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1  |  INTRODUC TION

Natural environments can be unstable, and hence, organisms must 
have strategies to survive under environmental conditions that are 

not optimal for their growth and reproduction (Gray et al.,  2019; 
Yang et al.,  2016). One common strategy is dormancy (Logan 
et al., 2000; Wood et al., 2013). Dormancy consists of the decrease 
in the metabolic activity of the organism; it can be achieved through 
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Abstract
In most habitats, fluctuating environmental conditions create periods of compromised 
survival for metabolically active organisms. In response, various survival strategies 
have evolved, including the formation of resilient resting cells. We assessed the bio-
diversity of the lysis-resistant bacteria in three different environments by applying a 
harsh physicochemical treatment to the samples. The bacterial diversity of the lysis-
resistant fraction was compared with the bacterial diversity from the same environ-
mental samples without the application of the enrichment method. As expected, in 
the lysis-resistant fraction, a significantly higher relative abundance of endospore-
forming Firmicutes (for instance, Bacillus, Clostridium and Paenisporosarcina) was ob-
served in comparison with the untreated samples. However, genera from which the 
existence of a resistant cell form is not yet reported were also highly enriched in com-
parison with the untreated samples. Our results suggest a more diversified repertoire 
of bacterial resistant cellular structures than previously thought.
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different mechanisms (Cáceres & Tessier, 2003; Hice et al., 2018). 
In bacteria, one mechanism is the formation of resistant modified 
cells (Peberdy,  1980; Roszak & Colwell,  1987). The most resistant 
modified cells known to date are endospores, which are formed 
by members of the Firmicutes phylum (Higgins & Dworkin,  2012; 
Koch,  1876; Nicholson et al.,  2000). Only four other bacterial 
phyla have been studied for the formation of similar resistant cell 
forms: Actinobacteria, which form exospores (Chater et al., 2010); 
Cyanobacteria, which form akinetes (Kaplan-Levy, Hadas, Summers, 
Rücker, & Sukenik, 2010a), members of the order Myxococcales (in 
the δ-Proteobacteria), which form myxospores (Julien et al., 2000; 
Kottel et al.,  1975), and Azotobacteraceae, which form cysts 
(Socolofsky & Wyss,  1961). The extent to which model organisms 
from these five clades provide an adequate background to infer the 
properties of dormant cells, and the taxonomic prevalence of dor-
mancy in the environment is far from clear. For instance, type strains 
might not be ideal representations of their environmental counter-
parts (Fux et al.,  2005; Galperin et al.,  2012). Also, in comparison 
with environmental strains, there is evidence that laboratory strains 
present lower resistance, reduced virulence (Fine et al.,  1999), or 
even a decreased capability to produce spores (Maughan et al., 2007; 
Norris et al., 2020).

Reports of resistant cell forms in taxa other than these five thor-
oughly studied ones have in many cases been received with skep-
ticism. This is due to the fact that microscopic evidence attesting 
to the existence of a modified cell may be misleading, as it is either 
insufficient in itself (Ajithkumar et al., 2003), raises questions about 
contamination (Ghosh et al., 2009), or might result from the mistaken 
interpretation of cellular inclusions as cysts or spores (Beskrovnaya 
et al.,  2020; Girija et al.,  2010). It is possible to hypothesize that 
most sporulating taxa are likely to produce resistant forms only in 
natural environments, since replicating the complex environmental 
conditions triggering dormancy or other physiological responses 
in the laboratory can be difficult. For instance, specific sporula-
tion media have been proposed to induce sporulation in Bacillus 
(Hageman et al.,  1984), Streptomyces (Ochi,  1986), or Myxococcus 
(Bragg et al., 2012), but they cannot be applied universally to induce 
dormancy in other species. This is well illustrated by the formation of 
akinetes in cyanobacteria, which are dormant, non-motile cells with 
thick walls (Adams & Duggan, 1999; Kaplan-Levy, Hadas, Summers, 
& Sukenik, 2010b; Kumar et al., 2010). As for many other species, 
nutrient depletion triggers the formation of akinetes, but triggers 
are species-specific (Perez et al., 2016). Furthermore, even if a “uni-
versal sporulation media” could be developed, low culturability of 
environmental bacterial communities limits the diversity of bacte-
ria that can be assessed with these media (Staley & Konopka, 1985; 
Steen et al.,  2019). Therefore, dormancy and the identification of 
dormant cells must be studied directly in environmental samples, 
which requires specialized methods.

