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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 
quantification of ARG. 
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7 General Discussion 
 

Foreword 

In this chapter, I 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 Rhône Delta 
(Lake Geneva, Switzerland) using a sediment core covering the past 100 years. 

Main findings: 

- Two selected antibiotic resistance genes (tet(W) and sul1) 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 sul1, 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 sul1 compared to tet(W) suggested that more OTUs 
possess sul1 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 sul1 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 sul1, 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 sul1 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 sul1 suggested that the sul1-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 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 qPCR 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. 

- Identifying 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 Rhône 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 qPCR. 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 sul1. Second, the amount of required DNA 
template used for qPCR (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 qPCR 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 qPCR 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 sul1 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, sul1 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, sul1 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 sul1 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 sul1 abundance were observed in samples from the Rhône Delta (chapter 5). But in the 
Vidy Bay (chapter 6), the abundance and frequency of tet(W) is higher than for sul1. 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 Jöri lakes, 
located in the Jöri catchment in the Swiss Alps (Canton Graubünden) was selected as model 
environment. Initially formed by the Jöri 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 Rhône 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 it is 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, I present a few projects in which I 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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8.2 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, Priscilla 
Deschamps, Thomas Junier, Pilar Junier, Saskia Bindschedler. 

2019, FEMS Microbiology Ecology (Vol. 95, n°11, pp. 1-14), DOI: 
10.1093/femsec/fiz147 

 

 

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. I contributed to the writing of the submitted 
manuscript, for the parts concerning the sequencing and community analysis, and 
also as a reviewer. 
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8.3 Le microbiote du sédiment: une approche novatrice 
pour tracer la consommation passée d’antibiotiques 

 

Pilar Junier, Christophe Paul, Thomas Junier 

2018, Pipette (Nr 6, pp. 16-17) 

 

 

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. I also helped with the writing of the manuscript, however acting 
mainly as a reviewer. 
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Poster presentation at Annual PhD Student Meeting from Doctoral School of Organismal Biology, 
Neuchâtel, Switzerland (March 29, 2017) 
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Poster presentation at Annual Swiss Conference on Ecology, Evolution, Systematics and Conservation 
(Biology18), Neuchâtel, Switzerland (February 15-16, 2018) and at Annual Assembly of the Swiss 
Society of Microbiology (SSM), Lausanne, Switzerland (August 28-30, 2018) 
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Poster presentation at 7th Swiss Microbial Ecology Meeting (SME), Lausanne, Switzerland. January 
31-February 1, 2019 
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