview of the experimental procedure. Procedure used to enrich endospore-forming bacteria in environmental samples. The step
of separating cells and endospores from the environmental matrix can be omitted depending on the type of sample (i.e., water sample). In the
figure the downstream methods applied on the spore-enriched fraction correspond to DNA extraction and high throughput sequencing. These
steps can be replaced by culturing. Please click here to view a larger version of this figure.
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Figure 2. Verification of the treatment on pure cultures. Growth curves verifying the growth of endospore-forming bacteria from a suspension
of endospores of Bacillus subtilis, Bacillus megaterium, and Paenibacillus alvei and a cell culture of Escherichia coli treated with the method
for the lysis of cells. Treated = o. Untreated = e. Error bars from three independent cultures. Growth of control cultures and re-growth of treated
cultures was measured as optical density at 600 nm wavelength. This figure has been re-printed from Wunderlin ef al. 2014 with permission.
Please click here to view a larger version of this figure.

Sediment 1 Sediment 2
whole community endospore-enriched whole community endospore-enriched
Firmicutes 8.0 90.6 19.0 839
Bacilli 0.5 10.0 5.7 15.1
Clostridia 74 76.9 12.5 63.2
Actinobacteria 24 1.0 44 21
Cyanobacteria 1.1 0.1 0.7 0.1
Myxococcales 0.7 0.0 0.2 0.0
Other bacteria 87.8 8.3 75.7 139

Table 1. Abundance of endospores and other spore-forming bacterial groups. Relative frequency of Firmicutes (endospore-formers) and
other bacterial groups producing spore-like structures in two sediment samples corresponding to the whole (untreated) and endospore-enriched
(treated) communities.

The resistance of endospores to external aggressive physicochemical factors (e.g., temperature or detergents) was used to devise a method

to separate bacterial endospores from vegetative cells in environmental samples. This is the first comprehensive method to isolate endospores
from environmental samples in a non-destructive manner. Previous methods to quantify, detect or analyze endospores in samples were based
on the measurement of specific proxies for endospores such as dipicolinic acid or specific marker genes. In contrast, with the protocol presented
here, sample components other than endospores are removed and so the endospores eventually remain as the sole and purified remnants of
the sample. Although other methods such as pasteurization or density gradient centrifugation have been proposed to enrich for endosporeszz,
our tests showed that density gradient centrifugation is not appropriate as a general method for environmental samples, due to physiological
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differences and different densities of various species of endospore-formers (data not shown). By contrast, our protocol can easily be applied to
all types of environmental samples and is suitable for downstream applications including molecular methods or culturing.

There are two critical steps in the protocol. The first is the separation of biomass from sample matrix (i.e., sediment particles). It is essential that
the number of cells separated from the matrix be maximized, so as not to overlook part of the diversity. For sediment samples, as used here,
one of the principal limitations of the protocol is the fact that some cells or spores may not have been detached from the sediment matrix and
therefore not included in the downstream analysis, which is a potential limitation of the method. Depending on the sample matrix (for example

if there are humic acids), cells may be tightly bound to it and therefore difficult to release. The use of ortho-phosphate buffer as well as good
homogenization with a homogenizer or blender are important at this step. To boost recovery, the procedure of homogenization and removal of
biomass is repeated twice as written in the protocol. The protocol described here has been developed and optimized for samples of freshwater
lake sediment. Some parameters may not be optimal for other types of samples. One way to analyze the community fraction that was potentially
overlooked in the process would be to subject the sediment matrix to DNA extraction and amplicon sequencing. As possible modifications to
the technique, the step of separation of biomass from sample matrix may be omitted. Particularly if the environmental sample does not contain
organic material or mineral particles that could interfere with the downstream protocol (e.g., water, other liquids or purified cultures), prior
separation may not be needed. For liquid samples the protocol can start directly at chapter 3 (Collection of biomass on filter membrane).

The second important step of the protocol is the treatment with lysozyme, heat, NaOH and SDS to destroy vegetative cells. Temperature,
duration as well as concentration of chemicals have all been optimized as not to harm endospores, while destroying the cells. These parameters
should therefore be strictly kept as they are. The use of a first step of heating the sample at 65 °C was very effective to specifically select

for endospores compared to other types of bacterial spores or spore-like structures occurring among the bacterial phyla of Actinobacteria,
Myxobacteria, Cyanobacteria, that are generally not heat-resistant. As seen in Table 1, non-spore forming bacteria are still present after the
treatment (8.3% to 14%). Some explanations for this are that sediment samples are highly complex and can also harbor resistant non-spore
cells. In addition, leftover organic material may allow certain attached cells to survive the treatment. In order to further reduce the percentage of
non-spore-forming cells in the treated samples, the method should be optimized based on individual sample type.

The method represents a novel tool for the targeted study of endospore-formers in environmental samples. The treatment to destroy vegetative
cells can be tested on pure cultures of cells and endospores and adapted to suit individual resistance of cells. The destruction of cells can be
seen in the curves of treated cultures shown in Figure 2. The delayed growth of the treated cultures can be due to the time that endospores
need to re-germinate and move into the exponential growth phase. Other possible explanations for this delay could also be a weakening of the
endospore culture or lower cell numbers after treatment. If the separated endospores are not used for DNA extraction, the last step of DNase
treatment can be omitted.

Future applications of this technigue could be envisaged in industries where pathogenic endospores need to be detected. One example is in

the food industry and clinical research, where the detection and analysis (for identification) of endospores, and its differentiation from vegetative
cells (for example, from foods products such as milk or milk-based products) is vital. This might be particular relevant considering that many
standard procedures consider direct DNA extraction from a sample using lytic enzymes that are not adapted to lyse endospores, which will

thus be overlooked. With the method presented here, cells can be removed and subsequent analysis will provide answers to the presence

or absence of endospores as opposed to cells. Other applications include the analysis of endospore communities in different environmental
samples (for example ice or sediment cores) that are historical archives of environmental conditions. In many environments with relatively stable
environmental conditions (for example lake sediment surface) endospore-forming Firmicutes can thrive in the form of vegetative cells. When
conditions deteriorate (for example by nutrient depletion during sediment burial or a shift towards anaerobic conditions) the cells move into
endospore state. Therefore, the retrieved endospere communities from sediment cores can reflect the environmental conditions at time of burial
and thus be used as a paleoecological indicator of the conditions prior to burial. However, we are still gathering information to support this claim.
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Foreword

This study aimed to evaluate the effect of the inoculation of a bacterial consortium
on the plant growth promotion. Both the comparative efficiency of single strain
versus consortium, and the application of the inoculant under the form of vegetative
cells or as endospores was tested. Many studies evaluated the effect of such
inoculation on the plant growth, but relatively little is known about its effect on the
native communities of microorganisms, bacteria and fungi included. Such studies are
of main importance for the development of new biological plant growth promoting
agents, without perturbating the natural environment and the indigenous
communities, which could have undesirable effect on the soil diversity and fertility.

My contribution was the analysis of the sequencing data, and the analysis of
bacterial and fungal communities. | contributed to the writing of the submitted
manuscript, for the parts concerning the sequencing and community analysis, and
also as a reviewer.

207



Comparison of the plant growth promotion performance of a consortium of Bacilli...

o “'; FEMS Microbiology Ecology, 95, 2019, fiz147
doi: 10.1093/femsec/fiz147

Em JOURNALS
Advance Access Publication Date: 12 September 2019

investing in science
Fiapos s> Research Article

D
"'”#Jm nﬂ”

OXFORD

RESEARCH ARTICLE

Comparison of the plant growth-promotion
performance of a consortium of Bacilli inoculated as
endospores or as vegetative cells

Isha Hashmi?, Christophe Paul?, Andrej Al-Dourobi?, Frederic Sandoz?,

Pricrilla Necrharmnel ThaAarmaa T 10l 9
Llloulllild J.JCDLJJ.CU..I.LJ_JO y LllVIilldo Julllc y 11

and Saskia Bindschedler!:*

Laboratory of Microbiology, University of Neuchétel, 2000 Neuchétel, Switzerland and 2Vital-IT Group, Swiss
Institute of Bioinformatics, 1015 Lausanne, Switzerland

*Corresponding author: Laboratory of Microbiology, University of Neuchdtel, Rue Emile-Argand 11, Neuchdtel, Switzerland. Tel: +41 32 718 25 71; Fax:
-+41 32 718 30 01; E-mail: Saskia bindschedler@unine.ch

One sentence summary: Plant growth promotion resulting from the use of beneficial bacteria was more effective when using a combination of different
bacteria, rather than individual strains. This image was created with BioRender.

Editor: Paolina Garbeva

ABSTRACT

The effect of three plant growth-promoting Bacillus strains inoculated either alone or as a consortium was tested on oat
(Avena sativa) growth. The bicinoculants were applied as vegetative cells or endospores at low cell densities on the seeds
and their effect was tested in sterile in vitro conditions, pot experiments, and a field trial. The in vitro seed germination
assay showed that both individual bacterial inocula and bacterial consortia had positive effects on seed germination.
Greenhouse pot experiments with sterile and non-sterile soil showed that consortia increased the total dry biomass of oat

nlants as comnared to en—u-r]n c-h--:nn 1hnn1|1nf1nn and 11h1'nnm1'|n+nr1 controls, However, the nnmhwn n-\—\nmr!'- on nlant arowth
P as compared 108 14 Uninecu CONIro. I, i€ positve IMpadct On piant growin

was less prominent when the bioinoculated strains had to compete with native soil microbes. Finally, the field experiment
demonstrated that the consortium of vegetative cells was more efficient in promoting oat growth than the endospore
consortium and the uninoculated control. Moreover, both consortia successfully colonized the roots and the rhizosphere of
oat plants, without modifying the overall structure of the autochthonous soil microbial communities.