In this study, we assessed the biodiversity of lysis-resistant 
bacteria by applying a harsh physicochemical treatment originally 
developed to enrich endospores (Wunderlin et al., 2016). First, for 
the validation of this approach to detect diverse lysis-resistant cells 

and not only endospores, the diversity of the lysis-resistant fraction 
was compared with the total diversity from the same environmental 
samples in which DNA was extracted without the application of the 
separation method. Following this validation, the diversity of lysis-
resistant bacteria was investigated in different environments.

2  |  METHODS

2.1  |  Site description and sampling

This study focused on lacustrine sediments that were included in 
multiple sampling campaigns to evaluate the complementarity of 
bacterial spores as a paleoecological marker of human impact. For 
those environments in which soils or rivers might provide a strong 
contribution to sediment communities, soil and river samples were 
also included (see below). The validation of the approach as a gen-
eral method to study lysis-resistant cells was carried out with sedi-
ment samples from Lake Geneva. The sediment core was recovered 
during a previous study in the Rhone River delta, on the eastern 
side of the lake. A sediment core was retrieved in August 2011 and 
has been previously dated and described for paleoecology (core 
CAN01). The characterization included dating and chemical analy-
sis, as well as (for a subset of samples) the quantification of total 
bacteria and endospore-forming bacteria by qPCR, and the specific 
analysis of Firmicutes communities by sequencing of the spo0A gene 
(Wunderlin et al., 2014).

For the analysis of the diversity of lysis-resistant bacterial com-
munities, three sampling sites with a variable impact of human activ-
ities were considered. First, sediment samples retrieved in the Vidy 
Bay, located on the shoreline near the city of Lausanne, Switzerland 
(high human impact site). Samples originated from ten sediment 
cores retrieved between July 2011 and May 2012. In samples from 
these cores, the total bacterial abundance and the total bacterial 
communities were investigated previously. The latter showed that 
the high abundance of Firmicutes is correlated with metal contami-
nation (Sauvain et al., 2014).

The Joeri Lakes, located in the Eastern Swiss Alps in the can-
ton of Graubünden (Switzerland, 46°/46′N and 9°/58′E), were the 
second sampling site. These high alpine lakes were formed by gla-
cier retreat and have a restricted human impact. Lake I is situated at 
2489 m above sea level, has a surface area of 93,700 m2 and a max-
imum depth of 10.4 m. Lake XIII is located at an altitude of 2639 m 
above sea level and has a surface area of 15,400 m2 and a maximum 
depth of 10 m (Gabathuler, 1999). Samples were collected in August 
2016 from sediment cores and surface sediments. In addition, given 
the potential effect of soils for the establishment of the sediment 
communities, soil samples surrounding the lakes were also collected. 
Samples were stored at 4°C and treated in the following 3–20 days 
(depending on the sample).

Lake Liambezi is located in Namibia at the eastern side of 
the Caprivi Strip in the complex drainage system of the Kwando 
and Zambezi rivers. Its southern shore forms the border with 
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Botswana. The Okavango Delta is in northern Botswana and rep-
resents the second-largest inland delta in the world, with an area of 
~18,000 km2. This third system has a unique hydrology and cumula-
tively represents an intermediate human impact site. Samples from 
Lake Liambezi, from its affluents/effluents, and from the Okavango 
Delta, were collected in August 2016 and March 2017, and included 
sediment cores, surface sediments, and river water. These samples 
were stored in subzero conditions and treated in the shortest pos-
sible period before retrieval (10–20 days depending on the sample), 
including pre-filtering and separation of core layers in the field.

2.2  |  DNA extraction

All the sediment and soil samples were initially processed for the 
separation of the biomass from the sediment and soils particles. The 
separation of the biomass from the sediment and soil was performed 
by adding Na-Hexa-meta-phosphate to 3 g of wet sediment/soil and 
homogenizing using Ultra-Thurrax® Tube Drive control (IKA). The 
supernatant was then filtered onto 0.2 μm pore-size nitrocellulose 
filters (Merck Millipore) to collect the biomass on the filters. Water 
samples were directly filtered onto 0.2 μm sterilized filters for the 
collection of biomass.

