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Bacteria play a pivotal role in the functioning of aquatic ecosystems owing to their 

involvement in biogeochemical cycles (Lindeman 1942; Torsvik et al. 2002). However, 

their investigation in natural habitats has been effective only with the recent advent of 

molecular tools. Such methodologies have provided a major improvement in the 

comprehension of the behavior of the bacterial compartment, which was considered 

hitherto as a black box. In the 90s, it was estimated that less than 1% of the bacterial 

diversity was described (Torsvik et al. 1990; Amann et al. 1995). This observation is still 

valid, although a tremendous effort is made to improve the microbial diversity inventory, 

specially using the next-generation sequencing methods. Molecular tools combined with 

field and experimental approaches allowed a better comprehension of the ecology of 

bacterial communities. These approaches revealed that bacterial community composition 

as well as abundance can vary spatially and temporally in response to similar processes to 

those developed for macroorganisms (Leibold et al. 2004; Martiny et al. 2006). Despite 

some differences, microorganisms and macroorganisms have several fundamental aspects 

in common, and ecological theories developed in vegetal and animal ecology could serve 

as a framework to better understand the dynamic and the role of microbial diversity in the 

functioning of ecosystems (Allison and Martigny 2008). 

Differences among bacterial assemblages, i.e. composition and diversity, could 

have possible impacts on ecosystems functioning despite the important functional 

plasticity of bacteria (Schimel and Gulledge 1998; Bell et al. 2005). The link between 

biodiversity and ecosystem functions has emerged as a major issue in ecology research, 

leading to consequent debates and controversies (Loreau et al. 2001). The positive link 

between diversity and an ecosystem function was first observed in a long-term experiment 

performed at Cedar Creek on vegetal communities (Tilman et al. 1996). It was later 

confirmed in microcosm that a positive link could be found between aquatic bacterial 

diversity and respiration (e.g., Bell et al. 2005). A series of long-term experiments 

demonstrated that anthropogenic factors that affect the vegetal biodiversity may affect the 

ecosystem stability and its resilience to environmental changes (Hautier et al. 2015). As a 

consequence changes in biodiversity may determine how global environmental changes 
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affect the functioning of ecosystems (Hautier et al. 2015). Such relationship has deep 

consequences for the different services provided by the ecosystems to the human society. 

It is crucial to improve our comprehension of the factors that govern the 

distribution and dynamics of bacterial species and the impact of the bacterial diversity 

changes over the functioning of the ecosystems. Microorganisms have played a primordial 

role in the co-evolution of the geosphere and the biosphere, and such interactions are still 

operating. Our society depends on these processes to assure the quality of water, the 

supply of food, and to control diseases. However, human activities have profound effects 

on the biodiversity and ecosystem functioning through nutrient inputs that modify the 

biogeochemical cycles, transformation of the land, and enhancement of biota mobility. 

Global environmental changes have the potential to exacerbate the ecological and 

societal impacts of changes in biodiversity (Chappin III et al. 2000). By integrating 

pressures on their watershed, shallow lakes are likely impacted by a large variety of global 

changes that act at the local (urbanization, intensification of the agriculture practices, etc.) 

and at the global scale (atmospheric pollution, climatic changes altering rainfall patterns, 

CO2 and temperature elevations, etc.). Aquatic bacterial communities may potentially 

respond to these changes, which could affect their biogeographic patterns. Thus, a better 

understanding of the factors and processes responsible for the bacterial biogeographic 

patterns would improve our knowledge of these aquatic systems and how they may 

respond facing environmental changes. 

In this context, the aim of this thesis was to gain a more comprehensive 

understanding of factors and processes shaping the spatial and temporal biogeography 

of the bacterial compartment in a set of shallow lakes. Two bacterial levels were 

investigated: (i) the total bacterial community and (ii) a specific bacterial group that are 

natural inhabitants of freshwater habitats, i.e. the nontuberculous mycobacteria.  

The thesis manuscript is organized in six parts. After synthetizing in Chapter I the 

current knowledge on bacterial biogeography and nontuberculous mycobacteria in 

freshwater habitats, Chapters II and III will present the results on the biogeography of the 

total bacterial community at the local and regional scales. Chapters IV and V will present 

the results on the factors affecting the distribution and diversity of mycobacteria at the 
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local and regional scales. A general discussion (Chapter VI), will synthetize the results 

obtained at different spatial and temporal scales and at different levels of bacterial 

community organization. Perspectives will be discussed. 
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Chapter I 

Bacterioplankton in shallow lakes 
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I. Shallow lakes

I.1  Context and characteristics

Freshwaters are essential to the establishment of civilizations. Historically, human

settlements were preferentially set up close to reliable water supply, such as lakes, for their 

basic needs (e.g., drinking and cleaning), alimentation (e.g., irrigation or fishing) or 

recreational purposes (e.g., swimming, bathing) (Bolund and Hunhammar 1999; Postel 

and Carpenter 1997). Furthermore, among freshwater ecosystems, lakes hold an 

impressive hotspot of biodiversity and endemic species including macroinvertebrates or 

macrophytes compared with other lotic habitats, e.g., rivers or streams (Williams et al. 

2004; Biggs et al. 2005). 

Historically, greater efforts were performed on the study of large lakes. Yet, they 

represent less than 1% of the lakes with a surface area higher than 1 ha. Indeed, the 

majority of water bodies are small, with more than 26 million lakes on Earth with a surface 

area comprised from 1 to 100 ha (Downing et al. 2006; Verpoorter et al. 2014). Moreover, 

per unit of water area, small lakes have higher species richness compared to large lakes, 

notably because of their important littoral area. 

Small lakes mainly associated with shallow depths (Cooke et al. 2005) contrast 

deeply with deep lakes in terms of both morphometry, but also in their ecological 

functioning (Scheffer 2004). Indeed, in deep lakes, upper water layer (epilimnion) is 

sometimes isolated from the colder deep water (hypolimnion), preventing large 

interactions of the upper water layer with the sediment. Therefore, exchanges of nutrients, 

organisms and gas diffusion are reduced between these compartments (Dodds and 

Whiles 2010; Padisák and Reynolds 2003). Inversely, the lack of relevant thermal 

stratification in shallow lakes leads to the absence of thermal barrier between the upper 

and the deeper waters. Consequently, the entire water column is almost always mixed and 

constant interactions occur between the water and the sediment compartments (Scheffer 

2004). Although rare, thermal stratifications could occur during few hours to few weeks, 

especially in summer. Shallow lakes are thus usually considered polymictic 1 , as a 

1 Definitions of all words in bold are found in the glossary at the end of this document. 
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consequence water mixing is frequent, periods of stratification are relatively shorts and not 

necessarily continuous. These stratified structures could vanish with wind disturbances or 

substantial increase of insolation (Padisák and Reynolds 2003). Exchanges between the 

water column and the sediment have major impact on the biogeochemical processes (by 

diffusion or wind-induced sediment resuspension of nutrient, e.g., nitrogen or 

phosphorus) (Thomas and Shallenberg 2008), and/or the vertical and horizontal 

distribution of organisms (e.g., bacterioplankton i.e. the planktonic bacteria that drifts in 

the water column) by the increase of nutrient supplies or their resuspension from 

sediments (Weithoff et al. 2000; Bai and Lung 2005). 

I.2  Shallow lakes facing anthropogenic pressures

As they are linked to their watershed, lakes are good integrators of both terrestrial

and atmospheric processes, thus, they are considered useful ‘sentinel systems’ of the 

environmental pressures (Williamson et al. 2008). These ecosystems are thus facing 

multiples anthropogenic pressures, especially in small and shallow lakes where pressures 

may be magnified due to their specific characteristics. First, shallow lakes present high 

surface/volume ratio compared with deeper lakes (Chapman and Bolen 2015). Second, 

they display intense water-sediment interplays that constantly reload large amount of 

nutrients in the water column. Finally underwater solar radiation can reach the bottom of 

the water column in shallow lakes, which could enhance the primary production due to the 

photodegradation of recalcitrant dissolved organic carbon into inorganic forms (de Haan 

1993). 

Among anthropogenic pressures, man-made eutrophication (mostly originating 

from agricultural practices, industrial activities and domestic wastewater discharges) may 

result from large allochthonous nutrient and micropollutant inputs in aquatic 

environments that could enhance algal and cyanobacterial bloom (Dodds et al. 2009) and 

bacterial production (Jansson et al. 2000; Kritzerg et al. 2006). Pesticides and herbicides 

may affect lake functioning through their negative effect on all primary producers (Seguin 

et al. 2001). Furthermore, runoff discharges from livestock, storm sewer or combined 

sewer outlets can introduce exogenous micropollutants, nutrients, organic matter and 

organisms in lacustrine ecosystems (Fig. 1). For instance, waterborne pathogens (e.g., the 
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human protozoan parasite Cryptosporidium parvium or the bacteria Escherichia coli) may 

be present in high numbers in rain runoffs and sewer effluents (Brookes et al. 2004; 

Nevers and Whitman 2008). All these pressures can profoundly modify the community 

structure and functioning and therefore, goods and services that they provide to human 

society could be altered (Dodds et al. 2009). 

I.3  Importance of the bacterial community in the ecological functioning

Heterotrophic bacteria play an essential role in the ecological functioning of the

lacustrine ecosystems (Lindeman 1942), especially by the regeneration and mobilization 

of nutrients within the microbial loop to higher trophic levels (Fig. 1) (Mostajir et al. 2011). 

Through the bacterial metabolism, dissolved and particulate organic matter originating 

from phytoplankton exudates or zooplankton grazing are incorporated into the bacterial 

biomass, and then transferred to higher trophic levels by the protist predation (Azam et al. 

1983). Protists are then consumed by zooplankton that in turn will feed large metazoan 

predators. Among protists, heterotrophic nanoflagellates, myxotrophic flagellates and 

Figure 1 Simplified food web diagram in lacustrine pelagic zone. Solid black lines: predation 
interactions; dotted black lines: release of organic matter. DOM, dissolved organic matter; POM, 
particulate organic matter. Modified from Meyer (1994) and Mostajir and colleagues (2011). 
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ciliates (that are important grazers of heterotrophic nanoflagellates (Weisse 1991) have 

been observed as major consumers of the heterotrophic bacteria (Psenner and 

Sommaruga 1992; Domaizon et al. 2003; Chróst et al. 2009). 

Several evidences indicate that the microbial loop could be regulated by both top-

down and bottom-up controls (Fig. 1) (Jardillier et al. 2004; Muylaert et al. 2002). 

Regarding the bacterioplankton, bottom-up control refers to the limitation of bacteria by 

nutrients derived from allochthonous or autochthonous inputs, primary production and 

heterotrophic production. Inversely, top-down control refers to the limitation of bacteria 

by nano- or microplankton grazing pressures (Pace and Cole 1994). From these 

definitions, we could easily hypothesize that in oligo- and mesotrophic lakes, bacterial 

communities might be shaped by bottom-up control due to nutrient limitations whereas in 

eutrophic lakes, in absence of nutrient restrictions, top-down control might have a higher 

importance. However, no clear consensus supports this assumption (e.g., Muyleart et al. 

2002; Chróst et al. 2009), suggesting that mechanism governing the aquatic food web 

may be far too complicated to be only described by top-down or bottom-up control. 

II. Biogeography of bacterioplankton in freshwater lakes

II.1 Context and definition

The composition of the bacterioplankton assemblages has been extensively

studied in lakes over the past decade, as noticed by the reviews of Zwart and colleagues 

(2002) and Newton and colleagues (2011). Opening the bacterial community black box 

has been possible due to the development of the culture-independent methods based on 

the sequences encoding for the rRNA gene (Hugenholtz et al. 1998). The 16S rRNA gene 

encoding for the component of the small subunit of prokaryotic ribosomes is commonly 

used for the identification and classification of bacteria due to the compulsory presence of 

this housekeeping gene for cell life and the slow changes over time of this sequence, 

permitting the detection of relatedness among species (Woese and Fox 1977). Since the 

appropriation of these molecular tools by microbial ecologists in the late 1990s, the 

number of 16S rRNA gene sequences collected from the epilimnia has steadily increased 

from 150 sequences to more than 11,000 sequences in 2011 (Newton et al. 2011). More 
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recently, the advent of high-throughput sequencing methods has contributed to a 

tremendous increase in the total number of 16S rRNA gene sequences collected from 

these habitats allowing a better in depth analysis of the bacterial diversity and community 

structure (see Chapter I, section IV.1.ii). 

The first meta-analysis performed with 622 bacterial sequences collected in ten 

lakes from different continents revealed that most of the freshwater bacteria were distinct 

from bacteria in neighboring environments such as soil, sediment or marine habitats 

(Zwart et al. 2002). The same study observed that lacustrine bacterial communities (i.e. 

assemblage of taxa found together in a specific habitat at a certain time, interacting with 

other in this area) were dominated by five phyla, i.e. the Proteobacteria (36% of the total 

sequences), the Actinobacteria (19%), the Cytophaga-Flavobacterium-Bacteroides (15%) 

(currently known as Bacteroidetes), the Cyanobacteria (9%) and the Verrucomicrobia (8%). 

Ten years later, the same phyla were described by Newton and colleagues (2011) as 

dominant in the bacterioplakton within a meta-analysis carried out with data from 69 

published papers (Fig. 2). 

Figure 2 Bacterial community composition in freshwater lake epilimnia. Sequences (11,400 
sequences) were taxonomically classified by the RDP classifier with a cutoff of 75%. Phyla listed 
are present in both bar plots but are listed on only one side to aid in the visualization of the 
plots. aSequences assigned to the phylum Proteobacteria with a cutoff of 75%. From Newton 
and colleagues (2011). 

commonly (Proteobacteria, especially Betaproteobacteria,
with !4,300 and !2,600 sequences, respectively; Actinobacte-
ria, with !3,000 sequences; Bacteroidetes, with !1,900 se-
quences; Cyanobacteria, with !800 sequences; and Verrucomi-
crobia, with !300 sequences) (Fig. 2 and see Table S1 in the
supplemental material). These five phyla were also the most
numerous in the database compiled previously by Zwart and
colleagues (238) and are in general agreement with the major-
ity of FISH-based studies, which reported the Actinobacteria
(4, 23, 63, 224) or the Betaproteobacteria (62, 93, 139, 153, 230)
as being the most abundant bacterial phylum in lake epilimnia.
The remaining 16 recovered phyla make up only "2.6% of the
total sequences collected in our database and include Acidobac-
teria, BRC1, Chlorobi, Chloroflexi, Fibrobacteres, Firmicutes, Fu-
sobacteria, Gemmatimonadetes, Lentisphaerae, Nitrospira, OD1,
OP10, Planctomycetes, Spirochaetes, SR1, and TM7 (Fig. 2).

A large group of sequences in the data set was termed
“unclassified” ("500 sequences) (Fig. 2). An unclassified label
signifies that a sequence had #75% confidence at the phylum
taxonomic level with the RDP Classifier assignment. The ma-
jority of these unknown sequences were at least in part the
result of the sequence read length being very short (#400 nt)
(Fig. 2). It is not clear whether the 15 unclassified nearly
full-length sequences represent bacterial 16S rRNA genes
from undefined or poorly defined phyla, undetected chimeras,
poor sequence reads, or nonspecific amplification. None of
these 15 sequences met our criteria to be included in a clade or
tribe.

In the following sections we review and summarize the cur-
rently available information regarding the ecology and diver-
sity of each major bacterial phylum recovered in freshwater
lakes. Along with basic information and the historical context,
we present an updated phylogenetic framework that links back
to prior findings and use this new framework as an outline for
summarizing published studies of the ecology of each phylum
and its more finely resolved groups. The length of each section
reflects the currently available information and is also a fair
proxy for the number of available sequences for each phylum.
We conclude each section with a brief summarizing statement
of unifying traits for freshwater lake bacteria in each phylum,
even if it is clear that there is considerable ecological diver-
gence at this higher taxonomic rank.

Phylum Actinobacteria

The phylum Actinobacteria (formerly part of the group of
high-G$C Gram-positive bacteria) is made up of Gram-posi-
tive bacteria with a high mol% G$C DNA composition (gen-
erally ranging from 51 to 70% [218]). Historically, soils were
considered the primary environment of residence and optimal
activity for the Actinobacteria (66). The advent of molecular-
based studies of aquatic systems has changed this perception.
Initial 16S rRNA gene- and FISH-based studies revealed that
members of the Actinobacteria are common and often numer-
ically important component in a variety of freshwater habitats
(42, 63, 95, 238, 239). Also clear from these studies was that the

FIG. 2. Stacked bar plot representing the distribution of sequences by phylum in the freshwater lake sequence database. Sequences were
taxonomically classified by the RDP classifier (February 2010) (222) and were required to have 75% classifier confidence to be included as a
representative of a phylum. Sequences with #75% confidence were termed unclassified. Phyla listed are present in both bar plots but are listed
on only one side to aid in the visualization of the plots. a, the phylum Proteobacteria was split into its representative classes for sequences with a
!75% confidence score at the class taxonomic assignment and unknown Proteobacteria for those sequences with confidence scores of #75%.
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 Although similar global tendencies regarding the proportion of phyla were 

observed between these two meta-analyzes, dissimilarities (variations) among lakes in the 

bacterial community composition cannot be excluded at the phylum level. Indeed, 

conclusive supports highlighted the existence of spatial (Martiny et al. 2006; Hanson et al. 

2012; Lindström and Langenheder 2012) and temporal (Boucher et al. 2006; Jones et al. 

2012) variations within bacterial assemblages, among and within lakes, i.e. the study of 

bacterial biogeography seems to make sense. 

Biogeography is the study of the distribution of organisms over space and time 

(Lomolino et al. 2006; Martiny et al. 2006). It aims to gain an insight into processes that 

cause the differences in community composition between sites, i.e. the beta diversity. 

Thus, biogeography intents to answer to “who is where, at what abundance, and why?” 

(Martiny et al. 2006), one of the fundamental questions in ecology (Sutherland et al. 2013). 

Four fundamental ecological processes are recognized to drive the diversity and 

composition of the bacterial communities, i.e. the speciation, selection, ecological drift 

and dispersal (Vellend 2010). Speciation refers to the mechanisms (i.e. individual drift or 

selection) that create new taxa. Selection is the ability of taxa to survive and reproduce 

facing abiotic or biotic interactions (i.e. competition, predation or mutualism). Ecological 

drift refers to processes that randomly change the abundance of taxa, while the dispersal 

mechanisms (some examples are described in Table 1) may reflect the displacement of 

taxa to a new location. These ecological processes are at the root of the mechanisms 

responsible for biogeographical patterns. However, as it is difficult to evaluate separately 

the contribution of each of these processes (e.g., speciation) (Hanson et al. 2012), 

Table 1 Example of dispersal mechanisms in freshwater environment. From Lindström and 
Langenheder (2012). 
Dispersal mechanisms Relevant scales 
Dispersal via air, aerosols or particles From meters to global scales 
Dispersal between system types via terrestrial surface 
(storm sewer outlet) or groundwater 

From meters to kilometers 

Dispersal within system types with water masses 
(connection of lakes to river) 

From meters to continents 

Dispersal with living vector From micrometers to global scales (depending on 
the range of the vector) 

Dispersal by direct contact (contact with human host) Meters 
!
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biogeographical frameworks (that often combine multiple ecological processes) have 

been established to improve our comprehension of the processes shaping the bacterial 

community assemblages. 

II.2 Conceptual biogeographical frameworks

One early attempt to explain the microbial distribution at the regional scale was the

famous statement “Everything is everywhere, but, the environment select”, the so-called 

Baas Becking hypothesis (Beijerinck 1913; Baas Becking 1934). “Everything is everywhere” 

assumes that dispersal capability of microorganisms is high enough to erase historical 

biogeography patterns, and “but, the environment select” suggests that the bacterial 

assemblages are shaped by local environmental conditions. This perception that bacterial 

communities were governed by local interactions persisted until the early 2000s. Indeed, 

with the advent of DNA-based molecular technologies, substantial evidences of the 

impact of dispersal processes on bacterial distribution were encountered (Lindström and 

Bergström 2004; Reche et al. 2005; Yannarell and Triplett 2004). 

Based on environmental

and dispersal factors, Martiny and

colleagues (2006) proposed four 

frameworks to explain the 

differences in the microbial 

assemblages at the regional scale:

(i) the absence of influence of both

environmental and dispersal 

factors on the bacterial 

communities, thus the bacterial 

assemblage appears to be 

randomly distributed over space,

(ii) the unique influence of the 

local environmental conditions (i.e. 

Baas Becking hypothesis), (iii) the 

unique influence of dispersal processes often characterized with the geographic distance 

Figure 3 Contributions of environmental and dispersal 
factors on the bacterial biogeography. The 
biogeographical pattern of the four frameworks 
proposed by Martiny and colleagues (2006). Each 
bacterial community is symbolized by a circle; habitats 
are represented by a letter (A, B and C); different 
locations have a distinct color (green vs white). The 
closer the circles are, the more similar are the bacterial 
communities. Modified from Martiny and colleagues 
(2006). 
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Effects of environment and history 
Whereas many studies examine whether microbial
assemblages vary over space, we know of only 10 pub-
lished microbial studies that can be applied to the above 
framework to assess the roles of historical contingencies

and contemporary environmental factors (TABLE 2). The 
number of studies available is small because few micro-
bial biogeography studies report the geographic distance
between their samples or directly test for a distance effect
relative to a contemporary environmental effect.

Despite this low number, five studies found signifi-
cant distance effects, indicating at least some degree of 
provincialism (TABLE 2). The relative influence of histori-
cal versus environmental factors seems to be related to 
the scale of sampling. In the two intercontinental stud-
ies, Synechococcus36 and Sulfolobus37 assemblages in hot
springs could be significantly differentiated by distance 
but did not correlate with the many environmental 
variables measured. This result indicates that, on the 
order of tens of thousands of kilometers, the legacy of
historical separation can overwhelm any effect of envi-
ronmental factors. These results should not be taken 
to mean that the contemporary environment has no 
effect on biotic composition, but rather that its influ-
ence is relatively small compared to that of distance. 
Indeed, Papke et al.36 noted that, although there was
no strong correlation between Synechococcus genotype 
and chemical characteristics of hot springs at an inter-
continental scale, some genetic differences among hot 
springs within a continent seemed to be due to spring 
chemistry.

By contrast, environmental effects have been repeat-
edly shown to significantly influence biotic composition
at small spatial scales for which distance effects seem to
be negligible. The two studies that sampled sites separated
by only a few kilometers found significant environmen-
tal effects but none of distance (TABLE 2). At intermediate
scales (10–3000 km), three of the five studies found a
significant distance effect. Environmental conditions
also seemed to influence composition at this spatial scale, 
with one exception38. Therefore, it is at this intermediate 
spatial scale that the influence of both historical contin-
gencies and contemporary ecological factors on microbial
biogeography is most likely to be detected.

These general trends were apparent even though the 
studies included a broad range of taxa (bacteria, archaea 
and fungi) and the resolution of the taxonomic units var-
ied enormously. The OTU (operational taxonomic unit) 
definitions varied from ARISA (automated ribosomal
intergenic spacer analysis) profiles of all bacteria to multi-
locus sequence typing of cultured isolates within one
genus. In general, patterns present at finer taxonomic
resolutions might not be reflected at broader resolutions.
For instance, one might not see compositional differ-
ences among sites at the level of 16S rDNA, even though
there are clear differences in ITS (intergenic transcribed
space) sequences20. The same taxonomic-scale depend-
ence applies to the distribution of macroorganisms; for 
instance, many more plant genera are restricted to a
particular continent than plant families.

What processes shape microbial biogeography?
The studies reviewed above indicate that microbial
assemblages can exhibit both environmental segrega-
tion and biogeographic provincialism (TABLE 2), but
what processes generate these patterns? The definitive

Figure 1 | Assessing the contributions of 
environmental and historical effects on microbial 
biogeography. Four alternative hypotheses about
environmental and historical influences on 
communities and the general results that would 
support them, using (a) samples (shown in circles) from 
discrete predefined habitat types (A, B and C) and 
locations (green versus white) or (b) samples from 
continuous habitat variables and geographic distances. 
The axes in (a) are dimensionless; samples that contain 
similar assemblages are mapped closer to one another 
relative to pairs of samples with different assemblages.
In b, lack of a correlation between environmental 
similarity or geographic distance and biotic similarity 
(BOX 1) indicates no biogeographic patterning.
Alternatively, to the extent that environmental and 
historical factors have influenced the assemblages 
sampled, biotic similarity should be correlated with 
environmental similarity and geographic distance, 
respectively. Standard correlation tests are not
appropriate to distinguish between these hypotheses 
because of non-independence; therefore, 
randomization tests such as a bootstrapped regression
analysis25 or Mantel tests87,88 are required. Further tests,
such as a partial Mantel test, can disentangle the effects 
of geographic distance versus environment on 
assemblage composition89.
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Effects of environment and history 
Whereas many studies examine whether microbial
assemblages vary over space, we know of only 10 pub-
lished microbial studies that can be applied to the above 
framework to assess the roles of historical contingencies

and contemporary environmental factors (TABLE 2). The 
number of studies available is small because few micro-
bial biogeography studies report the geographic distance
between their samples or directly test for a distance effect
relative to a contemporary environmental effect.

Despite this low number, five studies found signifi-
cant distance effects, indicating at least some degree of 
provincialism (TABLE 2). The relative influence of histori-
cal versus environmental factors seems to be related to 
the scale of sampling. In the two intercontinental stud-
ies, Synechococcus36 and Sulfolobus37 assemblages in hot
springs could be significantly differentiated by distance 
but did not correlate with the many environmental 
variables measured. This result indicates that, on the 
order of tens of thousands of kilometers, the legacy of
historical separation can overwhelm any effect of envi-
ronmental factors. These results should not be taken 
to mean that the contemporary environment has no 
effect on biotic composition, but rather that its influ-
ence is relatively small compared to that of distance. 
Indeed, Papke et al.36 noted that, although there was
no strong correlation between Synechococcus genotype 
and chemical characteristics of hot springs at an inter-
continental scale, some genetic differences among hot 
springs within a continent seemed to be due to spring 
chemistry.

By contrast, environmental effects have been repeat-
edly shown to significantly influence biotic composition
at small spatial scales for which distance effects seem to
be negligible. The two studies that sampled sites separated
by only a few kilometers found significant environmen-
tal effects but none of distance (TABLE 2). At intermediate
scales (10–3000 km), three of the five studies found a
significant distance effect. Environmental conditions
also seemed to influence composition at this spatial scale, 
with one exception38. Therefore, it is at this intermediate 
spatial scale that the influence of both historical contin-
gencies and contemporary ecological factors on microbial
biogeography is most likely to be detected.

These general trends were apparent even though the 
studies included a broad range of taxa (bacteria, archaea 
and fungi) and the resolution of the taxonomic units var-
ied enormously. The OTU (operational taxonomic unit) 
definitions varied from ARISA (automated ribosomal
intergenic spacer analysis) profiles of all bacteria to multi-
locus sequence typing of cultured isolates within one
genus. In general, patterns present at finer taxonomic
resolutions might not be reflected at broader resolutions.
For instance, one might not see compositional differ-
ences among sites at the level of 16S rDNA, even though
there are clear differences in ITS (intergenic transcribed
space) sequences20. The same taxonomic-scale depend-
ence applies to the distribution of macroorganisms; for 
instance, many more plant genera are restricted to a
particular continent than plant families.

What processes shape microbial biogeography?
The studies reviewed above indicate that microbial
assemblages can exhibit both environmental segrega-
tion and biogeographic provincialism (TABLE 2), but
what processes generate these patterns? The definitive

Figure 1 | Assessing the contributions of 
environmental and historical effects on microbial 
biogeography. Four alternative hypotheses about
environmental and historical influences on 
communities and the general results that would 
support them, using (a) samples (shown in circles) from 
discrete predefined habitat types (A, B and C) and 
locations (green versus white) or (b) samples from 
continuous habitat variables and geographic distances. 
The axes in (a) are dimensionless; samples that contain 
similar assemblages are mapped closer to one another 
relative to pairs of samples with different assemblages.
In b, lack of a correlation between environmental 
similarity or geographic distance and biotic similarity 
(BOX 1) indicates no biogeographic patterning.
Alternatively, to the extent that environmental and 
historical factors have influenced the assemblages 
sampled, biotic similarity should be correlated with 
environmental similarity and geographic distance, 
respectively. Standard correlation tests are not
appropriate to distinguish between these hypotheses 
because of non-independence; therefore, 
randomization tests such as a bootstrapped regression
analysis25 or Mantel tests87,88 are required. Further tests,
such as a partial Mantel test, can disentangle the effects 
of geographic distance versus environment on 
assemblage composition89.
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between lakes and (iv) the influence of both environmental and dispersal processes. 

Figure 3 illustrates the biogeographical patterns observed for these four frameworks. If 

bacterial communities are neither influenced by environmental, nor dispersal factors, 

bacterial communities should be randomly distributed among habitats (scenario 1). 

Alternatively, if communities are clustered by local conditions, it could be concluded that 

bacterial communities are mainly governed by local conditions (scenario 2). If 

communities are clustered by geographical location, it could be assumed that bacterial 

communities are mainly governed by dispersal processes (scenario 3). Finally, if bacterial 

communities are influenced by both environmental and dispersal factors (scenario 4), 

communities are clustered by habitat locations and by habitat types. 

The importance of dispersal mechanisms on the community composition was 

earlier considered and subsequently resumed into four metacommunity frameworks 

(Leibold et al. 2004), the metacommunity being defined as a set of local communities that 

are linked by dispersal (Hanski and Gilpin 1991): (i) patch dynamic paradigm, which 

assumes that diversity is determined by dispersal or local extinction and colonization 

among environmentally identical patches, and is not affected by the environmental 

conditions, (ii) species sorting paradigm, which assumes that dispersal is high enough to 

allow immigration to all patches and that community composition is governed by the local 

conditions of the environments/patches (iii) mass effects paradigm, which assumes that 

massive immigration can rescue species from competitive exclusion, the impact of the 

local environmental conditions being thus negligible, and (iv) neutral paradigm, 

developed by Hubbell (2001), assumes that all taxa are similar in their competitive and 

dispersal ability (i.e. they have similar fitness, as there is a functional equivalency among 

trophically similar taxa), and that the community composition is only govern by a 

stochastic balance between species loss (extinction, emigration) and gain (immigration, 

speciation). 

Some overlaps and specificities were observed between the frameworks proposed 

by Martiny and colleagues (2006) and Leibold and colleagues (2004). Indeed, the second 

scenario defined by Martiny and colleagues (already noticed as similar of the Baas Becking 

hypothesis) is the equivalent of the species sorting paradigm proposed by Leibold and 
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colleagues (Fig. 4a). According to Lindström and Langenheder (2012), influence of 

species sorting must be enhanced if the bacterial communities are mainly composed of 

specialist taxa (Fig. 4b). Although some frameworks appeared to be similar, large 

differences exist among them. Indeed, in the third scenario, Martiny and colleagues (2006) 

only consider dispersal limitation, while Leibold and colleagues (2004) did not refer to 

dispersal limitation but instead described the concept of mass effects. The consequence 

of both mechanisms on the beta diversity is however the same: differences in the 

community composition at the global scale are enhanced with geographic distance at 

both low (dispersal limitation) and high (mass effects) dispersal rates (Lindström and 

Langenheder 2012) (Fig. 4a). 

Connectivity between lakes could partly explain the difference of dispersal rate 

(Fig. 4b). In isolated water bodies (patches), dispersal should be limited, whereas in 

connected lakes (to a river or a storm sewer outlet) dispersal should be favored. It is also 

important to notice that the random scenario 1 from Martiny and colleagues (2006) is not 

identical to the neutral paradigm, although in both cases, bacterial community seems 

randomly distributed. Indeed, random scenario predicts a pure random assemblage of 

the bacterial community due to an absence of environmental and dispersal influences, 

Figure 4 Relationship between the different scenarios for community assembly proposed by Martiny 
and colleagues (2006) and the metacommunity frameworks (Leibold et al. 2004). (a) Different 
mechanisms are assumed to act depending on the selective strength by the local environmental 
conditions and the rate of dispersal among communities. (b) Different mechanisms could potentially 
be differently important depending on type of environment and study organism. From Lindström 
and Langenheder (2012). 
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while in the neutral model patterns the beta diversity must be predicted by the occurrence 

frequency and the average abundances of taxa in a metacommunity (Sloan et al. 2006). 

Neutral model specificity come from the fact those taxa are considered to have the same 

fitness, i.e. there is a functional equivalency among trophically similar taxa (Hubbell 2001). 

Moreover, conclusive supports highlighted that the random framework proposed by 

Martiny and colleagues (2006) is obsolete as a growing number of studies found evidence 

of the importance of the environmental and/or dispersal factors (e.g., reviews from 

Tamames et al. 2010; Hanson et al. 2012; Lindström and Langenheder 2012). 

Over the past decade the utilization of community assembly rules that were 

originally developed from the study of macroorganisms has allowed improving our 

knowledge in the processes governing the bacterial biogeography. From the frameworks 

advanced by Martiny and colleagues (2006) and Leibold and colleagues (2004), three 

processes appeared to be relevant in shaping the bacterial biogeography. These 

processes include two deterministic forces, i.e. the influence of local environmental 

conditions and the dispersal-related mechanisms (i.e. dispersal limitation and mass 

effects), and the neutral processes, a stochastic force. 

II.3 Environmental, dispersal and neutral forces determining the bacterioplankton

biogeography in lakes 

Among local environmental conditions, numerous factors, almost all abiotic, are 

frequently identified as shaping the bacterial communities. These factors include water 

temperature (e.g., Muyleart et al. 2002; Wu and Hahn 2006; Shade et al. 2007), osmotic 

condition, i.e. water pH and conductivity (e.g., Kent et al. 2007; Lindström et al. 2005; 

Székely and Langenheder 2014), solar radiation (e.g., Warnecke et al. 2005; Liu et al. 