Keywords: bacterial consortia; Bacillus thuringiensis; Bacillus licheniformis; Avena sativa; plant growth promotion; native
microbial communities

INTRODUCTION agriculture, competitive food production is maintained through
the continuous use of agrochemicals to enhance soil fertility,
crop yield, and to control diseases. However, this has resulted
in leaching or runocff of agrochemicals into groundwater, rivers
e ; . ° . and lakes, creating low oxygen zones where survival of aquatic
ply. Additionally, inappropriate agricultural techniques, such as life is at risk (Muhibbullah, Salma and Chowdhury 2005). More-

mte'n.swe exploitation gf.soﬂ, higve c9n51derably mduceq soil over, direct and indirect exposure to hazardous chemicals has
fertility (Souza, Ambrosini and Passaglia 2015). In conventional

Global population growth is putting tremendous pressure on
agriculture because of the decrease in arable land and the
concomitant increase in the demand for a reliable food sup-
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deleterious effects on the health of humans and the envi-
ronment (Muhibbullah, Salma and Chowdhury 2005). Another
drawback of agrochemical use is that uptake efficiency by plants
decreases over time, requiring regular applications along with
increased production cost for farmers. Moreover, for some nutri-
ents, application does not result in higher bicavailability of
nutrients. For instance, it has been reported that phosphorous
fertilizers precipitate with metal cations and turn into an insol-
uble form that is no longer bioavailable to plants (Ahemad and
Kibret 2014). Therefore, a change in these practices and innova-
tive ways of conducting sustainable food production are a clear
need for the future of agriculture.

Many studies have shown the potential of inoculation with
plant growth-promoting (PGP) microorganisms to improve agri-
cultural yield (Bhattacharyya and Jha 2012; Ahemad and Kibret
2014; Souza, Ambrosini and Passaglia 2015). More recently, bac-
terial consortia (mixtures of PGP bacterial strains) were shown
to have higher performances as compared to the inoculation
of individual species (Baez-Rogelio et al. 2017). For instance, a
consortium of PGP bacteria induced the production of defense
compounds (such as proline, ascorbate peroxidase or catalase)
in response to the bictic stress caused by the phytopathogenic
fungus Fusarium oxysporum (Akhtar et al. 2016), Bacterial consor-
tia were also shown to promote plant drought tolerance (Wang
et al. 2012). In beans, a consortium of Rhizobium tropici and two
strains of Paembacillus polymyxa increased growth and helped to
alleviate the effect of abiotic drought stress as compared to sin-
gle strain inoculation (Figueiredo et al. 2008).

Bioinoculation of PGP microorganisms also presents many
challenges. One of the critical issues that needs to be addressed
for application in the field is the survival of bacteria accli-
mated under laboratory conditions to the harsh conditions in
soils. In order to persist in soils, inoculated microorganisms
have to compete with autochthonous microbial communities
(Souza, Ambrosini and Passaglia 2015). Bioinoculants are also
vulnerable to the scarce nutrient availability in scil, as com-
pared to rich nutrient conditions usually provided by growth
media, and ultimately declines in the abundance of inoculated
bacteria within the soil are frequently reported (Trabelsi and
Mhamdi 2013; Souza, Ambrosini and Passaglia 2015). Moreover,
the delivery of these microorganisms in an active form is an
additional challenge. Application of carrier materials for the pro-
tection of bioinoculants (for instance, karnolite, peat or charcoal)
has proven to be environmentally unfriendly, as well as costly,
making this approach inapplicable as a general practice in agri-
culture (Arora, Tiwar and Singh 2014). These concerns are the
incentive to identify effective bacterial inoculants to be applied
in bioinoculation technology.

Among the currently used PGP bacteria, Bacillus is one of the
best-studied examples. There are many species of Bacillus that
are well known as plant growth-promoters (Kumar, Prakash and
Johri 2011). One of the most important characteristics of this
genus is that they form endospores, which are a resistant struc-
ture that fosters survival. This property can be harnessed in
bioinoculation technologies, as it results in leng shelf-life of the
product before application. Moreover, Bacillus spp., followed by
Enterobacter spp. and Pseuodomonas spp., are the most abundant
bacteria with PGP traits in the rhizosphere of plants grown in
arid conditions because of their high tolerance to extreme envi-
ronmental conditions (El-Sayed et al. 2014). Bacillus spp. are also
used in phytoremediation technologies, increasing biomass pro-
duction and multi-metal accumulation in plants (Chibuike and
Obiora 2014). Bacillus spp. can help plants by not only stimu-
lating their growth through increasing nutrient acquisition (e.g.

phosphate solubilization, atmospheric nitrogen fixation, phyto-
hormone and siderophore production (Bhattacharyya and Jha
2012)) but also acting as biocontrol agents against various pests
(O’'Callaghan 2016; Widnyana and Javandira 2016). Bacillus spp.
can also produce a wide range of antiviral, antibacterial and
antifungal compounds, which may be important in their interac-
tions with plants and other soil microorganisms. In addition, it
has been reported that many species of Bacillus induce systemic
resistance in plants against a broad spectrum of phytopathogens
(Nui et al. 2011)

In this study, a consortium consisting of three Bacillus strains
was used to promote the growth of oat (Avena sativa) plants.
The strains were initially tested for physiological traits linked
to plant growth-promoting activities. Next, their ability to pro-
mote plant growth was assessed in experiments at four levels
of complexity (i.e. in vitro seed germination under sterile con-
ditions, greenhouse pot experiments with sterile substrate and
non-sterile soil, and finally in a field trial). We hypothesized that
based on the complementarity of the plant growth-promoting
traits of the strains, the consortium will provide a more robust
effect on plant growth, as compared to single strain inoculation.
This should represent a real advantage when going from con-
trolled laboratory to field conditions, where the inoculated PGP
bacteria will compete with the autochthonous microbial com-
munity. Additionally, we also compared two forms of bacterial
inocula: endospores and vegetative cells, to assess whether dor-
mancy alters the functionality of the consortium. Finally, we
investigated the effect of bioinoculation on native bacterial and
fungal communities in the field assay. We hypothesized that a
consortium applied directly onto the seeds at low cell densities
(ca. 10° cells per oat seed) should not affect the indigenous soil
microbial communities.

MATERIALS AND METHODS
Bacterial strains and culture conditions

The bacterial strains Bacillus thuringiensis 1312 (BT1) and B.
thuringiensis 1310 (BT2) were isolated from soils of the Atacama
Desert, Chile, during a sampling campaign carried out by the lab-
oratory of microbiology, University of Neuchatel in 2011. Bacillus
licheniformis (BL) was isolated from soil at Agroscope Liebefeld,
Bern, Switzerland. The strains were cryopreserved in 60% glyc-
erol and when required for the experiment, the strains were pre-
cultured in nutrient agar (NA, Carl Roth, Karlsruhe, Germany)
media.

Physiological characterization of bacterial strains

Dinitrogen fixation assay

Aloop of an overnight bacterial culture on NA was streaked onto
a nitrogen-free medium (Dobereiner 1980), which was then incu-
bated at 30°C for 48-72 h. Bacteria were cultured over three gen-
erations on the nitrogen-free medium and the capacity to fix
N, was assessed by the growth of bacterial strains in the third-
generation plates.

Casein solubilization (proteolysis)

Casein sclubilization was assessed based on a modified pro-
tocol from Frazier and Rupp (1931). This assay was used as a
proxy for the ability of the selected Bacillus strains to solubilize
organic nitrogen from proteins. The medium was composed of
5% skimmed milk powder (Migros, Ziirich, Switzerland), 1.2%
malt extract powder (SIOS, Wald, Switzerland) and 1.5% agar
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(Merck, Darmstadt, Germany). A loop of an overnight grown bac-
terial culture on NA was streaked onto the casein-solubilizing
medium. The plates were incubated for 48-72 h at 30°C. A trans-
parent halo observed around a bacterial colony indicated that
the strain was able to solubilize casein.

Siderophore production assay

To assess the ability of the three bacterial strains to chelate iron,
a siderophore production test was performed as described in
Schwyn and Neilands (1987). Briefly, the initial medium has a
blue coloration resulting from the complexation of ferric iron
with chrome azurol S (CAS, Thermo Fischer Scientific, Waltham
MA, USA) and hexadecyltrimethylammonium bromide (HDTMA,
Merck, Darmstadt, Germany). When a strong iron chelator {such
as a siderophore) removes iron from the dye complex, the color
of the medium turns to yellow. A loop of an overnight bacte-
rial culture on NA was inoculated onto the medium. The plates
were incubated at 30°C and a change of color was assessed after
48-72 h.

Auxin-like phytohormone production assay

To check for the production of auxin-like compounds, a modified
version of the protocel proposed by Bric, Bostock and Silverstone
(1991) was used. In this assay, the Angle medium (Angle, Mcgrath
and Chaney 1991) was supplemented with 5 mM Tryptophane
(Merck, Darmstadt, Germany), as a precursor for auxin biosyn-
thesis. The test was performed in 96-well microplates with 270
uL of medium per well. A loop of an overnight bacterial culture
from NA medium was inoculated in the three microplate wells
for each correspondingbacterial strain. The microplate was then
incubated at 25°C for 72 h in the dark. After 72 h, one drop of
Salkowski’s reagent was added to each well and placed in dark
for 45 min. A pink to red coloration indicates the production of
auxin-like compounds.