Half of the filter was cut (~1.5  g of sediment/soil) to be used 
for the separation of the lysis-resistant cell fraction as previously 
described in Wunderlin et al.  (2016). Vegetative cells were lysed 
by a combination of treatments including heat, enzymatic agents 
(lysozyme), and disrupting chemicals (Tris-EDTA, NaOH, and SDS). 
Following cell lysis, a DNAse treatment was applied to remove DNA 
released from the lysed cells. After removal of DNAse and washing, 
the lysis-resistant cells were collected by filtration onto 0.2 μm ster-
ilized filters.

DNA extraction was performed using the FastDNA®SPIN kit 
for soil (MP Biomedicals). A modified protocol including successive 
bead-beating steps was applied in order to ensure the retrieval of 
DNA from the lysis-resistant bacterial cells, as shown previously in 
the case of spores from endospore-forming Firmicutes (Wunderlin 
et al.,  2013). DNA extracts from the different bead-beating steps 
were pooled by ethanol precipitation and resuspended in PCR-grade 
water. The same DNA extraction procedure was applied in the bio-
mass collected directly from the samples (herein referred as to total 
community) and in the biomass collected after lyses (herein referred 
as lysis-resistant community). DNA quantification was performed 
using Qubit® dsDNA HS Assay Kit (for the lysis-resistant commu-
nity) or Qubit® dsDNA BR Assay Kit (for the total community) on a 
Qubit® 2.0 Fluorometer (Invitrogen).

2.3  |  Sequencing and data analysis

Amplicon sequencing of the 16S rRNA gene was performed by 
Fasteris, using Illumina MiSeq platform (Illumina). Universal prim-
ers Bakt_341F (5’-CCTACGGGNGGCWGCAG-3′) and Bakt_805R 

(5’-GACTACHVGGGTATCTAATCC-3′) were used for the selection of 
the hypervariable V3–V4 region (Herlemann et al., 2011). Sequencing 
data were analyzed using Mothur (Schloss et al., 2009), following the 
standard procedure of MiSeq SOP (Kozich et al., 2013), with an addi-
tional step of singleton removal prior to the clustering in OTUs. The 
alignment of amplicons and the taxonomic assignment of represent-
ative OTUs was performed using the SILVA NR v123 reference data-
base (Quast et al., 2013). A total of 11,387,677 amplicons (2,585,518 
unique sequences) were retained after quality filtering and removal 
of chimeras. At this point, singletons were removed (2,332,236 se-
quences), as well as unclassifiable sequences or sequences belong-
ing to undesirable lineages (chloroplast, mitochondria, archaea, and 
eukaryote; 99,150 sequences; 2778 unique sequences). The remain-
ing 8,956,291 reads (250,504 unique sequences) were clustered into 
OTUs, using the OptiClust method (Westcott & Schloss, 2017) with 
an identity threshold of 97%, leading to the identification of 43,151 
OTUs.

The same data treatment for the comparison of lysis-resistant 
and total community in Lake Geneva gave the following re-
sults: 5,026,205 reads after quality filtering and chimera removal 
(1,016,871 unique sequences), 900,038 singletons, 22,622 (1110 
unique sequences) unclassified sequences or from undesirable 
lineages, and 4,103,545 retained sequences (115,723 unique se-
quences) clustered in 17,129 OTUs.

The sequences were deposited in GenBank under BioProject ac-
cession numbers PRJNA 396429, 396276, and 396277.

2.4  |  Statistical and multivariate analysis

Community and multivariate analyses were performed using R 
version 3.4.0 (Team,  2014) and the phyloseq and vegan packages 
(McMurdie & Holmes,  2013; Oksanen et al.,  2020). Principal co-
ordinates analysis (PCoA) was calculated based on Bray–Curtis 
dissimilarity and Hellinger transformation of the OTU table. Rare 
OTUs (less than 10 reads) were removed prior to the analysis of the 
lysis-resistant communities, as a conservative measure to reduce 
the background of OTUs representing contamination by abundant 
members of the non-resistant total community. For the validation 
experiment (Lake Geneva samples), the threshold was reduced to 
four reads, as in the case of the validation, evaluating the extent of 
this potential contamination was important. Difference between 
groups based on community composition was tested using per-
mutational multivariate analysis of variance (PERMANOVA) using 
the Adonis function from the vegan package, based on the same 
Hellinger transformed matrix as described above, with 999 permuta-
tions. The distribution pattern of bacterial phyla was analyzed using 
contour plot of 2D Kernel density estimates, with the MASS pack-
age (Venables & Ripley, 2013). The limma package was used for the 
display of Venn diagrams (Ritchie et al., 2015).