2006), nutrients availability or primary production (e.g., Crump et al. 2003; Eiler et al. 

2003; Yannarell et al. 2003; Yannarell and Triplett 2004; Kent et al. 2007) and grazing 

pressures (Hahn and Höfle 2001). All these factors could have direct or indirect influences 

on the bacterial assemblages. For instance, the water pH can directly regulate the overall 

growth patterns of bacterial populations (e.g., Langenheder et al. 2006) or indirectly 

influence the bacterial community through modification of the molecular structure 

conformation of organic compounds (Murphy et al. 1994). 
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Dispersal limitation has mostly been assessed 

using geographic distance between lakes (e.g., 

Crump et al. 2007; van der Gucht et al. 2007; 

Barberán and Casamayor 2010): the closer are the 

lakes, the more similar are the communities (Fig. 5), 

i.e. the distance-decay relationship (Green et al. 

2004; Soininen et al. 2007). More recently, dispersal 

limitation is also characterized regarding the spatial 

structuring of the bacterial community using 

matrices (e.g., Drakare and Liess 2010; Székely and 

Langenheder 2014; Liu et al. 2015), such as 

principal coordinates of neighbor matrices (PCNM). Such matrices are composed of 

multiple vectors, which altogether reflect the bacterial community spatial pattern (Borcard 

and Legendre 2002). Figure 6 illustrates the partitioning of the observed spatial pattern of 

a bacterial communities (Fig. 6a) into three estimated patterns (PCNM 1, 2, and 3) (Fig. 

6b,c,d). Mass effects are either directly assessed by evaluating the degree of similarities 

between autochthonous and allochthonous (from a river for instance) bacterial 

assemblages (Lindström et al. 2006; van der Gucht et al. 2007; Nelson et al. 2009) or 

indirectly by assessing the connectedness between lakes and potential sources of bacteria 

such as rivers, runoff or sewer discharge (van der Gucht et al. 2007). Neutral processes 

were evidenced using the model of Sloan and colleagues (2006) in various freshwater 

habitats (e.g., Drakare and Liess 2010; Östman et al. 2010; Logares et al. 2013). This 

model, modified from Hubbell’s model (2001), is adapted to large population size, 

including bacterial communities, and allows taxa to have competitive advantage or 

disadvantage compare to other taxa. 

Although there are evidences in lacustrine ecosystems of the influence of all 

processes previously mentioned (i.e. local environmental conditions, dispersal 

mechanisms and neutral processes), Östman and colleagues (2010) suggested that the 

relative importance of environmental and neutral processes should depend on the 

environmental heterogeneity between lakes: greater environmental gradient should 

enhance the importance of local conditions. Logue and Lindström (2008) presented in 

Figure 5 Relationship between the 
bacterial community similarity and the 
geographic distance between lakes, 
i.e. distance-decay relationship. From 
Soininen and colleagues (2007).
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their review a conceptual model where the importance of mass effects versus species 

sorting should depend on water retention time (i.e. the overall mean time that water 

spends in a lake), that is, in lakes characterized by long retention time (higher than 100 

days (Lindström et al. 2006; Lindström and Bergström 2004), the influence of 

environmental factors may be favored contrary to lakes with a shorter retention time. 

However, how high dispersal rates need to be for mass effects to appear is unclear (Logue 

and Lindström 2010) but may for instance, depend on the trophic status of the habitat. 

Indeed, mass effects appear to be more efficient in oligotrophic lakes while environmental 

forces appear to prevail in eutrophic lakes (van der Gucht et al. 2007). 

Determination of the influence of the processes responsible for the bacterial 

biogeography can be complex as biogeographical patterns may result from multiples 

processes. For example, distance-decay relationship or spatial clustering of the bacterial 

assemblages not necessarily translate the importance of dispersal limitation. Indeed, such 

pattern could be assessed by the spatial autocorrelation of the environmental conditions 

(Lindström and Langenheder 2012). Inversely, the connection of a lake to a river could 

Figure 6 Relationship between the 
observed and estimated bacterial 
community similarity and geographic 
distance between lakes. (a) Observed 
spatial distribution (thin line); 
parsimonious estimated spatial 
distribution using PCNM model 
(combination of the three PCNM 
vectors 1, 2 and 3). (b, c and d) PCNM 
vectors representing the estimated 
spatial distribution at distinct spatial 
scale: (b) broad-scale, (c) 
intermediate-scale, (d) fine-scale 
models. Modified from Borcard and 
colleagues (2004). 
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disrupt the autochthonous bacterial assemblage due to mass effects, and also change 

local environmental conditions (Logue and Lindström 2008), for instance, by a large 

supply of nutrients. Thus, it could be difficult to statistically disentangle both processes. In 

order to address this problem, statistical analyzes such as variation partitioning analysis 

(VPA) have been developed to discriminate the ‘true’ relative influence of both 

environmental and dispersal forces on the bacterial beta diversity variations (Borcard et al. 

1992; Peres-Neto et al. 2006). However, the absence of a relevant environmental variable 

included in the model could drastically underestimate the importance of local 

environmental factors on the bacterial beta diversity variations (Lindström and 

Langenheder 2012). 

II.4 Dispersal consideration

The estimation of bacterial dispersal should take into account several potential

biases. First the detection of a new taxon in a lake survey does not mean that it has 

recently settled in the lake (after dispersal). Indeed, it is likely that this taxon was 

resuscitated from dormancy due to an improvement of the local conditions (Choi et al. 

1996; Jones and Lennon 2010). Second, according to Hanson and colleagues (2012), the 

detection of a taxon does not imply its proper establishment in the habitat, i.e. that this 

taxon is metabolically and reproducibly active. The establishment of a bacterial species 

depends on many factors including the species competitive abilities or the presence of 

suitable environmental conditions. Furthermore, the detection of a bacterial taxon by PCR-

based methods is adding an incertitude regarding the establishment of this taxon in the 

ecosystem, since it is likely to detect DNA from dead-cells and since DNA can persist 

several weeks in freshwaters (Nielsen et al. 2007; Dejean et al. 2011). Finally, dispersal is 

an integral part of the neutral processes. Indeed, dispersal is considered to be neutral 

when dispersal rates depend on the community size (Hubbell 2001): abundant taxa should 

have a greater dispersal aptitude compare to low abundance populations, regardless of 

taxon identity. 

II.5 Biogeography depending on the taxonomic rank?

In the scientific literature, a growing number of studies support that several

processes may simultaneously shape the bacterial assembly (e.g., van der Gucht et al. 
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2007; Drakare and Liess 2010; Langenheder and Székely 2011). The coexistence may 

result from different populations of the bacterial assemblage that are not shaped by the 

same forces, probably due to specific properties or traits. Green and colleagues (2008) 

reviewed that although bacterial community are surprisingly plastics in terms of 

metabolism or physiology properties, there are evidences that bacterial communities 

could be biogeographically distributed not regarding species composition but regarding 

the bacterial functional traits. Same observations were obtained by Burke and colleagues 

(2011). 

Independently, a recent 

study demonstrated that a 

large proportion of functional 

traits were not randomly 

distributed (83 out 89) within 

bacterial lineages. Indeed, 

complex traits encoded by 

several genes were shared by 

few close lineages (e.g., 

oxygenic photosynthesis was 

only encountered within the 

phylum Cyanobacteria), 

whereas simple genes (e.g., 

enzymes degrading simple 

carbon compounds) were 

widespread among bacterial 

lineages (Martiny et al. 2013). 

These results are congruent 

with those from Philippot and colleagues (2010) that observed distinct responses to a 

perturbation (cattle pressure) among phyla (Fig. 7). Besides, discrepancies in the 

importance of environmental versus dispersal-related factors among dominant phyla and 

classes have already been observed in the studies of Barberán and Casamayor (2010) and 

Székely and Langenheder (2014). 

!
Figure 7 Niche differentiation at the phylum and class levels. 
The spatial distribution of the relative abundance of targeted 
bacterial classes or phyla within the total bacterial community 
of a pasture subjected to three levels of cattle impact. Field-
scale variations of the relative abundance of the different taxa 
are indicated by the different colours, from blue (lower relative 
abundance) to red (higher relative abundance). From 
Philippot and colleagues (2009). 
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ciations were reported between habitat and 
phylotype52. For example, relatives from the 
order Rickettsiales were found mostly in 
surface water, whereas relatives from the 
orders Rhizobiales and Burkholderiales were 
found mostly in soil. In aquatic ecosystems, 
the composition of bacterial communities 
showed limited overlap between marine and 
freshwater environments, and a few high 
taxa, such as the Betaproteobacteria (which 
are nearly absent in oceans), were typical of 
fresh waters53,54. In estuaries, which are the 
mixing zones between both ecosystems and, 
thus, extraordinary field laboratories to study 
ecological niches of bacterial lineages, a clear 
dominance was found for the Alphaproteo-
bacteria in the lower, saltier water and for 
the Betaproteobacteria in the upper, fresher 
water, whereas members of the Flavobacteria 
prevailed in the turbidity maximum of the 
estuary55. In terrestrial ecosystems, which 
have greater spatial heterogeneity than water 
columns, ecological niches and spatial pat-
terns of microbial communities can develop 
at much smaller scales. For example, it was 
found that changes in land management, 
such as fertilizer treatment and cropping, 
led to large differences in the abundances of 
many classes and phyla in the soils of adja-
cent fields49 (FIG. 2a). Likewise, the relative 
abundances of several classes and phyla were 
shown to display spatial patterns at the metre 
scale19; these patterns were taxon specific and 
correlated to soil properties in pastures that 
were differently affected by cattle (FIG. 2b).

In addition to spatial patterns, temporal 
patterns have been reported and are exempli-
fied by successional transitions of bacterial 
populations. During aging of compost, dif-
ferent high-rank phylogenetic groups were 
identified at different stages43, including 
increases in the phylum Actinobacteria dur-
ing the later stages56. Another example of suc-
cession at high taxonomic rank is provided 
by a recent analysis of the microbial commu-
nity of the human small-bowel lumen, which 
revealed a dramatic shift from the orders 
Clostridiales and Bacteroidales to the orders 
Lactobacillales and Enterobacteriales after 
an ileostomy57. Following surgical closure of 
the ileostomy, the community composition is 
similar to that of the normal microbiota, sug-
gesting that the introduction of oxygen into 
the otherwise anaerobic ileum was respon-
sible for the shift in the dominant bacterial 
orders (FIG. 3). Clear seasonal signatures in 
the abundance of major bacterial lineages
have been observed in soil32,33 and in marine 
ecosystems58. In aquatic ecosystems, temporal 
changes have also been reported at much 

Figure 2 | Niche differentiation at the phylum and class levels. a | The relative abundance of bacte-
rial taxa in bacterial communities in soil under different land management regimes49. Only those taxa 
for which the abundance changed significantly with management are shown. b | The spatial distribution 
of the relative abundance of targeted bacterial classes or phyla within the total bacterial community of 
a pasture subjected to three levels of cattle impact, as shown at the bottom. Field-scale variations 
of the relative abundance of the different taxa are indicated by the different colours, from blue (lower 
relative abundance) to red (higher relative abundance). Part a courtesy of K. Jangid, University of 
Georgia, Athens, USA. Part b modified, with permission, from REF. 19  (2009) Society for Applied 
Microbiology and Blackwell Publishing.

PERSPECT IVES

526 | JULY 2010 | VOLUME 8 www.nature.com/reviews/micro

© 20 Macmillan Publishers Limited. All rights reserved10



Chapter I!

35 

II.6 Spatio-temporal variability

Although biogeography has been previously defined as the study of the bacterial

distribution over space and time, at the regional scale, a few studies have simultaneously 

investigated the influence of both environmental and dispersal-related factors on more 

than one sampling campaign (e.g., van der Gucht et al. 2007) and to the best of my 

knowledge, except in a study on an activated sludge (Ofiţeru et al. 2010), the importance 

of the neutral model has never been temporally evaluated on the bacterial assemblage. 

Yet, temporality appears to be an important axis of variation for aquatic microorganisms. 

Indeed, conclusive supports highlighted evidences of seasonal variations within lakes, 

related to water temperature (Shade et al. 2007), nutrient availability (Crump et al. 2003) 

or top-down control (Kent et al. 2007). Moreover, among the studies assessing the 

seasonality of bacterioplankton assemblages for a longer time period than a year, most of 

the results did not exhibit similar pattern from year to year (e.g., Lindström 1998; Yannarell 

et al. 2003; Kent et al. 2004; Boucher et al. 2006; Jones et al. 2012). 

Intra-lake spatial variations of the beta diversity have also been poorly investigated 

compare with spatial surveys focusing on cross-lake comparisons. Yet, even if some 

papers showed conclusive supports that intra-lake variations are smaller than inter-lake 

variations (Yannarell and Triplett 2004; Jones et al. 2012), intra-lake horizontal 

heterogeneity has been observed in a shallow lake (that was supposed to be well-mixed) 

(Jones et al. 2012). The presence of horizontal heterogeneity in the bacterial community 

composition might appear when the rate of biological and ecological interactions driving 

bacterial community assembly occurs faster than the rate of water movement and 

turbulence in the lake. Besides, Jones and colleagues (2012) showed that intra-lake 

variations could be as important as temporal variations, i.e. the variation observed for 

samples separated by a single day or a meter were comparably similar. Environmental 

factors (de Wever et al. 2005), but also physical barrier have been identified as shaping 

the spatial heterogeneity within lakes (Yannarell and Triplett 2004). Moreover, few studies 

(e.g., Adams et al. 2014) have focused on the impact of mass effects within lake on the 

horizontal heterogeneity of bacterial communities. Indeed, most studies investigating the 

impact of natural or man-made inlets on a water body have focused on the flow and 
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persistence of pathogen population (McCorquodale et al. 2004; McLellan et al. 2007), but 

rarely on the composition of bacterial communities. 

Studies investigating the bacterial dissimilarities within the water column were 

performed on deep lakes. They revealed large discrepancies in bacterial assemblages 

between the epilimnion and the hypolimnion mainly related to physicochemical water 

properties (e.g., Goddard et al. 2005; de Wever et al. 2005; Boucher et al. 2006). 

II.7 Conclusion

The pertinence of biogeographical studies of bacterial assemblages have been

demonstrated at both regional (among lakes) and local (within lake) scales in several 

published papers. Different processes were advanced to explain the bacterial community 

variations: two deterministic forces, i.e. local environmental conditions and dispersal-

related mechanisms (i.e. dispersal limitation and mass effects), and the neutral processes. 

As neutral processes refer also to dispersal processes, to avoid any confusion throughout 

this manuscript, we will make the distinction between dispersal-related mechanisms and 

neutral processes by describing the dispersal-related processes as spatial processes. To 

date, only a few efforts have simultaneously investigated the importance of these different 

processes on the bacterial assembly at the regional scale, and there are even fewer 

studies focusing on the local scale (spatio-temporal variations within lake). Finally, at the 

regional scale, the factors shaping distinct bacterial groups, e.g., dominant phyla or 

classes, have received little attention. Since the parameters driving the bacterial 

assemblages seem to vary with the taxonomic rank, it appears important to investigate the 

bacterial biogeography not only at the total community level but also for different 

bacterial assemblages, from the phylum to the genus level. As a consequence this thesis 

explored not only the parameters that shape the whole bacterial community, but also a 

widespread taxonomic group: the nontuberculous mycobacteria. 

III. Nontuberculous mycobacteria in freshwater habitats

Mycobacteria have been historically studied, especially because some species

display pathogenicity, including the causative agents responsible for the leprosy or the 
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tuberculosis. To date, tuberculosis is still one of deadliest communicable diseases in the 

world. In 2013, 9.0 million people have contracted tuberculosis, among them, 1.5 million 

died of this disease (WHO 2014). 

Mycobacteria are not limited to these obligate pathogens. Indeed, a large number 

of mycobacterial species are considered saprophytic (i.e. heterotrophic bacteria that are 

not pathogens) and natural inhabitant of environmental habitats, including freshwater 

lakes. Among these environmental mycobacteria, few species have also been associated 

with human and animal diseases as opportunistic pathogens (Falkinham III 1996). Factors 

affecting the biogeography of nontuberculous mycobacteria are still a broad field of 

research with many unknowns, although they may also play an important role in the 

breakdown of recalcitrant and hydrophobic organic matter. 

III.1 Mycobacterial taxonomy 

The term Mycobacterium is the contraction of two Greek roots: mukês (fungus) and 

baktêria (small staff), alluding the “fungus-like” morphological aspect of some colonies 

when they are cultured on agar plates. Mycobacterium genus has long been regarded as 

the unique genus in Mycobacteriaceae family (Garrity et al. 2004). However, the 

Amycolicicoccus genus (only represented by a single species: A. subflavus) has recently 

been classified as another representative genus of this family (Wang et al. 2010). This 

family belongs to the suborder 

Corynebacterineae, the order Actinomycetales, 

the subclass Actinobacteridae, the class 

Actinobacteria and the phylum Actinobacteria. A 

total of 105 official Mycobacterium species are 

described in the Bergey’s manuel (Garrity et al. 

2004). This number is increasing exponentially 

(Fig. 8), and to date, 172 species are identified in 

the List of Prokaryotic names with Standing in 

Nomenclature (LSPN) (Euzéby 1997). 

Among the large diversity within the Mycobacterium genus, species can be 

clustered in two groups according to their virulence. The first group includes obligate 

Figure 8 Numbers of approved 
Mycobacterium species and subspecies 
from 1896 to 2010. From Dai and 
colleagues (2011). 
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Mycobacteria include a large number of pathogens. Identification to species level is important for diagnoses
and treatments. Here, we report the development of a Web-accessible database of the hsp65 locus sequences
(http://msis.mycobacteria.info) from 149 out of 150 Mycobacterium species/subspecies. This database can serve
as a reference for identifying Mycobacterium species.

Included among the mycobacteria are a large number of
clinically important pathogens, both obligate (e.g., M. tubercu-
losis and M. leprae) and opportunistic (e.g., M. avium, M. kan-
sasii, etc.). The impact of mycobacteria on human morbidity
and mortality is hard to overstate. Although tuberculosis (TB)
is arguably one of the most important infectious diseases in the
world, the incidence of disease due to nontuberculous myco-
bacteria (NTM) has been steadily increasing worldwide (6, 27,
42, 48, 59) and has likely far surpassed TB in the United States
(7). Thus, the American Thoracic Society and the Infectious
Diseases Society of America have recommended identifying
the clinically significant NTM to the species level upon the
diagnosis of nontuberculous mycobacterial diseases (17).

The Mycobacterium genus currently includes 150 species/sub-
species (http://www.bacterio.cict.fr/m/mycobacterium.html), and
the number has been increasing exponentially (Fig. 1), making
identification difficult and challenging. Current identification
based on biochemical tests of culture is slow and inadequate to
differentiate among closely related mycobacteria, especially for
those mycobacteria that are biochemically inert and slowly
growing. In contrast, molecular identification methods based
on PCR and nucleotide sequencing dramatically shorten the
detection time and improve the accuracy of identification. The
most common genomic loci used in molecular identification
are the 16S rRNA gene (25), 16S-23S rRNA internal tran-
scribed spacer (15), hsp65 (40, 47), and rpoB (22). Almost all
recent publications on new mycobacterial species compared
sequences from multiple loci to those of established species,
and hsp65 is always included. A previous study has shown a
99.1% agreement between identification using hsp65 sequenc-
ing and a conventional method combining Accuprobes, bio-
chemical test panels, or 16S rRNA gene sequencing (33), sug-
gesting that hsp65 sequencing is an effective method for
identifying mycobacterial species. It was also suggested that

completeness of the sequence database was critical for this
identification method (33). To our knowledge, there is no
publicly accessible hsp65 sequence database that covers all
currently validated mycobacterial species. Laboratorians and
researchers have to rely on the sequences deposited in public
databases, such as GenBank, EMBL, and DDBJ. The vast
majority of these mycobacterial entries are from uncharacter-
ized strains or undetermined species, and problematic se-
quence entries, such as base errors, incomplete sequences,
invalid or misidentified species, and even species-strain mis-
matches, are frequently present. This makes identification by
searching public databases onerous and error prone. To facil-
itate the taxonomic identification of mycobacterial isolates, we
have developed a Web-accessible database of mycobacterial
hsp65 sequences from 149 species/subspecies, excluding the
problematic GenBank entries mentioned above.

The type strain hsp65 sequences of 147 mycobacterial spe-
cies/subspecies were downloaded from GenBank. M. lepraemu-
rium and M. leprae do not have type strains due to difficult
cultivation. We chose M. lepraemurium TS130 and M. leprae
TN as their reference strains and obtained their hsp65 se-
quences with the GenBank sequence accession numbers
AY550232 (34) and NC_002677 (11). Multiple identical
GenBank sequences from the type strain of the same species were
combined into a single entry in our database (Table 1). We
trimmed the sequences to 401 bp, which corresponds to nucle-
otide positions 165 to 565 of the M. tuberculosis H37Rv hsp65

* Corresponding author. Mailing address: 2055 Mowry Rd., Rm.
275, Gainesville, FL 32611. Phone: (352) 273-9429. Fax: (352) 273-
9430. E-mail: dai.jian.li@ufl.edu.

† Supplemental material for this article may be found at http://jcm
.asm.org/.
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FIG. 1. Numbers of approved Mycobacterium species/subspecies

from 1896 to 2010.

2296



Chapter I 

38 

pathogens in humans and animals i.e. the Mycobacterium tuberculosis complex 

responsible for the tuberculosis (M. africanum, M. bovis, M. canettii, M. caprae, M. microti, 

M. pinnipedii, and M. tuberculosis) and leprous mycobacteria responsible for leprosy (M. 

leprae). The second group, named as nontuberculous mycobacteria (NTM) or atypical 

mycobacteria, comprises non-obligate pathogens and represents the greatest diversity 

with more than 160 described species (Euzéby 1997). 

III.2 General characteristics of the mycobacteria

III.2.i. Morphology 

Mycobacteria are straight or slightly curved rod bacteria, sometimes branched. 

They measure between 0.2 to 0.6 μm wide by 1.0 to 10 µm long. Non-motile and non-

spore forming, some mycobacterial species can produce carotenoid organic pigment 

giving them a yellow-orange color (Prescott et al. 2013; Runyon 1959). The main 

morphological characteristic of mycobacteria is their extremely complex cell envelope 

(Fig. 9). 

The mycobacterial envelope can constitute up to 40% of the bacteria dry weight 

(Anderson 1943). It is composed of an inner layer and an outer layer that surround the 

plasma membrane (Daffé 1996). The soluble outer layer, so-called capsule, is mainly 

composed of proteins and lipids whereas the insoluble inner layer is constituted of three 

different covalently linked 

structures, i.e. peptidoglycan, 

arabinogalactan and mycolic 

acids (Fig. 9). This complex refers 

to the essential core of the 

mycobacterial cell wall (Hett and 

Rubin 2008), and it is responsible 

for the cell wall integrity and 

impermeability, notably due to 

the hydrophobic mycolic acid 

layer (Daffé 1996). 

Figure 9 Schematic representation of the cell envelope of 
mycobacteria. Modified from Abdallah and colleagues 
(2007). 
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III.2.ii. Physiology 

Mycobacteria are Gram-positive, heterotrophic, aerobic or microaerobic bacteria 

(Primm et al. 2004; Prescott et al. 2013). These bacteria are generally divided into two 

groups on the basis of their growth rate on solid medium: slow- and fast-growing 

mycobacteria. Slow-growing mycobacteria (SGM) are able to produce visible colonies 

after more than seven days contrary to rapidly or fast-growing mycobacteria (FGM) where 

colonies are visible in less than seven days (Shinnick and Good 1994). The limitation 

access of extracellular nutrients into bacteria may explain this difference of growth rate. 

Indeed, a growing number of studies evidenced the direct relationship between the cell 

envelope permeability and the growth rate, especially owing the presence of porin-like 

protein expressed on their membranes (Mailaender et al. 2004; Stephan et al. 2005). The 

phenotypic difference regarding the growth rate corresponds to a real phylogenetic 

division of the genus Mycobacterium, as observed on phylogenetic trees based on rrs, 

hsp65 and rpoB gene sequences (three genes frequently used to characterized 

mycobacterial species) (Fig. 10). 

 
Figure 10 Comparison of phylogenetic trees based on the (a) rrs gene, (b) hsp65 gene, and (c) 
rpoB gene sequences of the genus Mycobacterium. The rrs, hsp65 and rpoB sequence trees 
were constructed from respectively 41, 56 and 44 reference strains of mycobacteria. Trees were 
constructed by the neighbor-joining method. The numerical values in the tree represent 
bootstrap results. The distance between two strains is the sum of the branch lengths between 
them. SGM, slow-growing mycobacteria; FGM, fast-growing mycobacteria. Modified from Kim 
and colleagues (1999) and Kim and colleagues (2005). 

typing and mycobacterial species identification (14), in which
the rpoB sequences of a limited number of mycobacterial spe-
cies (GenBank accession no. AF060279 to AF060367) com-
prising codons 482 to 715 were posted, was reported. The
nucleotide sequence of their forward primer corresponded to
the sequence of the M. tuberculosis rpoB gene. The nucleotide
sequences were determined after the amplified DNAs were
cloned. Thus, even the rpoB genes of M. avium (ATCC 25291;
GenBank accession no. AF060366) and its clinical isolates
have the same sequences as the M. tuberculosis gene. This
ambiguity may have resulted from their sequencing method
(cloning-sequencing). However, according to our results,
MOTT genes showed different sequences in the corresponding
primer region. For example, the M. avium gene had 3 nucleo-
tides that differed from those of the M. tuberculosis gene. We
could determine all of the sequences by the PCR-direct se-
quencing method.

It is difficult to believe that the partial DNA sequences (306

bp) of a single gene can reflect the phylogenetic relationships
of many mycobacteria, since only a small potion of the whole
rpoB gene was used in this study. As the hypervariable region
A in 16S rDNA (!350 bp), which is widely used, the use of an
rpoB DNA fragment may not be sufficient to differentiate my-
cobacterial species under certain circumstances. Analysis of
the rest of the rpoB gene may be desirable when the analysis of
a fragment is not sufficient. Thus, when additional comparative
analysis of mycobacterial species is required, the use of rpoB
sequence analysis is strongly recommended. This technique is
a simple and feasible method that nicely complements the 16S
rRNA sequence analysis. To reflect more comprehensive phy-
logenetic relationships among the currently recognized myco-
bacteria, we tried to include as many species as possible. Our
results reflected the classical distinction depending on the
growth rate and characteristic clustering of pathogenic species
obtained by other methods, which supported the usefulness of
the rpoB sequence analysis.

The level of divergence of rpoB among the characterized
species was usually less than 1.0% (i.e., more than 99.0%
similarity was generally exhibited). However, one strain among
the M. kansasii isolates showed only 94.8% similarity to the
reference strain. One possible and reasonable explanation is
the M. kansasii heterogeneity that has been recently revealed
by molecular genotyping studies of the hsp65 PRA (8, 24) and
16S–23S rRNA gene internal transcribed spacer sequences (1,
29). By the use of PRA of the hsp65 gene (8), this strain was
identified as M. kansasii group II, which again provided an-
other good example of the advantage of rpoB sequence analysis.

Compared with 16S rRNA gene sequence analysis, rpoB
sequence analysis offers several advantages. First, a target
DNA, i.e., a single site without a deletion or an insertion, is
sufficiently small enough to be sequenced directly in both di-
rections at once and contains enough information to distin-
guish most of the currently recognized mycobacteria. Thus,
there is no need to analyze several hypervariable regions or to
sequence the nearly 1.5 kb of 16S rDNA. Second, problems
due to the 16S rRNA (or rDNA) sequences can be eliminated.
The inferred phylogenetic tree distinguished M. kansasii from
M. gastri and M. szulgai from M. malmoense. Third, to be a
good marker for species differentiation, a target gene should
be stable and, at the same time, sequence variations should
occur randomly. However, for the differentiation of species, an
extremely conserved or highly variable gene may not be ade-
quate. In other words, the high similarity value or narrow range

FIG. 4. Phylogenetic tree based on rpoB gene sequences (GenBank accession
no. AF057449 to AF057496) shows the relationships of the 44 reference strains
of mycobacteria, including M. tuberculosis complex (M. tuberculosis, M. bovis, M.
bovis BCG, and M. africanum). ATCC numbers of M. celatum and M. fortuitum
strains are shown in parentheses. This tree was constructed by the neighbor-
joining method. Topology was also evaluated by bootstrap analysis (MEGA
program, 100 repeats, with R. equi as the outgroup). The numerical values in the
tree represent bootstrap results. The distance between two strains is the sum of
the branch lengths between them.

TABLE 2. Sequence pair distances observed among the
clinical isolates

Species Range of % similarity No. of strains

M. tuberculosis 99.0–100 46
Rifampin susceptible 100 22
Rifampin resistant 99.0–100 24

M. avium complex 99.3–100 18
M. avium 99.7–100 5
M. intracellulare 99.3–100 13

M. kansasiia 100 31

M. leprae 100 6

M. fortuitum 99.7–100 5

M. szulgai 99.0 6
a One strain among 32 clinical isolates of M. kansasii showed 94.8% similarity.
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et al., 1993), but these species can be clearly separated by
hsp65 analysis. Secondly, in the multiple alignment of hsp65
sequences of 56 mycobacterial reference strains and 105
clinical isolates, no gaps or additions were found. This
means that all the sequence information can be considered
for phylogenetic analysis without deletion of gap sequences.
This is not the case with the 16S rRNA gene. Thirdly,

although rare, some mycobacterial strains (M. celatum and
M. terrae complex) have two-copy 1S rRNA genes with
different sequences in an organism (Ninet et al., 1996;
Reischl et al., 1998). In this case, the application of direct
sequencing requires some care in the interpretation of the
results due to sequence polymorphisms. Analysis targeting
the hsp65 gene, known as a single-copy gene, can resolve

Fig. 2. Comparison of trees based on the hsp65 gene (a) and 16S rRNA gene (b) sequences. The hsp65 sequence tree was
constructed from all 56 mycobacterial reference strains but the 16S rRNA tree was from the 41 accessible mycobacterial
reference strains. Both trees were constructed using the neighbour-joining method. Percentages indicated at nodes represent
bootstrap levels supported by 1000 resampled datasets; values <50% are not shown. Solid circles on the hsp65 tree
indicate that the corresponding nodes (groupings) were also recovered in the maximum-likelihood and maximum-parsimony
trees. Stars on the 16S rRNA gene tree indicate that the corresponding nodes (groupings) were conserved in the two trees.
T. paurometabola KCTC 9821T was used as an outgroup in both trees. Bars, sequence differences of 0?01% (a) and 0?02%
(b). SGM, Slowly growing mycobacteria; RGM, rapidly growing mycobacteria. Strain details and accession numbers are given
in Supplementary Table S1 available in IJSEM Online; unless the strain name is given, sequences were obtained from type
strains. Trees based on the hsp65 gene and 16S rRNA gene sequences from the same 41 reference strains are available as
Supplementary Fig. S1 in IJSEM Online.
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III.3 Pathogenicity of the nontuberculous mycobacteria

Although nontuberculous mycobacteria species are primarily saprophytic, some

species can behave as opportunistic pathogens and thus be responsible for infections in 

the presence of predisposing conditions (Falkinham III 1996; Tortoli 2009). These 

opportunistic pathogens may cause pulmonary, cutaneous, lumphonodal (Table 2), soft 

tissue, bone or joint infections (Tortoli 2009) owing to the ingestion, the inhalation or the 

direct physical contact with contaminated environments (Pavlik et al. 2009). 

Mycobacteriosis became particularly relevant in the last decades, in relation to the global 

emergence of immunocompromised (e.g., patients with AIDS) and cystic fibrosis patients 

who are predisposed to these infections. Indeed, from 25 to 50% and from 5 to 20% of 

patients with AIDS and cystic fibrosis respectively are infected with nontuberculous 

mycobacteria (Falkinham III 1996; Roux et al. 2009). In France, 500 cases are estimated per 

year, primarily caused by M. avium (CNR-MyRMA 2014). 

Table 2 Type of infections and causative agents. Compiled from mycobacteria 
reviews (Katoch 2004; Tortoli 2009). 

Mycobacterium species Pulmonary Cutaneous Lymphonodal Cutaneous
M. abscessus  +++ +++ +++
M. asiaticum 

M. avium (MAC*)  +++  +++ 
M. bohemicum  + 

M. chelonae +++ +++
M. flavescens 
M. fortuitum  + +++ +++

M. goodii 
M. immunogenum  ++ 

M. interjectum  + 
M. kansasii  +++ 

M. lentiflavum   + 
M. malmoense  +++  + 

M. marinum +++ +++
M. scrofulaceum  +  +++ 

M. szulgai  + +++  + +++
M. thermoresistibile 

M. ulcerans +++ +++
M. xenopi  +++ 

+++: frequent reported cases; +: seldom reported cases 
* MAC (Mycobacterium avium complex): regroups the species M. avium, M. intracellulare and
the subspecies M. avium spp. avium, M. avium spp. hominissuis, M. avium spp.
paratuberculosis and M. avium spp. silvaticum. 
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III.3.i. Pulmonary infections 

The more common NTM infections are pulmonary, representing approximately 

90% of the mycobacteriosis (Kasperbauer and Huitt 2013). These infections usually occur 

on older adult patients suffering from pulmonary diseases, e.g., bronchiectasis, 

pneumoconiosis or cystic fibrosis. Pulmonary diseases are characterized by chronic cough, 

sputum production, fever, weight loss and weakness (Piersimoni and Scarparo 2008). The 

most common species associated with pulmonary infections are notably the 

Mycobacterium avium complex (MAC), the Mycobacterium abcessus complex (M. 

abcessus, M. bolletii, M. masiliense), M. kansasii, M. malmoense and M. xenopi. 