Bacterial compatibility

Compatibility of the strains developing as a consortium was
tested by growing them together on a favorable medium (NA,
Carl Roth, Karlsruhe, Germany). Each bacterial strain was
refreshed overnight in 25 mL nutreint medium and 2 pL inoc-
ula containing 10° bacterial cells of each strain was placed on
a Petri dish containing NA medium. Each strain was inocu-
lated 1 cm apart from other strains in the Petri dish and the
plates were incubated at 30°C for 72 h. The experiment was per-
formed in four replicates. Inhibition was assessed visually using
overall culture images and close-ups of overlapping areas of
the expanding colonies. An additicnal approach using CRISPR-
Cas9 technology to tag the strains with fluorescent proteins was
tested in order to visualize and count the cells individually, but
this was unsuccessful until now.

Preparation of bacterial inoculants

Seed bioinoculation with the three selected bacterial strains was
performed using either vegetative cells or endospores, and both
either as individual cells or as a consortium.

Vegetative cells treatment

Pure cultures of the three selected bacterial strains on nutri-
ent agar (NA, Carl Roth, Karlsruhe, Germany) were used to indi-
vidually inoculate 50 mL of nutrient broth (NB, Carl Roth, Ger-
many) medium which was further incubated overnight at 30°C
and 150 rpm (HT incubator, Infors AG, Bottmingen, Switzerland).
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An overnight bacterial culture of each strain was transferred into
a sterile 50 mL tube and centrifuged (2-16PK, Sigma, Osterode
am Harz, Germany) at 2150 g for 3 min. The resulting pellet was
washed five times with sterile physioclogical water. After this, the
optical density of each bacterial suspension was measured at
550 nm (Genesys 10S UV-VIS spectrophotometer, Thermo Fisher
Scientific, Waltham MA, USA) and adjusted to reach a final con-
centration of 10° colony forming units (CFU) mL~". The result-
ing suspension of vegetative cells was used for experiments
with plants (in vitro assay of seed germination, greenhouse pot
experiments and field experiment). This resulted in four differ-
ent treatments for experiments with vegetative cells: VBT1 = B.
thuringiensis 1312, VBT2 = B. thuringiensis 1310, VBL = B. licheni-
formis and vegetative cells consortium = VM.

Endospore treatment

A synthetic medium was used to induce sporulation of the bac-
terial strains (sporulation medium; Donnellan, Nags and Levin-
son 1964). Each bacterial strain was refreshed in 50 mL NB.
Overnight bacterial cultures were centrifuged (2-16PK, Sigma,
Osterode am Harz, Germany) at 7673 g for 3 min. The result-
ing pellet was washed five times with physiological water, At
the end, the pellet of each bacterial strain was suspended in 100
mL of sporulation medium and incubated for 3 weeks at 30°C
and 200 rpm. After 3 weeks, endospore formation was verified
by phase contrast microscopy. Vegetative cells observed in the
suspension were killed by a heat shock at 70°C for 15 min for
B. thuringiensis 1312 (BT1) and B. thuringiensis 1310 (BT2) and at
80°C for 10 min for B. licheniformis (BL). Afterward, endospores of
each bacterial strain were collected by centrifugation at 7673 g
for 10 min. The resulting pellet was suspended in 2 mL of ster-
ile distilled water. The quantities of spores were estimated using
the Neubauer Chamber cell counting method and dilutions were
made and adjusted to reach a final concentration of 10° spores
mL-!. The endospore suspensions were then used in the in vitro
assay of seed germination, greenhouse pot experiments, as well
as in the field experiment. This resulted in four different treat-
ments for experiments with endospores: SBT1 = B. thuringien-
sis 1312, SBT2 = B. thuringiensis 1310, SBL = B. licheniformis and
endospore consortium = SM.

Seed inoculation with bacterial inoculants

Oat seeds (A. sativa) were soaked in 5% sodium hypochlorite
(NaClO) solution for 2 min and then thoroughly rinsed five times
with sterile distilled water. Sterilized seeds were incubated for
30 min and placed on a shaker at 150 rpm in the eight respec-
tive bacterial treatment suspensions (i.e. VBT1, VBT2, VBL, VM,
SBT1, SBT2, SBL and SM) under sterile conditions in order to
allow for the cells or spores to adhere to the seeds. Control
treatment consisted in surface sterilized seeds treated in the
same way, but using sterile distilled water instead of bacterial
suspensions.

Bacterial adhesion onto seeds

To assess bacterial adhesion onto seeds (each of the eight dif-
ferent treatments and the control), three seeds were randomly
sampled in order to count bacterial cells or endospores adher-
ing at their surface by flow cytometry. Seeds of each individual
treatment were placed in sterile Eppendorf tubes containing 2
mlL of sodium hexametaphosphate (NaPOs)s and shaken vigor-
ously with a vortex mixer for few seconds. For the vegetative
cell treatment, 10 uL of SYBR Green was added to fluorescently
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label the cells. This treatment was not applied for endospore
treatments because SYBR Green is unable to stain dormant cells
(Zheng, Xiong and Wu 2017).

In addition to flow cytometry, scanning electron microscopy
(SEM) was used to assess adhesion of vegetative cells or
endospores onto the seeds. Uninoculated control seeds
and seeds treated with both consortia (vegetative cells or
endospores) were prefixed in 2.5% glutaraldehyde (Merck,
Darmstadt, Germany) for 1 h followed by washing twice with
sterile distilled water. Secondary fixation was carried out by
using 4% osmium tetroxide (OsO,, Merck, Darmstadt, Germany)
for 1 h, followed by two washing steps with sterile distilled
water. Then, stepwise dehydration in graded alcohol was
carried out by incubating samples for 15 min at each of the
following ethanol concentrations (50%, 75%, 90% and 100%;
Merck, Darmstadt, Germany). After this, the samples were
dipped in tetramethysilane (C:H15Si; TMS, Merck, Darmstadt,
Germany) for 20 min with a second step of 1 h until complete
TMS evaporation. The samples were mounted onto SEM stubs
covered with graphite and coated with gold with a sputter
coater (Bal-Tec sputter coater SCD 005). The seeds were then
examined using high-vacuum SEM (Philips ESEM XL30 FEG,
Philips, Amsterdam, Netherlands) at an acceleration of 10 KeV
and a working distance of ~8.6 mm.

In vitro seed germination assay

In order to determine the effect of the different bacterial treat-
ments on cat seed germination, an in vitro assay was performed.
Five seeds inoculated with each of the eight bacterial treatments
were grown aseptically on sterile filter paper. Filter papers were
kept moist with sterile distilled water and incubated at 22°C in
the dark. Uninoculated seeds were used as control. Experiments
were replicated five times such that 25 seeds were assessed for
each treatment. After 10 days, the number of germinating seeds
was counted, and percentage of seed germination was calcu-
lated based on the number of seeds that germinated divided by
the total number of seeds placed in Petri dishes.

Greenhouse pot experiment

Pot experiments were conducted in a greenhouse located at the
University of Neuchdtel, Switzerland, to study the effect of each
of the eight bacterial treatments (i.e. VBT1, VBT2, VBL, VM, SBT1,
SBT2, SBL and SM) on growth of oat plants in soil. Two dif-
ferent experiments were carried out, either with a sterile sub-
strate or a non-sterile soil, in order to compare plant growth-
promoting activities of the different type of inoculation {single
strain inocula versus consortium, as well as vegetative cells ver-
sus endospores). This approach was used to observe how the
inoculants perform in a simple (sterile substrate) and a more
complex (non-sterile soil) environment. The sterile substrate
was composed of 25% peat, 25% Seramis(®) Pflanz-granulat (clay
granules; Seramis, Mogendorf, Germany) and 50% sand (mixed
carbonate and silicate; Coop, Basel, Switzerland). A thin layer of
this substrate was sterilized by five successive autoclave cycles.
Sterile substrate was then added in sterile pots (122 gin 130 mL
pots). For the non-sterile treatment, soil was collected from a
grassland nearby the University of Neuchatel, Switzerland. The
soil corresponded to a calcaric Cambisol (WRB 2015). Pots cor-
responding to nine treatments (eight bacterial treatments and
an uninoculated control treatment) were arranged randomly in

the greenhouse. One seed was planted in each pot. For the ster-
ile substrate, 7 replicates per treatment were performed, while
for non-sterile soil 10 replicates were performed. A larger num-
ber of replicates in the second case were considered given the
potential for larger variability in the results when using soil as
substrate. Pots were irrigated regularly with 0.5x concentrated
Murashige and Skoog (MS, Duchefa Biochemie, Haarlem, Nether-
lands) solution for the sterile artificial substrate and tap water
for the non-sterile soil. The numbers of seedlings that germi-
nated and eventually grew into plants that were used for the
experiment are indicated in Table S1 (Supporting Information).
Plants from each individual treatment were harvested after 45
days. Plants (shoots, roots, flowers and pods) were dried at 60°C
for 72 h and their total dry weight determined using a fine-scale
balance.