Additional analyses were performed to evaluate the con-
tribution of incomplete lysis (i.e., contamination by members of 
the total community not producing a lysis-resistant cell) to the 
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composition of the lysis-resistant community. For this, an “enrich-
ment index” was calculated for each individual OTU by comparing 
the relative contribution of the abundance in the lysis-resistant 
fraction (based on absolute total sequence counts) as compared 
to the total abundance of the OTU (lysis/lysis + total fraction). This 
index ranges between 0 (OTUs only detected in the total com-
munity fraction) and 1 (OTUs only detected in the lysis-resistant 
fraction). The results were represented as cumulative graphs, in 
which the proportion of OTUs displaying the same distribution 
were grouped together. This was done for all the OTUs in a given 
sample, as well as separating the OTUs by phyla. In addition, the 
same index was calculated for the most abundant OTUs and the 
results represented as a heatmap. Except for the heatmap, which 
was produced in R, all the analyses, were produced with the Julia 
language (Bezanson et al., 2017) using the Gadfly graphics pack-
age (Jones et al., 2021).

3  |  RESULTS

3.1  |  Validation of the analysis comparing total and 
lysis-resistant bacterial communities

To first validate that the harsh physicochemical treatment is indeed 
selecting for lysis-resistant cells and that the community investi-
gated does not simply represent a subsampling of abundant vegeta-
tive cells that are inefficiently lysed, a subset of the samples was 
used to compare the total versus the lysis-resistant community ob-
tained after the lysis treatment from the same sample. In the case 
of subsampling, lysis-resistant and total communities originating 
from the same sample can be expected to be more similar to each 
other compared with other communities corresponding to the lysis-
resistant or total communities originating from different samples. 
Also, the most dominant species would be expected to be the same 
between the two extraction methods.

The validation was conducted in sediment samples originated 
from a sediment core used for a palaeoecological study in Lake 
Geneva and covering the period between 1921 and 2011. In this 
sediment core, dating and chemical analysis, quantification of total 
bacteria and endospore-forming bacteria by qPCR, and the specific 
analysis of Firmicutes communities by sequencing of the spo0A 
gene, were previously performed in a subset of samples (Wunderlin 
et al.,  2014). However, the total or lysis-resistant communities 
were never investigated. The comparison of the community com-
position showed a clear separation between the lysis-resistant and 
total bacterial communities (PCoA Axis 1, explaining 33.2% of the 
variance; Figure 1a). Moreover, PERMANOVA test shows that the 
total and the lysis-resistant communities were significantly different 
(p-value < 0.001).

To better visualize the groups explaining the separation of the 
total and lysis-resistant communities, the distribution and density 
of OTUs separated by phyla were plotted on the PCoA (Figure 1b). 
This analysis allowed identifying clades for which the density of 

OTUs is higher in the total community, higher in the lysis-resistant 
community, or equally distributed. Acidobacteria is an example of a 
group containing mainly OTUs associated with the total community 
fraction. OTUs belonging to Proteobacteria were distributed in both 
communities, although represented by individual sets of OTUs for 
each type of DNA extraction method (total versus lysis-resistant). In 
contrast, OTUs belonging to phyla Actinobacteria, Firmicutes, and 
Chlamydiae were found in the lysis-resistant fraction. This was ex-
pected in the first two groups, as survival in the form of highly spe-
cialized lysis-resistant spores is well-documented in the literature 
for species within Actinobacteria and Firmicutes. A similar type of 
dormant cell called elementary bodies is also known for Chlamydiae 
(Hoare et al., 2008; Korhonen et al., 2019), but it was never shown to 
provide resistance to lysis.