III.3.ii. Cutaneous infections 

The mycobacterial species most frequently involved in cutaneous infections are M. 

marinum and M. ulcerans. Mycobacteriosis causes by M. marinum are frequently 

contracted from standing water (e.g., on sinner) after infections of wound. Infections 

causes chronic granulomatous lesion of the skin and soft tissue, which may extend to the 

bone (Blackwell 1999). M. ulcerans, responsible for the Buruli ulcer is a common 

mycobacteriosis in humid area (Walsh et al. 2008). Buruli ulcer is a chronic infection 

characterized by large necrotizing ulcers due to toxins excreted by M. ulcerans. The 

infection mode is still debated; indeed, it may result from wound infection with 

contaminated water or bites from insects hosting M. ulcerans in their salivary glands 

(Marsollier et al. 2002). Other fast-growing bacteria, such as M. abscessus, M. chelonae or 

M. fortuitum are also frequently encountered in skin and soft tissues infections. These

infections mostly occur among immunosuppressed patients treated with corticosteroids or

chemotherapy. However, invasive gestures on immunocompetent individuals (e.g.,

surgery, mesotherapy, etc.) may also favor the contraction of these infections (Carbonne et 

al. 2009).

Since the mycobacteriosis transmission from human to human has never been 

evidenced (Wolinsky 1979), the environment appears to be the primarily source of NTM 

(Pavlik and Falkinham III 2009). Due to the high prevalence of mycobacteriosis contracted 

after water contact from drinking water distribution systems and hospital water supply 

networks, these habitats have been particularly well studied (e.g., du Moulin et al. 1988; 
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Fox et al. 1992; Covert et al. 1999; Falkinham III et al. 2001; Fujita et al. 2002; Vaerewijck 

et al. 2005). However, several reviews and recent studies have documented the wide 

range of reservoirs of mycobacteria, including soils, dust, wastewater effluents but also 

freshwater ecosystems (Dailloux et al. 1999; Falkinham III 2002; Radomski et al. 2011; 

Hruska and Kaevska 2012; Ye and Zhang 2013). 

III.4 The ecology of mycobacteria in freshwater ecosystems

III.4.i. Environmental conditions promoting mycobacteria 

Acidic pH is usually considered to be associated with high mycobacterial densities 

or recovery. Acidic conditions (up to pH 4.0) were observed to enhance the growth of M. 

avium in an experimental manipulation (Kirschner et al. 1999). This observation was 

confirmed by two biogeographical surveys performed in the United States and in Finland 

in brown-water swamps and in humic brooks where low water pH appeared to enhance 

NTM recovery (Kirschner et al. 1992; Iivanainen et al. 1993). However, NTM have also been 

observed in neutral and alkaline environments (Bland et al. 2005; Jacobs et al. 2009). In 

those habitats, water pH was not noticed as a relevant parameter shaping the NTM 

densities. 

High nutrient concentrations were also identified to favor NTM, especially 

recalcitrant substrates such as humic and fulvic acid (Kirschner et al. 1992, 1999; 

Iivanainen et al. 1993). Combined with their ability to growth in low oxygen levels (equal to 

4% of atmospheric levels (Kirschner et al. 1999)), mycobacteria appear to be particularly 

well adapted in eutrophic and hypereutrophic environments. Indeed, Jacobs and 

colleagues (2009) described that NTM densities were positively correlated with 

chlorophyll a and nutrients availability (total phosphorus and nitrogen) and negatively 

correlated with dissolved oxygen concentration and secchi depth. 

Concentrations of several metals including iron, aluminum and cobalt were found 

to positively correlate with NTM densities (Iivanainen et al. 1993; Radomski 2011). 

Although their direct influence on NTM is still unclear (Iivanainen et al. 1993), the large cell 

wall of the mycobacteria could prevent the exchanges of metal ions from the exterior, thus 

a higher metal concentration in the environment may favor their uptake by mycobacteria. 
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III.4.ii. Biological interactions 

According to the literature, commensalism (the commensal benefits from its host 

without benefiting or harming it) as well as parasitism (the parasite benefits from its host 

by causing damage to it, are two known classes of interactions between mycobacteria and 

other organisms. Competition is also likely to occur with other mycobacterial species as 

well as with other bacterial taxa, however it is rarely reported in the literature. 

Amoeba appeared to be relevant hosts of NTM in the environment (see review of 

Salah et al. 2009 and thesis of Delafont 2015). In vitro, several studies have reported the 

capacity of some NTM species to colonize and multiply in these protozoan predators (e.g., 

Solomon et al. 2003; Adékambi et al. 2006; Mura et al. 2006). The intracellular association 

within amoeba especially with the Centramoebida group (comprising Acanthamoeba and 

Protacanthamoeba) (Delafont et al. 2014) appears to increase the chances of survival of 

NTM in unfavorable environments, particularly when amoeba are encysted (Adékambi et 

al. 2006; Salah et al. 2009). The interaction with the unicellular eukaryote also appears to 

improve NTM resistance to antibiotic treatments and promote their entry into 

macrophages and epithelial cells of their hosts (Cirillo et al. 1997; Miltner and Bermudez 

2000). To date, since no evidence has demonstrated the mutual benefit of amoeba to 

cooperate with mycobacterial species, intracellular associations are considered 

commensalism interactions. 

Some insects could be potential reservoirs of NTM. For example, in vitro, aquatic 

bugs (Naucoris cimicoides) seems to concentrate M. ulcerans within their salivary glands, 

where the bacteria appears to survive and multiply without causing any observable 

damage in the insect tissues (Marsollier et al. 2002, 2004). 

NTM are responsible for parasite interactions in larger animals including reptiles, 

amphibians, waterfowl and terrestrial birds, ornemental and wild fishes, and livestock and 

wild mammals (Soldati et al. 2004; Biet et al. 2005; Chai et al. 2006; Gronesova et al. 2008; 

Wiinschmann et al. 2008). However, as for human, interactions with mycobacteria could be 

commensal with immunocompetent organisms and possibly pathogenic with 

immunocompromised organisms. Indeed, Mrlik and colleagues (2012) isolated in low 

prevalence several NTM species (e.g., M. fortuitum, M. gordonae or M. insubricum) mainly 



Chapter I 

44 

from skin and gills in healthy fish population from ponds in Czech Republic (e.g., Cyprinus 

carpio, Abramis brama, Tinca tinca or Pseudorasbora pava), with no observable tissue 

damage. 

III.4.iii. Other potential reservoirs of mycobacteria in freshwater  

Although biogeographical studies targeting the mycobacterial assemblages and 

performed on freshwater environments mainly focused on the water column, other 

compartments such as biofilms could be relevant habitats for mycobacteria. Indeed, 

owing to their high surface hydrophobicity, mycobacteria readily attach to biofilms and 

can form biofilms on water-surface interface and air-water surface interface in a few days 

(Torvinen et al. 2004; Alavi et al. 2006). In drinking water systems for instance, water-

surface interfaces are considered to be an important source of NTM (Falkinham et al. 

2001). At the air-water interface, where aerosols are formed, Parker and colleagues (1983) 

observed in an experimental manipulation, those aerosols were enriched up to 15,000 

times in mycobacterial cells compared with the water column, suggesting that air-water 

interface could represent an important source of NTM. 

Sediment also appears to be a relevant habitat for NTM. For example, Debruyn and 

colleagues (2009) detected from 4.8 × 105 to 8.1 × 107 rrs gene copies per gram of dry 

weight sediment in the Lake Erie by specifically targeting the FGM mycobacteria. 

Moreover, conclusive supports report their presence in this compartment, especially since 

over the last decade NTM are particularly searched in sediment owing to their ability to 

degrade some micropollutants. 

III.4.iv. Ecological function 

Regarding the importance of NTM in the carbon recycling, the literature mainly 

focuses on their capacity to degrade polycyclic aromatic hydrocarbons (PAH). These 

compounds originate from incomplete combustion of organic materials such as coal or oil 

(Singh 2012). To date, only fast growing species have been observed as capable of 

mineralizing PAH, these species include M. aromaticivorans, M. austroafricanum, M. 

flavescens, M. fluoranthenivorans, M. frederiksbergense, M. gilvum, M. hodleri, M. 

pyrenivorans and M. vanbaalenii (Kleespie et al. 1996; Rehmann et al. 2001; Willumsen et 

al. 2001; Khan et al. 2002; Derz et al. 2004; Hormisch et al. 2004; Hennessee et al. 2009). 
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Isolated from soils or sediments, where PAH are concentrated owing to their 

hydrophobicity, these species are able to degrade light (e.g., pyrene, fluorene or 

anthracene) and/or heavy PAH (e.g., benzo[a]pyrene or benz[a]anthracene) (Seo et al. 

2009). The genes responsible for PAH degradation were identified in mycobacteria to be 

nidA and nidB, two genes encoding for the alpha and beta subunit ring-hydroxylating 

dioxygenase respectively (Brezna et al. 2003). Besides, Debruyn and colleagues (2009) 

found a positive correlation between this nidA concentration and the fast-growing species 

densities. 

III.5 Diversity and densities of mycobacteria in freshwater

III.5.i. Mycobacterial densities 

The few studies assessing the mycobacterial densities in freshwater habitats (Table 

3) allowed to evidence the wide variations of mycobacterial densities between samples

(with values ranging from 1.0 to 2.7×108 CFU or targeted gene per liter). However, it

should be noted that this overview may be biased due to the differences in the isolation

methods used to count mycobacteria. Using a standardized and quantitative molecular

method to compare the densities of mycobacteria among a gradient of freshwater

ecosystems could help understand which environmental factors may impact the densities

of mycobacteria.

III.5.ii. Mycobacterial diversity 

Although the studies investigating the composition of the NTM in freshwater 

remain scarce, they revealed an important diversity in these habitats. Indeed, the review of 

 Table 3 Densities of mycobacteria in diverse freshwater habitats. 

Freshwater habitats State Densities (CFUa or 
targeted geneb per liter) References 

Stream Finland 1.0×100–2.2×103a (Iivanainen et al. 1993) 
Stream Finland 9.7×102–5.8×103a (Torkko et al. 2001) 
Stream Finland 8.0×102–2.2×103a (Torkko et al. 2002) 
River France <1.0×103–6.9×105b (Radomski 2011) 
Diverse habitats (groundwater, 
drinking pumps, springs, rivers and 
lakes) 

Ethiopia 3.4×103–2.7×108b (Khera 2012) 

Abbreviation: CFU, colony-forming-unit. 
aDensities determined using culture-based methods. 
bDensities determined using PCR-based methods. 
!
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39 studies (Fig. 11) reveals the large diversity of the mycobacterial species found within 

freshwater habitat. The species from the MAIS complex (M. avium, M. intracellulare, M. 

scrofulaceum), M. gordonae, M. fortuitum, M. flavescens, M. terrae or M. kansasii seem to 

dominate the studied freshwater ecosystems. As previously mentioned, it should be noted 

that this overview may be biased either by the particular interest for species responsible 

for human infections or by the isolation techniques themselves. Besides, a recent study 

investigating the composition of the entire mycobacterial assemblage using high-

throughput sequencing methodology (see Chapter I section IV.1.ii) evidenced that 

freshwater habitats could host an impressive richness and diversity of mycobacterial 

species with the recovery of 436 operational taxonomic units (OTU) from 42 water 

samples, mainly dominated by the species M. neoaurum, M. gordonae, M. peregrinum, M. 

neglectum, M. vanbaalenii, M. mucogenicum, M. chubuense or M. vaccae (Khera 2012). 

These results suggest that new sequencing techniques should unravel a new picture of 

mycobacterial diversity within freshwater ecosystems. 

Figure 11 Number of publications relating the occurrence of the mycobacterial species in water 
samples from freshwater habitats. Only the species identified more than once were reported. MAIS 
refers to the MAIS complex (M. avium, M. intracellulare, M. scrofulaceum). From Viallier and Viallier 
(1973), Beerwerth (1973), Showalter and Wolinsky (1974), Goslee and Wolinski (1976), Falkinham et 
al. (1980), George et al. (1980), Wendt et al. (1980), Bionde et al. (1982), Levy-Frebault et al. (1983), 
Martin et al. (1987), Ichiyama et al. (1988), Haas and Fattal (1990), Kirschner et al. (1992), Iivanainen 
et al. (1993), Sabater and Zaragoza (1993), Eaton et al. (1995), Stinear et al. 2000, Torkko et al. 
(2000), Torkko et al. 2001, le Dantec et al. 2002, Torkko et al. 2002, Parashar et al. (2004), Trujillo et 
al. (2004), Bland et al. (2005), Pickup et al. (2005), Niva et al. (2006), Pickup et al. (2006), Michel et al. 
(2007), Norby et al. (2007), Eddyani et al. (2008), Eun-Sook et al. (2008), Drewe et al. (2009), Narang 
et al. (2009), Rahbar et al. (2010), Vandelannoote et al. (2010), Kankya et al. (2011), Radomski 
(2011), Khera (2012). 
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III.5.iii. Identification of mycobacterial species 

To date, as for the entire bacterial community, the sequencing of the rrs (16S rRNA) 

gene is the reference for identifying mycobacteria. Other targets (e.g., hsp65, rpoB or the 

ITS) are frequently sequenced in combination of the rrs gene to obtain more robust 

phylogenetic trees. 

The rrs gene is an approximately 1,500-

nucleotides sequence (position 

1,487,542 to 1,489,058, M. avium 104

GeneBank NC_008595) that encodes 

for the component of the small subunit 

of prokaryotic ribosomes. Overall, 

within the Mycobacterium genus, slow-

growing mycobacteria possess a single 

rRNA operon, whereas fast-growing 

species possess two rRNA operons 

(Bercovier et al. 1986). As for the entire 

bacterial community, the sequencing of 

the rrs gene is still the primary target of 

molecular taxonomic studies (Tortoli 

2003). Thus, the rrs gene available 

database is relatively well documented 

compared with other genes. However, 

the rrs gene has the disadvantage to 

not fully discriminate all the 

mycobacterial species (Fig. 12). Indeed, 

the near full length sequencing of the 

rrs gene does not permit differentiation 

between certain SGM and FGM species 

(Kim et al. 1999; Harmsen et al. 2003; 

Adékambi and Drancourt 2004; Gomila 

et al. 2007). For instance, the species Mycobacterium chelonae, M. massiliense, M. 

Figure 12 Phylogenetic tree based on rrs gene of 
the genus Mycobacterium. Species having identical 
sequences are shown in bold. The numbers on the 
abscissa represent the percent distance between 
different isolates. From Harmsen and colleagues 
(2003). 

BMC Infectious Diseases 2003, 3 http://www.biomedcentral.com/1471-2334/3/26

Page 5 of 10
(page number not for citation purposes)

5'-16S rDNA based phylogenetic tree of the genus Mycobacterium, including one representative strain of each sequence variant (sequevar = sqv.)Figure 1
5'-16S rDNA based phylogenetic tree of the genus Mycobacterium, including one representative strain of each sequence variant 
(sequevar = sqv.). T designates the type strain of this species. Multiple sequence alignments were determined using the CLUS-
TAL W algorithm in the MegAlign component of the Lasergene program. The tree was rooted using Corynebacterium pseu-
dodiphtheriticum as the outgroup sequence. Sequences were all determined in our laboratory unless indicated by GenBank 
accession number. Species having identical sequences are shown in bold. The numbers on the abscissa represent the percent 
distance between different isolates.

0

10.7

246810

M. gastri DSM 43505 T
M. kansasii DSM 44162 T (sqv. I) & M. kansasii DSM 43221 (sqv. IV)

M. kansasii Bo 10492/98 (sqv. V)
M. kansasii S221 (sqv. II)
M. kansasii Bo 539/99 (sqv. III) & M. kansasii Bo 5160/97 (sqv. VI-2)
M. kansasii DSM 44431 (sqv. VI-1)

M. kansasii Bo 8875/99 (sqv. VI-3)
M. haemophilum ATCC 29548 T

M. leprae AHI 1104/96
M. malmoense DSM 44163 T
M. bohemicum DSM 44277 T
M. avium subsp. avium DSM 43216 (sqv. II)

M. avium subsp. avium DSM 44156 T (sqv. I)
M. avium subsp. paratuberculosis DSM 44133 T (sqv. I)
M. avium subsp. silvaticum DSM 44175 T (sqv. I)

M. lepraemurium LRC
M. intracellulare S350 (sqv. IV)
M. intracellulare ATCC 35847 (sqv. II)
M. intracellulare ATCC 35772 (sqv. V)
M. intracellulare DSM 43223 T (sqv. I)

M. intracellulare ATCC 35770 (sqv. III)
M. conspicuum DSM 44136 T

M. szulgai DSM 44166 T
M. africanum ATCC 25420 T (subtype I) & M. africanum AHI 15/99 (subtype II)
M. bovis subsp. bovis ATCC 19210 T & M. bovis BCG DSM 43990
M. microti ATCC 19422 T
M. tuberculosis ATCC 27294 T

M. bovis subsp. caprae CIP105776 T

M. marinum DSM 44344 T
M. ulcerans ATCC 19423 T

M. asiaticum DSM 44297 T
M. gordonae Bo 11340/99 (sqv. III)

M. gordonae DSM 43212 (sqv. II)
M. gordonae DSM 44160 T (sqv. I)
M. gordonae Bo 10681/99 (sqv. IV)

M. gordonae Bo 9411/99 (sqv. V)
M. scrofulaceum DSM 43992 T

M. xenopi DSM 43995 T (sqv. I)
M. xenopi S91 (sqv. III)

M. xenopi S88 (sqv. II)
M. botniense ATCC 700701 T

M. heckeshornense Wue Tb0687/99
M. celatum DSM 44243 T

M. branderi ATCC 51789 T
M. shimoidei DSM 44152 T
M. triviale DSM 44153 T

M. nonchromogenicum DSM 44164 T
M. terrae S281 (sqv. III)
M. hiberniae DSM 44241 T

M. terrae DSM 43227 T (sqv. I)
M. terrae DSM 43541 (sqv. II)

M. chitae ATCC 19627 T
M. fallax DSM 44179 T
M. murale DSM 44340 T
M. tokaiense ATCC 27282 T

M. gadium DSM 44077 T
M. moriokaense DSM 44221 T

M. pulveris DSM 44222 T
M. thermoresistibile DSM 44167 T

M. agri ATCC 27406 T
M. confluentis DSM 44017 T

M. hassiacum DSM 44199 T
M. goodii ATCC 700504 T

M. smegmatis DSM 43756 T
M. madagascariense ATCC 49865 T

M. phlei DSM 43239 T
M. brumae DSM 44177 T

M.  austroafricanum DSM 44191 T
M. vaccae DSM 43292 T

M. duvalii DSM 44244 T
M. flavescens DSM 43531 (sqv. II)
M. novocastrense DSM 44203 T

M. flavescens DSM 43991 T (sqv. I)
M. tusciae DSM 44338 T

M. heidelbergense ATCC 51253 T
M. simiae ATCC 15080 (sqv. II)

M. lentiflavum ATCC 51988 (sqv. II, [X80770])
M. lentiflavum DSM 44418 T (sqv. I)

M. interjectum ATCC 51457 T
M. simiae DSM 44165 T (sqv. I)

M. intermedium DSM 44049 T
M. genavense Wue Tb0268/96
M. triplex ATCC 700071 T
M. kubicae ATCC 700732 T [AF133902]
M. hodleri DSM 44183 T

M. cookii DSM 43922 T
M. poriferae ATCC 35087 T

M. mageritense CIP 104973 T
M. wolinskyi ATCC 700010 T

M. diernhoferi DSM 43524 T
M. neoaurum DSM 44074 T

M. farcinogenes DSM 43637 T
M. fortuitum 3rd biovariant ATCC 49403 (sqv. II, sorbitol + )
M. senegalense DSM 43656 T
M. mucogenicum 49650 T

M. fortuitum subsp. acetamidolyticum DSM 44220 T (sqv. I)
M. fortuitum subsp. fortuitum DSM 46621 T (sqv. I)

M. peregrinum ATCC 14467 T
M. septicum DSM 44393 T
M. alvei DSM 44176 T

M. fortuitum DSM 43075 (sqv. V)
M. fortuitum 3rd biovariant  ATCC 49404 (sqv. III, sorbitol -)
M. porcinum DSM 44242 T
M. fortuitum S358 (sqv. IV)

M. aichiense DSM 44147 T
M. rhodesiae DSM 44223 T

M. sphagni ATCC 33027 T
M. komossense DSM 44078 T

M. abscessus DSM 44196 T
M. chelonae DSM 43804 T (sqv. I)

M. chelonae S385 (sqv. II)
M. immunogenum T [AJ011771]

M. chlorophenolicum DSM 43826 T
M. chubuense DSM 44219 T

M. aurum DSM 43999 T
M. obuense DSM 44075 T

M. parafortuitum S513 (sqv. II)
M. parafortuitum DSM 43528 T (sqv. I)

M. gilvum ATCC 43909 T
Corynebacterium pseudodiphtheriticum DSM 44287 T
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abscessus and M. bolletii have similar rrs gene sequences, as well as the species M. 

mucogenicum and M. phocaicum, the species M. peregrinum and M. septicum, the 

species M. neworleansense and M. porcinum, or the species M. kansasii and M. gastrii. 

The 65-kDa heat shock protein gene (hsp65) has a total length sequence about 

1,600-nucletotides (position 4,835,762 to 4,837,387, M. avium 104 GeneBank 

NC_008595). As the rrs gene, hsp65 gene is also highly conserved among mycobacterial 

species. However, it presents two hypervariable regions whose sequences may be used 

for identification purposes (Ringuet et al. 1999). The sequencing of a 440-bp portion 

targeting these two hypervariable regions allows to distinguish mycobacterial species 

including M. chelonae and M. immunogenum, from M. abscessus, M. bolletii and M. 

massiliense, which are difficult to differentiate with the complete sequence of the rrs gene 

(Ringuet et al. 1999; Adékambi and Drancourt 2004; Gomila et al. 2007). 

Encoding the beta subunit of RNA polymerase, the rpoB gene has a total length 

about 3,400-nucleotides (position 4,631,379 to 4,634,813, M. avium 104 GeneBank 

NC_008595). The partial sequencing of the rpoB gene allows to distinguished M. kansasii 

from M. gastri, which are difficult to discriminate with the complete sequence of the rrs 

gene (Kim et al. 1999). If phylogenetic trees obtained from the rrs and rpoB are almost 

similar, it should be underlined that trees based on rpoB gene sequence display higher 

bootstrap values and more divergence than the rrs gene-based trees (Adékambi and 

Drancourt 2004). 

III.5.iv. A limited overview 

Most of the studies exploring the mycobacterial diversity or densities were 

performed using culture-based methods, yet this methodology may introduce several 

biases. First, not all bacteria are able to growth on culture media. Second, because of the 

slow growth of many mycobacterial species, culture from environmental samples 

necessitates a decontamination step, which can drastically reduce both the density and 

diversity of the recovered isolates. Indeed, le Dantec and colleagues (2002) and Radomski 

and colleagues (2010) estimated that more than 99% of the mycobacterial isolates were 

removed by this step. Thirdly, despite the decontamination step, culture media could be 

contaminated by interfering flora owing to the slow-growing rate of the mycobacteria 
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compare with other organisms, making the counting and the identification difficult or even 

impossible (e.g., Bland et al. 2005). 

Furthermore, the advent of the PCR-based methods has greatly enhanced the 

ability to detect NTM in the environment, especially due to a broader sensitivity. However, 

PCR methods do have some serious limitations for environmental analysis, especially the 

presence of PCR-inhibitory substances. Moreover, total bacterial DNA extraction also 

appears to be a critical step. Indeed, the improvement of the extraction protocols and 

especially the use of a beat-beating step (that disrupt the cell wall) significantly improve 

the recovery of the Actinobacteria DNA (Guo and Zhang 2013). Such amelioration could 

explain why the Mycobacterium genus has been recently found to be a dominant group in 

wastewater treatment plant (Ye and Zhang 2013), whereas this genus was usually not 

detected in those environments in the previous studies (e.g., Moura et al. 2009; Hu et al. 

2012). 

As a consequence, all these biases could partly justify the absence of NTM recovery 

in several bacterial community studies or in studies focusing on mycobacteria (e.g., Viallier 

and Viallier 1973; Bland et al. 2005; Drewe et al. 2009; Radomski 2011) favoring the 

limited and patchy overview of these bacteria in the freshwater ecosystems. 

IV. Scope of this study

The aim of this study was to investigate the factors and processes shaping the

spatial and temporal biogeography of the bacterial metacommunity in a set of shallow 

lakes. Two bacterial levels were investigated: (i) the total bacterial community and (ii) the 

nontuberculous mycobacteria. Among the nontuberculous mycobacteria, some species 

are considered opportunistic pathogens and several species have been described as 

organic pollutant degraders, so this bacterial group may represent a useful sentinel of 

anthropogenic pressures. 

Regarding literature several hypotheses were advanced. First, we assumed that the 

impact of environmental and dispersal processes on bacterial assemblages depend on 

the taxonomic rank that is considered (Philippot et al. 2010). As a consequence we 
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expected dissimilar responses between the total bacterial assembly and the 

nontuberculous mycobacteria. Second, according to Martiny and colleagues (2006), we 

hypothesized that at the regional scale (from 1 to 150 km between lakes) bacterial 

assemblages would be shaped by both environmental factors and dispersal processes. 

However, owing to mass effect we expected that lakes linked to rivers or storm sewer 

outlet may have dissimilar bacterial community structure compared with isolated lakes. 

At the local scale (within lake), we expected that nutrient and bacterial inputs from 

storm sewer effluents would have a local impact that on the bacterial communities in the 

lake. However, due to the importance of water column mixing in shallow lakes, we did not 

compulsorily expect a spatial structuring of the bacterial communities. Temporal variation 

of bacterial assemblage may be mostly driven by seasonal fluctuation of local factors 

driven by climatic variations. Finally, neutral processes have recently been observed to 

drive both spatial (e.g., Drakare and Liess 2010; Östman et al. 2010) and temporal (Ofiţeru 

et al. 2010) bacterial assembly in diverse aquatic habitats. So, we would expect same 

tendencies in our study. 

To test these hypotheses, two complementary approaches were undertaken (Fig. 

13) in the context of the research project PULSE (Peri-Urban Lakes, Society and

Environment) supported by the French National Research Agency. First, 49 shallow lakes

with surface area ranging from 5 to 120 ha were sampled once a year in 2011, 2012 and

2013 summers in Paris area. Representative in terms of abundance and properties (i.e.

land use, hydrology, altitude and surface) of the water bodies in Paris area with surface

area higher than 5 ha, these 49 shallow lakes constitute a useful model to evaluate the

relative importance of the factors and processes shaping the spatial distribution of the

bacterial assemblages at the regional scale since they display large environmental

gradients and strong variations in variables that could impact the bacterial dispersion

(e.g., river or storm sewer inputs).

Second, in order to assess the spatio-temporal dynamic of the bacterial 

compartment, a finer approach was performed on a pilot lake, Créteil Lake (Val-de-Marne, 

France) by a two-year monthly monitoring of a horizontal and a vertical transects. 

Additionally, the impact of the stormwater runoff into Créteil Lake was evaluated on the 
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nontuberculous mycobacteria densities through six important rain events that occurred 

from June to November 2013. Their favorable habitats in lacustrine environments were 

explored in two recreational shallow lakes 

This work combines molecular approaches and multivariate statistical analysis to 

delineate the relative importance of environmental factors (physicochemical parameters, 

watershed land use type, trophic status), spatial and neutral processes that could shape 

the bacterial and mycobacterial communities. Using innovative molecular tools, such as 

high-throughput sequencing and more conventional molecular approaches (T-RFLP 

profiles), the diversity of the bacterial communities and the mycobacteria was evaluated. 

Densities of mycobacteria were evaluated using a real-time quantitative PCR method. 

Physicochemical parameters were measured by the partners of the PULSE project during 

the different campaigns (Appendix 1).  

IV.1 Methodological considerations

In the last three decades, major advents have been made to investigate the

microbial community. Limitations and pitfalls associated with traditional culture-based 

methods (see Chapter I section III.5.iv) were in part solved with molecular methods that 

constitute valuable tools to investigate the diversity and the abundance of the bacterial 

community (Dorigo et al. 2005). Among the different molecular methods available, we 

Figure 13 Experimental strategy followed in this study. 
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chose two different approaches for this study: a fingerprinting and a next-generation 

sequencing method to analyze the bacterial diversity and a real-time quantitative PCR to 

assess the bacterial densities. These methods are PCR-based tools that hold advantages 

and limitations, which orientated our choice. 

IV.1.i. Advantages and limitations associated with PCR-based tools 

The primarily advantage of molecular methods is to detect both cultivable but also 

non-cultivable organisms. Compared to culture approaches, molecular methods also 

appear to be faster, more specific, more sensitive and more accurate (Justé et al. 2008). 

Despite the fact that molecular tools offer extensible advantages compare to culture-

based methods, it should be kept in mind when performing and interpreting community 

analyses that these methods also provide limitations and pitfalls that could bias the 

overview of the bacterial community. 

Overall, all processing steps between sampling and PCR amplification could 

potentially bias the bacterial community (Justé et al. 2008), i.e. sampling procedure, 

storage and nucleic acid extraction could have consequences of the bacterial community. 

Indeed, according the extraction protocol used, large discrepancies in the bacterial 

community structure could be observed, some taxa being often underestimated such as 

the Actinobacteria phylum (Terrat et al. 2011; Guo and Zhang 2013). 

Regarding the amplification step, the choice of the primer set has major 

consequences of the bacterial community retrieved, the specificity and the sensitivity of 

the primer set being two key properties. Yet, as illustrated in Appendix 2b, large 

discrepancies of sensibilities could be observed from one universal bacterial probe to 

another. During the PCR reaction, dominant DNA strains due to probability distribution 

may predominantly be amplified. Moreover, inhibitors could also reduce the number of 

reactions, and thus, bias the analysis. Finally, in absence of any pretreatment with 

intercalating molecules, such as the live/dead® protocol (Fittipaldi et al. 2012), DNA of 

sufficient quality is amplified even if it comes from dead cells or free-DNA, which could 

bias the representation of the bacterial composition too. 
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IV.1.ii. Bacterial diversity analysis 

To date, two semi-quantitative molecular approaches are widely used to 

characterize the bacterial community assemblages: fingerprinting and high-throughput 

sequencing methods. For both approaches, suitable primers to assess the bacterial 

diversity should have both variables/hypervariables and conserved regions, as the rrs 

genes (Appendix 2a). Variables and hypervariables regions offer the power of 

discrimination over a wide range of taxonomic level.  

Fingerprinting methodologies 

Fingerprinting methods have widely been used to assess the bacterial community 

structure (BCS). Especially since these low-cost tools are extremely suitable to compare 

BCS between a large number of sample at a sufficient taxonomic resolution to conclude 

on changes in the environment (Fierer et al. 2007). Considering the number of samples 

generated by the sampling campaigns on the 49 lakes during three regional campaigns, 

and the two-year monthly monitoring of the Créteil Lake, we considered that the 

fingerprinting approach was an acceptable choice. Among the different genetic 

fingerprinting methods available for community analysis, we chose to use the terminal 

restriction fragment length polymorphism (T-RFLP) analysis. T-RFLP analysis allows the 

identification of DNA fragments labeled with a fluorochrome at the terminal ends of the rrs 

genes after digestion of DNA sequences by one or more restriction enzymes (Liu et al. 

1997). In order to be separated, amplicon are then separate by their length using capillary 

electrophoresis. This technique is one of the most used in genetic footprint with 

denaturating gradient gel electrophoresis (DGGE) and automated ribosomal intergenic 

spacer analysis (ARISA). However, DGGE compared to ARISA and T-RFLP exhibits a lower 

sensitivity, moreover, the difficulty in comparing samples from different gels (Nocker et al. 

2007) may constitute an important flaw. Furthermore, the high sensitivity and the good 

inter-run comparability of the T-RFLP analysis (Nocker et al. 2007) convinced us to use this 

method. We decided to use a protocol already validated (by Thomas Lerch). In silico the 

primers used in this protocol (63F-1389R) does not seem to be a useful universal bacterial 

primers (Appendix 2b). However, similar limitations could be observed in silico with the 
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other primer sets usually employed in freshwater studies (27F-1492R) (e.g., Jardillier et al. 

2004; Anderson-Glenna et al. 2008; Besemer et al. 2009). 

As any fingerprinting method, T-RFLP only detects dominant taxa, one peak can 

represent more than a bacterial species and no taxonomic identification could be 

performed from T-RFLP profiles (Frakruddin et al. 2013; Douterelo et al. 2014). Moreover 

fingerprinting methods assess only the structure of the bacterial community, and they 

should be coupled with cloning and sequencing in order to identify the taxa that compose 

the bacterial community. As a consequence we decided to use also a high-throughput 

methods to study the bacterial communities in the 49 lakes, but for a single regional 

campaign. 

High-throughput sequencing methodologies 

Contrary to fingerprinting methods, next-generation sequencing (NGS) are more 

resolutive to perform phylogenetic comparison among samples (Liu et al. 2012). The most 

frequently used NGS platforms are Roche 454 and Illumina MiSeq. The recent advances 

made by Illumina MiSeq technology mean that today both technologies are comparable 

regarding the length of the sequenced fragments (NGS Field Guide 2014, 

http://www.molecularecologist.com/next-gen-table-2-2014/ consulted on October 2015) 

and regarding the sequencing error (Luo et al. 2012). However, since Illumina is cheaper 

than Roche, we decided to assess the bacterial and mycobacterial community 

composition using Illumina MiSeq technology. 

Bacterial communities were assessed using primer sets targeting the hypervariable 

regions V3 and V4 of the rrs genes. In silico, this primer set offers the advantage to well 

amplify bacterial DNA without amplification of chloroplast DNA (Appendix 2b) that could 

avoid the massive chloroplast DNA recovery from lakes with important algal bloom. 