Field experiment

To study the effect of both consortia, composed of either vege-
tative cells or endospores, on oat plants growth, a field experi-
ment was conducted at a designated research field of the Uni-
versity of Neuchatel, Switzerland. This was carried out in collab-
oration with the GRAMU association (Groupe d’Aménagement
de I’'Unine) involved in various projects related to sustainable
agriculture and permaculture. Based on the results of the green-
house pot experiments, we selected only three treatments for
the field experiment: an uninoculated control, the vegetative
cells consortium (VM) and the endospores consortium (SM). The
selection of a limited number of treatments was made to allow
for enough replication of the experiments in the field. The total
area of the field was 5 m x 1.35 m, which was subdivided into
nine plots to get three replicated plots of each treatment (Figure
S1, Supporting Information). The position of the plots for each
treatment was randomized. Each plot consisted of a length of 40
cm with a consecutive gap of 18 cm in which no treatment was
applied. In each subdivided plot, 23 seeds were initially sown.
The final numbers of seedlings that germinated and eventually
grew into a plant and that were used for the experiment are indi-
cated in Table S1 (Supporting [nformation). Plots were irrigated
regularly, and weeds were manually removed. Plants (consist-
ing of shoots, roots and seeds) were harvested after 85 days and
dried at 60°C for 72 h. The total dry weight of the plants was
measured using a fine-scale balance and the number of seeds
per plant were counted. Physicochemical analyses (pH, water
content and water holding capacity, concentrations in bioavail-
able and total phosphorus, nitrates, ammonium, organic carbon
as well as calcium carbonate) were carried out on the soil of
the field experiment to characterize its fertility. These measure-
ments were done before and after the experiment for each of
the three treatments (control, VM and SM; Table 52, Supporting
Information).

DNA extraction

In order to study the effect of bioinoculation on native bacterial
and fungal soil communities in the field experiment, different
samples (bulk soil, rhizospheric soil and roots) were compared.
Bulk soil consisted of soil that was distant from the roots influ-
ence. This fraction was analyzed before sowing and after har-
vesting. Rhizospheric soil consisted of the soil that was adhering
to the roots upon sampling (Luster et al. 2009), and was obtained
by detaching soil from the roots by vigorously shaking them.
Finally, to obtain the root sample, the roots were washed with
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sodium hexametaphosphate ((NaPQOs)s; Merck, Darmstadt, Ger-
many) to remove any remaining soil particles. With this treat-
ment, we assumed that microbes strongly attached to the root
surface, as well as root endophytes were present (Reinhold-
Hurek and Hurek 2011). DNA extraction was performed in tripli-
cates for each treatment, DNA was obtained from 3 g of soil (bulk
and rhizospheric soil) and 0.5 g of root samples. Fungal DNA was
obtained by following the protocol of the FastDNA®SPIN kit for
soil according to the manufacturer’s instructions (MP Biomedi-
cals, Waltham MA, USA; direct DNA extraction). Bacterial DNA
was obtained using an indirect DNA extraction method previ-
ously developed to enhance the extraction of resistant struc-
tures such as endospores (Wunderlin et al. 2013). This method
consists of an initial pre-extraction from the environmental
samples, resuspending the soil twice in 10 mL of 1% (NaPOs)s
for the initial pre-extraction step (indirect method), followed by
a modified DNA extraction protocol with the FastDNA®SPIN kit
for soil (MP Biomedicals, Waltham MA, USA), with three succes-
sive bead-beating steps in the initial part of the protocol. DNA
concentrations were measured with a Qubit Fluorometer using
the dsDNA HS Assay Kit (Invitrogen, Carlsbad CA, USA). The con-
centration of all samples was adjusted to 2 ng uL ! by diluting
with double distilled sterile water.

Microbial community analyses

Amplicon sequencing was performed on an Illumina
MiSeq platform, using the services of Fasteris SA (Geneva,
Switzerland). For the bacterial community analysis, the
regions V3-V4 of the 16S rRNA gene were targeted using
universal primers 341F (5’-CCTACGGGNGGCWGCAG-3’)
and 805R  {5'-GACTACHVGGGTATCTAATCC-3’) (Herle-
mann et al 2011). For the fungal community analysis,
the 185 rRNA gene was targeted using the primer pair
AMV4.5NF  (5'-AAGCTCGTAGTTGAATTTCG-3") and AMDGR
(5’-CCCAACTATCCCTATTAATCAT-3"), which have been specifi-
cally designed for the analysis of arbuscular mycorrhizal fungal
communities (AMF; Glomeromycota) (Sato et al. 2005). In total
36 samples were sent for sequencing of both markers. However,
for the bacterial V3-V4 region, sequences were obtained only
for 31 samples. The five missing samples consisted in one
replicate of the control and two replicates of VM-treated post-
harvest bulk soils, as well as two replicates of the root fraction
controls.

The lumina reads were processed with Mothur (Schloss
et al. 2009) following the MiSeq standard procedure (Kozich et al.
2013), and using the SILVA NR v123 (165 rRNA) and SILVA NR
v132 (185 rRNA) reference databases (Quast et al. 2013) for the
alignment of amplicons and the taxonomic assignment of rep-
resentative OTUs (operational taxonomic unit). Chimeras and
singletons were removed prior to OTU clustering. For the 165
TRNA sequencing, average neighbor clustering of the 535 919
retained sequences (79 430 unique sequences) at 97% identity
led to the identification of 6475 OTUs. For the 185 rRNA sequenc-
ing, clusteringthe 7 978 155 retained sequences (54 754 unique
sequences) at 97% identity using the opticlust algorithm (West-
cott and Schloss 2017) led to the identification of 11 466 OTUs.
In addition, as a proxy for the detection of the inoculated strains
at the end of the experiment, the bacterial sequences were
used to query for near to exact matches to the 16S rRNA gene
sequences of the inoculated strains. Bacterial sequences were
queried using the strains 16S rRNA gene fragment matching
the sequenced region. Those sequences were extracted from
the draft genomes of the three strains. The Smith-Waterman
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algorithm (Smith and Waterman 1981) was used tc check for
near identical matches (identity of 99% or above). The number
of sequences matching the queries under this stringent cut-off
was used to calculate the relative abundance of the inoculated
strains in the different samples.

Although the primers used for analyzing the fungal commu-
nity were specifically designed for the analysis of AMF (Sato et al.
2005}, sequences assigned to other divisions were also found to
be highly represented, mostly in the Basidiomycota (Figure 52,
Supporting Information). This contrasts with a previous study
evaluating the potential of using these primers for targeting the
AMF community in root samples, which showed a high speci-
ficity of these primers (Van Geel et al. 2014). The differences in
the soil compartments analyzed (bulk soil, rhizosphere soil and
roots in the present study) and the use of different sequenc-
ing technologies with different sequencing depths (Miseq VS 454
pyrosequencing) might partly explain these results. Sequences
were submitted to GenBank under the Bioproject accession
numbers PRINA472865 for bacterial and fungal communities.

Statistical analysis

All statistical analyses were computed using R (version 3.4.3)
(R Core Team 2014). Plant data from the greenhouse pots and
field experiments were analyzed for statistical significance (P
< 0.05) using one-way analysis of variance (ANOVA) followed
by a Tukey’s post hoc test. Comparisons of in vitro seed germi-
nation were analyzed with binomial test followed by Tukey’s
post hoc test. Bacterial and fungal community analyses were
performed using phyloseq and vegan packages (McMurdie and
Holmes 2013; Oksanen et al. 2017). Bacterial and fungal commu-
nities were analyzed by principal coordinates analysis (PCoA),
based on Bray-Curtis dissimilarity and Hellinger transformation
of the OTU table. OTUs accounting for less than four reads in
the whole dataset were removed prior to the analysis. Com-
parisons between groups (soil compartments and treatments)
were performed by permutational multivariate analysis of vari-
ance (PERMANOVA) using the adonis function from the vegan
package. Analysis was based on the same dissimilarity matrix
as described above, with 5000 permutations. Additional pair-
wise comparisons were performed using the function pair-
wise.adonis from the package pairwise adonis (Martinez Arbizu
2019), with 5000 permutations and Holm correction. Finally, the
effect of treatment was analyzed with and without controlling
for the soil compartment (use of the ‘strata’ parameter in the
adonis function).

RESULTS

Screening of plant growth-promoting activities of the
three bacterial strains

The screening for PGP traits of the three bacterial strains showed
that all of the strains possessed all of the tested traits. All three
strains were able to grow on nitrogen-free medium, showing
their ability to fix atmospheric nitrogen. They were also able to
utilize organic nitrogen, as demonstrated by their ability to sol-
ubilize casein. Moreover, all of them produced siderophores and
auxin-like phytohormone compounds. Furthermore, the three
stains were able to grow as a consortium as it was observed
that the individual growth of each strain was not affected when
grown as a co-culture under laboratory conditions (Figure S3,
Supporting Information).
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Figure 1. Assessment of the number of cells or spores attaching to A. sativa seeds after bicincculation. (A) Number of vegetative cells or endospores attached per seed
measured by flow cytometry (Control = uninoculated; V = vegetative cells; S = endospores; BT1 = B. thuringiensis 1312; BT2 = B. thuringiensis 1310; BL = B. licheniformis;
Consortium = M). SEM images of seeds bioinoculated with either (B) the consortium of vegetative cells or (C) the consortium of endospores. Arrows show bacterial

cells or spores attached onto the seeds.

Assessment of bacterial inoculants adhesion onto
seeds

The attachment of bacterial cells onto the seeds was quantita-
tively measured by flow cytometry. The number of cells attached
per seed was in the range of 10° cells/seed (Fig. 1A). A slightly
higher number of cells was observed on seeds treated with veg-
etative cells as compared to endospores, with the exception
of the endespore conscrtium. The number of cells on seeds
treated with the consortium of either vegetative cells (VM) or
endospores (SM) was also assessed qualitatively by SEM observa-
tion (Fig. 1B and C). The number of bacterial cells attached to the
seeds was higher for the treatment with vegetative cells com-
pared to the seeds treated with endospores (Table 53, Supporting
Information). No bacterial cells were observed on the untreated
control seeds.