The composition of the communities at the genus level was an-
alyzed as well. The shift in dominance and community structure of 
Firmicutes in the lysis-resistant community was clearly observed 
(Figure S1). The relative abundance of the 37 most abundant OTUs 
in the dataset was compared for the total and lysis-resistant com-
munity fractions (Table S1). These 37 OTUs corresponded to 17 
OTUs assigned to genera not known for the formation of spores 
(non-spore forming), six corresponding to previously known 
spore-formers, and 14 OTUs in which spore formation could not 
be unambiguously assessed. The six known spore-forming bacte-
ria were between five and twenty-five times more abundant in 
the lysis-resistant community (Table S1). The same is the case for 
three out of seventeen of the genera that unambiguously corre-
spond to organisms so far not known for the production of spores 
or other lysis-resistant cellular structures (i.e., Mesorhizobium, 
Gaiella, and Rhizobium). Analogously, OTUs from seven clades that 
cannot be precisely classified into a specific genus were between 
two and twenty-five times more abundant in the lysis-resistant 
community. Those OTUs were affiliated Peptostreptococcaceae 
(Firmicutes), Gaiellales (Actinobacteria), Ruminococcaceae 
(Firmicutes), Pir4 (Planctomycetales), D8A-2 (Peptococcaceae), 
MB-A2-108 (Actinobacteria), and PeM15 (Actinobacteria). 
Furthermore, the communities of the two most abundant phyla, 
Proteobacteria and Firmicutes, were compared (Figure S1). In the 
case of Proteobacteria, OTUs classified as Anaeromyxobacter and 
Mesorhizobium are clearly dominant among lysis-resistant struc-
tures. In contrast, OTUs classified in these two genera were only 
rarely found in the total bacterial community. This was particularly 
remarkable for the most abundant OTU, which was affiliated to 
Mesorhizobium and was more than a thousand times more abun-
dant in the lysis-resistant community, as compared to the total 
community (Table S1). In the case of Firmicutes, the vast majority 
of the OTUs was detected in the lysis-resistant community. The 
only exception was an OTU affiliated to the genus Bacillus, which 
was more prevalent in the total community. Overall, the analysis 
strongly suggests that a different fraction of the community is an-
alyzed by applying the enrichment method.

Additional analyses were performed to validate the unique com-
position of the lysis-resistant community. For this, an enrichment 
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index in the lysis-resistant fraction was calculated for each individual 
OTU detected in a given sample (Table S2). The hypothesis tested 
with this analysis was that in the absence of cross-contamination 
of the lysis-resistant fraction, a bimodal distribution of the OTUs 
was to be expected with OTUs enriched either in the lysis-resistant 
or total fraction. A different distribution (i.e., large fraction of the 
community presenting and intermediate enrichment index) would 

suggest contamination. Although it can be considered that contami-
nation is more likely to occur for OTUs with high relative abundance 
in the total fraction, in the first part of the analysis, we did not fil-
ter the data by relative abundance, but rather considered all OTUs 
with sequence counts in either group. The results indicate a bimodal 
enrichment distribution for the OTUs in all the samples (Figure 2a; 
Figure S3). Moreover, a breakdown by phyla confirmed that specific 

F I G U R E  1  Comparison of the lysis-resistant and total bacterial communities in a sediment core obtained from Lake Geneva, Switzerland. 
(a) Principal coordinate analysis (PCoA) of the communities showing the separation of the lysis-resistant from the total bacterial community. 
(b) Density distribution of OTUs from the 9 most abundant phyla in the dataset projected on the PCoA presented in a (OTUs with minimum 4 
reads and phyla >1% mean relative abundance in the entire dataset)
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OTUs constitute the vast majority of lysis-resistant community in 
each one of the samples (Figure 2b; Dataset S1). This unique com-
position can also be observed for the majority of those OTUs that 
represented the most prevalent members of the community (OTUs 
present in all the samples; Figure  2c). A taxonomic breakdown by 
phylum once more indicates that Firmicutes are particularly en-
riched in the lysis-resistant fraction among these highly prevalent 
OTUs (Figure S4).

3.2  |  Diversity of the environmental bacterial 
community forming lysis-resistant cells

To investigate the diversity of environmental bacteria forming lysis-
resistant cells, the spore enrichment method described above was 
applied to a variety of mostly sediment samples from aquatic sys-
tems in which different levels of human impact could be expected. 
In addition, river and soil samples in the vicinity of water bodies were 
also collected for those systems with low and intermediate human 
impact, as in those case, the soil and river bacterial communities were 
considered as important contributors of the lysis-resistant fraction 
in sediments. A total of 8,956,291 16S rRNA gene sequences were 
obtained. The sequences were grouped (clustering at 97% identity) 
into more than 90,000 operational taxonomic units (OTUs). A rank-
ing of the OTUs by sequence counts (Table S3) shows that a large 
fraction (94%) of the dataset corresponds to OTUs represented by 
less than 100 reads.