Mycobacterial communities were assessed using a primer set targeting the hypervariable 

regions V2 and V3 of the rrs genes (338F-797R). Although it is not high enough resolutive 

to characterize all NTM at the species level (Kim et al. 2005), these primers appeared to be 

more sensitive (Pontiroli et al. 2013) than primers targeting other genes. Indeed, van der 

Wielen and colleagues (2013) amplified 69% of non-targeted sequences using a primer 

set targeting the hsp65 gene. Moreover, data analysis from high-throughput sequencing 
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database is easier to perform when focusing on the rrs gene due to the amount of 

reference deposited in the public databases.  

IV.1.iii. Bacterial quantification 

To quantify NTM densities, real-time quantitative PCR (qPCR) was used. The qPCR 

is a sensitive, specific and reproducible tool to detect and quantify bacterial populations 

from environmental samples by estimating the number of targeted copies present in a 

sample (Arya et al. 2005; Douterelo et al. 2014). Briefly, this method can measure the 

amount of PCR product obtained during the exponential phase of the PCR reaction by 

quantifying a fluorescent reporter. The amount of detected reporter is then correlated 

with the initial amount of target template allowing the quantification of the target 

population (Kubista et al. 2006). 

To quantify Mycobacterium spp., we used a recent protocol developed in our 

laboratory (Radomski et al. 2013). Targeting the atpE genes, this primer set offers the 

advantage to be highly sensitive and specific to the Mycobacterium genus. Moreover, 

contrary to the rrs gene, only one copy of the atpE gene is present in mycobacterial 

species. 

These three methods (T-RFLP, Illumina MiSeq platform, and qPCR) allowed the 

acquisition of data from the bacterial communities in the 49 Lakes, Créteil Lake and 

Daumesnil Lake. These results are presented in Chapter II, III, IV and V. 

IV.2 Chapter II and III: biogeography of the total bacterial community in shallow

lakes 

Chapter II reports the metacommunity study at both regional and local scales that 

evaluated factors and processes (i.e. environmental conditions, spatial and neutral 

processes) shaping the spatial and temporal bacterial community assembly within the 

lacustrine water column. The bacterial community structure was assessed using T-RFLP 

method targeting the 16S rRNA genes. 

This study has been published in FEMS Ecology Microbiology. 
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Chapter III As T-RFLP method only detects the dominant bacterial taxa, I also evaluated 

for the year 2013 the factors and processes governing the biogeography patterns of the 

lacustrine bacterial community composition using a highly resolutive method, i.e. high-

throughput sequencing (Illumina MiSeq). 

This paper is in preparation. 

The key results are: 

At the regional scale 

- The neutral community model predicted well the spatial community structure

(assessed by T-RFLP) compared to the environmental conditions and the spatial

processes that both explained a small fraction of the bacterial community structure

total variance.

- Similar tendencies were observed in 2013 using high-throughput sequencing

method.

- Similar trends were noticed within dominant phyla and classes in the processes

involved in their biogeographical patterns.

At the local scale 

- Intra-lake spatial variations of the bacterial community structure appeared to be

mainly shaped by neutral processes.

- The temporal dynamic of the bacterial assembly was primarily governed by the

water temperature (an environmental factor driven by meteorological processes).!

IV.3 Chapter IV and V: biogeography of the nontuberculous mycobacteria in

shallow lakes 

Chapter IV describes a prospective study that aimed to identify the potential habitats of 

the nontuberculous mycobacteria in five compartments within lacustrine ecosystems, i.e. 

water column, air-water interface, sediment and biofilms from plants and rocks. For that, 

two contrasted lakes were sampled: the mesotrophic Créteil Lake (Val-de-Marne, France) 

and the eutrophic Daumesnil Lake (Paris, France). In this study, the mycobacterial density 
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as well as their diversity were assessed using respectively a new designed real-time 

quantitative PCR and high-throughput sequencing method (Illumina MiSeq). 

This paper is accepted for publication in Antonie van Leeuwenhoek. 

Chapter V details the biogeographical study of the mycobacterial densities at both 

regional and local scales in lacustrine environments. At the regional scale, the importance 

of the environmental conditions as well as factors that could enhance the mycobacterial 

dispersion was assessed for the years 2012 and 2013. Within Créteil Lake, the influence of 

the physicochemical and meteorological parameters on the spatial variation of 

mycobacterial densities was evaluated. Physicochemical and meteorological parameters 

as well as neutral processes were also investigated to understand the temporal dynamics 

of the mycobacterial densities. 

This paper is in preparation. 

The key results are: 

- Ubiquity of the nontuberculous mycobacteria in lacustrine environments. Indeed,

this bacterial group was quantified in all the collected samples in high densities (in

all the five compartments and 49 lakes)

- In Créteil and Daumesnil lakes, nontuberculous mycobacteria displayed a

remarkable diversity, dominated by fast-growing species.

- Lakes and compartments shaped the mycobacterial assemblage composition as

well as their densities.

- At the regional scale, density variations were significantly explained by

environmental factors including water pH, labile iron concentration, but also spatial

factors (lakes connected to a river displayed significantly higher mycobacterial

densities).

- At the local scale, although stormwater runoffs locally affected mycobacterial

densities after important rainfalls (in front of the storm sewer outlet), no significant

spatial variation was observed across the Créteil Lake and from the surface to the

bottom of the lake.
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- No significant seasonal pattern was observed in the mycobacterial densities over

the two years of survey. However, the temporal dynamic of the mycobacteria was

predicted up to 87% by neutral processes.
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I. Abstract

Over the past decade, neutral theory has gained attention and recognition for its

capacity to explain bacterial community structure (BCS) in addition to deterministic 

processes. However, no clear consensus has been drawn so far on their relative 

importance. In a metacommunity analysis, we explored at the regional and local scales the 

effects of these processes on the bacterial community assembly within the water column 

of 49 freshwater lakes. The BCS was assessed using terminal restriction fragment length 

polymorphism (T-RFLP) of the 16S rRNA genes. At the regional scale, results indicated that 

the neutral community model well predicted the spatial community structure 

(R2
mean = 76%) compared with the deterministic factors, which explained only a small 

fraction of the BCS total variance (less than 14%). This suggests that the bacterial 

compartment was notably driven by stochastic processes, through loss and gain of taxa. At 

the local scale, the bacterial community appeared to be spatially structured by stochastic 

processes (R2
mean = 65%) and temporally governed by the water temperature, a 

deterministic factor, even if some bacterial taxa were driven by neutral dynamics. 

Therefore, at both regional and local scales the neutral community model appeared to be 

relevant in explaining the bacterial assemblage structure. 
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II. Introduction

One of the key issues in microbial ecology is to identify and quantify ecological

processes that drive bacterial community assembly in aquatic environments. Freshwater 

bacterial communities appear to be shaped by environmental conditions or dispersal-

related processes (e.g., Martiny et al. 2006; Lindström and Langenheder 2012). Taxa 

selection by local environmental conditions was suggested to be the main mechanism 

controlling aquatic bacterial biogeography (e.g., Beisner et al. 2006; Langenheder and 

Ragnarsson 2007; van der Gucht et al. 2007). Environmental factors, such as water 

temperature, osmotic conditions or nutrient availability, are known to shape the bacterial 

community at the regional and local scales (e.g., Muylaert et al. 2002; Yannarell and 

Triplett 2004, 2005; Lindström et al. 2005; Kent et al. 2007; Shade et al. 2007; Jones et al. 

2009). Inversely, dispersal-related mechanisms were less often identified as having an 

influence on aquatic bacterial metacommunities (e.g., Logue and Lindström 2010; Östman 

et al. 2010; Soininen et al. 2011), which is likely due to an underestimation or a difficulty in 

taking into account these processes (Lindström and Langenheder 2012). Dispersal-related 

mechanisms are represented by (i) the dispersal limitation, i.e. the extent to which taxa to 

reach another location (Martiny et al. 2006), (ii) the mass effect that corresponds to a 

massive supply of an exogenous taxa that disturbs the composition of local community 

(Leibold et al. 2004) and (iii) the neutral model that describes the stochastic balance 

between the immigration, speciation, emigration and extinction of organisms (Hubbell 

2001; Leibold et al. 2004). 

To date, only a few studies using statistical approaches such as variation 

partitioning analysis (Borcard et al. 1992) have conjointly quantified the relative 

importance of local environmental factors and processes involved in the spatial dispersion 

of the bacterial taxa (e.g., Langenheder and Ragnarsson 2007; van der Gucht et al. 2007). 

The neutral assembly theory has seldom been included in these studies (e.g., Drakare and 

Liess 2010; Langenheder and Székely 2011), although it can correctly explain on its own 

the bacterial community structure (BCS) in diverse aquatic environments at the regional 

and local scales (e.g., Sloan et al. 2006; Woodcock et al. 2007; Ofiţeru et al. 2010). 



Chapter II 

64 

In this study, we investigated the spatial distribution of freshwater bacterioplankton 

in a set of 49 shallow and artificial lakes located in the same hydrographical basin around 

Paris (France) for three consecutive years in summer. These ecosystems constitute a useful 

model to determine the relative importance of local environmental factors, spatial and 

neutral processes since they display large environmental gradients and strong variations 

in variables that could impact the distribution of bacteria (e.g., river or watershed 

connections) (Catherine et al. 2008, 2010). Our study had three specific aims. First, we 

sought to determine to what extent local environmental characteristics and spatial factors 

shaped the regional distribution of the bacterial community. Then, in an attempt to 

confirm or refute the role of environmental and spatial factors in explaining the observed 

BCS, we evaluated whether stochastic dynamics could accurately predict the 

metacommunity structure. Finally, because the different processes could also shape the 

BCS at the local scale, the importance of environmental, spatial and neutral processes was 

evaluated in a single lake by a monthly monitoring over two years. Bacterioplankton 

community structure was assessed using terminal restriction fragment length 

polymorphism (T-RFLP) targeting a fragment of the 16S rRNA gene that allows screening 

of a large set of samples. 

III. Materials and methods

III.1 Study area and sampling

This study was conducted in the Paris area (Fig. 14), which is the most populated

area in France (with 18% of the metropolitan French population) and covers about 12,000 

km2 (INSEE 2013). This region displays a large gradient of land use. In spite of large 

industrial towns and residential suburbs, half of the Paris area territory is used for 

agricultural purposes, while 26% is still covered by forests (INSEE 2012). Among the 248 

water bodies larger than 5 ha referenced in the hydrological database Carthage 3.0® 

(IGN, Paris, France), 49 lakes (Fig. 14 and Supplementary data 1) were selected using a 

random and stratified sampling strategy (Catherine et al. 2008). Briefly, the 49 lakes were 

chosen to represent an unbiased set of water bodies that reflects the whole range of 

environmental conditions (e.g., land use, hydrology, altitude and surface) found within the 
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Paris area. All the 49 lakes have an artificial anthropogenic origin and can be considered 

as shallow according to the definition of Scheffer (2004). The lakes were sampled yearly in 

late July from 2011 to 2013. Each sampling campaign was conducted in less than 15 days 

to reduce the variability caused by short-term changes in meteorological conditions and 

nutrient inputs. 

For each lake, three equidistant sampling stations were selected. At each station, 

water samples were collected at three depths (depending on the depth of the water 

column) using a Niskin bottle (General Oceanics Inc., Miami (FL), USA). All samples were 

then pooled to obtain an integrated sample. Immediately after sampling, water was 

filtered through a 0.22 μm pore-size Sterivex GP-filter (Millipore, Billerica (MA), USA) after 

prefiltration through 50 μm pore-size nylon mesh. Sterivex filters were kept at 4°C during 

transport and then stored at – 20°C.   

Figure 14 Location of the 49 lakes in the Paris area (France). Créteil Lake is indicated by an open 
circle. Numbers correspond to the ID lake. 
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Among the 49 lakes, Créteil Lake (Fig. 14 and 15) was monthly monitored at three 

different stations from December 2011 to December 2013 (25 sampling dates) in order to 

identify spatial and temporal variability in the BCS. This is a mesotrophic lake (Table 4) 

covering 40 ha in an urbanized area (Val-de-Marne, France). It is a former sandpit mainly 

supplied by alluvial groundwater. A storm sewer outlet drains an impermeable surface of 

100 ha and releases its effluent into the lake. The water residence time of this lake is 

greater than 180 days. 

A horizontal and a vertical transect were studied (Fig. 15). Subsurface samples were 

obtained at three stations along the inlet-outlet axis of the lake (Storm outlet (S1), center of 

the lake (C1), and lake outflow (O1)). At the central station, the vertical axis of the lake was 

sampled at three depths (C1, C2 and C3). In addition, for all sampling date, an integrated 

sample (M) was obtained as previously described. This sample was the mix of the three 

stations at the three depths (S1, S2, S3, C1, C2, C3, O1, O2 and O3). All samples were 

stored at 4°C in the dark until preparation (3-4h after collection). For each sample, one 

liter of lake water was filtered through a Sterivex GP-filter cartridge as previously 

described and then stored at – 20°C prior to analysis. 

Figure 15 Sampling strategies in the Créteil Lake. (a) Location of the three stations. (b) 
Representation of the two transects: the horizontal transect (S1, C1 and O1) and the vertical 
transect (C1, C2 and C3). 
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III.2 DNA extraction

For each sample, the membrane inside the Sterivex units was extracted under

sterile conditions and cut into small pieces of approximately 1 mm2. All membrane pieces 

were pooled in a sterile tube and DNA was extracted using the FastDNA® SPIN Kit 

(QBiogene, Carlsbad (CA), USA) according to the manufacturer’s instructions. Two 

modifications of this protocol were applied: bacterial cells were lysed in a FastPrep bead 

beater three times for 30 s at 4.0 ms−1 and an additional wash was performed on the SPIN 

filters. 

III.3 T-RFLP analysis

A 1326 bp fragment of the 16S rRNA gene was amplified by PCR using the primer

set 63F (5’-CAGGCCTAACACATGCAAGTC-3’; labeled with 6-carboxyfluorescein) and 

1392R (5’-ACGGGCGGTGTGTACAAG-3’) targeting the bacterial domain (Osborn et al. 

2000). Each 20 μL reaction contained 20 ng of template DNA, 0.2 μM of each primer 

(Microsynth, Balgach, Switzerland), 120 μM of each deoxynucleoside triphosphates 

(Promega, Madison (WI), USA), 1 mM of MgCl2, 0.1 mg.mL-1 of bovine serum albumin 

Table 4 Characteristics of Créteil Lake. Values are the 
averages (standard deviations) of data obtained from 
December 2011 to December 2013. 

Parameter Values 

Location 48°46.50'N 2°27.10'E 

Surface area (km2) 0.40 

Mean depth (m) 4.5 

Max depth (m) 6.0 

Trophic status Mesotrophic 

Total phosphorous (μgP.L-1) 64.7 (41.8) 

Chlorophyll a (μg.L-1) 6.3 (4.3) 

Secchi depth (m) 2.4 (0.9) 

DOC (mgC.L-1) 6.1 (0.6) 

POC (mgC.L-1) 0.8 (0.3) 

TSS (mg.L-1) 4.1 (1.5) 

pH 7.8 (0.5) 

Conductivity (μS.cm-1) 1509 (63) 

!
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(BSA), 1 X of GoTaq® Colorless buffer and 0.5 U of GoTaq® DNA polymerase (Promega, 

Madison (WI), USA). Reactions were carried out in a T1 thermocycler (Biometra, Gottingen, 

Germany) with the following cycle: initial denaturation at 94°C for 2 min, 20 cycles of 

denaturation at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 2 min, 

and a final extension at 72°C for 10 min. The amplification and the size of the amplicons 

were checked on a 1% agarose gel. Amplicons were digested using the restriction enzyme 

AluI (Promega, Madison (WI), USA) (Osborn et al. 2000) with 10 U for 3 h at 37°C. 

Restriction digests were desalted by ethanol precipitation in the presence of glycogen and 

subsequently resuspended in deionized formamide and size standard GeneScan 500 LIZ 

(Life Technologies, Carlsbad (CA), USA). 

The terminal restriction fragments (T-RFs) were separated using the automated 

sequencer ABI Prism 3130 (Life Technologies, Carlsbad (CA), USA) at the IMRB facility 

(Institut Mondor de Recherche Biomédicale at University Paris-Est Créteil). The resolution 

was of ~1 bp for fragments up to 500 bp. Raw data files containing peak information were 

tabulated in the Peak Scanner™ software v 1.0 (Life Technologies, Carlsbad (CA), USA). 

Only peaks between 60 and 500 bp were selected. T-RFLP data were then processed and 

analyzed with the on-line tool T-REX (Culman et al. 2009). Data were subjected to quality 

control procedures: noise filtering (peak area, standard deviation multiplier = 2) and T-RF 

alignment (clustering threshold = 0.5). T-RFs detected in only one sample were not taken 

into account. Relative abundances were calculated using peak areas. 

III.4 Bacterial enumeration

Bacterial counts (heterotrophic bacteria and cyanobacteria) from the Créteil Lake

samples were assessed by flow cytometry using a Becton Dickinson FACScan (BD 

Biosciences) instrument equipped with a 15 mW 488 nm laser. Pigmented 

microorganisms were identified based on the autofluorescence of the chlorophyll a thanks 

to the orange fluorescence (FL2, 585/42 bandpass filter) vs. red fluorescence (FL3, 650 nm 

longpass filter). Cells containing chlorophyll a were distinguished using side scatter (SSC) 

vs. FL3 and distinct size classes were clustered to discriminate cyanobacteria from small 

and large picoeukaryotes. A subsample of each sample was stained with the nucleic acid 

stain SYBr Green I (Marie et al. 1997) in order to visualize populations of heterotrophic 
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organisms using SSC vs. green fluorescence (530/30 bandpass filter). Chlorophyll a 

containing organisms were gated off plots of SSC vs. FL1, having been identified in plots 

of FL3 vs. FL1. Populations were enumerated using a syringe-pump calibrated 0.5 and 1 

micron microspheres (Polysciences, Eppelheim, Germany) according to Zubkov and 

Burkill (2006). 

III.5 Environmental and meteorological parameters

For the 49 lakes, the total nitrogen and phosphorus concentrations were assayed

by colorimetry using a Cary 50 Scan spectrophotometer (Varian Inc., Palo Alto (CA), USA) 

respectively according to Rogora and colleagues (2006) and the French standard (AFNOR 

NF T 90-023). 

Secchi depth and vertical profiles of physico-chemical parameters were 

determined for each lake at the three stations (49 lakes and Créteil Lake). Chlorophyll a 

(Chl a) concentration was determined using a FluoroProbe in situ fluorometer (BBE-

Moldaenke GmbH, Kiel, Germany). Conductivity, temperature, pH and oxygen profiles 

were measured using a submersible CTD profiler SBE 19 Seacat (Sea-Bird Electronics Inc., 

Bellevue (WA), USA). 

Concentration of total suspended solids (TSS) were quantified after filtration of one 

liter of lake water on a precombusted tarred Whatman GF/F filter. Dissolved organic 

carbon (DOC) concentrations were measured using a TOC-VCSN carbon analyzer 

(Shimadzu, Columbia (MD), USA). 

Meteorological data (temperature and precipitation) were also collected during the 

Créteil Lake campaigns using a weather real-time transmitter WXT520 (Vaisala Inc., 

Boulder (CO), USA) placed on a sensing platform LakeESP (PME Inc., Vista (CA), USA). 

III.6 Watershed land use assessment

Upstream watersheds were delineated for each of the 49 lakes based on the digital

elevation model (DEM) BD ALTI® 15 m (IGN, Paris, France) using ArcGIS 10.0 (ESRI Inc., 

Redland (CA), USA). Then, they were adjusted to take into account for physical barriers 

that potentially modify the water flow (e.g., roads or underground drainages). Land use of 

the adjusted watershed was classified into four categories (i.e. natural, agricultural, open 
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peri-urban and dense urbanized areas) using the MOS® GIS 2012 database (IAURIF, Paris, 

France). 

III.7 Data analysis

Drivers of bacterioplankton spatial distribution in the Paris area Based on the 49

lakes dataset, we first checked if the intra-annual variability of the BCS among lakes 

differed significantly from inter-annual variability within each lake using the Mann-Whitney 

test based on the Bray-Curtis dissimilarity index. The beta diversity index, i.e. the 

dissimilarity between lakes, was calculated for each sampling year based on the Sørensen 

index. Beta diversity was then partitioned into two components following the framework 

proposed by Baselga (2010) to quantify the fraction of dissimilarity explained by the T-RF 

replacement (turnover, based on the Simpson’s dissimilarity index) and from the random 

variations of the T-RF richness (nestedness) (Azeria et al. 2011). These parameters were 

estimated using the beta.pair function from the ‘betapart’ package (Baselga et al. 2013). 

Then, the relative importance of environmental and spatial factors was assessed by 

decomposing the total bacterial community variation (Peres-Neto et al. 2006) using a 

variance partitioning analysis (VPA). Among all the environmental parameters measured, 

only six non-collinear variables were retained for the statistical analysis, i.e. water 

temperature, conductivity, pH, DOC concentration, trophic status and dominant land use 

index of the watershed. Trophic status (TS) was determined for each lake according to 

OECD (1982). Dominant land use index was included to assess the putative role of land 

use on the bacterial community. It was assessed as the land use (among the four 

categories) with the highest percentage of occupation. Spatial factors comprised two 

components: (i) variables reflecting the dispersal of bacterial taxa, i.e. with the presence of 

storm sewer outlet into the lake and the type of link to the hydrographic network, and (ii) 

variables integrating the community structuring at the regional scale, evaluated using the 

eigenvectors derived from the principal components of neighbor matrices of spatial 

coordinates (PCNM) (Borcard and Legendre 2002; Legendre and Gauthier 2014). The 

type of linkage to the hydrographic network was decomposed into three categories: (i) 

isolated lakes, which were mainly filled by alluvial water, (ii) lakes crossed by rivers and 

located in the riverbeds, and (iii) connected lakes, which were linked to a river but only by 
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a single connection (e.g., small bond, pipe) and thus received water from both 

groundwater and river. VPA estimated the proportion of BCS variation (adjusted R-

squared (R2
adj)) that can be attributed to local environmental characteristics [E] and spatial 

[S] components, environmental conditions without spatial component [E|S], spatial without

environmental component [S|E], variation explained by the interaction between both

components [E∩S] and the unexplained variation (1-[E+S]). The significance of the partial

contribution of both components was also evaluated with a Monte Carlo permutation test

(999 permutations under the reduced model). Analyses were conducted using the varpart 

function from the ‘vegan’ package (Oksanen et al. 2015). Prior to VPA, forward selections

were performed for both components according to Borcard and colleagues (2011) and

Legendre and Gauthier (2014).

To assess the neutral assembly of the bacterial communities, we used the method 

developed by Sloan and colleagues (2006) to fit the regional relative abundance of the T-

RFs and their observed detection frequency. Contrary to the Hubbell’s discrete model 

(Hubbell 2001), this continuous model is particularly suited for bacterial communities (i.e. 

with large population size) detected by fingerprinting methods (Sloan et al. 2006). The 

parameter NTm depicts the relationship between detection probability and regional 

relative abundance, with NT corresponding to the size of the metacommunity and m to the 

immigration rate (the probability that a dead individual is replaced by an immigrant). By 

considering the metacommunity size to be roughly equal among regions, NTm estimates 

the dispersal connectivity between each lake community. This parameter was estimated 

using the best fit between detection frequency of T-RFs and their regional relative 

abundance, by minimizing the sum of squares of errors. The detection limit was fixed to 

0.005, which corresponds approximately to the threshold of the T-RFLP method (i.e. 

electrophoregram peaks with more than 0.5% of the total peak area of the sample). The 

goodness of fit was evaluated using the determination coefficient R2. 

Spatio-temporal variability of BCS in Créteil Lake. The beta diversity as well as the 

turnover and the nestedness index were calculated over the two years of survey, 

considering consecutive pairwise months. Impacts of the environmental factors on the 

three indexes were investigated using a linear model. Data from Créteil Lake were used to 
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test for significant variability in BCS along the horizontal and vertical transects. The 

presence of a space–time interaction was first evaluated using a two-way ANOVA crossed 

design as described by Legendre and colleagues (2010). Included in the ‘STI’ package 

(Legendre et al. 2012), this method is particularly recommended for data without 

replication. As no space-time interaction was identified (data not shown), the same model 

without interaction was then implemented (STI Model 2, STI2) to test the significance of 

spatial and temporal variability along the two transects. Moreover, the environmental 

factors (water temperature, cumulative precipitation on 1, 5 and 15 days, pH, saturated 

oxygen, TSS, Chl a, DOC and total phosphorous concentrations) shaping the BCS over the 

two years survey were then investigated on Hellinger-transformed data using redundancy 

analysis (RDA), considering the sampling date as covariable. The neutral community 

model was performed as previously described to evaluate the importance of stochastic 

dynamics on the spatial distribution (between S1, C1, C2, C3 and R1) of the bacterial 

assemblage for each of the 25 campaigns. The parameter NT was estimated from the 

bacterial counts. Moreover, on the average sample M, we used the model developed by 

Ofiţeru and colleagues (2010) to evaluate to what extent the neutral model could explain 

the temporal variations of the relative abundance for each T-RF. 

All statistical analyzes were conducted using the statistical environment R version 

3.1.1 (R Development Core Team 2014). 

IV. Results

IV.1 Spatial distribution of the BCS at the regional scale

A total of 295 T-RFs were detected by T-RFLP analysis. Overall, 43% of T-RFs were

removed after quality control. The 167 remaining T-RFs were used for the statistical 

analyses with a median of 33 T-RFs per lake. The majority (69%) of the T-RFs were found 

every summer in at least one lake, while 24% of the T-RFs were detected twice and 7% 

once. Furthermore, if only two T-RFs were present in all the 49 lakes, none was restricted 

to a single lake. 
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Per lake, the BCS dissimilarity was on average 54% between the years 2011 and 

2012, and 53% between 2012 and 2013. These variations were significantly smaller than 

the beta diversity, i.e. the inter-lake variability considering the same year of sampling 

(Mann-Whitney test, P < 0.001). Indeed, the beta diversity displayed 63, 59 and 54% of 

dissimilarity for 2011, 2012 and 2013, respectively. Overall, by partitioning the beta 

diversity for the three years of campaigns, we observed that the variations between lakes 

were dominated by T-RF replacement that explained respectively 76, 70 and 67% of the 

beta diversity, whereas the random shift of T-RF richness explained only 24, 30 and 33% of 

the beta diversity. 

Whatever the year of sampling, environmental conditions and spatial factors 

explained only a small portion of the BCS variations, as evaluated by the variance 

partitioning analysis (Table 5). On average over the three years of monitoring, the 

environmental variables alone (mainly the trophic status) and the spatial processes alone 

(i.e. the type of connection to the hydrological network and the spatial structuring of the 

bacterial community characterized by PCNM variables) and their interaction explained 

respectively 3, 4 and 3% of the BCS variations. Consequently, a large amount of the 

variance (on average 90%) remained unexplained by these variables (Table 5). 

The neutral model explained a large fraction of the relationship between the 

occurrence frequency of the T-RFs and their relative abundance variations (Fig. 16), with 

Table 5 Variation partitioning analysis of the bacterial community structure for the three years 
of sampling. 

Relative variance explained (R2
adj) Variables selected 

Year of 
sampling 

Env. 
factors 

[E] 

Spatial 
factors 

[S] 

Env. 
factors 
alone 
[E|S] 

Spatial 
factors 
alone 
[S|E] 

Interaction 
[E∩S] Residuals Env. 

factors Spatial factors 

2011 0.05 0.06 0.03* 0.04* 0.02 0.91 TS, pH Hydro, PCNM 
2012 0.08 0.11 0.03* 0.06* 0.05 0.86 TS, DOC Hydro, PCNM 
2013 0.06 0.03 0.04* 0.01NS 0.02 0.93 TS Hydro, PCNM 

Mean (sd) 0.06 
(0.02) 

0.06 
(0.04) 

0.03 
(0.01) 

0.04 
(0.03) 

0.03 
(0.02) 

0.90 
(0.04) 

Abbreviations: Env, environmental; TS, trophic status; DOC, dissolved organic carbon 
concentration; Hydro, type of linkage to the hydrographical network; PCNM, reflect the 
community structuring using PCNM variable; sd, standard deviation. 
Symbols associated with adjusted R-squared correspond to the significance (symbols: *, P < 0.05; 
NS, non significant) of the partial contribution of factors tested alone in the presence of the other. 



Chapter II 

74 

82, 75 and 70% of explained variance for 2011, 2012 and 2013 databases. However, 

assuming a similar NT in each case, large variations of the immigration rate m were 

observed over the three years of sampling. Indeed, the NTm value increased from 13 in 

2011 to 79 in 2013. Furthermore, since all the relationships seemed strongly constrained 

by two T-RFs (which were present during the three campaigns), simulations without these 

points were also performed. The same 

values of NTm with a decrease of about 

3% of total explained variance were 

obtained (data not shown), suggesting 

that these two T-RFs did not bias the 

immigration rate estimates. 

IV.2 Spatial and temporal

monitoring in Créteil Lake 

In Créteil Lake, the two-year 

monitoring of the bacterial community 

by T-RFLP allowed the detection of 311 

T-RFs. As for the 49 lakes, about 47% of

the T-RFs were removed after quality

control. A total of 166 T-RFs was used for

the statistical analysis with a median of T-

RFs per month close to the one obtained

per lake for the 49 lakes (i.e. 37 T-RFs).

There was no significant 

heterogeneity in the BCS along the 

horizontal transect over the two years of 

survey (STI2, R2 = 0.01, F = 0.296, 

P = 0.998). This result suggested that 

there was no obvious impact of the 

storm sewer effluent on the BCS at the 

surface water, as found in the analysis of 

Figure 16 Relationship between the detection 
frequency of T-RFs and their mean relative 
abundance from the three years of monitoring. Each 
point represents a T-RF. The lines show the best fit to 
the neutral model with random immigration from a 
common source pool as described by Sloan and 
colleagues (2006). NTm values represent the meta-
community size multiplied by the immigration rate. 
Percentage represents R² of fit. 

Roguet et al. 7

Figure 3. Relationship between the detection frequency of T-RFs and their mean
relative abundance from the three years of monitoring. Each point represents
a different T-RF. The lines show the best fit to the neutral model with random
immigration from a common source pool as described by Sloan et al. (2006). NTm
values represent the meta-community size multiplied by the immigration rate.
The percentages represent the R2 value of the fit.

high-throughput sequencing yields a greater coverage of the
bacterial diversity and may avoid this potential bias, compara-
ble patterns in terms of diversity and structure were obtained on
the same samples with fingerprinting methods including the T-
RFLP (e.g. Castro-Carrera et al. 2014; Elsayed et al. 2014; van Dorst
et al. 2014; Thomson et al. 2015) whatever the primer set used.
Thus it seems reasonable to validate our conclusions regarding
the relative impact on BCS of environmental conditions, spatial
factors and stochastic processes.

Minor influence of deterministic processes on the BCS
at the regional scale

Our results indicate that environmental conditions and spatial
factors play a minor role in shaping the BCS at the regional

Figure 4.Temporal variations of the bacterial community beta diversity, turnover
and nestedness determined by comparing pairwise successive sampling cam-
paign (n = 24).

scale, as suggested by the low amount of total variance ex-
plained by these two factors. Several reasons could lead to this
result. First, according to Lindström and Langenheder (2012),
the large proportion of the BCS variance that remains unex-
plained (90%) could be explained by the absence of relevant
variables taken into account in the statistical models. For ex-
ample, van der Gucht et al. (2007) showed in the de Maten re-
serve, a well studied system of connected ponds, that 89% of
the total BCS variance was explained by environmental and
spatial factors. Local factors used in the de Maten analysis in-
cluded classical physicochemical parameters (e.g. conductivity,
pH), but also biological variables (i.e. phytoplankton and zoo-
plankton biomass) that could directly structure the BCS owing
to top-down control. Second, since all lakes are different regard-
ing the local parameters, it is possible that overall the statistical
analysis does not detect any tendency. Third, the small influ-
ence of deterministic factors on the bacterial community assem-
bly could also originate from the dominance of generalist taxa
in these ecosystems. However, the relatively high beta diversity
tends to invalidate this hypothesis. Finally, Gilbert and Bennett
(2010) demonstrated that variance-partitioning analysis tends
to underestimate the relative importance of the deterministic
factors.

Although only a small amount of total variance was ex-
plained by these factors, several variableswere identified as hav-
ing a significant effect on the BCS. Among the environmental
factors, the trophic status was the only variable systematically
considered significant over the 3 years of sampling. This param-
eter has already been characterized in the literature to shape
the BCS (Lindström 2000; Yannarell et al. 2003; Yannarell and
Triplett 2004). Among the spatial factors, a relative similar frac-
tion of total BCS variations was weakly explained by the poten-
tial ability of bacteria to disperse (characterized by the type of
linkage to the hydrographical network) and the spatial structure
of the bacterial community at the regional scale (characterized
by the PCNMs variables) (Supplementary Table S2). Furthermore,
in this analysis, no significant direct influence of storm sewer
discharges into the lakes was identified. Similarly, no influence
of the dominant watershed land use (i.e. natural, agricultural,
open or dense urban area) was detected, though previous liter-
ature suggested an impact of land use on BCS in rock biofilms
or on bacterial population (Scopel, Harris and McLellan 2006;
McLellan et al. 2007; Lear and Lewis 2009).
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the 49 lakes. Similarly, no vertical difference in the BCS was observed at the central point 

(STI2, R2 = 0.01, F = 0.742, P = 0.713), even when the lake was stratified (8 out of the 25 

campaigns, data not shown). Since no spatial variability was encountered, we then focused 

on the pooled samples (M) to analyze the temporal variation in the BCS. 

Redundancy analysis of T-RFLP profiles revealed (R2
adj = 14%) that the temporal 

variations in BCS were significantly explained by water temperature (P = 0.001). Moreover, 

quite important dissimilarities in BCS were observed from month to month, with values 

ranging from 23 to 77% (Fig. 17). No clear temporal pattern in the beta diversity 

fluctuations could be reported (Fig. 17). However, when decomposing the beta diversity 

into its turnover and nestedness components, we observed distinct temporal variations 

(Fig. 17) strongly linked to variations in water temperature (linear models: R2 = 0.46, 

F = 20.220, P < 0.001 for turnover and R2 = 0.38, F = 5.825, P = 0.004 for nestedness). 