In vitro seed germination assay

The in vitro seed germination assay showed that all three bacte-
rial strains enhanced seed germination. Inoculation solely with
vegetative cells of B. thuringiensis 1312 (VBT1) had the highest
effect on seed germination (92%), which was significantly {adj
P < 0.05) different from the control {52% of seed germination)
and other treatments with vegetative cells (Fig. 2A; Table S4,
Supporting Information). The vegetative cell consortium (VM)
also induced higher germination than the untreated control
(72% seed germination), although this difference was not sta-
tistically significant. In seeds treated with endospores, a trend
of increased seed germination was observed in all treatments.
However, only the treatment with B. thuringiensis 1310 (SBTZ;
92%) and the consortium (96%) were significantly different from
the control (Fig. 2B; Table 5S4, Supporting Information). Overall,
the percentage of germinating seeds increased with inoculation
using either individual strains or consortia as compared to the
uninoculated control treatment.

Greenhouse pot experiments

The effect of individual strains on the total dry weight of oat
plants was not statistically different from the untreated con-
trol treatment regardless of the mode of inoculation (vegeta-
tive cells or endospores) (Fig. 3). This result was consistent in
experiments using both a sterile substrate (Fig. 3A) and a non-
sterile soil (Fig. 3B). In contrast, inoculation with a consortium of

the three selected Bacillus strains had a positive effect on plant
growth, and this was the case for both the vegetative cells and
endospore consortia. However, this effect was less prominent in
the experiments with non-sterile soil as compared to the sterile
substrate (Fig. 3). Inoculation with consortia showed a signifi-
cant increase (adj P < 0.05; Table S5, Supporting Information) in
total dry weight of oat plants compared to uninoculated contrel
plants. No significant difference was observed when comparing
the type of consortium (vegetative cells or endospores; Fig. 3;
Table S5, Supporting Information).

Field experiment

Given the results obtained in the greenhouse experiments, only
the consortia were evaluated in the field experiment. The plants
inoculated with the vegetative cell consortium (VM) showed
a significant increase in total dry weight compared to the
uninoculated control (Fig. 4A; Table S6, Supporting Informa-
tion). The plants treated with the VM consortium also produced
significantly more seeds compared to the uninoculated con-
trol (Fig. 4B). Inoculation with the vegetative cell consortium
(VM) did not show a significantly greater beneficial effect of
plant growth promotion compared to the endospores consor-
tium (SM).

Microbial community analyses

The effect of bioinoculation with both consortia on the
autochthonous bacterial and fungal communities in different
soil compartments (pre-sowing and post-harvest bulk soil, rhi-
zospheric soil and roots) was evaluated. PCoA computed from
the bacterial communities (Fig. 5) exhibited four significant axes
according to the Kaiser-Guttman criterion, while the broken
stick model retained only the first axis, indicating that axis 2
of the PCoA must be interpreted with caution. Axis 1 of the
PCoA explained 34.4% of the variance and clearly separated
two groups of samples: roots from bulk (pre-sowing and post-
harvest) and rhizospheric scil (Fig. 5). Samples from the pre-
sown bulk soil grouped together, indicating that the community
composition was homogenous at the beginning of the exper-
iment. Although there was some variability between samples
from the rhizospheric and the post-harvest bulk soils (illustrated
by their arrangement along the axis 2), there was no clear sep-
aration between samples from these soil compartments based
on the PCoA. Comparing the three treatments (i.e. untreated
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Figure 2. Percentage of A. sativa seed germination comparing the effect of seeds treated with individual inocula and consortia of both (A) vegetative cells and (B)
endospores. Different lowercase letters denote statistically significant differences among different treatments of bacterial inoculation at the 5% level according to
Tukey’s post hoc test (n = 5). Control = uninoculated; V = vegetative cells; S = endospores; BT1 = B. thuringiensis 1312; BT2 = B. thuringiensis 1310; BL = B. licheniformis;
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Figure 3. Effects of individual inocula and both consortia (vegetative cells and endospores) on total dry weight of A. sativa grown in pots using (A) a sterilized substrate
{n= 3 to 7; Table S1, Supporting Information) and (B) a non-sterilized soil (n = 8 to 10; Table S1, Supporting Information). The bar represents the average dry weight of
the number of replicates per treatment (Table S1, Supporting Information) and error bars indicate standard deviation to this average value. Different lowercase letters
denote statistically significant differences among different treatments of bacterial inoculation at the 5% level according to Tukey's post hoc test. Control = uninoculated;
V = vegetative cells; S = endospores; BT1 = B. thuringiensis 1312; BT2 = B. thuringiensis 1310; BL = B. licheniformis; coensortium = M.
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Figure 4. Plant growth-promoting effects of both consortia (vegetative cells and endospores) on A. sativa plants grown in the field. (A) Total dry weight of oat plants
and (B} total number of seeds produced per oat plant, The bars represents average dry weight and number of seeds of 28 plants {the number of plants in individual
plots appears in Table S1, Supporting Information) in each respective treatment. Error bars represent standard deviation to the average value. Different lowercase
letters denote statistically significant differences among different treatments of bacterial inoculation at the 5% level according to Tukey's post hoc test (n = 28). Control
= uninoculated; VM = consortium of vegetative cells; SM = consortium of endospores,
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Figure 5. PCoA based on Bray-Curtis dissimilarity of bacterial community composition in bulk soils (pre-sowing and post-harvest), rhizospheric soil and roots. Per-
centage of the variation between the samples explained by each axis is indicated on the respective axis, The shape of the symbol represents the different treatments
(Contrel = uninoculated; VM = consortium of vegetative cells; SM = consortium of endespores). Celors represent the different soil compartments. For the post-harvest
bulk soil libraries prepared for the control and VM treatment, only two and one replicate yielded sequence information, respectively. The same was true for root
samples in the control treatment, in which only two replicates were included in the analysis.

control, inoculation with either the vegetative cell consortium
(VM) or endospore consortium (SM)), no prominent difference
was observed regardless of the soil compartment considered. A
PERMANOVA analysis confirmed that the community was sig-
nificantly different across the soil compartments, each pairwise
comparison between groups being significant (Table S7, Sup-
porting Information). On the contrary, comparison based on the
treatment did not show any significant difference (Table S7, Sup-
porting Information).

The relative abundance of OTUs assigned to Bacillus spp. was
also analyzed (Fig. 6). OTUs affiliated to Bacillus spp. represented
only a minor fraction of the community (3-6%). The highest rel-
ative abundance was observed in the case of the rhizosphere of
VM-treated plants (Fig. 6). A BLAST search with the OTUs corre-
sponding to Bacillus showed that all of them were between 96%
and 100% identical to B. thuringiensis or B. licheniformis (Table S8,
Supporting Information). Moreover, a refined search was per-
formed in order to identify identical sequences corresponding
to the 16S rRNA gene of the inoculated strains. We found a 5-8-
fold potential increase of the inoculated strains in rhizosphere
(VM treatment), post-harvest and root (SM treatment) compart-
ments, relative to the pre-sown conditions (Figure S4, Support-
ing Information).

Analysis of the fungal communities yielded a similar trend
to the one observed for the bacterial communities. Only the first
PCoA axis was significant based on the broken stick model, com-
pared to 11 axes determined using the Kaiser-Guttman crite-
rion. Axis 1 of the PCoA explained 22.7% of the variance and
separated the same two groups of community compenents:

root-associated fungi versus soil-associated fungi (including rhi-
zospheric soil; Fig. 7). Similar to the bacterial communities, fun-
gal communities in the pre-sown bulk soil appeared hemoge-
nous. Samples from the rhizospheric and post-harvest bulk soils
did not show a clear separation according to the soil com-
partment. Although PCoA tended to group samples belong-
ing to the same soil compartment, some samples fell out of
these groups. Moreover, no clear distinction was made based
on the different treatments (i.e. untreated control, inoculation
with the vegetative cell consortium (VM) or inoculation with
the endospore consortium (SM)). Results of the PERMANOVA on
the fungal communities are similar to those from the bacte-
rial communities, and confirmed the observations made from
the PCoA: communities are significantly different across the
soil compartments, while treatment had no significant effect
on the fungal community composition (Table S7, Supporting
Information).

DISCUSSION

In this study, a consortium of three Bacillus strains showed plant
growth-promoting activities in vitro and they were also effec-
tive in promoting the growth of oat plants both in pots (ster-
ile substrate and non-sterile soils) and in the field. There are
several studies investigating the effect of bacterial inoculation
on plant growth, either directly in the field or by comparing
their efficiency under controlled conditions (Garcia et al. 2004;
Mishra et al. 2009; Ali et al. 2011; Sharma, Ramesh and Johri 2013;
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Masciarelli, Llanes and Luna 2014; Kuan et al. 2016; Samaniego-
Gamez et al. 2016; Yasmin et al. 2016; Hernandez-Montiel et al.
2017). However, there are fewer systematic studies that span
from the selection of bacterial inoculant to testing their effect
on seed germination and also testing their ability to promote
plant growth under different conditions, from sterile substrate
and non-sterile soil in controlled condition to field trials. Like-
wise, evaluating the effect of microbial inoculants on native bac-
terial and fungal communities is seldomly done. Therefore, to
the best of our knowledge, this study presents the first thorough
investigation that combines both approaches.