Although a variety of bacterial phyla were represented in the 
lysis-resistant communities from multiple environments, represen-
tatives of Actinobacteria, Firmicutes, and Proteobacteria were nota-
bly enriched, representing on average 86% of the relative abundance 
of the bacterial community (Figure 3a; Table S4). At first sight, this 
broadly corresponds to phyla in which spore-producing represen-
tatives are known. Indeed, OTUs affiliated to known spore-forming 
genera were detected and included Bacillus, Clostridium, Paenibacillus, 
Lysinibacillus (Firmicutes), and Anaeromyxobacter (Proteobacteria 
[Sanford et al.,  2002]), confirming the performance of the enrich-
ment approach to select spore-forming bacteria. However, in many 
samples, Proteobacteria were largely as abundant (or more so) than 
Firmicutes; an unexpected finding since only a limited number of 
Proteobacterial genera are known to produce spores or similar du-
rable cellular structures (Barton,  2005). Closer inspection of the 
Proteobacteria genera detected provides additional insight into 
the diversity of groups that resist the cell lysis treatment. Notably, 
among the twenty-five most abundant OTUs, several genera were 
not previously known to form resistant structures. These included 
the Proteobacteria Mesorhizobium, Burkholderia, Thiobacillus, and 
Pseudorhodoferax (W.-M. Chen et al., 2013); and the Actinobacteria 
Arthrobacter (Ding et al.,  2009; Gobbetti & Rizzello,  2014) and 
Cryobacterium (Bajerski et al., 2011). These groups represented 42% 
of the total sequence counts within the twenty-five most abun-
dant OTUs (Figure  3b). The enrichment of putatively asporogenic 
(non-spore former) or poorly spore-forming genera even extended 

to Firmicutes, in which OTUs affiliated to the genera Turicibacter 
(Auchtung et al.,  2016) and Intestinibacter (Gerritsen et al.,  2014) 
were detected in these environmental samples.

3.3  |  Environment-specific distribution  
of the bacterial community forming lysis-
resistant cells

The sampling sites corresponded to three types of environments, 
which were selected based on different levels of human impact, 
from very high (low-altitude temperate lake in Switzerland), to in-
termediate (a tropical river system in Namibia/Botswana), and low 
(high-altitude temperate lake in Switzerland) human impacts. 
These three sites were clearly discernible in a principal coordinate 
analysis (PCoA) based on the structure of the lysis-resistant com-
munity (Figure  4a). This geographical/environmental signature 
was still visible for different types of samples (sediment, soil, and 
water) belonging to the same environment (soil and river samples 
were grouped closer to sediment samples from their respective 
sampling site). The distribution pattern of OTUs affiliated to differ-
ent bacterial phyla was also analyzed (Figure 4b). Density plots of 
OTUs belonging to the most abundant phyla (>0.1% mean relative 
abundance in the entire dataset) were calculated and displayed in 
the axis selected in the PCoA of the lysis-resistant communities. 
Although some phyla (for instance, Actinobacteria, Cyanobacteria, 
Planctomycetales, Proteobacteria, and Saccharibacteria) appear at 
high density in all environments, the density plots suggest a site-
specific distribution pattern of OTUs. In addition, some groups 
appear to be diagnostic of the environment. For example, the dis-
tribution of OTUs affiliated to Chlamydiae, was denser in samples 
originating from the low-altitude temperate Lake Geneva. The 
density of OTUs belonging to Spirochaeta also suggested a site-
specific distribution pattern in the case of samples from the tropi-
cal river system in Namibia/Botswana.