Indeed, a positive relationship between the temperature and the turnover was observed 

(Supplementary data 2), indicating that T-RF replacement was higher in summer. In 

contrast, the negative relationship between temperature and nestedness (Supplementary 

Figure 17 Temporal variations of the bacterial community beta diversity, turnover and 
nestedness determined by comparing pairwise successive sampling campaign (n = 24).
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data 3) suggested that the composition of the T-RFs was strongly influenced by richness 

variations in winter. 

At the local scale, the neutral community model significantly explained the 

relationship between the occurrence frequency of the T-RFs and their relative abundance 

variations in 22 out of the 25 campaigns (Supplementary data 3). Over the 22 campaigns, 

the neutral model explained on average 65% of the total variance with values ranging 

from 33 to 91%. Contrary to the temporal BCS variations, neither the total variance 

explained by the neutral model (rpearson = -0.34, P = 0.116), nor the immigration probability 

appeared to be related to the water temperature (rpearson = -0.25, P = 0.267; 

Supplementary data 3). Regarding the temporal dynamics of the abundance of the T-RFs 

on the average sample M, the neutral time-series model proposed by Ofiţeru and 

colleagues (2010) could explain the relative abundance variations of only one T-RF 

(R2
adj = 80%, P < 0.001). The lack of relevance of this model to our data may come from the 

presence of numerous zeros in the dataset corresponding to the T-RFs that were not 

detected during campaigns. Indeed, the single T-RF that fitted the neutral model was the 

only one detected several times in the two years. Besides, when performing the neutral 

time-series model on the average relative abundance of the five Créteil Lake points (S1, 

C1, C2, C3 and R1), four out of the nine T-RFs detected over all the 25 campaigns had a 

relative abundance variability significantly explained by the neutral model with an average 

adjusted R-squared of 34% (data not shown). 

V. Discussion

The main goal of this study was to investigate not only the relative influence of

deterministic processes (i.e., environmental conditions and spatial factors) but also the 

influence of neutral processes on the bacterioplankton metacommunity within a large set 

of shallow lakes. One of the original aspects of this study lies in the two-year monthly 

monitoring of the Créteil Lake combined with the three repeated summer samplings of 49 

contrasted lakes to take into account inter-annual variability. Indeed, metacommunity 

surveys in continental aquatic systems integrating more than a single sampling campaign 

are rare (e.g., van der Gucht et al. 2007; Logares et al. 2013). Our results suggested that 
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stochastic processes were relevant at both regional and local scales to explain the 

bacterioplankton metacommunity assembly. 

V.1 Fingerprinting methodology considerations

Factors and processes influencing BCS were explored using a fingerprinting

method that may create a bias by underestimating the contribution of rare members from 

the sampled bacterial community (Pedrós-Alió 2006). Thus, if non-detected taxa are 

generalists, spatial and temporal BCS variation would be buffered. Inversely, differences 

would be enhanced if non-detected taxa happened to be specialists of local 

environmental conditions (Székely and Langenheder 2014). Although high-throughput 

sequencing yields a greater coverage of the bacterial diversity and may avoid this 

potential bias, comparable patterns in terms of diversity and structure were obtained on 

the same samples with fingerprinting methods including the T-RFLP (e.g., Castro-Carrera 

et al. 2014; van Dorst et al. 2014; Elsayed et al. 2014; Thomson et al. 2015) whatever the 

primer set used. Thus it seems reasonable to validate our conclusions regarding the 

relative impact on BCS of environmental conditions, spatial factors and stochastic 

processes. 

V.2 Minor influence of deterministic processes on the BCS at the regional scale

Our results indicate that environmental conditions and spatial factors play a minor

role in shaping the BCS at the regional scale, as suggested by the low amount of total 

variance explained by these two factors. Several reasons could lead to this result. First, 

according to Lindström and Langenheder (2012), the large proportion of the BCS variance 

that remains unexplained (90%) could be explained by the absence of relevant variables 

taken into account in the statistical models. For example, van der Gucht and colleagues 

(2007) showed in the de Maten reserve, a well studied system of connected ponds, that 

89% of the total BCS variance was explained by environmental and spatial factors. Local 

factors used in the de Maten analysis included classical physicochemical parameters (e.g., 

conductivity, pH), but also biological variables (i.e. phytoplankton and zooplankton 

biomass) that could directly structure the BCS owing to top-down control. Second, since 

all lakes are different regarding the local parameters, it is possible that overall the 

statistical analysis does not detect any tendency. Third, the small influence of deterministic 



Chapter II 

78 

factors on the bacterial community assembly could also originate from the dominance of 

generalist taxa in these ecosystems. However, the relatively high beta diversity tends to 

invalidate this hypothesis. Finally, Gilbert and Bennett (2010) demonstrated that variance 

partitioning analysis tends to underestimate the relative importance of the deterministic 

factors. 

Although only a small amount of total variance was explained by these factors, 

several variables were identified as having a significant effect on the BCS. Among the 

environmental factors, the trophic status was the only variable systematically considered as 

significant over the three years of sampling. This parameter has already been 

characterized in the literature to shape the BCS (Lindström 2000; Yannarell et al. 2003; 

Yannarell and Triplett 2004). Among the spatial factors, a relative similar fraction of total 

BCS variations was weakly explained by the potential ability of bacteria to disperse 

(characterized by the type of linkage to the hydrographical network) and the spatial 

structure of the bacterial community at the regional scale (characterized by the PCNM 

variables). Furthermore, in this analysis, no significant direct influence of the presence of 

storm sewer effluents into the lakes was identified. Similarly, no influence of the dominant 

watershed land use (i.e. natural, agricultural, open or dense urban area) was detected, 

though previous literature suggested an impact of land use on BCS in rock biofilms or on 

bacterial population (Scopel et al. 2006; McLellan et al. 2007; Lear and Lewis 2009). 

V.3 Bacterial assembly shape by neutral processes at the regional scale

The neutral community model was very powerful in explaining the T-RF proportion

observed in our panel of contrasted lakes (mean R2 = 76%). This result suggested that the 

bacterial community was shaped by a stochastic balance between loss and gain of taxa 

(Hubbell 2001; Sloan et al. 2006). Although numerous microcosm or environmental 

experiments found evidence that bacterial assembly was jointly shaped by local factors 

and neutral processes (Ayarza and Erijman 2011; Langenheder and Székely 2011; Lee et 

al. 2013; Pholchan et al. 2013), our results are in agreement with the study performed by 

Drakare and Liess (2010) on thirteen Swedish lakes. Indeed, these authors also reported 

the predominance of neutral processes compared with local factors. Our results could be 

explained by the strong adaptability and plasticity of the bacterial compartment to 



Chapter II!

79 

environmental perturbations and gradients, reducing the apparent sensitivity to local 

factors (Östman et al. 2010). Although our data well fitted the neutral community model, it 

is difficult to infer the absence of the influence of deterministic factors influence on BCS 

(Chisholm and Pacala 2010), especially as the fraction of variance unexplained by the 

variance partitioning analysis could not be attributed to stochastic processes (Vellend et 

al. 2014). Moreover, as discussed in Anderson and colleagues (2011), the neutral and the 

deterministic mechanisms might coincidentally mirror the same patterns. Therefor, 

isolating the importance of both components separately could be perilous without 

experimental approaches. 

Regarding the immigration rate, large inter-annual discrepancies were observed 

with an increase from 2011 to 2013. According to the neutral theory (Hubbell 2001), this is 

consistent with the decrease in the beta diversity over the three years of sampling. The 

inter-annual variation of the immigration rate could also result from meteorological 

conditions that may have led to higher bacterial dispersion in 2013 (e.g., strong wind). 

However, these variations could also result from a difference in the metacommunity size 

and not from the immigration rate. 

Furthermore in this study, we didn’t identify any other important mechanism apart 

from the neutral processes that could influence the assembly of communities. Indeed, we 

were unable to clearly identify a mass effect in lakes linked to rivers as observed by 

Lindström and colleagues (2006) and Nelson and colleagues (2009). According to the 

literature, this absence of effect could be due to the trophic status of the 49 lakes (mainly 

ranging from eutrophic to hypereutrophic levels). Indeed, the mass effect appears to be 

more effective in oligotrophic lakes (van der Gucht et al. 2007), whereas more productive 

lakes seem to be dominated by stochastic processes compared with deterministic 

processes (Chase 2010). 

This survey showed the importance of the neutral dynamics on the 

bacterioplankton metacommunity assembly at the regional scale. However, this sole 

approach did not allow the identification of the spatial and temporal mechanisms that 

govern the BCS at the scale of a single ecosystem though these processes could have a 
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direct influence on the dynamics at the regional scale. These issues were explored at the 

local scale within the Créteil Lake. 

V.4 Influence of deterministic and neutral processes at the local scale

In Créteil Lake, we expected a spatial structure between the storm sewer and the

lake outlet since the effluents from the sewer may represent an important source of 

exogenous taxa (Sercu et al. 2009). In addition, lakes that have a long water retention time 

(> 180 days for Créteil Lake) are characterized by significant dissimilarities in BCS between 

the lake and the inlet (Lindström et al. 2006; Nelson et al. 2009). However, our two-year 

monthly survey did not reveal any impact of the storm sewer effluent on the dominant 

bacterial taxa in the surface waters, even after strong rainfall events. The lack of intra-lake 

horizontal heterogeneity may originate from the moderate size of Créteil Lake and thus 

the small distance between the three sampling points. Indeed, important in-lake BCS 

spatial variation has generally been described in larger lakes (e.g., Yannarell and Triplett 

2004; de Wever et al. 2005; Jones et al. 2012) contrary to smaller lakes (Jones et al. 2012). 

In Créteil Lake, this result only applies to three surface locations and cannot be 

generalized to the whole lake or other compartments such as the sediments. In addition, 

the T-RFLP technique only assesses dominant taxa (Bent et al. 2007) and we cannot 

exclude an impact of storm sewer outlet on less abundant taxa such as pathogens or fecal 

indicators. Regarding the vertical profile, no BCS stratification was observed at the central 

station, even when the water column was stratified for several days (from 3 to 30 days of 

stratification). These two results showed a relative spatial homogeneity of the dominant 

bacterioplankton community on the different sampled points that could result from neutral 

processes. Overall, the neutral community model explained a large proportion of the 

bacterial assemblage variance per campaign (R2
mean = 65%). However, no distinct seasonal 

pattern of neutral model parameters (R2 and NTm) was observed over the two-year survey, 

suggesting that the influence of stochastic processes was rather constant through the year. 

Furthermore, the BCS within Créteil Lake displayed a marked temporal variation all 

along the sampling campaigns, essentially driven by the water temperature. Such 

importance of this deterministic parameter has already been reported in the literature in a 

wide range of aquatic habitats (e.g., Muylaert et al. 2002; Stepanauskas et al. 2003; 
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Jardillier et al. 2004). Moreover, this temporal analysis revealed that the taxa replacement 

was the main process shaping BCS in summer while random variation in T-RF richness 

occurred in winter. This pattern could result from the consequence of a trade-off between 

competitive abilities and resistance to predators over low and high productivity levels 

(Leibold 1999; Horner-Devine et al. 2003) or simply be due to purely random input of 

bacterial taxa, for example owing to the sediment resuspension or the sewer outlet input 

during rainy periods after a long period of dry weather. In addition to the importance of 

the water temperature on the BCS, some T-RFs displayed neutral time-series dynamics 

that explained up to 80% of their relative abundance variability. However, with our results, 

it is difficult to generalize the importance over time of the neutral processes on BCS since 

a large fraction of the T-RFs were not observed to be shaped by stochastic processes, 

indicating that bacterial groups were not all governed by the same processes (e.g., 

Barberán and Casamayor 2010; Székely and Langenheder 2014) probably due to specific 

ecological traits (Philippot et al. 2010). 

This study showed that the bacterial assembly in the 49 lakes located in the Paris 

area appeared to be strongly governed by stochastic processes. Coupled to this 

approach, the finer monitoring performed on Créteil Lake revealed that neutral dynamics 

spatially structured the bacterial community. BCS was temporally governed by a 

deterministic factor, i.e. the water temperature, and also by stochastic processes for some 

T-RFs.

Further studies on artificial shallow lakes, performed on a balanced group in terms 

of trophic status and type of linkage to the hydrographical network, should be carried out 

in order to develop a more robust overview of the mechanisms shaping the bacterial 

community. 
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VIII. Supplementary data

Supplementary data 1 Localization, morphological and physicochemical characteristics 

of the 49 lakes 

ID 
lake Name Localization LUI Trophic 

status Hydro SSO Surface 
area  (km2) 

Mean 
depth (m) pH Temp (°C) Cond  

(µS.cm-1) 
DOC  

(mgC.L-1) 

1 Freneuse Cove 49°04’ N  01°35’ E N H C + 0.14 2.4 7.9 (0.8) 22.0 (2.8) 473 (110) 4.3 (0.4) 
2 Grand Lavacourt Pond 49°03’ N  01°41’ E N E I - 1.12 4.3 8.8 (0.4) 21.4 (2.7) 276 (25) 4.3 (0.3) 
3 Ilon Cove 49°01’ N  01°37’ E N E C + 0.66 3.8 8.2 (0.1) 21.3 (2.3) 503 (43) 3.6 (0.2) 
4 Les Galets Pond 49°01’ N  02°03’ E OU E I - 0.11 2.2 9.1 (0.3) 22.6 (3.9) 277 (18) 7.2 (0.2) 
5 ASM Club Cove 49°00’ N  01°40’ E N H C + 0.37 2.5 8.0 (0.1) 21.8 (2.1) 491 (12) 3.9 (0.3) 
6 Grosse Pierre Pond 49°00’ N  01°58’ E N H I + 0.46 4.3 9.1 (0.6) 21.2 (2.2) 417 (46) 7.6 (0.6) 
7 Bout du Monde Pond 48°58’ N  01°50’ E N H I - 0.20 1.2 8.6 (0.5) 21.1 (3.7) 738 (68) 6.4 (0.2) 
8 Enghien Lake 48°58’ N 02°18’ E U H Cr + 0.34 1.0 7.7 (0.7) 23.6 (1.0) 689 (132) 6.8 (1.4) 
9 Gaule Achéroise Pond 48°58’ N  02°03’ E A M I - 0.05 6.2 7.7 (0.6) 23.2 (1.7) 775 (16) 3.6 (0.4) 

10 Triel  Pond 48°57’ N  02°00’ E N H I - 0.34 3.9 8.8 (0.2) 22.0 (3.4) 1069 (93) 11.4 (0.7) 
11 Jabline-Anet Lake 48°54’ N  02°43’ E OU O I - 0.77 7.0 8.5 (0.1) 21.0 (1.6) 1196 (48) 4.3 (0.2) 
12 Isles-les Villenoy Pond 48°54’ N  02°50’ E A M I - 0.42 2.6 8.6 (0.1) 22.3 (2.7) 324 (12) 4.4 (0.4) 
13 Lake Inférieur 48°51’ N  02°16’ E OU E Cr + 0.11 1.2 8.0 (0.9) 23.7 (3.5) 312 (57) 4.1 (0.6) 
14 Les Pâtis Pond 48°52’ N  02°36’ E OU H I - 0.10 2.6 8.9 (0.3) 21.2 (2.8) 591 (43) 7.9 (1.9) 
15 Torcy Lake 48°52' N 02°39'E OU M I - 0.25 5.8 8.1 (0.0) 22.5 (3.3) 1185 (47) 5.2 (0.1) 
16 UCPA Centre Pond 48°52’ N  02°37’ E N O I - 0.92 5.3 8.7 (0.1) 21.6 (2.4) 455 (5) 4.2 (0.2) 
17 Loy Pond 48°51’ N  02°41’ E N H Cr + 0.07 1.3 8.1 (0.6) 20.6 (3.6) 427 (98) 5.7 (0.9) 
18 Saint-Cucufa Pond 48°51’ N  02°10’ E N H I - 0.02 1.8 7.6 (0.6) 21.0 (3.1) 733 (26) 7.2 (0.7) 
19 UTE Louveciennes 48°51’ N  02°06’ E OU O I - 0.10 2.5 7.3 (0.3) 18.6 (2.8) 695 (41) 1.6 (0.3) 
20 Lake Minimes 48°50’ N  02°27’ E N H Cr + 0.06 1.2 8.0 (0.9) 22.5 (3.8) 520 (38) 5.0 (0.2) 
21 Swiss Pond 48°48’ N  02°07’ E OU M I - 0.14 1.9 8.9 (0.8) 25.6 (3.0) 1031 (75) 6.1 (0.5) 
22 Saint-Quentin Reservoir 48°47’ N  02°01’ E A E I - 1.20 1.6 9.4 (0.4) 23.7 (3.5) 420 (25) 6.4 (0.7) 
23 Créteil Lake 48°46’ N  02°27’ E U M I + 0.41 4.5 7.9 (0.4) 22.6 (2.7) 1494 (78) 6.8 (0.5) 
24 Maurepas Reservoir 48°46’ N  01°55’ E U H Cr + 0.08 3.4 8.4 (0.3) 22.5 (4.3) 387 (77) 6.0 (0.9) 
25 Choisy Pond 48°46’ N  02°25’ E OU M I - 0.34 2.6 7.7 (0.6) 23.3 (3.4) 1228 (84) 5.2 (0.8) 
26 Plage Bleue Pond 48°45’ N  02°28’ E OU M I - 0.09 3.1 7.8 (0.7) 23.1 (2.8) 2279 (230) 6.5 (1.1) 
27 Noés Reservoir 48°45’ N  01°58’ E U H I + 0.24 0.7 8.2 (0.1) 24.0 (5.5) 713 (169) 8.9 (3.4) 
28 Saclay Reservoir 48°44’ N  02°10’ E A H I + 0.30 1.5 9.3 (0.2) 24.3 (2.7) 540 (50) 7.2 (1.3) 
29 La Veyssière Pond 48°41’ N  02°24’ E OU H C + 0.25 1.6 8.3 (0.4) 23.5 (3.1) 310 (16) 4.1 (0.2) 
30 Vaux-de-Cernay Pond 48°41’ N  01°56’ E N H Cr + 0.06 1.4 8.5 (0.5) 21.7 (4.4) 464 (15) 5.7 (0.7) 
31 Noues de Seine Pond 48°40’ N  02°23’ E U E C + 0.97 3.4 8.9 (0.2) 23.8 (3.6) 760 (19) 4.8 (0.1) 
32 Gazeran Pond 48°38’ N  01°46’ E N H Cr + 0.08 0.7 7.6 (0.3) 22.9 (4.8) 766 (78) 7.4 (1.0) 
33 Courcouronnes Pond 48°37’ N  02°25’ E U H I + 0.07 1.4 9.1 (0.2) 25.3 (4.7) 255 (102) 4.6 (1.5) 
34 Epinoche Pond 48°37’ N  02°17’ E A H C + 0.06 2.4 8.2 (0.3) 22.0 (2.6) 558 (27) 4.6 (0.8) 
35 Port-Sud Pond 48°34’ N  02°11’ E A H Cr + 0.07 1.7 8.3 (0.4) 23.5 (3.4) 494 (58) 4.5 (1.8) 
36 Fontenay/Vic Pond 48°33’ N  02°23’ E A H C + 0.14 1.2 8.7 (0.2) 24.6 (2.5) 380 (27) 4.3 (0.1) 
37 Vert-le-Petit Pond 48°33’ N  02°22’ E A E C + 0.01 2.0 8.1 (0.3) 22.4 (3.0) 575 (48) 7.0 (0.6) 
38 Seine Port Pond 48°33’ N  02°32’ E N E C + 0.06 2.9 8.0 (0.4) 21.7 (1.7) 280 (34) 4.1 (1.0) 
39 Fleuri Pond 48°32’ N  02°22’ E A H C + 0.08 1.3 8.1 (0.2) 20.8 (1.8) 516 (33) 2.7 (0.3) 
40 Villefermoy Reservoir 48°32’ N  02°56’ E N H Cr + 0.32 2.1 8.4 (0.2) 22.2 (3.2) 289 (41) 9.4 (0.7) 
41 Saint-Blaise Pond 48°31’ N  02°22’ E A E C + 0.05 1.4 8.0 (0.2) 20.5 (2.3) 525 (22) 2.9 (0.2) 
42 Bois-le-Roi pond 48°29’ N  02°43’ E OU E I - 0.08 2.6 8.2 (0.2) 23.3 (3.6) 306 (18) 4.1 (0.1) 
43 Samoreau Pond 48°25’ N  02°45’ E OU O I - 0.10 2.4 8.9 (0.3) 23.3 (4.8) 215 (30) 2.7 (0.4) 
44 Delomez Pond 48°24’ N  03°07’ E N O I - 0.07 4.2 8.2 (0.2) 23.0 (2.5) 225 (28) 3.3 (0.2) 
45 Leclerc Pond 48°24’ N  03°05’ E N M I - 0.05 2.8 8.0 (0.0) 22.9 (3.0) 320 (14) 2.8 (0.4) 
46 Grande Paroisse Pond 48°22’ N  02°54’ E A E C + 0.53 3.7 8.3 (0.2) 22.6 (2.2) 319 (15) 4.5 (0.7) 
47 Grand Marais Pond 48°22’ N  02°57’ E N H I - 0.17 2.4 9.5 (0.6) 23.2 (2.2) 368 (7) 10.4 (0.6) 
48 Clarette Pond 48°19’ N  02°42’ E N E I - 0.14 1.4 8.8 (0.7) 23.2 (4.1) 279 (42) 7.4 (0.2) 
49 Souppes/Loing Pond 48°10’ N  02°45’ E A M C + 0.21 2.9 8.1 (0.1) 23.3 (2.8) 401 (9) 4.2 (1.4) 

Values represent the means (standard deviations) of the three yearly campaigns. 
Abbreviations: LUI, dominant watershed land use indice; Hydro, type of connection to the hydrological network; DOC, dissolved organic carbon concentration; SSO, 
presence of a storm sewer outlet; Temp, temperature; Cond, conductivity; N, natural; A, agricultural; OU, open urban; U, urban; O, oligotrophic; M, mesotrophic; E, 
eutrophic; H, hypereutrophic; I, isolated; C, connected; Cr, crossed.!
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Supplementary data 2 Relationship between the water temperature and the bacterial 

community turnover from Créteil Lake. Values were calculated by comparing a sampling 

campaign with the following (n = 24). 

Supplementary data 3 Relationship between the water temperature and the bacterial 

community nestedness from Créteil Lake. Values were calculated by comparing a 

sampling campaign with the following (n = 24). 
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Supplementary data 4 Relationships between the immigration probability m and the 

water temperature over the two-year monthly monitoring of Créteil Lake. 

The immigration probability was calculated as the relation between the output parameter 

NTm of the neutral community model (NCM) and the mean abundance NT of the 

heterotrophic bacteria and cyanobacteria from the points S1, C1, C2, C3 and R1 

determined by flow cytometry. Solid symbols represent campaigns where the NCM 

explained more than 50% of the bacterial assembly variance. Diamond-shaped represents 

campaigns where the NCM did not significantly shaped the BCS (P > 0.05). 
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I. Abstract

A growing number of studies highlight the importance of neutral processes on

bacterial community assemblages, in addition to other dispersal-related processes and 

environmental conditions. However, no clear consensus has emerged regarding the 

relative importance of these processes in shaping the entire bacterial communities and 

the different taxonomic groups. In a metacommunity analysis, we investigated the effects 

of these mechanisms on the bacterial community composition (BCC) within 49 contrasted 

lakes, located in the same hydrographical basin. BCC was assessed using high-throughput 

sequencing (Illumina MiSeq) targeting a portion of the 16S rRNA genes. The bacterial 

composition of these freshwaters was dominated by the Actinobacteria, Proteobacteria 

and Bacteroidetes. Overall, this BCC was better predicted by the neutral community 

model (R2 = 0.64) than by local environmental conditions and spatial factors (16%). 

However, the relative importance of the processes involved in the spatial distribution of 

the bacteria differed among the dominant phyla and classes, suggesting that, although 

not categorical, some ecological traits were shared among the species that belong to the 

same phylum or class. 
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II. Introduction

Processes that shape the spatial distribution of bacterial communities in aquatic

habitats remain a central issue in microbial ecology. Over the past decades, several 

studies showed that freshwater bacterial communities display biogeographical patterns 

governed by local environmental conditions and dispersal-related processes (Martiny et 

al. 2006; Hanson et al. 2012; Lindström and Langenheder 2012). Local environmental 

factors, also called species sorting, generally include resource availability, osmotic 

conditions or water temperature (Muylaert et al. 2002; Lindström et al. 2005; Kent et al. 

2007; Shade et al. 2007; Jones et al. 2009). Dispersal-related processes enclose the 

dispersal limitation of bacterial taxa to reach another location (Hubbell 2001), and mass 

effect implies a massive immigration of exogenous taxa disturbing the local community 

composition (Leibold et al. 2004). Dispersal-related processes could be impacted by the 

geographic distance between lakes, geographic barriers, or the links between lakes and 

the hydrological network (Beisner et al. 2006; van der Gucht et al. 2007; Nelson et al. 

2009; Lindström et al. 2010). Additionally to the dispersal-related mechanisms, a growing 

number of recent studies (Sloan et al. 2006, Woodcock et al. 2007; Drakare and Liess 

2010; Ofiţeru et al. 2010; Langenheder and Székely 2011) demonstrated that bacterial 

communities could also be neutrally assembled in various aquatic environments. These 

results are in agreement with the theory proposed by Hubbell (2001), suggesting that 

bacterial species with similar fitness may be driven by a stochastic balance between 

immigration, speciation, emigration and extinction. 

Several studies reported the joint action of these processes although not always 

apprehended with the same parameters (e.g., Drakare and Liess 2010; Ofiţeru et al. 2010; 

Langenheder and Székely 2011; Stegen et al. 2012). These observations may potentially 

result from different bacterial groups linked to specific intrinsic properties or traits (Green 

et al. 2008). Besides, a growing number of studies highlighted that distinct bacterial 

lineages, even at the phylum rank, could have specific functional traits that could explain 

unique spatial patterns (e.g., Lindström et al. 2005; Holmfeldt et al. 2009; Philippot et al. 

2009; Skékely and Langenheder 2014). 
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To date, only a few studies have conjointly quantified the relative importance of the 

local environmental conditions and the spatial factors involved in the dispersal limitation 

of the dominant bacterial phylum using metagenomic analysis (e.g., Langenheder and 

Székely 2011; Székely and Langenheder 2014). Similarly, studies integrating the neutral 

assembly theory from metagenomic data are still scarce (e.g., Logares et al. 2013; 

Langenheder and Székely 2011), although the neutral model can correctly explain on its 

own the bacterial community composition (BCC) in diverse aquatic environments (e.g., 

Sloan et al. 2006; Woodcock et al. 2007; Drakare and Liess 2010; Ofiţeru et al. 2010). 

Using molecular analysis, we investigated the spatial distribution of freshwater 

bacterial communities in a large set of shallow lakes located in Paris area (France). Three 

specific aims were held. First, we sought to determine to what extent local and spatial 

factors could shape the bacterial community at the regional scale. Then, we evaluated the 

importance of stochastic processes on the bacterial community assemblage. Third, we 

explored how these processes acted at different taxonomic ranks. Freshwater from 49 

lakes was collected and bacterial community composition was assessed using high-

throughput sequencing (Illumina MiSeq) targeting a fragment of the 16S rRNA genes. 

Materials and methods

III.1 Study area and sampling

This study was conducted in Paris area (Fig. 18), the most populated area in France 

that covers about 12,000 km2 (INSEE 2013). This region displays a large gradient of land 

use. In spite of large industrial towns and residential suburbs, half of the Paris area territory 

is used for agricultural purposes, while 26% are still covered by forests (INSEE 2012). 

Among the 248 waterbodies larger than 5 ha referenced in the hydrological database 

Carthage 3.0® (IGN, Paris, France), 49 lakes (Fig. 18 and Supplementary data 1) were 

selected using a random and stratified sampling strategy (Catherine et al. 2008). All the 49 

lakes have an artificial anthropogenic origin and can be considered shallow according to 

the definition of Scheffer (2004). Lakes were sampled in less than 15 days (from 16 to 30 

July 2013) to reduce the variability caused by short-term changes in meteorological 

conditions and nutrient inputs. 
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For each lake, three equidistant sampling stations were selected. At each station, 

water samples were collected at three depths (depending on the depth of the water 

column) using a Niskin bottle (General Oceanics Inc., Miami (FL), USA). All samples were 

then pooled together to obtain an integrated sample. Immediately after collection, 

samples were kept at 4 °C until their processing. 

Successive centrifugations (7,500 × g, 4°C) were performed to concentrate one 

liter into a 2-mL sterile tube. In order to facilitate pellet resuspension, 1 mL of Tween 80 

(final concentration, 0.01% vol/vol) was added before centrifugation to each sample. All 

samples were stored at – 20°C until DNA extraction. 

III.2 DNA extraction

Total DNA was extracted using the FastDNA® SPIN Kit (QBiogene, Carlsbad (CA),

USA) according to the manufacturer’s instructions. Two modifications to this protocol were 

!
Figure 18 Location of the 49 lakes in the Paris area (France). Numbers correspond to ID lakes. 
!
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applied, cells were lysed in a FastPrep bead beater three times for 30 s at 4.0 ms−1 and the 

SPIN filters were washed twice. All samples were eluted in 50 μL of deionized sterile water. 

The quality and quantity of extracted DNA were analyzed at 230, 260, and 280 nm by 

spectrophotometry before storage at -20°C. 

III.3 Illumina sequencing of the V3-V4 region of the 16S rRNA gene

PCR libraries were created by amplifying a fragment including two hypervariable

regions V3-V4 of the 16S rRNA genes using the bacterial primers 338F (5’- 

TCCTACGGGAGGCAGCAGT -3’) and 797R (5’- GGACTACCAGGGTATCTAATCCTGTT -3’) 

(Nadkarni et al. 2002; Santelli et al. 2008). The efficiency of this primer set was tested in 

silico using the probeBase online resource (http://www.microbial-

ecology.net/probebase/search.asp, data not shown, pers. comm.). The in silico analysis 

showed that this set of primers offers the advantage to well amplify bacterial DNA (72% of 

the total bacterial sequences in SILVA SSU Ref 108 NR dataset) without amplification of 

chloroplast DNA (5% of the total sequences of chloroplasts). PCR and sequencing were 

performed by Research and Testing Laboratory (Lubbock (TX), USA), using the Illumina 

MiSeq platform (Illumina Inc., San Diego (CA), USA). All DNA extracts were adjusted to 

120 ng.μL-1 prior to PCR reactions. Quality control was processed for each sequence using 

the software QIIME v. 1.8.0-20140103 (Caporaso et al. 2010). Sequences of poor quality 

were removed using the default parameters (quality score < 25, length < 100 nt and at 

least one ambiguous base or seven successive homopolymers). Chimeric sequences were 

then identified with USEARCH 6.0 using the UCHIME algorithm in de novo mode (Edgar et 

al. 2011) implemented in the online service FunGene pipeline and removed from the 

dataset. Sequences were clustered into 97% similarity-based operational taxonomic units 

(OTUs). Since the number of reads differed between samples, a subsampling strategy was 

performed to normalize the dataset as suggested by Aguirre de Cárcer and colleagues 

(2011). Briefly, subsampling consisted of a randomly resampling (100 times) of the whole 

reads until the median (16326 of reads) was reached and then all singletons were deleted. 

Rarefaction curves of the OTUs are presented in Supplementary data 2. Sequences 

corresponding to OTUs were deposited in the GenBank database with accession number 
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(the submission on NCBI is in progress). OTUs were assigned to the genus level with the 

non-redundant SILVA 111 database (Quast et al. 2013) using UCLUST (Edgar 2010). 

III.4 Environmental parameters

Total nitrogen and phosphorus concentrations were assayed by colorimetry using a

Cary 50 Scan spectrophotometer (Varian Inc., Palo Alto (CA), USA) according to Rogora 

and colleagues (2006) and the French standard (AFNOR NF T 90-023) respectively. Secchi 

depth and vertical profiles of physicochemical parameters were determined for each lake 

at the three stations. Chlorophyll a (Chl a) concentration was determined using a 

FluoroProbe in situ fluorometer (BBE-Moldaenke GmbH, Kiel, Germany). Conductivity, 

temperature, pH and oxygen profiles were measured using a submersible CTD profiler 

SBE 19 (Sea-Bird Electronics Inc., Bellevue (WA), USA). Total suspended solids (TSS) 

concentration was quantified after filtration of one liter on precombusted tarred Whatman 

GF/F filter. Dissolved organic carbon (DOC) concentrations were measured using a TOC-

VCSN carbon analyzer (Shimadzu, Columbia (MD), USA). 

III.5 Watershed land use assessment

Watersheds were delineated for each of the 49 lakes based on the digital elevation

model (DEM) BD ALTI® 15 m (IGN, Paris, France) using ArcGIS 10.0 (ESRI Inc., Redland 

(CA), USA). Then, they were adjusted to take into account for physical barriers that 

potentially modify the water flow (e.g., roads or underground drainages). 

III.6 Data analysis

Diversity index and evenness determination. The degree of similarity was analyzed

among the bacterial assemblages. Evenness was calculated using the Simpson’s evenness 

index (Smith and Wilson 1996). Results of evenness ranged from 0 (when one OTU was 

predominant) to 1 (when all OTUs were equally abundant). The alpha diversity was 

estimated using the exponential form of Shannon entropy. This index gives intuitive 

measures that correspond to the number of OTUs when OTUs are equally abundant in a 

sample (Whittaker 1972; Jost 2006). To evaluate the influence of environmental factors on 

the exponential form of Shannon entropy, a linear model was performed. Normality and 

homoscedasticity of residuals were checked according to Zuur and colleagues (2009). The 
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dissimilarity of NTM assemblages among the 49 lakes (beta diversity) was evaluated using 

the Sørenson dissimilarity index. The beta diversity was then partitioned using the 

beta.pair function from the ‘betapart’ package (Baselga 2010; Baselga et al. 2013) to 

quantify the fraction of dissimilarity explained by OTUs replacement (based on the 

Simpson’s dissimilarity index) and from pure random richness variation of the OTUs 

(Azeria et al. 2011). 