This study started with the in vitro screening of plant growth-
promoting traits in 15 mesophilic Bacillus strains of different ori-
gins from the University of Neuchatel microbiolegy laboratory’s
bacterial collection (data not presented). Among these bacterial
strains, three strains, BT1, BT2 and BL, showed positive results
for a maximal number of traits and were thus selected for fur-
ther in planta experiments, irrespective of the fact that two of
them originated from Chile (Atacama Desert) and were identi-
fied as belonging to the same species. The key element that was
considered for the selection was functional redundancy (mul-
tiple strains providing the same plant growth-promoting trait),
rather than their phylogenetic affiliation. It may be assumed
that two strains of a same species (as well as closely related
species) are functionally similar. However, it is well known that
defining a species in bacteria is difficult, in particular in the
genomic era (Konstantinidis, Ramette and Tiedje 2006), and
that strains of a similar species may have completely different
metabolic capabilities (Wielbo et al. 2010). Furthermore, func-
tional redundancy is defined as the ‘ability of one microbial
taxon to carry out a process at the same rate as another under
the same environmental conditions’ (Allison and Martiny 2008).
Therefore, we hypothesized that using closely related species
within a consortium is a trade-off that has the advantage of
having some genetic variation, while ensuring functional redun-
dancy in plant promoting traits. While functional redundancy
is a concept that is widely recognized in microbial ecology, to
the best of our knowledge, it is rarely used with reference to the
inoculation of plant growth-promoting microbes in the form of
a consortium.

Inoculation of oat seeds with single strains or a consor-
tium of three bacteria increased germination rate as compared
to uninoculated seeds. Therefore, direct seed coating seems
to have beneficial effects on seed germination. This could be
due to the ability of the selected strains to produce auxin-like
hormones. There are many reports showing that Bacillus spp.
are able to enhance plant growth by producing different plant
growth hormones such as gibberellins, indole acetic acid (IAA)
and cytokinins (Arkhipova et al. 2005; Radhakrishnan and Lee
2016). It has also been reported that some Bacillus spp. were able
to produce more than one growth hormone, with a beneficial
effect on the overall physiology of plants (Kumar, Prakash and
Johri 2011). Moreover, we choose seed inoculation over foliar
spray because the former introduces the required inoculants
directly into the soil at the vicinity of the emerging roots. When
the roots develop, beneficial bacteria are already present to stim-
ulate plant growth. It has been reported thatinoculation of seeds
reduces seed-borne diseases caused by soil phytopathogens
(O’Callaghan 2016). Furthermore, according to the findings of
Ciccillo et al. (2002), the application method and density of the
bacterial inoculants play a vital role on plant growth promotion.
For instance, incorporation in soil of different concentrations
(105, 107 and 10% CFU g ! soil) of the plant growth-promoting
strain Burkholderia ambifaria MCI 7 had a negative effect on plant

growth, with the strongest reduction observed at 10° CFU g*
soil. In the same study, same plant growth-promoting strain had
a significant positive effect on the growth of maize plants when
applied directly onto seeds at similar concentrations (10°, 107
and 10® CFU per seed). However, bacterial inoculum concentra-
tion was not a significant predictor of plant biomass (Ciccillo
et al. 2002). In our study, we found that ocat seeds carried ~10°
cells of inoculated bacteria. Nonetheless, even at such low cell
density, a positive effect toward oat growth was cbserved. This
result is in accordance with a previous study where an inoculum
of Bacillus amyloliquefaciens BNM122B was used for seed coating
of soybean for protection against the plant pathogen Rhizoctonia
solani (Correa et al. 2009). In that experiment, the initial concen-
tration of the bacterial suspension was 10 CFU mL~! and the
final concentration of bacterial cells attached per seed was 10*
CFU, showing that even at low cell densities the desired outcome
can be cbtained.

One of the most significant results obtained in the present
study is that inoculation with a consortium of bacteria had a
more robust effect on oat biomass than inoculation with indi-
vidual bacterial strains in the pot experiments. Similar obser-
vations were also obtained in other studies using combined
bicinoculants. For instance, a consortium of two Bacillus strains
and Enterobacter cloacae increased tomato seedling growth and
helped in disease suppression (Abdeljalil and Renault 2016).
Moreover, it has been reported that inoculation with a consor-
tium of R. tropict and two different strains of P. polymyxa elicits
plant growth in presence of an abiotic stress (drought), in con-
trast to inoculation with R. tropici alone (Figueiredo et al. 2008).
Finally, (Jetiyanon 2007) showed that a consortium of Bacillus spp.
alleviated biotic stress caused by phytopathogens by producing
defense-telated enzymes.

In the field experiment, the consortia of either vegetative
cells or endospores were compared, without including the com-
parison of individual strains. This was partly due to logistic lim-
itations such as space and time to replicate plots at an agro-
nomic scale. The choice of comparing both life forms rather
than single inocula versus consortium was rationalized by the
fact that in the greenhouse pot experiments in which nine dif-
ferent treatments were compared, consortia appeared to have
more robust and consistent effects than single strains, whatever
the cell type used (vegetative cells or endospores). Therefore,
in the field experiment, the comparison of the two life forms
of Bacillus cells and their effectiveness in plant growth promo-
tion was investigated. This is of particular interest since Bacillus-
based commercial products, for instance Kodiak, Rhizovital®42,
FZB24(®) Bacillus subtilis, Serenade® and Quantum-400, contain
in most cases spores, which are supposed to enhance the shelf
life of commercial products (Radhakrishnan, Hashem and Abd
Allah 2017).

In our study, we found that the bacterial inoculum applied
in the form of vegetative cells had a more prominent effect in
terms of total dry weight and grain yield of oat plants com-
pared to the inoculum containing endospores, even though
plants ineculated with endospores still grew larger than the
untreated control plants. In a study comparing inoculation with
vegetative cells and endospores of Bacillus subtilis EA-CB0575
(at concentration of 1 x 107 and 1 x 10® CFU mL™!, respec-
tively), both the vegetative cells and endospores enhanced total
dry weight of banana plants as compared to untreated controls
(Posada et al. 2016). This suggests that both cellular forms can be
equally used for bicinoculation technology. However, germina-
tion of spores in the soil is crucial for the strain to work effec-
tively. In our study, the inoculation with endospores was less
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effective than the incculation with vegetative cells and we
hypothesized that this was the result of a low germination of
the inoculated strains. Petras and Casida (1985) demonstrated
that the germination of B. thuringiensis spores in the soil can be
poor. They also noticed that despite the fact that spores had
the ability to survive in the soil, germination was poor, and
spores only germinated when plated on a nutritive medium in
the laboratery. Likewise, Crane, Frodyma and Bergstrom (2014)
observed that spores of B. amyloliquefaciens were unable to inhibit
the growth of Fusarium graminearum (responsible for the fun-
gal disease Fusarium head blight) on wheat. To overcome this
problem, the authors suggested using nutrients to induce spore
germination (a mixture composed of D-glucose, D-fructose and
potassium chloride, along with amino acids, either L-asparagine
or L-alanine). Finally, Omer (2010) compared a bioformulation
of Bacillus megatherium and free endospore suspensions, finding
thatin field applications, an inorganic carrier increased the shelf
life of the product and the bioformulation of B. megatherium with
a phosphate stabilizer enhanced the viability and thus the effi-
cacy of spores, as well as the growth promotion of bean plants,
compared to the free endospore suspensions. Therefore, these
studies demonstrate that spore germination is not always guar-
anteed in the field and that investigating this aspect is of inter-
est to allow developing bioformulations with enhanced efficacy
in the field.

Besides assessing the beneficial effect of bioinoculation on
plant growth, ancther aspect often neglected in studies dealing
with the use of bioinoculants is the impact of this practice on
the indigenous soil microflora (Orhan et al. 2006; Noumavo et al.
2013; Kuan et al. 2016; Widnyana and Javandira 2016; Korir et al.
2017; Moustaine et al. 2017). Investigating whether the applied
consortium has an impact on the structure of the native micro-
bial community is crucial for allowing further usage of the inocu-
lum in replacement of agrochemicals in sustainable agricultural
ecosystems. [t is important to consider that bicinoculants could
potentially have a major impact on the long-term functional
capabilities of the resident microbial communities by chang-
ing their overall structure (Trabelsi and Mhamdi 2013). Several
studies have reported that bacterial inoculants alter the bacte-
rial community composition after inoculation (Schwieger and
Tebbe 2000; Garcia de Salamone et al. 2012; Trabelsi et al. 2012).
Although a previous study has shown that the plant growth-
promoting rhizobacteria Bacillus sp. SUT1 and Pseudomonas sp.
SUT19 did not alter the native fungal communities of Chinese
broccoli (Piromyou et al. 2013), more recently, it was reported that
inoculation of three Bacillus strains (B. cereus, B. subtilis and B.
amyloliquefaciens) changed the endosphere bacterial communi-
ties of broccoli (Gadhave et al. 2018). In some cases, drastic shifts
were observed, for instance, two biocontrol agents Pseudomonas
corrugate IDV1 and Pseudomonas putida RA2, changed the compo-
sition of the autochthonous bacterial community from a Gram-
positive- to a Gram-negative-dominated populaticn in the rhi-
zosphere of maize (Kozdrdj, Trevors and van Elsas 2004). Such
effects should not be ignored. One of the main factors explain-
ing drastic changes in the resident bacterial community could
be the high cell densities (up to 10° CFU mL~*) used in bicinocu-
lation experiments {Kozdroj, Trevors and van Elsas 2004). In our
study, we found that using a low bacterial cell density (10° cells
per seeds) for the direct application of the inoculant onto seeds
effectively increased the growth of oat plants, with no signifi-
cant effect on the structure of the native bacterial and fungal
communities (Figs 5 and 7). The Bacillus spp. fraction remained a
minor fraction of the bacterial community even after the exper-
iment and some of these community members were likely the
bioinoculated strains as suggested by the outcome of the BLAST
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search (Fig. 6; Figure S4, Supporting Information). This again
demonstrates that the bicinoculated strains were able to colo-
nize the rhizosphere of oat plants, but not to outcompete native
bacteria.