4  |  DISCUSSION

The molecular assessment on the diversity of lysis-resistant bacte-
rial communities using environmental DNA extracted from diverse 
environmental samples shows that the community forming struc-
tures that withstand lysis includes many genera from which the ex-
istence of a resistant cell form was either entirely unknown or not 
known to provide persistence in the environment. The validation 
experiment based on the comparison of the total and lysis-resistant 
communities indicated that contamination of the lysis-resistant 
community with abundant members of lysis-susceptible total bac-
terial community is an unlikely explanation for the diversity of 
previously unknown lysis-resistant species observed in these en-
vironmental samples. This was even the case for highly abundant 
members of the total bacterial community for which contamination 
is more likely to occur.
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Our results suggest the presence of a large diversity of lysis-
resistant, non-canonical sporulating bacterial genera in various 
environments. One of these genera is Arthrobacter. Even though 
the genus Arthrobacter is recognized as asporogenic, its resistance 
to desiccation and long periods of starvation is widely accepted 
(Boylen,  1973; Chen & Alexander,  1973; Ensign,  1970; Mongodin 
et al.,  2006). Moreover, highly resistant Arthrobacter spp. have 
been isolated from extreme environments such as the deep ocean 
sediment surface (Chen et al.,  2005), arctic ice (Demkina, Soina, 
El’-Registan, & Zvyagintsev,  2000b; Dsouza et al.,  2015), and 
chemical-contaminated sites (Wang et al., 2013). In addition to these 
highly resistant isolates of Arthrobacter from natural environments, 
several studies have shown that the different morphological cellu-
lar stages produced by representatives of this genus do not have 
the same resistance to various stressors. One example of this is the 
salt-induced myceloids of Arthrobacter globiformis that show a higher 
resistance to UV radiation and heat shock than its bacilli-shaped 
cells (exponential-phase) or its cocci-shaped cells (stationary-phase; 
Malwane & Deutch, 1999). There is also evidence of dormant cells 
of A. globiformis showing long-term viability and a differential cyst-
like ultrastructure when grown in a unbalanced medium (Demkina, 
Soina, & El’-Registan, 2000a; Duxbury et al., 1977). These examples 
show the diversity of strategies favoring resistance of the genus 
Arthrobacter. Moreover, the relative abundance of this genus in the 
lysis-resistant fraction suggests the presence of Arthrobacter spe-
cies with a potentially higher resistance to lysis in natural environ-
ments than the laboratory type strains.

Significantly, Chlamydiae were among the groups not known for 
the existence of a lysis-resistant cell providing persistence in the 
environment, which were diagnostic of samples in a temperate lake 
(Lake Geneva). This lake is one of the most human-impacted environ-
ments in Western Europe and lysis-resistant Chlamydiae appear to 
be diagnostic of this anthropogenic impact. Chlamydiae are strictly 
obligate intracellular pathogens that require an eukaryotic host to 
complete their developmental cycle (Abdelrahman & Belland, 2005). 
As part of their life cycle, Chlamydiae form dormant structures 
called elementary bodies, sometimes referred as “spore-like” cells. 
These elementary bodies are non-replicative infectious cells forms, 
that are released from ruptured infected cells and can be transmit-
ted from one individual to another (Elwell et al., 2016; Grieshaber 
et al., 2018). However, their persistence in the environment as el-
ementary bodies has, to the best of our knowledge, not yet been 
studied. Furthermore, recent studies have shown the widespread 
distribution of environmental Chlamydiae (Collingro et al.,  2020; 

Taylor-Brown et al.,  2015), which have been isolated from within 
protist and various animal hosts, suggesting that persistence in the 
environment is ecologically relevant for this group.

Another group for which environmentally persistent lysis-
resistant cells was not known was Spirochaeta, reported as common 
in natural aquatic environments (Harwood & Canale-Parola, 1984). 
Spirochaeta also presented a site-specific distribution pattern. 
In this case, the highest density of OTUs from this group appears 
to be a signature of sediment samples and rivers from Namibia/
Botswana. Literature on Spirochaeta also suggests the existence 
of ovoid bodies or spore-like spherical bodies, which are resistant 
and vary in their ability to produce (Thomson & Thomson,  1914) 
or not (Noguchi,  1912) new cells. In both cases, Chlamydiae and 
Spirochaeta, the results obtained here indicate that elementary 
and ovoid bodies might provide a lysis-resistant cellular adaptation 
to persist in the environment, but in the case of Spirochaeta, this 
should be further validated by establishing its relative abundance in 
the total community fraction, which was not done here.

Persistence in the environment is not the only ecologi-
cal advantage expected to be provided by a lysis-resistant cell. 
Dissemination is also another property expected to be enhanced 
in a lysis-resistant population (Lennon & Jones, 2011). Therefore, 
the number of OTUs shared among the three environments 
studied here was established (putative cosmopolitan species; 
Figure S5a). Population density is expected to play an important 
role in the biogeographic distribution pattern of a species, with 
highly abundant species being more prone to having a cosmo-
politan distribution (Lennon & Jones, 2011). When both rare and 
abundant OTUs (18,515 OTUs) are considered, only 9% display 
a cosmopolitan distribution. In contrast, when the 1000 most 
abundant OTUs were analyzed, the percentage of cosmopolitan 
OTUs increases to 42% (Table  S5; Figure  S5b). At first glance, 
this supports the hypothesis of a relationship between species 
abundance and dispersal potential proposed in the literature for 
dormant cells (Lennon & Jones, 2011). However, a caveat to this 
result is that we did not establish the absolute abundance of the 
different OTUs in the samples, but considered instead sequence 
counts as a proxy to abundance, which is known to be biased 
(Kumar et al., 2018). Hence, these results should be validated by 
quantifying the absolute abundance of expected cosmopolitan 
and rare species by an independent method such as quantitative 
PCR.