Drivers of the spatial distribution of the bacterial community The relative 

importance of local environmental and spatial factors was quantified by decomposing the 

total bacterial community variation into unique environmental (E) and spatial (S) 

components using variance partitioning analysis (VPA) (Peres-Neto et al. 2006). Six local 

environmental variables were injected in VPAs, i.e., water temperature, conductivity, pH, 

DOC concentration, trophic status and dominant land use index of the watershed. Trophic 

status (TS) was determined for each lake according to OECD (1982). Dominant land use 

index was included to assess the putative role of land use on the bacterial community. It 

was assessed as the land use (among the four categories) with the highest percentage of 

occupation. Spatial factors comprised two components reflecting the dispersal and the 

structure at the regional scale. The first component included variables reflecting the 

dispersal of bacterial taxa, i.e. the presence of direct storm sewer discharge into the lake 

and the type of link with the hydrographic network. The type of linkage to the 

hydrographic network was decomposed into three categories (that roughly characterized 

the lake water retention time): (i) isolated lakes, which were mainly filled by alluvial water, 

(ii) lakes crossed by rivers and located in the riverbeds, and (iii) connected lakes, which

were linked to a river but only by a single connection (e.g., small bond, pipe) and thus

received water from both groundwater and river. The second component was

represented by variables integrating the spatial patterns of the communities at the

regional scale. This variable was evaluated using the eigenvectors derived from the

principal components of neighbor matrices (PCNM) of spatial coordinates (Borcard and

Legendre 2002; Legendre and Gauthier 2014). PCNM variables reflect the spectral

decomposition of the spatial relationships among the study sites. Variance partitioning

analyses estimates the proportion of BCC variation (adjusted R-squared) that can be

attributed to local environmental variation [E], spatial variation [S], local variation without
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regional component [E|S], spatial variation without environmental component [S|E], 

variation explained by their interaction [E�S] and the unexplained variation (1-[E+S]). The 

significance of the partial contribution of both components was also evaluated with a 

Monte Carlo permutation test (999 permutations under the reduced model). The method 

was implemented using the varpart function from the ‘vegan’ package (Oksanen et al. 

2013). Prior to VPA, forward selections were performed for both components according to 

Borcard and colleagues (2011) and Legendre and Gauthier (2014). 

To assess the neutral assembly of the bacterial communities, we used the method 

developed by Sloan and colleagues (2006) to fit the regional relative abundance of OTUs 

and their observed detection frequency. Contrary to the Hubbell’s model (Hubbell 2001), 

this continuous model is particularly suited for bacterial communities (i.e. with large 

population size) detected using molecular tools (Sloan et al. 2006). The parameter NTm 

depicts the relationship between detection probability and regional relative abundance, 

with NT corresponding to the size of the bacterial community and “m” to the immigration 

rate (the probability that a dead individual is replaced by an immigrant). This parameter 

was estimated using the best fit between detection frequency of OTUs and their regional 

relative abundance, by minimizing the sum of squares of errors. The detection limit was 

fixed to 1.10-5, which corresponds approximately to the threshold of the sequencing 

method. The goodness of fit was evaluated using the determination coefficient R2. 

All statistical analyses and indices computing were conducted using the statistical 

environment R version 3.1.1 (R Development Core Team 2014). The default statistical 

significance was based on a P ≤ 0.05 level. 

IV. Results

IV.1 Bacterial richness

A total of 886,505 reads were recovered from the 49 lakes with an average length

of 410 bp. Trimming, chimera check and subsampling removed 193,627 sequences (Table 

7). Finally 691,739 sequences clustered in 5,290 OTUs were identified as belonging to the 

bacteria kingdom (Table 7). Only three percent of the OTUs (180/5,290) had a relative 
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Figure 19 Relative abundances per lake (percentage of total sequences) of 
phylogenetic phyla identified by Illumina MiSeq sequencing. The group “Other” 
includes the phyla (in decreasing order) Verrucomicrobia, Gemmatimonadetes, 
Firmicutes, Planctomycetes, Armatimonadetes, Acidobacteria, 
Candidate_division_TM7, Nitrospirae, Spirochaetes, Fusobacteria, Deinococcus-
Thermus, WCHB1-60, Lentisphaerae, TM6, Elusimicrobia, 
Candidate_division_OP3, Tenericutes, Caldiserica, OC31, Chlamydiae, 
Candidate_division_WS3 and BD1-5. 

abundance higher than 0.5% in at least one of the 49 lakes samples. The bacterial 

assemblages were dominated by few OTUs and composed by a majority of rare OTUs, as 

underlined by the low values of the evenness index (Table 7). The alpha diversity ranged 

from 14 to 69 OTUs per lake (if all OTUs were equally distributed), with a median of 26 

(Table 6). This diversity index was significantly driven by the pH and the trophic status of 

lakes, with a bacterial diversity significantly higher in eutrophic lakes (linear model, 

F8,40 = 8.16, R2 = 0.62, P < 0.001 for both parameters). 

IV.2 Composition of the bacterial assemblages

Overall, the bacterial composition was dominated by the Actinobacteria with 62%

of the total sequences, followed by the Proteobacteria (29%) and the Bacteroidetes (6%) 

(Fig. 19). Actinobacteria phylum was dominated by the Actinobacteria subclass 

(Supplementary data 3), whereas Proteobacteria and Bacteroidetes were dominated by 

three main classes, respectively the Alpha-, Beta- and Gammaproteobacteria, and 

Sphingobacteriia, Cytophagia and Flavobacteria (Fig. 20). Dominant families and genus 

are listed in Table 7. 
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Table 6 Comparison of sequenced libraries, including the number of reads pre- and post-trimming 
and subsampling, the observed richness, the diversity index and the evenness index for each lake. 

ID 
lake 

No. of raw 
sequences 

No. of 
filtered 

sequences 

Subsampling
No. sequences 
belonging to 
the bacteria 

No. OTUs 
belonging to 
the bacteria 

Diversity index 
(Exp, form of 

Shannon) 

Evenness 
index % 

(Simpson 
evenness) 

No. 
sequences 

No. 
OTUs 

1 13133 12289 11990 316 11788 309 34.9 0.3
2 16337 13795 13451 300 13437 294 24.4 0.3 
3 25716 23312 16326 632 15955 627 22.0 0.14 
4 13560 12347 12053 288 12043 285 30.8 0.32 
5 18256 16326 15855 378 15840 374 28.4 0.24 
6 16423 15309 15030 268 15028 267 28.7 0.35 
7 16377 15160 14734 378 14732 377 39.0 0.25 
8 19290 17330 16323 985 15424 958 69.4 0.1 
9 32688 29553 16323 708 15980 698 13.9 0.12 

10 17233 15684 15256 347 15223 342 32.0 0.27 
11 21965 19132 16326 608 15887 600 21.6 0.15 
12 23837 20360 16326 579 15947 578 17.1 0.15 
13 10680 9973 9628 258 9628 258 26.5 0.35 
14 11310 10625 10379 217 10360 215 25.8 0.43 
15 25031 22625 16326 751 15832 730 28.2 0.12 
16 19418 17802 16326 583 15858 575 26.9 0.15 
17 12995 11805 11292 493 11275 487 76.8 0.2 
18 13201 12124 11780 324 11757 318 37.8 0.29 
19 13472 12312 11875 349 11859 344 36.9 0.27 
20 14938 13428 13177 220 13164 219 25.5 0.42 
21 8945 7860 7662 153 7633 148 12.0 0.55 
22 12745 11744 11425 294 11407 289 28.7 0.32 
23 26913 24168 16326 579 16001 569 21.5 0.16 
24 21005 19436 16326 675 15853 668 36.4 0.14 
25 23932 21630 16326 801 15812 782 37.6 0.12 
26 23440 21897 16326 648 15932 638 31.0 0.14 
27 18524 16928 16320 1068 15368 1045 88.9 0.09 
28 23208 21517 16326 562 15977 555 32.0 0.16 
29 23406 21353 16326 1059 15627 1027 46.3 0.09 
30 18604 17907 16326 579 15869 569 33.6 0.16 
31 7349 6735 6517 172 6515 171 18.1 0.52 
32 14603 13126 12623 569 12615 566 92.3 0.17 
33 14967 13684 13324 395 13307 388 52.8 0.24 
34 14177 12822 12282 509 12262 504 93.2 0.19 
35 15521 14060 13513 611 13490 605 112.6 0.16 
36 21037 19006 16326 1076 15487 1043 62.1 0.09 
37 20303 18682 16326 1094 15491 1061 82.8 0.09 
38 14676 13492 13179 342 13160 337 52.8 0.28 
39 16284 14702 14034 640 14017 633 98.2 0.15 
40 19340 17339 16325 879 15585 856 62.0 0.11 
41 20671 18792 16326 1146 15480 1130 63.6 0.08 
42 14946 13575 13153 351 13121 342 32.8 0.26 
43 25583 22537 16326 543 16011 535 16.9 0.16 
44 20255 17600 16326 622 15811 614 18.5 0.13 
45 21239 18027 16326 594 15851 581 22.9 0.15 
46 17393 15588 15264 270 15250 266 17.7 0.32 
47 28460 25432 16326 705 15938 702 24.2 0.13 
48 19481 17318 16326 863 15166 839 43.4 0.11 
49 16771 15083 14724 350 14686 340 32.9 0.27 

OTUs, operational taxonomic units 
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IV.3 Spatial structure of the total BCC

The beta diversity between the 49 lakes was of 67% of dissimilarity. When only

considering the dominant OTUs (≥ 0.5%), the beta diversity felt to 30% whereas rare OTUs 

displayed a value of 76%. By partitioning the beta diversity of the bacterial community, we 

observed that OTUs replacements explained 79% of the beta diversity, against 21% 

explained by a random shift of OTUs. Local conditions (mainly trophic status and water 

pH) and spatial factors alone (type of link to the hydrological network and the PCNM 

Figure 20 Relative abundances per lake (percentage of total sequences) of 
phylogenetic class for (a) Proteobacteria and (b) Bacteroidetes identified by Illumina 
MiSeq sequencing. 
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variables) and their interaction explained only 16% of the BCC dissimilarity among the 49 

lakes, as evaluated by the variance partitioning analysis (VPA) analysis (Table 7). Thus, a 

large amount of the variance, i.e. 84%, remained unexplained by these factors (Table 7). 

Regarding the dominant and rare OTUs, VPA explained 19% of the variability within the 

dominant fraction against 9% for the rare OTUs (Table 7). 

Contrary to local and spatial factors, the neutral model explained a large fraction in 

the relationship between the OTUs occurrence frequency and their relative abundance 

variations with an R2 of 64% (Table 8). The neutral community model also properly fit the 

dominant taxa and the rare OTUs with a R2 of 68 and 73% respectively (Table 8). 

IV.4 Spatial structure of the dominant phyla

We explored whether the patterns and processes observed at the bacterial

community level were similar inside specific taxonomic groups from phyla to classes. From 

the class level, only the three dominant bacterial groups with a regional relative 

abundance higher than 0.5% were considered. Although no strong relation between the 

phylogeny and the processes involved in the spatial structure of bacterial communities 

was identified (UPGMA clustered analysis based on Euclidian distance, data not shown), 

there were similar trends within different dominant phyla and classes in the relative 

importance of the processes shaping the bacterial communities. 

Large discrepancies within the three dominant bacterial phyla (Actinobacteria, 

Proteobacteria, Bacteroidetes) were observed in the total variance explained by 

environmental and spatial factors (Table 7). Within the Actinobacteria phylum, the relative 

importance of the spatial factors differed from one taxonomic group to another. 

Acidimicrobiia assembly was mainly explained by the factor ‘type of linkage to the 

hydrological network’ (up to 15%), while the dominant Actinobacteria subclass had a 

smaller total variance explained by the VPA compared to the whole bacterial community. 

In addition, Alpha- and Betaproteobacteria were significantly sensitive to the 

environmental conditions (up to 13%) and not to the spatial factors, contrary to the 

Gammaproteobacteria. Finally, Bacteroidetes appeared to be poorly shaped by both the 

environmental conditions and the selected spatial variables.
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Table 8 Neutral community model parameters. 
Regional 
relative 

abundance 
NTm m' R2 p-value

Total bacterial community 1.00 559.2 5.6 0.64 <0.001 
   Dominant community 0.89 111.6 1.3 0.68 <0.001 
   Rare community 0.11 63.4 5.7 0.73 <0.001 
Actinobacteria (phylum) 0.62 741.7 12.0 0.77 <0.001 

Acidimicrobiia (subclass)+ 0.06 19.7 3.1 0.65 <0.001 
Actinobacteria (subclass) 0.55 770.2 13.9 0.81 <0.001 

Frankiales (suborder)+ 0.50 765.6 15.3 0.82 <0.001 
Micrococcales (suborder)+ 0.04 26.6 6.0 0.86 <0.001 
PeM15 (suborder)+ 0.01 0.6 0.9 0.81 <0.001 

Proteobacteria (phylum) 0.29 99.6 3.4 0.69 <0.001 
Alphaproteobacteria (class) 0.08 19.4 2.4 0.76 <0.001 

Rhizobiales (order)+ 0.02 2.0 0.9 0.62 <0.001 
Rhodobacterales (order)+ 0.02 4.1 2.5 0.81 <0.001 
Sphingomonadales (order)+ 0.03 4.6 1.4 0.84 <0.001 

Betaproteobacteria (class) 0.18 65.9 3.6 0.73 <0.001 
Burkholderiales (order) 0.16 58.2 3.6 0.73 <0.001 

Burkholderiaceae (family)+ 0.04 24.0 5.3 0.71 <0.001 
Comamonadaceae (family)+ 0.03 31.0 11.4 0.76 <0.001 

Methylophilales (order)+ 0.01 1.8 1.3 0.81 <0.001 
Gammaproteobacteria (class) 0.02 4.0 1.8 0.61 <0.001 

Bacteroidetes (phylum) 0.06 8.6 1.4 0.60 <0.001 
Cytophagia (class)+ 0.01 0.9 0.6 0.81 <0.001 
Flavobacteria (class)+ 0.02 1.9 1.2 0.81 <0.001 
Sphingobacteriia (class)+ 0.03 4.1 1.2 0.59 <0.001 

NTm parameter was estimated using the model developed by Sloan and colleagues (2006). It 
represents the meta-community size multiplied by the immigration probability m. Since we did 
not know the real abundance of the bacterial community, the immigration probability was 
estimated m’ using the regional relative abundance of the bacterial groups. 

Whatever the bacterial group, the neutral community models well explained the 

relationship between the OTUs occurrence frequency and their relative abundance 

variations with R2 ranging from 59 to 86% (74% on average). However, assuming that the 

parameter NT was proportional to the relative abundance of the phylum among the 49 

lakes, variations in the estimated immigration probability m’ were observed between the 

three dominant phyla. The immigration rate was relatively higher for the Actinobacteria 

compared to the Proteobacteria or the Bacteroidetes (Table 8). 
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V. Discussion

This regional-scale study not only explored the relative influence of the local

environmental conditions and the spatial factors, but also the neutral processes that 

governed the spatial variations in the bacterial community composition and the spatial 

distribution of the dominant taxonomic groups. The bacterial communities from a large 

set of lakes were assessed using a high-throughput sequencing methodology that allowed 

an in-depth analysis of the bacterial diversity. Major results suggested that the entire 

bacterial community composition (BCC) was shaped by stochastic processes, whereas at 

specific taxonomic ranks (phylum to classes), local and spatial processes were also found 

as important mechanisms governing the bacterial composition, with global tendencies 

within each phyla or classes. 

V.1 Bacterial community composition in the 49 lakes

Overall, Actinobacteria dominated the bacterial metacommunity. A similar

tendency was previously recorded in freshwater habitats, where the Actinobacteria 

phylum represented a large fraction (20-70%) of the total bacterial assemblage, 

specifically the Actinobacteria subclass (e.g., Warnecke et al. 2005; Allgaier and Gossart 

2006; Holmfeldt et al. 2009). Proteobacteria (especially the Betaproteobacteria) and the 

Bacteroidetes (Sphingobacteria) were also found to be abundant in the 49 lakes. In the 

literature, these phyla are often identified as abundant in lakes epilimnia (e.g., Glöckner et 

al. 1999; Mueller-Spitz et al. 2009; Barberán and Casamayor 2010). 

Despite the dominance of few phyla, large inter-lake variations in the BCC were 

observed at the OTU level between the 49 lakes. This variability among lakes was not the 

pure consequence of a random shift in the OTUs richness, but was rather influenced by 

species turnover. Main results evidenced the importance of stochastic processes 

compared with the local and regional factors on the total BCC. 

V.2 Small importance of local and regional factors on the spatial BCC

Our results indicate that local conditions and spatial factors have a small influence

in structuring the BCC at the regional scale, as suggested by the low amount of total 

variance explained by these two factors. A similar tendency was encountered in a three-
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year survey performed on the same set of lakes using the T-RFLP method (Roguet et al. 

2015). Some environmental and spatial factors were identified as having a significant 

effect on the BCC with both approaches, such as the trophic status and the link to the 

hydrological network. The fact that both approaches gave similar conclusions over the 

three-year survey brings some credit in the analysis and results. The trophic status, 

nutrients availability or the osmotic conditions has been previously reported to shape the 

bacterial community (Lindström 2000; Kent et al. 2007; Shade et al. 2007). Among the 

spatial factors, the potential ability of bacteria to disperse (characterized by the type of 

linkage to the hydrographical network) and the spatial structuring were mainly identified 

as shaping the BCC. Moreover, in this analysis, no relevant major influence of the presence 

of storm sewer discharge into the lakes was identified. 

Although in this study the deterministic factors (environmental and spatial) seemed 

to marginally explain the regional variation of beta-diversity, the interpretation of these 

results should be taken with caution since several methodological and statistical biases 

could overestimate the relative importance of the unexplained variance or underestimate 

the contribution of the environmental and spatial factors to the variance partitioning 

analysis (Gilbert and Bennett 2010, Lindström and Langenheder 2012, Skékely and 

Langenhender 2014, Roguet et al. 2015). Moreover, the relevant variables may be absent 

among the tested variables, in particular the organic matter quality (Judd et al. 2006) or 

the biotic factors reflecting the top-down pressures exerted on the bacterial community 

(van der Gucht et al. 2007). 

V.3 Stochastic processes and structure of the bacterial metacommunity

The neutral community model was relatively powerful (R2 = 64%) for explaining the

OTUs proportion observed in the 49 lakes, suggesting that the total BCC was driven by a 

stochastic equilibrium between taxa loss and gain (Hubbell 2001; Sloan et al. 2006). 

Similar observations have already been reported in previous experimental and 

limnological studies, where stochastic processes also displayed a higher influence than 

local factors and/or regional processes (Langenheder and Skékely 2011; Lee et al. 2013; 

Drakare and Liess 2010). The prevalence of neutral processes on the bacterial assemblage 

could be explained by the apparent reduced sensitivity of bacterial communities to local 
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factors, due to their strong adaptability and plasticity to environmental perturbations and 

gradients (Östman et al. 2010) or to the dominance of generalists in the bacterial 

community (Langenheder and Skékely 2011). However it should be kept in mind that the 

analyzed dataset represent a snapshot that may give a biased view of the taxa loss and 

gain analysis. 

Although the total bacterial community assemblage seemed to be driven by 

stochastic processes, we could not infer the absence of local and spatial factors influence 

on BCC (Chisholm and Pacala 2010). Indeed, within the different phyla, local and spatial 

factors could have a higher influence on the species assemblage. 

V.4 Local and dispersal processes effects depend on the bacterial group

Although not categorical, there are evidences of specific processes associated with

phyla or classes. First, Actinobacteria and Bacteroidetes are generally considered to be 

generalist groups in freshwater habitats (Tamames et al. 2010; Langenheder and Skékely 

2011; Newton et al. 2011). For both groups their generalist nature could explain the low 

impact of the environmental and spatial factors on their spatial structuration. However the 

two groups seemed to differ in their dispersal capacity. The spatial distribution of the 

Acidimicrobiia (Actinobacteria) was strongly related to the type of link to the hydrological 

network. This result may suggest the existence of mass effect overriding the influence of 

the environmental conditions (Hubbell 2001) and affecting the spatial distribution of 

Actinobacteria, as a massive load of taxa could be expected in lakes crossed by a river. 

The widespread distribution of Actinobacteria may be the consequence of the absence of 

a significant influence of the local environmental conditions on two dominant bacterial 

groups Acidimicrobiia and Frankiales. Finally, the Proteobacteria was the unique phylum 

to be strongly influenced by local water conditions and, in a lesser extent by spatial factors 

or immigration rate. 

Although some patterns were observed within phyla or classes, evidencing that the 

spatial distribution of bacterial taxa may reflect their ecological traits (Fierer et al. 2007; 

Philippot et al. 2010; Lennon et al. 2012), the absence of categorical relationship between 

the phylogeny and the importance of the different processes suggested a random 

association between phylogenetic constraints and some functional traits (Boucher et al. 
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2003), likely due to gene loss, convergent evolution or lateral transfer (Snel et al. 2002; 

Martiny et al. 2013). 

In this study, we observed that the bacterial community assemblages in 49 lakes 

located in Paris area were mainly shaped by stochastic processes and poorly dependent 

on local conditions and spatial factors. Although this study only provided a snapshot of the 

bacterial community, as we did not take temporal variation into account, these tendencies 

(regarding the total and the dominant bacterial community) are in accordance with those 

obtained from a fingerprinting study performed between 2011 and 2012 on the identical 

set of lake. However, we also attested that similar tendencies were found between close 

bacterial taxonomic lineages in the processes involved in their spatial distribution. 

Considering the importance of dispersal-related processes, notably of the type of linkage 

to the hydrographic on the bacterial community composition, it would be interesting to 

take into account this parameters in further analyzes. 
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VIII. Supplementary data 

Supplementary data 1 Rarefaction curves obtained for the forty-nine water samples 

collected in the 49 lakes in Paris area (at a cutoff level of 3%). The correspondence 

between the ID lake and the name of lakes are listed in Table S1. Abbreviation: OTU, 

operational taxonomic unit. 

 

 

 

Supplementary data 2 Relative abundances per lake (percentage of total sequences) of 

the Actinobacteria identified by Illumina MiSeq sequencing. 
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I. Abstract

Although nontuberculous mycobacteria (NTM) are natural inhabitant of freshwater 

ecosystems, few studies have focused on their distribution in these habitats. Thus, the 

knowledge about the abundance as well as the composition of NTM remains limited and 

patchy in these environments. In this context, a prospective study was performed to 

identify favorable habitats for mycobacteria in two recreational lakes. Mycobacterial 

density and diversity were measured using real-time quantitative PCR and the MiSeq 

Illumina patform. 

For both lakes, five compartments were investigated, i.e. water column, air-water interface, 

sediment, epilithon and epiphyton biofilms. Nontuberculous mycobacteria were detected 

in all compartments in large densities and displayed a remarkable diversity. NTM were 

dominated by fast-growing species. Lakes and compartments appeared to shape 

mycobacteria assemblage composition as well as their densities. In both lakes, some 

OTUs assigned to the species level, a few were identified as related to known 

opportunistic pathogens. 
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II. Introduction

The genus Mycobacterium contains more than 170 species, mostly described as

nontuberculous mycobacteria (NTM) (Euzéby 1997). Although some species are 

recognized as opportunistic pathogens, many of these bacteria are saprophytic and 

therefore are natural inhabitants of terrestrial and aquatic environments (Collins et al. 

1984; Falkinham III 2002; Hruska and Kaevska 2012). Yet, studies focusing on NTM in 

natural ecosystems remain rare in comparison with drinking water distribution systems 

(e.g., Covert et al. 1999; Falkinham III et al . 2001; Vaerewijck et al. 2005) or hospital water 

supply networks (e.g., du Moulin et al. 1998; Fox et al. 1992; Fujita et al. 2002). These two 

types of habitats have been particularly well studied (Kazda et al. 1999), owing to the 

increased susceptibility of immunodeficient persons to mycobacteriosis following contact 

with waters harboring mycobacteria. 

The lack of studies exploring the environmental habitats of mycobacteria could 

partly be explained by the difficulties in isolating slow-growing bacteria from natural 

environments using classical culture methods (Falkinham III 2002). Cultivation approaches 

also provide a limited view of NTM density and diversity. However, improvements in 

extracting DNA from natural samples (Guo and Zhang 2013) as well as PCR-based 

methods, which have been developed over the last decades, should solve some of these 

biases. Nevertheless, studies describing the entire mycobacterial assemblage in 

ecosystems using molecular tools are still scarce. These few published papers mainly 

focused on soil habitats (e.g., Niva et al. 2006; Pontiroli et al. 2013). Moreover, the majority 

of studies investigating freshwater habitats, either focused on particular species (e.g., 

Stinear et al. 2000; Pickup et al. 2005, 2006; Gauthier et al. 2010) or on cultivable species 

(e.g., Viallier and Viallier 1973; Kirschner et al. 1992; Iivanainen et al. 1993; Bland et al. 

2005). Only few studies considering the whole NTM assemblage have been 

performed in aquatic ecosystems (Niva et al. 2006; Parashar et al. 2009; Debruyn et al. 

2009; Khera 2012). Consequently, it appears necessary to improve our knowledge in 

terms of abundance, diversity and potential niches of mycobacterial species in surface 

freshwater ecosystems, especially since NTM probably acquired their virulence traits 
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under selective pressures in their natural habitat, as have other environmental pathogens 

(Dyble et al. 2008; Abida et al. 2010). 

Among freshwater ecosystems, lakes appear to be interesting models to 

investigate the distribution of NTM. Indeed lakes are common ecosystems in urban area, 

where they attract a high number of visitors due to the cultural and recreational services 

they provide. Moreover, according to the literature, lakes could provide relevant 

ecological niches for mycobacteria. In boreal lakes, Niva et al. (2006) observed that the 

mycobacterial assemblages constituted a large part of the Actinobacteria phyla, one of the 

dominant phylum in these ecosystems (Newton et al. 2011). Moreover, numerous NTM 

species (e.g., M. avium, M. chelonae, M. xenopi) are able to persist or develop in aquatic 

environments within biofilms (Hall-Stoodley and Lappin-Scott 1998; Dailloux et al. 2003; 

Williams et al. 2009) or at water interfaces (Alavi et al. 2006) due to their hydrophobic cell 

wall. Sediment seems also to constitute a suitable habitat for NTM (Pickup et al. 2005; 

Debruyn et al. 2009; Gauthier et al. 2010). 

This prospective study investigated the spatial distribution of the mycobacterial 

assemblages in two shallow lakes with different trophic status (eutrophic and mesotrophic) 

in order to evaluate the density and diversity of NTM in different compartments. First, we 

sought to determine the main reservoirs of NTM among a set of different compartments 

(water column, air-water interface, sediment and biofilms). Second, we evaluated to what 

extent mycobacterial density could be impacted by spatial parameters. We hypothesized 

that NTM would be preferentially found at the air-water interface and in biofilms, and that 

the species composition would differ among the different compartments in both lakes. For 

that purpose, an approach combining a quantitative and a compositional analysis of NTM 

based on recent molecular tools (Pontiroli et al. 2013; Radomski et al. 2013) was used. 

Mycobacterial densities were quantified using real-time quantitative PCR and NTM 

diversity was assessed using MiSeq Illumina high-throughput sequencing. 
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III. Materials and methods

III.1 Sampling sites

Créteil Lake and Daumesnil Lake are two shallow lakes separated by less than

10 km. They are located in the Paris area (France), near the confluence of Seine and Marne 

Rivers. Créteil Lake (Supplementary data 1) is a 0.40 km2 mesotrophic lake that was 

originally a sandpit. This lake is mainly supplied by an alluvial groundwater, however the 

water quality of Créteil Lake can be affected by the presence of a storm sewer outlet, 

which drains 1 km2 of a residential area. Daumesnil Lake (Supplementary data 1) is a 

0.12 km2 eutrophic lake that was dug for recreational purposes in the 1860s in the Bois de 

Vincennes (Paris). Daumesnil Lake is supplied by water pumped in the Ourcq Channel. 

III.2 Sample collection

Lakes were sampled in August and October 2012. For both lakes, five stations (C1

to C5 and D1 to D5 for Créteil and Daumesnil Lake respectively) were surveyed (Fig. 21). 

For each station, five compartments were collected: water column, surface microlayer (air-

water interface), sediment, epilithic and epiphytic biofilms. For each station, water column 

samples were collected using a Niskin bottle. The surface microlayer was collected at 

three depths (depending on the depth of the water column) using a Niskin bottle (General 

Oceanics Inc., Miami, USA). The surface microlayer was collected using a metal screen as 

described in detail by Agogué et al. (2004). Pooled sediment samples were constituted 

with the aerobic top sediment layer (~ 1 cm) from three cores. Epilithic biofilms (epilithon) 

were removed from rock surface by scraping 20 cm2 biofilm area with a sterile syringe-

toothbrush sampler inspired from Steinman et al. (2006). Epiphytic biofilms (epiphyton) 

were collected by harvesting submerged leaves sheath of phragmites (Phragmites 

australis) and milfoil (Myriophyllum spicatum) within Créteil and Daumesnil lakes 

respectively. All compartments were stored in sterile containers and placed at 4°C until 

return to the laboratory in less than ten hours. 

III.3 Sample processing

One liter of water sample (water column and surface microlayer) was centrifuged

(7,500 × g, 4°C) and the resulting cell pellet was collected into a 2-mL sterile tube. In order 
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to facilitate pellet resuspension, before centrifugations 1 mL of Tween 80 (final 

concentration, 0.01% vol/vol) was added to each sample. Sediments and biofilms were 

immediately frozen, then lyophilized. All samples were stored at – 20°C until DNA 

extraction. 

For water samples, pellets were resuspended in 400 L of sterile water. Extractions 

were performed using a MagNA Pure Compact system (Roche Applied Science, Bâle, 

Switzerland) and the MagNA Pure Compact Nucleic Acid Isolation Kit I using the Bacteria 

V3 protocol, according to the manufacturer’s instructions. Prior to extraction, samples 

underwent freeze-thaw cycles that consisted in three cycles of 1 min in liquid nitrogen and 

5 min at 90°C. Approximately 250 mg of sediment, 50 mg of dry epilithic biofilms and 

40 mg of dry leaves were extracted using the FastDNA® SPIN Kit (Qbiogene, Carlbad, CA, 

USA) according to the manufacturer’s instructions. Two modifications to this protocol were 

applied: cells were lysed in a FastPrep bead beater three times for 30 sec at 4.0 ms 1 and 

the SPIN filters were washed twice with 500 L of SEWS-M buffer. DNA was recovered in 

50 L eluent buffer and DNA quality and quantity were analyzed at 230, 260, and 280 nm 

by spectrophotometry before storage at – 20°C. 

Figure 21 Location of the five stations in Créteil Lake (a) and Daumesnil Lake (b). 
Nontuberculous mycobacteria composition was analyzed in the stations symbolized 
by open circles. 

C

C

C

C

C

�����

Inlet

Outlet

D1

D2

D3

D4

D5

200
�����

Inlet

Outlet

a b



Chapter IV!

! 129 

III.4 Quantitative real-time PCR

To quantify the abundance of Mycobacterium in the five compartments, TaqMan®

real-time PCR assays targeting the atpE gene were carried out as previously described by 

Radomski and colleagues (2013). The assay was performed using the forward primer 

FatpE 5’-CGGYGCCGGTATCGGYGA-3’, the reverse primer RatpE 5’-

CGAAGACGAACARSGCCAT-3’ and the probe PatpE 5’-

ACSGTGATGAAGAACGGBGTRAA-3’ labeled with the fluorescent dyes 6-

carboxyfluorescein (5’ end) and Black Hole Quencher (3’ end). Contaminations in PCR mix 

were checked using negative controls. Moreover, the presence of PCR inhibitors in DNA 

templates was verified using a non-competitive exogenous internal control that was 

included in the PCR buffer. This internal control was made of a partial sequence of the 

human β-actin gene cloned in pGEM-T-easy vector (Promega, Madison, WI, USA) (Wurtzer 

et al. 2014). Absence of significant PCR inhibition of the atpE assay was confirmed based 

on the average Cq values (± standard deviation) obtained from 100 repeated PCR 

reactions containing 1,000 copies of human β-actin. 

The atpE copy numbers concentration was estimated from crude extracts using a 

Mycobacterium chelonae standard curve from 1.0 × 101 to 1.0 × 106 copies.µL-1. The PCR 

method presented a high amplification efficiency (82%) and the standard curve had a 

good linearity (R2 = 0.998). Results were expressed as aptE gene copies per liter for water 

samples, per gram (dry weight) for sediment samples and per square centimeter for 

biofilms. Relationship between biofilm area and mass are presented in the Supplementary 

data 2. 

III.5 Illumina sequencing of the V2-V3 region of the 16S rRNA gene

For the study of mycobacterial diversity in each compartment, twenty samples from

the summer campaign were analyzed. The samples were selected from two stations 

corresponding to the inlet and the outlet of both lakes: C2 and C3 for Créteil Lake; D1 and 

D3 for Daumesnil Lake (Fig. 21). 

 PCR libraries were created by amplifying a fragment of the 16S rRNA gene (rrs) 

including the V2-V3 hypervariable regions using mycobacterial primers JSY16SF 5’-

TGGGAAACTGGGAAACTGGGTCTAATA-3’ and JSY16SR 5’-
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CCCGCACGCCCAAGTTAAGCTGTGAG-3’ (Pontiroli et al.  2013). PCR and sequencing 

were performed by Research and Testing Laboratory (Lubbock (TX), USA), using the 

Illumina MiSeq platform (Illumina, Inc., San Diego (CA), USA). All DNA extracts were 

adjusted to 120 ng.μL-1 prior to PCR reactions. 