Importantly, the bacterial and fungal communities associ-
ated to the roots were found to be highly different from the com-
munities of the other soil compartments (bulk and rhizospheric
soils), showing that oat roots had a unique root-associated com-
munity. This is in accordance with previous studies investigating
the differences in the microbiome of roots and other soil com-
partments. This was true for the bacterial microbiomes of the
roots and the surrounding soil of maize (Niu et al. 2017). Sim-
ilar observations regarding fungi were reported by Urbina et al.
(2018) in a study comparing roots, rhizospheric and bulk soil fun-
gal communities. Finally, both fungal and bacterial communities
associated with Populus differed between roots and rhizospheric
soil (Gottel et al, 2011).

CONCLUSION

In summary, a consortium of three Bacillus strains with plant
growth-promoting activities positively affected oat seed germi-
nation and plant growth, This effect was less prominent in non-
sterile soil as compared to a sterile substrate, highlighting the
importance of competition with the native microbial commu-
nities and demonstrating that inoculated consortia can provide
more robust plant growth promotion than single strain inocula.
In sterile conditions (in vitro seed germination experiment an
pot experiment with sterile substrate), consortia of both vege-
tative cells and endospores performed similarly. Conversely, in
non-sterile conditions (pot experiment with non-sterile soil and
field trial), vegetative cells showed slightly higher performances
in promoting plant growth. Moreover, we also show that direct
seed inoculation with bacterial consortia at low cell density did
not lead to an alteration of the indigenous bacterial and fungal
communities. Indeed, it appeared that the bioinoculated strains
actually established in the rhizosphere of oat plants, but with-
out a major effect on native microbial communities. This is of
particular importance since a change in the indigenous com-
munities induced by the inoculation could lead to unpredictable
and undesirable effects on plant and ecosystem health. There-
fore, we conclude that a consortium of three different Bacillus
strains could be used as a low-cost and effective alternative
for improving growth of oat plants. Finally, even though veg-
etative cells performed slightly better than endospores, both
type of cells may be used to promote plant growth. This study
rmay be helpful in the field of sustainable agriculture and could
lead to more effective bacterial inoculants for promoting plant
growth and health, Indeed, our results help expand the knowl-
edge on how microbial consortia interact with plants and soil
native microbial communities. This promotes a deeper and
more comprehensive understanding of the factors required
for the development and the formulation of next-generation
bacterial inoculants to be used for sustainable agricultural
ecosystems.
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Foreword

This short publication describes the application of the method based on the spore
isolation method, for the study of antibiotic resistance genes in the environment.

My contribution to this paper was the production and analysis of the data
demonstrating the possible use of spore-like structures for tracking ARGs in the
environment. | also helped with the writing of the manuscript, however acting
mainly as a reviewer.
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Pilar Junier', Christophe Paul, Thomas Junier!?

Le microbiote du sédiment: une approche
novatrice pour tracer la consommation
passée d’antibiotiques

La découverte des antibiotiqgues comme moyen de lutte contre les infections bactériennes fait
partie des grands succés médicaux du XX° siécle. La pénicilline a été d’une telle importance pour
I'humanité qu'elle a conduit a I'octroi de deux Prix Nobel, d’abord a I'équipe responsable de sa
production (1945, Prix Nobel de médecine), ensuite a la chimiste ayant élucidé sa structure (1964,

Prix Nobel de chimie).

Grace aux antibiotiques...

D'importantes avancées dans divers
traitements médicaux ont été ren-
dues possibles grice aux antibiotiques
(Marti et al. 2014). Malheureusement,
ce succés est actuellement éclipsé par
I'augmentation de la fréquence des
micro-organismes résistants aux trai-
tements. Lémergence et la multipli-
cation d'organismes résistants a la
plupart des agents thérapeutiques cou-
ramment utilisés fait planer une me-

«Un inventaire incluant des
marqueurs pour différentes
classes d’antibiotiques per-
mettrait de mieux évaluer le
réservoir environnemental de

génes de résistance.»

nace sur l'avenir de 'humanité, d'au-
tant plus que la mise sur le marché de
nouveaux agents thérapeutiques s'est
fortement ralentie ces derniéres an-
nées. La résistance croissante des orga-
nismes souléve également la question
de leur dissémination et leur destin en-
vironnemental; les transferts entre mi-
crobiome humain et environnements
naturels et réciproquement, et les
échanges de génes entre organismes
pathogénes el environnementaux.

Profiter du passé
Lhistoire de la découverte de la péni-
cilline est un exemple lascinant pour

1 Laboratoire de microbiologie, Université de
Neuchétel
2 Vital-IT, Institut suisse de bioinformaticue

la science. Nous pouvons cncore au-
jourd’hui en tirer de nombreux en-
seignements: l'importance des décou-
vertes inattendues et celle de la com-
munication avec le grand public dans
le domaine scientifique, le réle des
interactions biologiques dans I'émer-
gence de phénomeénes complexes, la
valeur ajoutée du travail interdiscipli-
naire, la place centrale de l'écologie
chimigque dans lintégration des diffé-
rents niveaux biologiques, ou encore
celle de la sélection naturelle dans
I'évolution microbienne, entre autres.
Pour toules ces raisons, la recherche
de solutions a la crise actuelle des an-
tibiotiques pourrait bénélicier d'un re-
gard critique ct intégralil sur le passé.
La résistance & un antibiotique peut
apparaitre spontanément, mais il est
généralement accepté qu'une telle ré-
sistance engendre un colt évolutif im-
portant pour l'organisme. Par consé-
quent, une augmentation de la fré-
quence des résistances est associée 2
une forte pression de sélection, par
exemple via I'augmentation de l'utilisa-
tion d'un antibiotique donné (Bengts-
son-Palme et al. 2018). On s'attend par
conséquent & une augmentation de la
fréquence des génes de résistance dé-
tectés tant dans les milieux hospitaliers
que naturels, liée a lhistorique d'uti-
lisation. De nombreux indices conlir-
mient une telle augmentation dans les
milieux hospitaliers, mais ils sont plus
rares dans le cas des milieux naturels.
Etudicr I'ellet de T'utilisation des anti-
biotiques sur le réserveir cnvironne-
mental de génes de résistance au cours
du temps pose un certain nombre de
problémes méthodologiques. Létude
des communauiés bactériennes envi-

ronnementales  inclut des méthodes
métagénomiques, c'est-a-dire en ana-
lysant le matériel génétique (ADN) ex-
trait d'échantillons environnementaux.
Dans le cas d’échantillons anciens, un
des problémes principaux consiste a
trouver des échantillons naturels da-
tables suffisamment bien conservés,
ayant subi un minimum de modifi-
cations/dégradation suite a leur for-
mation. Ces conditions sont remplies
par exemple par deux séries de sols

récoltés au Pays-Bas et au Danemark

sur plusieurs années. Ces sols ont per
mis de meltre en évidence une corré-
lation entre l'utilisation passée d'anti-
biotiques ¢l 'augmentation de la [r¢-
quence des genes de résistance, dans
deux éludes indépendantes (Graham et
al. 2016; Knapp et al. 2010).

La recherche aux archives
naturelles

Récemment, nous avons utilisé des
carottes de sédiments pour démon-
trer comment ces archives naturelles
peuvent contribuer a I'étude passée des
résistances aux antibiotiques. Les sé-
diments se forment par couches suc-
cessives (dépét de matiére minérale
et organique). ls constituent des ar
chives environnementales chronolo-
giques ans lesquelles s'accumulent des
marqueurs chimiques et biologiques
qui peuvenl par la suite élre récupé-
rés el analysés (Thevenon et al. 2012).
Lutilisation de sédiments n'est pas
sans laille car ces signaux biologiques
ne se préservent pas de la méme lagon
pour tous les organismes. Pour celle
raison, des études actuelles ciblent
I'ADN extrait & partir de structures de
survie (spores) produites par certaines
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Sedimentmikrobiota: neuartiger Ansatz
zur Ruckverfolgung der Antibiotikaein-
nahme in der Vergangenheit

bactéries, structures résistantes & la
dégradation favorisant leur préserva-
tion (Wunderlin et al. 2014a; Wunder-
lin et al. 2016; Wunderlin et al. 2014b).
La fréquence de génes de résistance a
&té mesurée 4 partir de 'ADN extrait de
ces spores. Avec cette méthode, 'ana-
lyse de sédiments du lac Léman, datant
de 1920 a 2015, a mis en évidence une
corrélation entre l'utilisation médicale
de deux antibiotiques (la tétracycline
et la sullonamide) et la [réquence de
génes conlérant la résistance a chacun
de ces antibiotigues. De plus, un licn
entre Taugmentation de la [réquence
des génes de résistance et des change-
ments dans la structure des commu-
nautés microbiennes a pu étre établi
(Madueno et al. 2018). Laugmentation
de la fréquence du marqueur rer(W),
un déterminant conférant la résistance
a la tétracycline, a pu étre reliée & une
augmentation de l'abondance relative
des firmicutes, un groupe de bactéries
parmi les plus abondantes du micro-
biome humain (Browne et al. 2016).
Un tel lien suggére un fort impact an-
thropique et soutient la thése d'un lien
entre consommation d'antibictiques et
augmentation du réservoir environne-
mental de génes de résistance.