Our results point to a high diversity of lysis-resistant bacte-
ria only through their DNA. However, a non-destructive method 

F I G U R E  2  Evaluation of the composition of the lysis-resistant community calculated by a lysis-enrichment index. The enrichment index 
was calculated by comparing the abundance (sequence counts) in the lysis-resistant fraction over the total abundance (sequence counts in 
lysis+ total fraction). In the distribution, OTUs enriched in the lysis-resistant fraction had an index value of 1, while those enriched in the 
total community fraction had an index value of 0. (a) Bar plots representing the relative fraction of the OTUs enriched in the lysis-resistant 
(enrichment index 0.8–1.0), the total community (enrichment index 0.0–0.2), or those shared between the two fractions. The distribution 
for all individual samples can be found in Figure S3. (b) Example of the distribution of the enrichment index for OTUs separated by phyla in 
the most superficial sample (GeC1_01). The graphs for all the samples can be found in Dataset S1. (c) Heatmap representing the enrichment 
index calculated for the 216 OTUs for which the enrichment index can be calculated in all individual samples (most prevalent OTUs)
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F I G U R E  3  Composition of the lysis-resistant bacterial community in different environments. (a) Relative abundance of the most abundant 
OTUs (over 1% relative abundance) grouped to a phylum level showing the dominance of Firmicutes, Proteobacteria, and Actinobacteria. The 
relative abundance of these three groups varied significantly between different environmental samples. (b) Absolute frequency (in sequence 
counts) of the 25 most abundant lysis-resistant OTUs. OTU identification is given in the highest taxonomic range (up to genus level) in which 
the OTUs could be classified. Genera in which spore formation has not been reported are highlighted in bold

(a)

(b)

F I G U R E  4  Biogeographical distribution patterns of the lysis-resistant communities. (a) Principal coordinate analysis (PCoA) showing the 
similarities of the lysis-resistant communities between different sampling sites. The type of sample (sediment, soil, or water sample) is also 
indicated. (b) Gradients indicating the density distribution of OTUs for the most abundant phyla (OTUs with minimum 10 reads and phyla 
>0.5% mean relative abundance in the entire dataset) projected on the PCoA presented in a
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is still required for a better characterization of the morphological 
diversity of these resistant cells. The incontrovertible evidence 
that non-canonical sporulating bacteria are able to produce spe-
cialized lysis-resistant cells would be the isolation of such cells. 
Furthermore, enrichment and culturing of these organisms would 
allow to assess the physiology and function of lysis-resistant cells. 
Progress in this area is slow and suffers from setbacks such as mis-
leading microscopic evidence, risk of contamination and difficulty 
to recreate environmental conditions that induce the formation 
of lysis-resistant cells in the laboratory. Even though all DNA ex-
traction methods are intrinsically biased, enriching resistant struc-
tures and then characterizing their diversity should provide a more 
comprehensive insight into community members that are able to 
generate lysis-resistant cells in the environment. This is the first 
step toward cataloguing the diversity of structures and mecha-
nisms allowing bacterial survival under adverse conditions, with 
the future goal of understanding the environmental cues involved 
in both dormancy and revival.

We inhabit a planet that is expected to undergo increasing epi-
sodes of punctuated environmental stress. Under these conditions, 
the production of resistant cells might be an adaptive trait that will be 
under strong positive selection with unknown consequences in the 
dynamics of microbial populations in the environment (Shoemaker 
& Lennon, 2018). Moreover, dormant populations constitute a seed 
bank from which new communities emerge after perturbation. 
Microorganisms are at the base of the functioning of the biosphere; 
therefore, the unique community of bacteria forming lysis-resistant 
cells cannot be ignored if we want to improve our ability to predict 
the microbial response to environmental change.
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