Quality control and sample processing were performed using QIIME v. 1.8.0-

20140103 (Caporaso et al. 2010). Sequences of poor quality were removed using the 

default parameters (quality score < 25, length < 200 nt and the presence of at least six 

ambiguous bases or six successive homopolymers). Chimeric sequences were then 

identified with USEARCH 6.0 using the UCHIME algorithm in de novo mode (Edgar et al. 

2011) implemented in the online service FunGene pipeline and ignored for further 

analysis. Filtered sequences were clustered into classical 97% similarity-based operational 

taxonomic units (OTU). A clustering cutoff at 99% rather than 97% would lead to a

of the OTU number (data not shown). Each OTU represented by a 

single sequence was removed from the analysis. Rarefaction curves are presented 

in the Supplementary data 3. OTUs were assigned to the genus level with the 

SILVA 111 database (Quast et al. 2013) using UCLUST (Edgar 2010). Assignation to the 

species level was performed using blastn 2.2.31 search (Morgulis et al. 2008) provided 

by GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Query coverage was set to at least 

97%. A 97% threshold was chosen based on Pontiroli and colleagues (2013) who did 

not notice a change of the most preponderant species identities or the overall numbers 

of sequences affiliated to these species using the more stringent cutoff of 99%. 

Sequence data have been deposited in the NCBI Sequence Read Archive (SRA) and can 

be accessed through accession number SRP061716. 

III.6 Data analysis

All statistical analyses and indices computing were conducted using the statistical

environment R version 3.1.1 (R Development Core Team 2014) and the ‘vegan’ package 

(Oksanen et al. 2013). The default statistical significance was based on a P ≤ 0.05 level. 

Quantitative data analysis. Paired Wilcoxon or t-tests were used to compare the 

data between August and October for each compartment and each lake. An intra-lake 

analysis was conducted to identify significant differences between the water 
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compartments and between the biofilms. For that purpose, linear models were performed 

with stations as covariables. An inter-lake analysis was also conducted to characterize 

differences between the two lakes for all of the five compartments using linear models. All 

statistical analyses were performed with log-transformed data. 

Mycobacterial composition analysis. First, OTU richness, diversity and evenness 

indices were calculated. Theoretical richness was estimated according to the non-

parametric model of Chao-1 (Chao 1987). Alpha diversity was estimated using the 

exponential form of Shannon entropy. Evenness was calculated using the Simpson’s 

evenness index (Smith and Wilson 1996). Results of evenness ranged from 0 (when one 

OTU is predominant) to 1 (when all OTUs are equally abundant). Second, variations in the 

NTM community assembly were explored. For each lake, a Mann-Whitney test was 

conducted with Bray-Curtis dissimilarities to determine if the variability in the community 

structure within each compartment was significantly different from the variability between 

compartments. The dissimilarity of NTM assemblages among compartments (beta 

diversity) was evaluated using the Sørenson dissimilarity index. The beta diversity was then 

partitioned following the framework proposed by Baselga using the ‘betapart’ package 

(Baselga 2010; Baselga et al. 2013) to quantify the fraction of dissimilarity explained by 

OTUs replacement (based on the Simpson’s dissimilarity index) and from pure random 

richness variation of the OTUs (Azeria et al. 2011). To evaluate the influence of lakes and 

compartments in the composition of the NTM communities, a redundancy analysis was 

performed on Hellinger-transformed data (Legendre and Gallagher 2001). Finally, 

samples were associated depending of the NTM community composition similarity using 

the unweighted-pair group method with UPGMA clustering (bootstrap = 999). 

IV. Results

IV.1 Quantification of nontuberculous mycobacteria

The atpE gene was successfully amplified from all the samples with a copy numbers

of atpE gene ranging from 5.0 × 102 to 1.1 × 105 L-1 in water samples, from 2.2 × 103 to 

5.3 × 105 mg-1 in dry sediment and from 1.0 × 103 to 6.9 × 105 cm-2 in biofilms (Fig. 22). No 

significant difference in the atpE gene copy number was found between August and 
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October for each compartment and each lake, except for the epiphytic biofilm from 

Créteil. For this compartment, the atpE gene copy number was significantly higher in 

October than in August (paired t-test, P = 0.006), with values of 4.4 ± 2.4 × 104 copies.cm-2 

in summer against 1.3 ± 0.9 × 105 copies.cm-2 in autumn. Despite this unique difference, 

the remaining analysis was performed by combining data from the two sampling dates for 

all the compartments. 

Intra-lake analysis indicated that for both lakes, the atpE gene copy numbers were 

significantly higher in the surface microlayer compared to the water column (linear 

models, P = 0.014 for Créteil Lake and P = 0.007 for Daumesnil Lake) (Fig. 22a). The copy 

numbers of atpE gene in epilithic biofilms were significantly higher than the copy number 

in epiphytic biofilms (linear model, P < 0.001 within Créteil and Daumesnil Lake) (Fig. 22c). 

Figure 22 Comparison of the atpE gene copy numbers between Créteil Lake (white boxplot) 
and Daumesnil Lake (grey boxplot) for water (a), sediment (b) and biofilms compartments (c) 
(n = 10). Different letters indicate a significant difference between lakes or compartments (linear 
models). Box- and-whisker plots represent the median (inner box line), 25th and 75th percentiles 
(lower and upper outer box lines), whiskers cover 10th and 90th percentiles and outliers are 
represented by open circles.!
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 For each compartment, an inter-lake comparison revealed that the atpE gene copy 

numbers in the water column was significantly lower in Créteil compared to Daumesnil 

Lake (linear model, P = 0.010), whereas for the epiphytic biofilm the copy number was 

significantly higher in Créteil Lake (linear model, P < 0.001). No significant difference was 

observed between the two lakes for the NTM densities in the surface microlayer, the 

epilithic biofilm and the sediment (linear models, P = 0.555, P = 0.191 and P = 0.748 

respectively). Interestingly, the Figure 22b showed high NTM densities for the two 

sediment samples collected in front of the storm sewer outlet of the Créteil Lake (Fig. 21). 

After removal of these two outliers from the analysis, the atpE gene copy numbers were 

significantly higher in Daumesnil than in Créteil Lake (linear model, P < 0.001). 

IV.2 Richness of nontuberculous mycobacteria

For each lake, ten samples collected in summer at two stations were sequenced,

which produced a total of 503,164 sequences with an average length of 418 bp. Trimming 

and chimera check removed 39,939 sequences (Table 9). For Créteil Lake, two samples 

from different compartments were removed from the analysis due to a problem in 

amplification and sequencing (Table 9), thus the rest of the analysis was performed on 18 

samples. After removal of the singleton sequences, 317,923 sequences were identified as 

belonging to the Mycobacterium genus (Table 9). These sequences were clustered into 

658 OTUs. The observed richness covered on average 73% of the estimated richness 

(Chao-1 index). A median of 125 OTUs was encountered in the different samples. Only six 

percent of these OTUs (37/658), presented in Figure 23, had a relative abundance higher 

than 1% in at least one of the 18 samples. This result suggests that the mycobacterial 

assemblages were dominated by few OTUs and mainly composed of rare OTUs, as 

underscored by the low values of the evenness index (Table 9). 

Although Créteil and Daumesnil Lakes have different trophic status, no significant 

difference was encountered between these lakes regarding the observed and the 

estimated richness (t-tests, P = 0.966 and P = 0.435, respectively). However, the 

exponential form of Shannon entropy was significantly higher (t-test, P = 0.002) within 

Créteil Lake (11.6 ± 9.3 OTUs) compared to Daumesnil samples (3.3 ± 2.3 OTUs). Epilithic 

biofilms from Créteil possessed the highest diversity (Table 9). 
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IV.3 Composition of the mycobacterial assemblages

The blastn algorithm allowed a putative assignment of 364 out of 658 total OTUs to

Mycobacterium species, each belonging to the nontuberculous mycobacteria (see 

Supplementary data 4). The remaining OTUs were not assigned or were assigned to 

unclassified mycobacteria. Among the 364 identified OTUs, 94 were assigned to several 

mycobacterial species without any possible discrimination. Among the 270 remaining 

OTUs, 141 were assigned to a single species, 71 to two species and 58 OTUs to three 

species. When only considering these 270 OTUs, a large part (68 OTUs) was affiliated to 

M. moriokaense, 35 to the undifferentiated species M. neglectum/tusciae, 34 to the

Table 9 Comparison of sequenced libraries, including the number of reads pre- and post-
trimming, the observed richness of OTUs, the estimated richness, the diversity index and the 
evenness index for each sample. 

Belonging to the 
Mycobacterium genus 

Sample
name a 

No. of raw 
sequences 

No. of 
filtered 
sequences 

No. of 
sequencesb 

No. of 
OTUsb 

Richness 
estimator 
(Chao-1) 

Diversity 
index (Exp. 
form of 
Shannon) 

Evenness 
index 
(Simpson 
evenness) 

C2  W 3548 3128 2708 87 108.7 10.69 0.07 
C3  W 7961 6862 6616 105 181.6 9.11 0.06 
C2  SMLc 135 99 19 3 3.0 2.76 0.85 
C3  SML 6963 5504 5466 64 77.6 7.21 0.07 
C2  S 14052 13182 13092 85 114.3 3.84 0.02 
C3  Sc 159736 136815 116827 402 435.5 19.47 0.02 
C2  El 6992 5681 5630 167 226.6 26.92 0.09 
C3  El 20789 17377 16699 268 332.5 26.60 0.05 
C2  Ep 14817 14097 13997 139 160.1 4.20 0.01 
C3  Ep 10589 10010 9816 101 117.0 5.17 0.02 

D1  W 3079 2969 2556 51 61.9 4.23 0.05 
D3  W 16007 15354 12842 110 129.4 5.15 0.03 
D1  SML 2564 2490 2056 59 92.0 7.57 0.07 
D3  SML 3764 3684 2744 78 109.2 5.67 0.03 
D1  S 126217 123967 123587 147 184.1 1.10 0.01 
D3  S 16974 16682 16578 61 204.5 1.09 0.02 
D1  El 22332 20907 20422 222 315.8 3.04 0.01 
D3  El 40176 38979 38359 158 246.4 1.89 0.01 
D1  Ep 14808 13917 13257 79 102.4 1.92 0.02 
D3  Ep 11661 11521 11498 14 23.3 1.23 0.08 

Abbreviations: OTUs, operational taxonomic units; C, Créteil Lake; D, Daumesnil Lake; SML, surface 
microlayer; W, water column; S, sediment; Ep, epiphytic biofilm; El, epilithic biofilm. 
aNumbers correspond to the stations numbers. 
bWithout singleton sequences. 
cSamples removed from the analysis due to a problem of amplification (C2 SML) and sequencing (C3 S). 
!
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undifferentiated species M. bacteremicum/frederiksbergense/sacrum, 12 to M. rhodesiae 

and 9 to M. asiaticum. 

The majority of all the sequences (87%) were assigned to fast-growing 

mycobacteria. These fast-growing species were mostly identified as M. 

moriokaense/barrassiae (41%), M. frederiksbergense (11%) or M. austraoafricanum (5%). 

Some OTUs related to fast-growing mycobacterial species dominated some of the 

compartments. Such was the case for the otu1026 that represented up to 99% of all the 

sequences retrieved from the Daumesnil sediments (Fig. 23). 

Figure 23 Heatmap dendrogram illustrating similarities of nontuberculous mycobacteria 
assemblage composition for the five compartments (W, water; SML, surface microlayer; S, 
sediment; El, epilithic and Ep, epiphytic biofilms) in Créteil (C) and Daumesnil (D) Lakes. The 
OTU ID as well as species to which were assigned are presented in abscissa (only OTUs with 
relative abundances > 1% in at least one compartment were represented). Asterisk indicates an 
assignation to more than three species. 
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IV.4 Potential opportunistic pathogens

When considering the 270 OTUs (Supplementary data 4), 93 were affiliated with at

least one potential pathogen species listed by Katoch (2004) and Tortoli (2009). However, 

few of these 93 OTUs (16 OTUs) were exclusively assigned to opportunistic pathogen 

species. Among these 16 OTUs a large fraction (9 OTUs) were identified as M. asiaticum. 

The remaining OTUs were affiliated to M. fortuitum, M. immunogenum, M. kansasii, M. 

lentiflavum, M. smegmatis, M. thermoresistibile and M. vaccae. All the OTUs were 

assigned with an identity close to 97.0% except for M. vaccae and M. thermoresistibile 

with identities of 98.1 and 99.4% respectively. M. asiaticum was mainly encountered in the 

epilithic biofilm for both lakes and also in the sediment of Créteil Lake. These 16 OTUs 

were detected in both lakes, in almost all compartments except in waters. However, for all 

these OTUs characterized as potential opportunistic pathogens, the prevalence in each 

sample never exceeded 0.34%. 

IV.5 Comparison of the mycobacterial assemblages

For both lakes, the intra-compartment variations of the NTM assemblages,

evaluated using the Bray-Curtis distances, were significantly lower than the inter-

compartment variations (Mann-Whitney, P = 0.006). Overall, mycobacterial community 

structure variations between compartments, i.e. beta diversity, was about 72% of 

dissimilarity. The beta diversity partitioning showed that the variation in the mycobacterial 

assembly was mainly due to lake or compartment particularities (83%) and only 17% was 

explained by pure random fluctuation of the OTUs richness. Besides, a redundancy 

analysis performed on the 18 samples with a goodness-of-fit of 0.73 (adjusted R-squared) 

revealed that the NTM assemblages were significantly shaped by the lake (P < 0.001) and 

the type of compartment (Fig. 23). 

Finally, we observed that the majority of the 37 dominant OTUs were present in 

both lakes and in almost all the compartments (Fig. 23). Inversely, two OTUs were only 

detected in a single sample: otu547 in epilithon from Créteil Lake and otu1779 in 

epiphyton from Daumesnil Lake. Otu29 and otu88 were identified in both lakes but 

exclusively in epilithic biofilms. Only one OTU (otu1399) was present in all the 

compartments but only in Créteil Lake. 
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V. Discussion

This study aimed to prospect the distribution of nontuberculous mycobacteria and

identify their natural reservoirs in two recreational lakes. For this purpose, NTM 

assemblages were conjointly quantified and characterized within five compartments 

(water column, surface microlayer, sediment, epilithic and epiphytic biofilms) using real-

time quantitative PCR and high-throughput sequencing. To date, this sequencing 

approach has already been applied in soils (Pontiroli et al. 2013) or in drinking water 

systems (van der Wielen et al. 2013), but as far as we are aware it is the first time that these 

analyzes have been performed in recreational lakes and in different compartments within 

the same lake. The results reveal that NTM are ubiquitous and diverse. 

V.1 Ubiquity of nontuberculous mycobacteria

In natural habitats, NTM have been more frequently identified in extreme

environmental conditions, such as in alkaline or acid brown-water and in highly polluted 

soils and sediments or in environments with low oxygen concentration (Brooks et al. 1984; 

Kirschner et al. 1992; Iivanainen et al. 1993; Bland et al. 2005; Leys et al. 2005). However, 

in this study, NTM were detected at high levels in both lakes, in all the collected samples. 

This result suggests that even in non-extreme environments, mycobacteria are able to 

persist and/or grow in the five investigated compartments at relatively high diversity and 

abundance. However, it is difficult to compare the densities measured in this study with 

the literature, since no other study has used the same extraction and amplification 

methodologies. Yet, some studies using real-time quantitative PCR targeting the entire 

NTM assemblages reported similar values in a coastal lagoon (Jacobs et al. 2009), in 

freshwater samples in Ethiopia (Khera 2012) or in sediments from Lake Erie (Debruyn et al. 

2009). 

V.2 Nontuberculous mycobacteria dominated by fast-growing species

High-throughput sequencing of the hypervariable regions V2-V3 from the 16S

rRNA gene allowed an in depth-analysis of the NTM composition. With 41% of the OTUs 

assigned to one, two or three Mycobacterium species, the percent of unclassified 

mycobacteria was comparable to that reported by Pontiroli et al. (2013) who used the 
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same primers to characterize soil samples. The large proportion of unassigned sequences 

suggests, as already known, that the rrs gene does not have enough information to 

properly identify NTM to the species level (Kim et al. 2005) and/or that many NTM species 

are still unknown or poorly described. Indeed, partly due to the improvement of the 

isolation and identification techniques, the number of described species belonging  the 

Mycobacterium genus is steadily growing, with 50 identified species in 1997 and up to 

170 presently (Euzéby 1997). 

For all the analyzed samples, NTM assemblages were mainly composed of rare 

OTUs and were dominated by fast-growing species. Similar results were encountered in 

studies focusing on water and soil samples (Khera 2012; Pontiroli et al. 2013), which also 

identified NTM by targeting the rrs gene with the same primer set. This prevalence could 

suggest that fast-growing species possess more plasticity to environmental changes 

and/or are more competitive compared to slow-growing species. It could also be a PCR 

artifact due to a difference in rrs gene copy numbers between fast and slow-growers 

(Bercovier et al. 1986) and/or it may also be due to preferential binding of the primer set 

to the rrs gene in fast-growing mycobacteria. Besides, two previous culture-based studies 

that investigated freshwater ecosystems (Viallier and Viallier 1973; Bland et al. 2005) did 

not find any noticeable dominance of the fast-growing species. 

Among the fast-growing OTUs identified in the present study, numerous species 

have already been identified for their potential role in polycyclic aromatic hydrocarbon 

degradation. Indeed, M. austroafricanum or M. frederiksbergense have been 

characterized for their abilities to degrade anthracene or pyrene (Willumsen et al. 2001; 

Wick et al. 2003; Leys et al. 2005; Uyttebroek et al. 2006). The dominant OTU, identified as 

M. moriokaense and M. barrassiae (up to 99% of the identified OTUs for the sediment in 

Daumesnil Lake), have been previously observed in Japanese and Ethiopian soils 

(Tsukamura et al. 1986; Pontiroli et al. 2013), in German hospital tap water (Hussein et al. 

2009) or in a French water distribution system (Dubrou et al. 2013), but this is the first time 

they were reported in lakes. 
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V.3 Mycobacterial densities and diversity differed among compartments
The abundance and diversity of mycobacterial assemblage was significantly

shaped by the compartments, potentially due to differences in physicochemical properties 

and type of substrates. 

In water compartments, NTM densities were significantly higher in the surface 

microlayer compared to the water column. This result is consistent with Parker and 

colleagues (1983) who experimentally found a concentration of M. intracellulare up to 

15,000 higher in aerosols (formed from the surface microlayer) compared with the bulk 

water. Even if the surface microlayer is exposed to high levels of UV, the enrichment of 

mycobacteria in the lipid microlayer could be due to the hydrophobicity of the 

mycobacteria, which can be concentrated at the surface by preferential binding to air 

bubbles rising in the water column (Blanchard 1964). Moreover the high NTM 

concentration in this compartment could be due to high concentrations of hydrophobic 

compounds such as hydrocarbons (Cincinelli et al. 2001; Wurl and Obbard 2004; 

Manodori et al. 2006) that could constitute a substrate for mycobacteria. 

In the sediment, large differences  assemblages were observed between 

the different samples. This result could be due to difference  of quantity and/or 

quality of nutrients available for bacteria.  high densities of NTM in the 

sediment near the storm sewer outlet in the Créteil Lake  in agreement with 

Pickup and colleagues (2006), who found that densities of M. avium subsp. 

paratuberculosis were well predicted by rainfall events. This result suggests that 

 densities of NTM are transported by runoff effluents and settle in the lake 

sediment close to the storm sewer outlet. 

Mycobacteria are well known to colonize biofilms, as they tend to easily stick to 

surfaces and to clump together. Indeed, high mycobacterial densities and diversity were 

found in the epilithic and epiphytic biofilms. Moreover, the density and composition of 

NTM differed between the epilithic and epiphytic biofilms, which may be related to the 

difference of biofilm ages. Epilithic biofilms were established since several decades, while 

phragmites and milfoils regrew every year. It may also be due to the colonization of 

specific algal species in the epilithon or epiphyton (Danilov and Ekelund 2000) that could 



Chapter IV 

!140 

interact differently with the bacteria. he mycobacterial densities were significantly 

higher in the phragmite biofilms compared to the milfoil biofilms, although the 

mycobacterial assemblages showed similar OTU compositions. This result indicates that 

the plant species did not exhibit a strong influence on the NTM assemblage composition, 

contrary to what have already been found for the total bacterial community (Hempel et 

al. 2008), potentially due to the microaerophile nature of NTM. However, plant biofilms 

had lower Mycobacterium density compared with epilithic biofilms. One potential 

explanation could rely in the capacity of Myriophyllum spicatum to produce polyphenols 

that can affect the bacterial growth (Walenciak et al. 2002; Hempel et al. 2009). 

V.4 Potential opportunistic pathogens
Several OTUs were identified as potential opportunistic pathogens (M. asiaticum, 

M. fortuitum, M. immunogenum, M. kansasii, M. lentiflavum, M. smegmatis, M. 

thermoresistibile and M. vaccae ), known to be responsible for a large range of diseases

including pulmonary, cutaneous and soft tissue infections (Katoch 2004; Griffith et al. 

2007; Tortoli 2009). All these species have previously been isolated in terrestrial or aquatic

habitats (Viallier and Viallier 1973; Engel and Berwald 1980; Covert et al. 1999; Narang et 

al. 2009; Pontiroli et al. 2013; Klanicova et al. 2013). Although most of these pathogenic

species were detected in both lakes in almost all compartments except in waters, some

species were preferentially present in particular compartments. For instance, M. asiaticum 

was only identified in epilithon and sediment.

Due to methodological aspects, it is possible that some species could be either 

underestimated or overestimated. On one hand, it is likely that the number of potential 

pathogens was underestimated owing to the highly conservative sequence of the rrs 

gene. On the other hand, it is possible that this number was overestimated due to the 

poor discrimination of the 16S rDNA sequences at the species levels using the 97% 

similarity threshold. Drancourt and colleagues (2000) recommended using 99% as identity 

cutoff to assign OTU sequences to bacterial species. When we applied this 

recommendation, only one OTU could be identified as an opportunistic pathogen 

species: M. thermoresistibile . 
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Sequencing genes encoding for hsp65 and rpoB are necessary for a proper 

identification of mycobacterial species (Adékambi and Drancourt 2004; Kim et al. 2005). 

Although rrs sequencing may not be a suitable tool to reliably identify  

mycobacterial  in environmental samples, it could be an initial screen for 

dominant NTM groups that could later be studied in detail using quantitative real-time 

PCR or DNA microarrays. 

To conclude, our results showed that a molecular approach combining 

quantification and characterization of the bacterial composition is suitable to screen 

for NTM in complex aquatic ecosystems. High-throughput sequencing of the rrs gene 

offered sufficient depth to investigate variations in the mycobacterial assemblages 

between lakes and compartments. Although the 16S rRNA gene fragment had a too 

low resolution to assign all the OTUs at the species level, this approach represents a 

useful tool to prospect for potential pathogenic species that should be studied in 

detail with appropriate methods. 

This study emphases the ubiquity of NTM in natural aquatic environments and the 

high diversity of mycobacterial assemblages. Yet, although they were detected in all five 

compartments, large variations shaped by compartments and lakes were observed in the 

mycobacterial densities and diversity. For water and epilithic compartments, 

the mycobacterial composition was clearly distinct between the two lakes. Moreover, 

the density of NTM in the water column and sediment was significantly greater in 

the eutrophic Daumesnil Lake. These results could be due to the difference of quantity 

and/or quality of nutrients available for bacteria (Supplementary data 1). The 

difference in epilithic mycobacteria between the two lakes could be also due to 

differences in the substratum nature (rocks in Créteil and concrete in Daumesnil Lake). 

. To establish a clear 

relationship between limnological properties and mycobacteria density and diversity, it 

would be necessary to perform a study on a larger number of lakes in order to perform a 

robust statistical analysis. Despite all these discrepancies, NTM assemblages were mainly 
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composed of fast-growing species, regardless of compartment. Finally, it would be 

interesting to take into account biotic reservoirs, such as amoebae (Delafont et al. 2014), 

fishes (Mrlik et al. 2012) or insects (Marsollier et al. 2002), which could represent relevant 

vectors of mycobacteria and favor the survival of these bacteria in environment. 
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VIII. Supplementary data

Supplementary data 1 Physicochemical characteristics of Créteil and Daumesnil Lakes 

(water columns parameters and sediment C/N ratios). Values represent arithmetic means 

of the two sampling campaigns. Standard deviations are expressed in brackets. 

Parameter Créteil Daumesnil 
Location 48°46.50'N  2°27.10'E 48° 49.80’N  2° 25.00’E 
Surface area (km2) 0.40 0.12 
Mean depth (m) 4.50 1.10 
Max depth (m) 6.00 2.00 
Trophic status Mesotrophic Eutrophic 
Secchi depth (m) 1.9 (1.1) 0.6 (0.1) 
Chlorophyll a (µg.L-1) 19.6 (6.7) 43.8 (10.1) 
PO4 (mg.L-1) 0.08 (0.07) 0.03 (0.03) 
NO3 (mg.L-1) 0.22 (0.18) 0.69 (0.52) 
NH4 (mg.L-1) 0.17 (0.25) 0.06 (0.05) 
DOC (mgC.L-1) 6.1 (0.3) 4.1 (0.6) 
POC (mgC.L-1) 1.7 (0.6) 5.0 (1.7) 
TSS (mg.L-1) 8.1 (1.8) 23.4 (15.7) 
pH 8.4 (0.2) 8.6 (0.1) 
Conductivity (µS.cm-1) 1530 (19) 455 (41) 
Sediment C/N ratio 36.9 (14.2) 19.6 (2.6) 
Abbreviations: DOC, dissolved organic carbon concentration; POC, particulate organic 
carbon concentration. C/N, carbon to nitrogen ratio. 

Supplementary data 2 Relationship between the dry weight and the biofilm surface. 

Sampling collection  

For both Créteil and Daumesnil Lake, epilithic biofilms were removed from rock surface by 

scraping 20 cm2 biofilm area with a sterile syringe-toothbrush sampler. Epilithic biofilms 

were stored in a sterile container that was previously weighed. 

Epiphytic biofilms were collected by harvesting submerged leaves of Phragmites australis 

(the base attached to the stem) in Créteil Lake and Myriophyllum spicatum within 

Daumesnil Lake. Epiphytic biofilms were stored in sterile containers.  After collection, 

biofilms samples were placed at 4°C until return to the laboratory, where they were 

immediately frozen at – 20°C in order to be lyophilized. 
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Surface determination

Dry epilithic biofilms were weighed to quantifying the biofilm mass harvested by scraping 

20 cm2 of rocks.  

For both P. australis and M. spicatum, six replicates of 40 mg of dry leaves (mass used for 

DNA extraction) were placed between two glass plates with a size marker. Pictures taken 

from these replicates were analyzed using the area calculation tool in ImageJ (Schneider 

et al. 2012). Regarding P. australis , we assumed that environmental mycobacteria can only 

grow on the outer part of the leaves. Thus the area measured by ImageJ corresponds to 

biofilm area where mycobacteria can grow (Fig. S1). In contrast with M. spicatum, we 

considered that leaves are composed of a multitude of small cylindric objects (Fig. S1). 

Consequently  to assess the area of cylinders we used the formula: AreaCylinder = pi 

× diameter × height. However, only a limited area of the cylinders was visible (Fig. S1), 

this area (in green) corresponding to the parameter: diameter × height. Thus, to 

determine the whole surface cylinders, representing the biofilm area, we multiplied 

the visible surface area by pi.  

Figure S1 Diagram illustrating the methodology to determine biofilm areas on P. australis and M. 
spicatum. 
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Correlation between dry mass and surface 

To determine the relationship between the dry mass of epilithic biofilms and the surface 

where mycobacteria could proliferate, the following equation was used for each sample:  

!"#$!"#$#%!!" =
!!×!!"#$!"#$%&'

!!!–!!!
     (1) 

where SurfEpilithic is the surface; M is the dry mass of epilithic biofilm used for the DNA 

extraction (50 mg); SurfScraped is the total surface scrapped during the sample collection, m0 

is the mass of the empty container and m1 the mass of the container with dry biofilm. 

Measures of biofilms area were compiled in the Table S1. Thus, we admitted that 40 mg of 

dry P. australis leaves from this plant corresponds to 9.5 cm2 of biofilm surface whereas 40 

mg of dry M. spicatum leaves corresponds to 37.6 cm2 of biofilms surface. 

Table S1 Biofilm area (in cm2) measured from 40 mg of dry P. australis and M. spicatum leaves 

Replicates Phragmites Myriophyllum 
1 10.27 35.17 
2 8.42 37.22 
3 9.88 37.34 
4 8.39 38.17 
5 9.66 39.07 
6 10.11 38.45 

Mean (cm2) 9.46 37.57 
Standard deviation (cm2) 0.77 1.25 

Coefficient of variation (%) 8.11 3.31 

Schneider CA, Rasband WS and Eliceiri KW (2012) NIH Image to ImageJ: 25 years of 

image analysis. Nature Methods : 671-675. 
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Supplementary data 3 Rarefaction curves obtained for the twenty samples collected in 

Créteil and Daumesnil lakes at a cutoff level of 3%. C2, C3, D1 and D3 correspond to the 

stations numbers within the two lakes. Abbreviations of the five compartments: W, water 

column; SML, surface microlayer; S, sediment; El, epilithic biofilm; Ep, epiphytic biofilm. 

Supplementary data 4 OTUs assignation to the species level (with a cutoff >97% identity) 

using the blastn algorithm on GenBank website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Available at: http://dx.doi.org/10.1007/s10482-016-0665-x 
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Mycobacteria are everywhere, but, only the environment selects?
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I. Abstract

Although nontuberculous mycobacteria (NTM) are considered to be widespread in

aquatic ecosystems, only few studies investigated their distribution in surface freshwaters 

especially using molecular tools. The aim of this study was to discriminate the factors 

affecting the spatial and temporal variations of mycobacterial densities in freshwater lakes 

at the regional scale (49 lakes in the Paris area) and at the local scale (two-year monitoring 

of Créteil Lake). Mycobacterium spp. was quantified from water samples by real-time 

quantitative PCR targeting the atpE gene. 

At the regional scale, mycobacteria were detected in all the sampled lakes, with 

densities ranging from 8.6 × 103 to 9.4 × 106 genome units per liter. Spatial density 

variations were significantly explained by local environmental factors including the water 

pH, the labile iron concentration, but they were also explained by spatial factors. Lakes 

connected to a river displayed significantly higher mycobacterial densities compared to 

isolated lakes. At the local scale, storm sewer effluents locally affected NTM densities in 

the Créteil Lake immediately after rainfalls. However, no significant spatial or temporal 

pattern was observed over the two-year monthly survey. Nevertheless, the temporal 

dynamic of the NTM densities was well predicted by the neutral community model, 

suggesting a random balance between loss and gain of the mycobacterial taxa. This study 

highlights the ubiquitous character of NTM in freshwater lakes, which appeared to be 

relevant habitats for mycobacteria. 
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II. Introduction

Among the Mycobacterium genus, about 170 species have been described, most

of them being defined as nontuberculous mycobacteria (Hruska and Kaevska 2012). Some 

of these species has been recognized to be opportunistic pathogens of humans and 

animals (Falkinham III 1996; Mrlik et al. 2012), and it is widely assumed that 

nontuberculous mycobacteria (NTM) infecting humans have an environmental origin 

(Marras and Daley 2002). Historically most environmental studies of mycobacteria have 

focused on the drinking water distribution systems (e.g., Covert et al. 1999; Falkinham III 

et al. 2001; Vaerewijck et al. 2005) or hospital water supply networks (e.g., du Moulin et al. 

1988; Fox et al. 1992; Fujita et al. 2002) due to the increase number of mycobacteriosis 

contracted after water contact.  

Recent molecular studies of the bacterial communities suggested that 

mycobacteria may be widespread and represent a dominant taxon in different aquatic and 

terrestrial ecosystems (e.g., Kwon et al. 2010; Nacke et al. 2011; Liu et al. 2012; Cai and 

Zhang 2013; Ye and Zhang 2013; Kim et al. 2014; Lührig et al. 2015; Unno et al. 2015; 

Yang et al. 2015). Although mycobacteria are common inhabitants of terrestrial and 

aquatic ecosystems (Collins et al. 1984; Falkinham III 2002), their favorable habitats in 

natural environment remain poorly documented. This gap is probably enhanced by the 

difficulties in isolating NTM from the environment using culture methods (Falkinham III 

2002) and by the resistance of their wall cell to DNA extraction procedures. It could also 

be due to a lack of interest in ecosystems that do not represent the main infection routes 

in most mycobacteriosis cases. 

Environmental studies focusing on NTM were preferentially performed in soil or 

sediment, notably for their role as polycyclic aromatic hydrocarbon degraders (e.g., Leys 

et al. 2005; Niva et al. 2006; Pontiroli et al. 2013). Among the few studies exploring 

freshwater habitats, most of them focused on one specific or cultivable species (e.g., 

Viallier and Viallier 1973; Stinear et al. 2000; Pickup et al. 2005, 2006; Gauthier et al. 2010; 

Bland et al. 2005; Rahbar et al. 2010), providing a limited and patchy overview of the NTM 

assemblages in these environments. 
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Among freshwater ecosystems, lakes appear to be useful models to survey 

mycobacteria. In boreal water lakes for example, mycobacterial assemblages constituted a 

large part of the Actinobacteria phylum (Niva et al. 2006), generally one of the dominant 

phylum in lacustrine ecosystems (Newton et al. 2011). Moreover, lakes may constitute an 

important source of infection as they attract a high number of visitors due to the numerous 

cultural, provisional, and recreational services that they provide. Conclusive supports from 

experimental and environmental monitoring performed in diverse habitats indicated the 

prevalence of mycobacteria in extreme environments, i.e., habitats with a low amount of 

oxygen, high metal concentration, acid brown-water (e.g., Kirschner et al. 1999; Iivanainen 

et al. 1993). However, there is little knowledge about the prevalence of NTM in less 

extreme aquatic environments that may represent important water bodies. Thus it is 

essential to better understand NTM reservoirs or factors that could affect their occurrence, 

in aquatic environments that are widely frequented by humans. 