Gardez un czil sur la grande image
Une vision décologique du réle des
antibiotiques nous ollre aujourd’hui
une représentation plus complexe de
ces molécules que comme simples
agents d'anéantissement des popula-
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ENDOSPORE DNA AS A PROXY TO STUDY THE DISSEMINATION AND "™
ACCUMULATION OF ANTIBIOTIC RESISTANCE GENES IN THE ENVIRONMENT
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sty . INTRODUCTION
Antibiotic resistance genes (ARGs) Endospores

Extensive use of antibiotics led to the emergence of highly resistant organisms « Present only in Firmicutes

Represents a future threat for human health Endospores are highly resistant structures

Aguatic ecosystems serve as a reservoir of antibiotic resistance genes Resist harsh conditions for extended periods of time

= Pathway for dissemination of resistant organisms High potential of dispersion and potentially for the spread of
Possible co-selection between ARGs and trace metals ARGs

No biological marker to establish their crigin, spread and evolution over time Might constitute an ideal biological marker for such studies.

Evaluation of the accumulation and dissemination of ARGs in endospores DNA in a trace metals contaminated aquatic ecosystem.

METHODS
+ Outlet of wastewater treatment plant, Vidy Bay
Quantification of two commonly studied ARGs (tetW and sui?) by qPCR
« 16SrRNA amplicons sequencing from endaspore DNA
Caorrelation between endospores community, ARGs and environmental
parameters (Corg, Niot, Al, As, Cd, Cu, Fe,,Mn, Zn)

Area divided in 3 zones: Samples retrieved at 2 or 3 depths
+ Near the outlet (N) within sediment cores:

+ Middle zone (M) + 0-1.5cm (up)
- Distal (D) « 1.5-3 cm (med)

+ 39 cm (low)
[] ¥

RESULTS

Genus tetW sult
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PC2(26.2%)
PC2(26.2%)

Abundance

Composition of the Firmicutes
community at genus level. Based on s o o B - i = e a
16SrRNA sequencing on DNA fram PCT (5375 PC1 (53.7%)

endospores. Only taxa representing
at least 0.2% of the total community

are shown.

PCA on the environmental parameters. Arrows represent the contribution of variables to
the axis. Colors separate samples depending on ARGs frequency, above (+) or below (-)
the mean concentration. On the left fetW, on the right suf1.

CONCLUSIONS (provisional)

All samples are dominated by the genus Clostridium == influence of the
WWTP even in distal zone

Bacillus is more abundant in samples from the distal zone

Different distribution pattern for both ARGs and layers

Linear decrease of ARGs with the distance to the outlet pipe (in the upper
sediment)

tetW detected at higher abundance/frequency than suft

Both genes frequency correlated to Corg, Ntot and Fe

tetW frequency correlated to Cu, Al and As

WWTP suspected as the source of endospores containing ARGs
Endospore DNA is selectively enriched in tetW
Endospore-forming bacteria have an important role in the active selection of

Spatial distribution of ARGs in the Vidy Bay. On the left tetl¥, on the right
sulf1. Circle size represents ARGs frequency (= normalized concentrations =
copies of genes/ng DNA). Circle color represents the zone (blue= Near, certain ARGs

violet=Middle, purple=Distal). A positive correlation was found between the
normalized concentrations (copies of genes/ng DNA) of ARGs and the
distance to the outlet pipe of the WWTP for both genes (only in upper
sediment if separated)

Endospores DNA might be enriched in ARGs in human microbiota
No evidence for co-selection against co-deposition of ARGs and trace metals
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Introduction
Antibiotic resistance genes (ARGs) What is the seed bank? Why studying ARGs in seed bank?

+ Extensive use of antibiotics has led to the emergence of + Spore-like structures = resistant forms « Preserved in sediments

highly resistant organisms « Dormancy state = low metabolism activity (inactive) + historical accumulation
* Represents a future threat for human health + Reversible state = sporulation vs reactivation « long-term ARG pool
« Aquatic ecosystems have an outlet function and serve as « Common in bacteria (Actinobacteria, Myxobacteria, + Dispersal capacity increases...

a reservoir of antibictic resistance genes Cyanaobacteria and Firmicutes) « ARG distribution
+ No biclogical marker to establish their accumulation and + Prevalent in human/animal microbiome +  mixing with environmental strains

persistence over time + risk of reintroduction

Bacterial seed bank might constitute an ideal biological marker for tracking ARGs in the environment
Methods

/ How to study ARGs in seed bank DNA? \

Inactive canyon in Rhone delt,\

Lake Geneva (red circle) 1. Pre-extraction 2. Separation 3. Optimized DNA
i from sediment of spores extraction
= Sediment core (1 meter long
G Sed it
representing ~100 years) s s
= Quantification of two ARGs 1 Ve‘?etatwe
cells
{tef(W) and suf) by gPCR o
= 168 rRNA gene amplicon Spares
sequencing of seed bank Spares DNA

Correlation analyses between
seed bank community and ARGs

Results

ARG accumulation over time ARGs vs OTUs correlations
felfW) sl A st B st et corsisisd Oe

i) copies £ ng DNA st copies ¢ ng DNA.
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s INTO THE ENVIRONMENTAL SPOROBIOTA ~

Christophe Paul!, Thomas Junier'2, Sevasti Filippidou!, Mathilda Hayoz', Anael Lehmann?3, Patrick S.
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INTRODUCTION . - i
What are spores? Diversity and distribution of spores
- Specialized cellular structure = resistant forms « Commen in diverse bacterial phyla: Firmicutes (endospores), Actinobacteria
+ Dormant state = inactive (low metabolism activity) and reversible (exospores), Myxcbacteria (myxospores/fruiting bodies), Cyancbacteria (akinetes)

Distribution and prevalence widely unknown
High potential for dispersal (inactive thermophiles found in cold marine sediment)

High potential for dispersal
Withstand harsh (unfavorable) conditions

.
.

Persistence + Dissemination => Successful survival strategy => Is everything everywhere???

An organism is considered as sporulant only if spores has been observed

Prediction mainly based on morpholegical and genetic infoermation What is the real diversity, distribution and prevalence of spore formers??77?

METHODS 5 S
Sampling and analyses Indirect DNA extraction in 3 steps:
1. Pre-extraction of cells from T
¥» 3 geographical regions: sediment particles using m ‘ 2 ‘ 3 o
5 s i A i di i t (1% Na- ediment
> Botswana/Namibia (Lake Liambezi, Linyanti, Okavango delta) hff:ﬁ;&?piizghg.;; a:d ®  pariicles
» Lake Geneva (CH) (Vidy Bay (WWTP), Rhéne delta) homogenizer (Ulira-Thurrax). " - Vegetative
> Joeri lakes (CH) = alpine lakes 2, Physical isolation of — \\ cells
4l o Z «spores» from vegetative cells
» Sediment , soil and water samples B bbicalboterd =al Foatmit S " Free DNA
(heat, lysozyme and a mix of ® Spores

» Separation of spores from vegetative cells
NaOH and SDS). 2
Lysosyme,

“_ Spores DNA

> 168 rRNA gene amplicon sequencing of putative spores 3. Optimized DNA extraction
(lysis-resistant cells) protocol using high physical
i . 2 = & z force { = 3 sequential bead
» Analysis of the lysis-resistant bacterial community beating steps).
RESULTS
kod PCoA (ramum 1) seqOTU) A
All QTUs (minimum 10 reads)
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Composition of the environmental lysis-resistant  bacterial
community, at phylum level, based on 165 rRNA gene sequencing.
Relative abundance of the mast abundant phyla (> 0.5%)

Top 1000 OTUs

Eatewana/Namibia Joeri lakes

e
|
s

Sequence couns

i

T
I ; "HHWHTH\EIHHHHH—W O .

10

T, Yo SRS -
’j{} j}gf“ff fjjfi;ij;if ff;j?f f Principal coordinates analysis (PCoA) of the lysis-resistant

Venn diagrams showing the number of shared hasteral aommunit B iabili
PN — - J y showing (A) the variability of the
. . O1ls hotiroan e thraa campling Incat:on_s En community ameng sites, (B) and the density distribution of
Total number of reads of the 25 most abundant lysis-resistant top all OTUs (minimum 10 reads) were considered OTUs for the most abundant phyla (OTUs with minimum 10
OTUs, classified at genus level. In bold, genera in which spore- (18515 OTUs). On the battom only the 1000 most reads and phyla over 0.5% mean relative abundance in the
formation has not been reported. abundant OTUs were considered entire dataset).

» 3 highly enriched phyla: Firmicutes, Proteobacteria and Actinobacteria, all known for the production of spores.

» Many genera not known to sporulate or to form an equivalent specialized lysis-resistant cell structure.

» Most OTUs have a site-specific distribution, although most phyla are cosmopolitans.

» Some diagnostic taxa (ex. Chlamidiae for a human-impacted environment (Lake Geneva), Spirochaetae for Botswana/Namibia).

¥ Distribution of OTUs among the 3 environments supports the hypothesis of a relationship between species abundance and
dispersal potential.

The production of a durable cell structure might be a widespread adaptation of environmental bacteria
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