Finally, temporal survey of NTM in freshwater ecosystems revealed important shifts 

in mycobacterial diversity or variations in the densities of some species such as M. avium 

(e.g., Bland et al. 2005; Pickup et al. 2005), especially after rainfall events (Pickup et al. 

2006). However, as far as we are aware, no such monitoring has already been performed 

on the entire NTM assemblage using quantitative molecular tools. As a consequence the 

comprehension of the factors and processes that shape the mycobacterial communities is 

still poor. 

NTM assemblages should be subjected to ecological processes that shape their 

spatial and temporal distribution, i.e. dispersal, drift, selection and speciation (Vellend 

2010). Some ecological processes being difficult to assess, e.g., the ecological drift 

(Hanson et al. 2012), the spatial and the temporal distribution of bacterial communities are 

often studied by investigating the local environmental conditions, the processes affecting 

the species dispersal, and the stochastic processes (neutral processes). The neutral 

processes correspond to the forces that randomly shape a bacterial population by the 

stochastic balance between dispersal, apparition and death of taxa from a set of habitats 

(see Leibold et al. 2004; Martiny et al. 2006). 
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In this study, we aimed to determine the environmental and spatial factors that 

shape the distribution of NTM at the regional and local scale in freshwater lakes. At the 

regional scale, a total of 49 freshwater lakes located in Paris area (France) were sampled 

once a year for two consecutive years. This set of shallow lakes, some being used for 

recreational activities, displays a large gradient of environmental parameters and spatial 

features that could enhance the bacterial dispersion (e.g., river or watershed connections) 

(Catherine et al. 2008, 2010). At the local scale, a two-year monthly monitoring combined 

with the survey of six runoff discharges into the water column of Créteil Lake allowed to 

characterize the spatio-temporal dynamic of mycobacterial densities and to discriminate 

the local factors (i.e. physicochemical parameters and storm sewer effluents). We also 

evaluated at the local scale the influence of the neutral processes on the temporal 

dynamic of the NTM density variations. NTM were assessed by quantifying their densities 

using real-time quantitative PCR (Radomski et al. 2013). 

Materials and methods

III.1 Study area and sampling

The 49 lakes This study was conducted in Paris area, the most populated area in

France (with 18% of the metropolitan French population). Among the 248 waterbodies 

larger than 5 ha referenced in the hydrological database Carthage 3.0® (IGN, Paris, 

France), 49 lakes were selected (Fig. 24 and Supplementary data 1) to obtain a 

representative and unbiased set of water bodies reflecting the whole range of 

environmental conditions in the Paris area (Catherine et al. 2008). Trophic status was 

determined for each of the 49 lakes according to OECD (1982). 

The lakes were sampled twice, in late July in 2012 and 2013. Both sampling 

campaigns were conducted in less than 15 days to reduce the variability caused by short-

term changes in meteorological conditions and nutrient inputs. For each lake, three 

equidistant sampling stations were selected. At each station, water samples were 

collected at three depths using a Niskin bottle (General Oceanics Inc., Miami (FL), USA). All 

samples were then pooled together to obtain an integrated sample. Immediately after 

collection, samples were kept at 4°C for a maximum of 24h. Successive centrifugations 
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(7,500 × g, 4°C) were performed to concentrate one liter into a 2-mL sterile tube. In order 

to facilitate pellet resuspension, 1 mL of Tween 80 (final concentration, 0.01% vol/vol) was 

added before centrifugation to each sample. All samples were stored at – 20°C until DNA 

extraction. 

Créteil Lake Among the 49 lakes, Créteil Lake (Fig. 24 and 25) was monthly 

monitored at three different stations from December 2011 to December 2013 (25 

sampling dates). This mesotrophic lake (Table 10) covers 40 ha in an urbanized area (Val-

de-Marne, France) and is mainly supplied by alluvial groundwater. However, Créteil Lake 

also receives effluents from a storm sewer that collects runoff from an urban area of 

100 ha. 

A horizontal and a vertical transects were studied (Fig. 25). Sub-surface samples 

were obtained at three stations along the inlet-outlet axis of the lake (storm sewer outlet 

(S1), center of the lake (C1), and lake outflow (O1)). At the central station, the vertical 

Figure 24 Location and mycobacterial genome unit densities within the 49 lakes in Paris 
area (France). Lakes linked to the hydrological network are symbolized by white dots. 
Cérteil Lake is indicated by an open circle. !
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axisiwas sampled at three depths (C1, C2 and C3). In addition, for all sampling dates, an 

average sample (M) was obtained by mixing the three stations at the three depths (S1, S2, 

S3, C1, C2, C3, O1, O2 and O3). All samples were stored at 4°C up to 3-4 hours. One liter 

was filtered through a 0.22 μm pore-size Sterivex GP-filter (Millipore, Billerica (MA), USA) 

after prefiltration through 50 μm pore-size nylon mesh. Filtered samples were kept at 4°C 

during transport and then stored at – 20°C. Prior to DNA extraction, the membrane inside 

Table 10 Characteristics of Créteil Lake. Average values 
(standard deviations) of data obtained from December 2011 to 
December 2013. 
Parameter Values 

Location  48°46.50'N 2°27.10'E 

Surface area (km2) 0.40 

Mean depth (m) 4.5 

Max depth (m) 6.0 

Trophic status Mesotrophic 

Total phosphorous (μgP.L-1) 64.7 (41.8) 

Chlorophyll a (μg.L-1) 6.3 (4.3) 

Secchi depth (m) 2.4 (0.9) 

DOC (mgC.L-1) 6.1 (0.6) 

POC (mgC.L-1) 0.8 (0.3) 

TSS (mg.L-1) 4.1 (1.5) 

pH 7.8 (0.5) 

Conductivity (μS.cm-1) 1509 (63) 

Figure 25 Sampling strategies in the Créteil Lake. (a) Location of the three stations. (b) 
Representation of the samples collected over the two-year monitoring (solid circles) and the 
rainfall monitoring (open rectangles). 
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the Sterivex units was extracted under sterile conditions and cut into small pieces of 

approximately 1 mm2. All membrane pieces were pooled in a 2-mL sterile tube. 

Rainfall events The impact of the storm sewer effluents on the mycobacterial 

densities in Créteil Lake was evaluated from six rain events from June to November 2013. 

For that purpose, the storm sewer was equipped with the flowmeter Mainstream IV 

(Hydreka Inc., France) and a piezometric sensor upstream the outfall and above the high-

water line of the lake to avoid back flow and sample dilution. Only isolated rainfalls higher 

than 4 mm that occurred after 4 PM were collected. A representative effluent sample was 

collected in a 10 L sterile glass bottle using an automatic Sigma sampler (Hach Inc., Hach 

Loveland, (CO), USA) that was triggered to the flow. The next early morning, immediately 

after recovering the effluent sample, a sampling campaign was performed on Créteil Lake 

as describe above (S1, C1, C2, C3, O1). Aside the average point M, an integrating sample 

of the water column was collected for each of the three stations (Fig. 25). One liter of lake 

samples and from 100 to 800 mL of the effluent samples were filtered as previously 

described. 

The choice of Sterivex filtration was taken as it allows a fast concentration of the 

water samples. Indeed, it appeared logistically difficult to centrifuge all Créteil samples in 

a short time after each sampling campaign. However, we assume that the difference of 

protocol used to concentrate the bacteria between the 49 lakes (centrifugation) and the 

Créteil Lake (filtration) did not introduce a considerable bias in NTM densities, since no 

significant difference of DNA recovery was observed between these two protocols over 

preliminary experiments and during conjoint campaigns (data not shown). 

III.2 DNA extraction and quantification of mycobacterial densities

Total DNA was extracted using the FastDNA® SPIN Kit (QBiogene, Carlsbad (CA),

USA) according to the manufacturer’s instructions. Two modifications to this protocol were 

applied, cells were lysed in a FastPrep bead beater three times for 30 s at 4.0 ms−1 and the 

SPIN filters were washed twice. All samples were eluted in 50 μL of deionized sterile water. 

The quality and quantity of extracted DNA were analyzed at 230, 260, and 280 nm by 

spectrophotometry before storage at – 20°C. 
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To quantify the abundance of Mycobacterium genus in the water samples, 

TaqMan® real-time quantitative PCR assays targeting the atpE gene were carried out in 

duplicate as previously described by Radomski and colleagues (2013). The atpE copy 

numbers concentration was estimated from crude extracts using a Mycobacterium 

chelonae standard curve from 1.0 × 101 to 1.0 × 106 copies.μL-1. Contaminations in PCR 

mix were checked using negative controls. Presence of PCR inhibitors in DNA templates 

was verified using a non-competitive exogenous internal control that was included in the 

PCR buffer at 1,000 copies. This internal control was made of a partial sequence of the 

human β-actin gene cloned in pGEM-T-easy vector (Promega, Madison (WI), USA) 

(Wurtzer et al. 2014). Absence of significant PCR inhibition of the atpE assay was done by 

comparing results with the average Cq value (± standard deviation) obtained from 100 

repeated PCR reactions containing 1,000 copies of human β-actin gene fragment. 

III.3 PCR assay performance

The performance of the modified extraction protocol was evaluated by centrifuging

and extracting in triplicate one liter of water from Créteil Lake and one liter inoculated with 

a known concentration of Mycobacterium chelonae (determined using culture based 

methods). Real-time quantitative PCR efficiency reached 94.6% with a R2 of 0.999 based 

on a standard curve of M. chelonae. With a single copy of atpE gene per mycobacterial 

genome, results were expressed as genome unit per liter, based on the M. chelonae 

standard curve. 

III.4 Physicochemical and meteorological parameters

For the 49 lakes, total nitrogen and phosphorus concentrations in the water

samples were measured by colorimetry using a Cary 50 Scan spectrophotometer (Varian 

Inc., Palo Alto (CA), USA) according to Rogora and colleagues (2006) and the French 

standard (AFNOR NF T 90-023) respectively. Secchi depth and vertical profiles of 

physicochemical parameters were determined for each lake at the three stations (49 lakes 

and Créteil Lake), and chlorophyll a (Chl a) concentration was determined using a 

FluoroProbe in situ fluorometer (BBE-Moldaenke GmbH, Kiel, Germany). Conductivity, 

temperature, pH and oxygen profiles were measured using a submersible CTD profiler 

SBE 19 Seacat profiler (Sea-Bird Electronics Inc., Bellevue (WA), USA). Total suspended 
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solids (TSS) concentration was quantified after filtration of one liter on precombusted 

tarred Whatman GF/F filter. Dissolved organic carbon (DOC) concentrations were 

measured using a TOC-VCSN carbon analyzer (Shimadzu, Columbia (MD), USA). 

For the 49 lakes, the polycyclic aromatic hydrocarbons (PAHs) concentrations in the 

water samples were quantified both in dissolved and particulate fractions by internal 

calibration using gas chromatography coupled with mass spectrometry GC/MS Focus 

DSQ (Thermo Fisher Scientific, Waltham (MA), USA) (Bressy et al. 2011). Results are 

displayed as the sum of 13 PAHs (Fluorene, phenanthrene, anthracene, fluoranthene, 

pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, indeno[1,2,3]pyrene, di-benzo[a,h]anthracene, and benzo[g,h,i]perylene). 

In 2012, the labile fraction of trace metals (i.e., Ti, Mn, Fe, Co, Ni, Cu, Zn, Cd, Ba and Pb) 

was estimated by ICP-MS at the LSCE laboratory (Gif-sur-Yvette, France) after water 

filtration on chelating disk cartridge (Chaminda et al. 2008). 

During the Créteil Lake campaigns, cumulative precipitation data of each rain event 

from 1 to 15 days before the campaign were collected using a weather real-time 

transmitter WXT520 (Vaisala Inc., Boulder (CO), USA) placed on a sensing platform 

LakeESP (PME Inc., Vista (CA), USA). 

III.5 Data analysis

All statistical analyzes were conducted using the statistical environment R version

3.1.1 (R Development Core Team 2014). 

Inter-lake variation analysis Since no significant difference was observed between 

the two years of sampling for the 49 lakes dataset (data not shown), the statistical analysis 

was performed on the entire dataset regardless the year of sampling. A linear model (LM) 

was performed to evaluate the influence of the environmental and dispersal factors on the 

mycobacterial densities. Due to important colinearities between variables, only seven 

quantitative (water pH, conductivity and temperature, DOC, TSS, total PAHs, total nitrogen 

and total phosphorous concentrations) and two qualitative variables (the presence of a 

storm sewer discharge and the presence of a connection to the hydrological network) 

were injected into a variable selection. Furthermore, for the year 2012 only, the labile 

fraction of trace metals was added to the LM. 
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Spatial and temporal variability within Créteil Lake NTM densities variation along 

the two spatial transects were assessed with linear mixed-effect models (LMM) using the 

lme function from the ‘nlme’ package (Pinheiro et al. 2015) with the sampling dates as 

mixed effect. The temporal dynamic of the mycobacteria over the two-year survey was 

evaluated using a linear model. We also evaluated if the neutral model could explain the 

temporal variations of the NTM densities as previously described by Ofiţeru and 

colleagues (2010). Prior to analysis, non-log data densities were transformed into relative 

abundance, considering the highest abundance as equal to one. The goodness of fit was 

evaluated using the determination coefficient R2. 

Rainfall events The impact of effluents on the horizontal transect between the storm 

sewer (S in Figure 25) and the outlet (O in Figure 25) was assessed using a LMM with the 

sampling dates as mixed effect, following by a post-hoc test using the glht function from 

the ‘multcomp’ package (Hothorn et al. 2015). P-values were corrected with the Bonferroni 

correction to reveal significant differences. 

Data exploration and model validation (normality, homoscedasticity and 

independence of residuals) of all analyzes were assessed according to Zuur and 

colleagues (2009). Variable selections were performed prior to each analysis. 

IV. Results

IV.1 Assay performances

After centrifugation and nucleic acid extraction by the modified FastDNA® SPIN kit,

the recovery of atpE gene copies from environmental spiked water samples averaged 

124 ± 29% (standard deviation; n = 3). The atpE gene was successfully amplified in all the 

49 lakes and Créteil Lake samples. No inhibition was identified in any of these samples.  

IV.2 Mycobacterial distribution at the regional scale

Over the two years, from 8.6 × 103 to 9.4 × 106 genome units per liter (Fig. 24) were

quantified in the 49 lakes. A linear model (F3,89 = 18.30, R2 = 0.38; P < 0.001) showed that 

lakes connected to the hydrological network (river or stream) had significantly higher 

numbers of genome units per liter compared to non-connected lakes (F = 22.52, 
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P < 0.001). Water pH appeared to be weakly but significantly correlated (F = 7.74, 

P = 0.007) with the genome unit concentration (Spearman correlation, rho = -0.37; 

P < 0.001). No significant influence of nutrient, polycyclic aromatic hydrocarbon, total 

suspended solids concentrations or the presence of a storm sewer outlet was identified. 

Furthermore, in 2012 a linear model (F2,39 = 19.12, R2 = 0.50; P < 0.001) revealed that the 

labile iron fraction also positively correlated with genome unit densities (linear model, 

F = 8.99, P < 0.001; spearman correlation, rho = 0.61, P < 0.001) in addition to the 

connection to the hydrological network (F = 14.84, P < 0.001). 

IV.3 Spatio-temporal variations of the mycobacterial densities in Créteil Lake

The two-year monitoring of the Créteil Lake revealed no significant spatial

variability of NTM densities along the vertical transect located at the central station (LMM, 

F(46) = 0.58, P = 0.561, degrees of freedom in brackets), even when the lake was stratified 

according to the temperature gradient (data not shown). Similarly, no significant impact of 

the storm sewer was visible along the horizontal transect (LMM, F(48) = 2.67, P = 0.079). 

Since no spatial variability was found, temporal variation analysis was carried out on the 

pooled samples (M). 

Figure 26 Variations of genome unit densities along the two-year monitoring in 
Créteil Lake for the pooled sample M.!
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Without considering an extreme value in August 2012 (due to a sampling issue), no 

significant temporal variation of the genome unit densities was assessed at the average 

point M over the two-year survey (LM, F1,22 = 2.00, R2 = 0.08; P = 0.172) (Fig. 26). The 

neutral time-series model proposed by Ofiţeru and colleagues (2010) well predicted the 

temporal dynamic of the NTM densities (R2
adj = 87%, P < 0.001). 

IV.4 Rainfall impact on the mycobacterial densities in Créteil Lake

Regarding the six rain events that were monitored, the concentrations of NTM in

the sewer effluent ranged from 2.2 × 107 to 2.2 × 108 genome units per liter, which 

represented a median input of 

1.7 × 1014 ± 1.5 × 1014 genome units 

in the lake per rain event. This input 

significantly impacted the atpE gene 

densities into Créteil Lake (Fig. 27) 

within 5 to 20h following the rainfall, 

time corresponding to the extreme 

duration between the rainfall events 

and the lake sampling campaigns. 

Indeed shortly after the rain events, 

NTM concentrations were 

significantly higher at the station (S) 

in front of the storm sewer outlet 

compared to the two other stations 

(Post-hoc test, stations S-C: 

P = 0.0337; S-O: P < 0.001). No 

impact of the storm sewer effluent 

was observed on the average point 

M (Post-hoc test, P > 0.05). 

Figure 27 Distribution of the mycobacterial genome 
units per liter for each of the three stations in Créteil 
Lake for the six rain events. Bars represent the 
median of the six observations. Distributions 
connected by the same letter are not significantly 
different (Post-hoc tests corrected by Bonferroni 
correction, P < 0.05). 
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V. Discussion

The primary objective of this study was to examine the abundances and

distributions of the nontuberculous mycobacteria not only at the regional scale but also at 

the local scale to discriminate factors that could affect the spatial and/or temporal 

dynamics of the mycobacterial assemblages. Such an original investigation, using a 

recently developed real-time quantitative PCR provides a new insight of NTM ecology in 

freshwater ecosystems. 

V.1 Methodological considerations

Assessment of the mycobacterial abundance in freshwater using exclusively the

molecular approach remains rare (Radomski 2011; Khera 2012). Quantitative PCR offer the 

advantage to avoid the culture biases that prevent the estimation of the slow-growing 

mycobacteria in the environmental samples (Radomski et al. 2010a,b). However, PCR-

based methods also present the inconvenience to detect DNA from both live and dead 

cells. Thus, our results may overestimate the abundance of the NTM live-cells, especially 

due to the persistence of DNA after cell death (Josephson et al. 1993; Masters et al. 1994). 

In this assay, the DNA recovery from raw lake water samples was close to 100 % 

using centrifugation and the modified extraction protocol. This high efficiency was 

probably due to the extraction protocol improvements. Indeed, Guo and Zhang (2013) 

noticed the high extraction yields obtained for actinobacterial DNA using the FastDNA® 

SPIN Kit, notably due to the beat-beating step. 

V.2 Widespread of NTM in freshwater lakes

Environmental studies exploring the ecological preferences of mycobacteria

usually found higher abundances of mycobacteria in a restricted range of aquatic habitats, 

especially in humic rich waters (Kirschner et al. 1999; Iivanainen et al. 1993; Jacobs et al. 

2009). Nonetheless, in this study, NTM were detected in all the 49 lakes for all years at 

relatively high abundances (with values ranging from 8.6 × 103 to 9.4 × 106 genome units 

per liter). In spite of a relatively important variability, the estimated mycobacterial densities 

are in agreement with reported values in diverse freshwater habitats or coastal lakes 

(Jacobs et al. 2009; Khera 2012). This finding highlights the ubiquity of NTM and their 
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ability to persist and/or grow in non-extreme conditions. As previously mentioned, the 

successful recovery of NTM in all the collected water samples could potentially result from 

the use of a more efficient DNA extraction protocol, a lower limit of detection of the 

quantitative PCR method and/or the analysis of a larger volume of water compared to the 

previous studies (Jacobs et al. 2009; Khera 2012). 

V.3 Parameters affecting the NTM densities at the regional scale

Although NTM were encountered in all freshwater lakes, relevant dispersal and

environmental parameters were identified as affecting the mycobacterial densities. The 

connection of the lakes to a river appeared to strongly increase the NTM densities, 

suggesting that rivers could represent important potential reservoirs and sources of NTM. 

Indeed, a survey performed in Paris area, reported high densities of NTM in the Marne 

River with a mean of 2.2 × 105 ± 2.4 × 105 16S rRNA gene copy numbers per liter 

(Radomski 2011). Alternatively, this relationship could also be indirect, through the 

modification of the water properties and nutrients availability within lakes by the river 

inflow. Such changes could improve the persistence and/or the competitiveness of NTM in 

lakes connected to hydrological network. However, this relationship can also be explained 

by the dependency between the type of connection and the trophic status. Indeed, 

isolated lakes are mainly oligotrophic and mesotrophic while connected lakes are mostly 

eutrophic and hypertrophic, which seems to favor NTM. 

Mycobacteria are reported to occur in high abundances in aquatic ecosystems with 

acidic waters, low oxygen levels, high nutrient availability or high levels of micropollutants 

(Iivanainen et al. 1993; Kirschner et al. 1999; Jacobs et al. 2009). The significant negative 

relationship, even weak, between the NTM densities and water pH values that was found 

in the 49 lakes dataset supports previous observations in freshwater habitats about the 

importance of water pH for mycobacteria (Iivanainen et al. 1993; Kirschner et al. 1999). 

Moreover, as previously reported in various terrestrial or aquatic habitats (Iivanainen et al. 

1993; Norby et al. 2007), NTM were positively correlated with iron content. Iron is an 

important biocatalyzer of redox reaction in many living cells. Its deficiency in lacustrine 

ecosystems (Mckay et al. 2004) could drastically impact the biomass of mycobacteria that 

is dependent upon the production of iron-binding siderophores to acquire this compound 
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(Barclay and Ratledge 1983; Chan 2009). This dependence to siderophores is particularly 

important in waters with high pH values, when iron is insoluble, and thus, non-bioavailable 

(Emmenegger et al. 2001). 

Considering the fact that NTM are hydrophobic and are therefore preferentially 

associated to hydrophobic surfaces (e.g., suspended particles), surprisingly no 

relationship between NTM abundances and total suspended solids concentrations. 

Similarly, no significant influence of the nutrient levels (total nitrogen, total phosphorus or 

DOC concentrations) or the lake trophic status was observed in this study. Yet, previous 

experiments reported positive correlations between bacterial growth and nutrients 

concentration (Elser et al. 1995; Eiler et al. 2003). Thus, this result could suggest that in the 

sampled lakes, (i) mycobacteria were not limited by the supply of nutrients, (ii) relevant 

organic matter variables were not measured, e.g., acid humic or fulvic content (Iivanainen 

et al. 1993; Kirschner et al. 1999), (iii) mycobacterial growth was too small to be detected 

or (iv) mycobacterial populations were not active. Moreover, although a growing number 

of studies demonstrate the role of some NTM species as polycyclic aromatic hydrocarbon 

degraders (Uyttebroek et al. 2006, 2007; Debruyn et al. 2009), no direct relationship was 

noticed in this survey regarding the PAH concentration, despite the large variability of PAH 

concentration among the lakes. 

V.4 Local rainfall impact

In Créteil Lake, runoff effluents carried large amount of mycobacteria that the may

result from the erosion of sedimented matters and biofilms in the storm sewer. In fact, 

biofilms are well-known reservoirs of mycobacteria in diverse habitats, such as drinking 

water systems (Dailloux et al. 2003; Williams et al. 2009). These large densities of 

mycobacteria in the runoff discharges appeared to locally enhance the NTM abundance in 

Créteil Lake the day following important rainfalls. However, this impact on the surface 

water was temporary, as revealed by the absence of relevant spatial heterogeneity in the 

surface water of the lake over the two-year monitoring. No vertical variability was observed 

along the vertical transect, suggesting that the water column from the polymictic Créteil 

Lake was sufficiently well mixed to avoid significant spatial heterogeneity. Discharge 

plumes were probably rapidly diluted in the lake. Besides, even after important rainfalls, 
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no significant mycobacterial densities rise was observed on the average sample (M), which 

could explain the absence of any significant direct impact of storm sewer effluents among 

the 49 lakes. Similar results were found by Pickup and colleagues (2006), who did not 

detected a positive correlation between the precipitation and the Mycobacterium avium 

subsp. paratuberculosis recovery after nine days. Inversely, Iivanainen and colleagues 

(1993) observed a positive correlation between the abundance of Mycobacterium spp. 

and the cumulative precipitation in 53 brook waters, but only the second and the third 

weeks after rainfalls. 

V.5 No temporal variation in Créteil Lake

Mycobacterial densities appeared to be roughly stable over the two years

monitoring. This temporal dynamics, apparently stable, was instead particularly well 

predicted by the neutral community model, suggesting that the variations of the 

Mycobacterium densities were governed by a stochastic balance between loss and gain of 

taxa (Hubbell 2001) as previously demonstrated for many other bacterial groups (Sloan et 

al. 2006). Although deterministic parameters such as the temperature fluctuation did not 

appeared to significantly affect the Mycobacterium densities, we cannot exclude a 

temporal dynamic of the mycobacterial species. Indeed, in the Rio Grande, Bland and 

colleagues (2005) observed important shifts in the NTM assemblage composition over a 

one-year monthly monitoring. Similar tendency was also noticed with the non-systematic 

recovery of M. avium over a one-year survey in the river Taff (Pickup et al. 2005, 2006). 

In summary, this study emphasis the ubiquity of mycobacteria in non-extreme 

freshwater habitats, even if some forces could temporally or spatially enhance their 

abundance (i.e. neutral processes, connection to rivers or storm sewers discharges). As 

previously described, NTM densities were related to pH and iron concentrations. 

Freshwater lakes appeared thus as relevant niche of NTM in urban lakes. The famous 

citation ‘everything is everywhere, but, the environment selects’ seems to apply to the 

ubiquitous mycobacteria (Beijerinck 1913; Baas Becking 1934). This citation suggests that 

no spatial biogeography occur due to dispersal limitation, and that the spatial structure is 

only governed by environmental conditions. However, our results highlight the 
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importance of dispersal and neutral processes influencing the mycobacterial densities. 

The monitoring of water physicochemical parameters alone does not appear to be 

sufficient to predict mycobacterial densities. Nevertheless an additional study assessing 

the species composition of the NTM communities should help to reveal the existence of a 

biogeographical structure in mycobacterial communities at local and regional scale. 

Especially, it would be interesting to assess the influence of neutral processes on the 

spatial variations of the NTM densities and diversity.  
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VIII. Supplementary data

Supplementary data 1 Location, morphological and physicochemical characteristics of the 49 

lakes 

ID 
lake Name LUI Trophic 

status Hydro SSO 
Surface 

area  
(km2) 

Mean 
depth 

(m) 
pH Temp (°C) Cond 

(µS.cm-1) 
DOC 

(mgC.L-1) 
TSS 

(mg.L-1) 

1 Freneuse Cove N H C + 0.14 2.4 7.8 (1.1) 23.3 (2.6) 430 (113) 22.7 (3.6) 4.5 (0.3) 
2 Grand Lavacourt Pond N E I - 1.12 4.3 9 (0.2) 22.5 (2.7) 264 (7) 2.3 (0.4) 4.3 (0.4) 
3 Ilon Cove N E C + 0.66 3.8 8.3 (0) 22.1 (2.7) 478 (11) 8.4 (1.3) 3.5 (0.1) 
4 Les Galets Pond OU E I - 0.11 2.2 9.3 (0.2) 24.4 (3.3) 272 (22) 7.0 (3.1) 7.2 (0.2) 
5 ASM Club Cove N H C + 0.37 2.5 8 (0) 21.7 (3) 491 (17) 20.3 (7.9) 3.9 (0.3) 
6 Grosse Pierre Pond N H I + 0.46 4.3 8.9 (0.5) 22.3 (1.8) 421 (65) 8.9 (6.5) 7.3 (0.5) 
7 Bout du Monde Pond N H I - 0.20 1.2 8.4 (0.1) 22.8 (3.1) 776 (28) 10.2 (5.4) 6.3 (0.1) 
8 Enghien Lake U H Cr + 0.34 1.0 7.8 (0.9) 23.3 (1.2) 689 (186) 36.4 (13.2) 6.3 (1.4) 
9 Gaule Achéroise Pond A M I - 0.05 6.2 7.5 (0.7) 24 (1.4) 769 (16) 7.1 (0.4) 3.4 (0.4) 

10 Triel  Pond N H I - 0.34 3.9 8.9 (0.2) 23.6 (2.7) 1031 (94) 8.9 (6.1) 11.1 (0.7) 
11 Jabline-Anet Lake OU O I - 0.77 7.0 8.6 (0.1) 21.6 (1.7) 1173 (40) 1.3 (0.0) 4.2 (0.2) 
12 Isles-les Villenoy Pond A M I - 0.42 2.6 8.6 (0.1) 23.4 (2.9) 324 (17) 5.0 (3.2) 4.6 (0.5) 
13 Lake Inférieur OU E Cr + 0.11 1.2 8 (1.3) 24.8 (4.1) 312 (80) 10.2 (0.1) 4.3 (0.7) 
14 Les Pâtis Pond OU H I - 0.10 2.6 8.8 (0.2) 22.2 (3.2) 615 (22) 11.9 (12.3) 6.8 (0.4) 
15 Torcy Lake OU M I - 0.25 5.8 8.1 (0) 22.5 (3.2) 1185 (47) 2.5 (0.2) 5.2 (0.1) 
16 UCPA Centre Pond N O I - 0.92 5.3 8.8 (0) 22.4 (2.8) 457 (3) 1.3 (0.5) 4.2 (0.3) 
17 Loy Pond N H Cr + 0.07 1.3 7.8 (0.4) 22.2 (3.5) 476 (69) 58.9 (34.7) 6.3 (0.1) 
18 Saint-Cucufa Pond N H I - 0.02 1.8 7.5 (0.6) 22.4 (3) 718 (4) 11.9 (3.3) 7.4 (0.8) 
19 UTE Louveciennes OU O I - 0.10 2.5 7.3 (0.4) 20 (2.1) 672 (17) 1.3 (0.1) 1.6 (0.4) 
20 Lake Minimes N H Cr + 0.06 1.2 7.7 (0.9) 24 (4) 511 (50) 39.3 (5.6) 5.1 (0) 
21 Swiss Pond OU M I - 0.14 1.9 8.8 (1.1) 27.2 (1.6) 988 (9) 3.0 (1.3) 6.1 (0.7) 
22 Saint-Quentin Reservoir A E I - 1.20 1.6 9.2 (0.3) 25.7 (1.5) 406 (6) 10.7 (0.4) 6 (0.3) 
23 Créteil Lake U M I + 0.41 4.5 7.8 (0.4) 24 (1.8) 1454 (48) 2.6 (0.2) 6.9 (0.7) 
24 Maurepas Reservoir U H Cr + 0.08 3.4 8.5 (0.4) 24.7 (3) 410 (94) 9.8 (7.9) 6 (1.2) 
25 Choisy Pond OU M I - 0.34 2.6 7.4 (0.6) 25.1 (1.6) 1228 (119) 3.7 (0.6) 4.9 (0.8) 
26 Plage Bleue Pond OU M I - 0.09 3.1 7.6 (0.8) 24.6 (1.6) 2168 (178) 3.0 (2.0) 5.9 (0.7) 
27 Noés Reservoir U H I + 0.24 0.7 8.3 (0.1) 27.1 (1.1) 619 (70) 37.6 (4.6) 9.5 (4.6) 
28 Saclay Reservoir A H I + 0.30 1.5 9.3 (0.2) 25.8 (1.5) 518 (47) 14 (14.4) 7.6 (1.5) 
29 La Veyssière Pond OU H C + 0.25 1.6 8.3 (0.5) 25.2 (1.6) 305 (19) 14.9 (0.2) 4 (0.2) 
30 Vaux-de-Cernay Pond N H Cr + 0.06 1.4 8.8 (0.2) 24.2 (1) 458 (15) 12.9 (1.6) 6 (0.6) 
31 Noues de Seine Pond U E C + 0.97 3.4 8.9 (0.3) 25.8 (1.9) 758 (26) 2.6 (0) 4.7 (0.2) 
32 Gazeran Pond N H Cr + 0.08 0.7 7.8 (0.2) 25.7 (0.6) 807 (46) 42.3 (35.4) 8 (0.2) 
33 Courcouronnes Pond U H I + 0.07 1.4 9.1 (0.1) 27.7 (3.3) 298 (102) 22.5 (1.2) 5.2 (1.7) 
34 Epinoche Pond A H C + 0.06 2.4 8.1 (0.4) 23.4 (1.6) 565 (34) 17 (0.4) 4.9 (0.6) 
35 Port-Sud Pond A H Cr + 0.07 1.7 8.2 (0.4) 25.4 (1.3) 511 (70) 23.8 (16.6) 5.1 (2.1) 
36 Fontenay/Vic Pond A H C + 0.14 1.2 8.7 (0.1) 25.9 (1.4) 395 (9) 26.6 (2.7) 4.3 (0.1) 
37 Vert-le-Petit Pond A E C + 0.01 2.0 8 (0.1) 23.7 (3) 601 (22) 14.5 (2.8) 7.2 (0.5) 
38 Seine Port Pond N E C + 0.06 2.9 8.1 (0.4) 22.6 (1) 263 (26) 6.0 (1.5) 3.6 (0.4) 
39 Fleuri Pond A H C + 0.08 1.3 8 (0.3) 21.7 (1.3) 509 (43) 15.6 (0.4) 2.7 (0.5) 
40 Villefermoy Reservoir N H Cr + 0.32 2.1 8.4 (0.3) 23.4 (3.6) 273 (42) 28.0 (0.8) 9.8 (0.1) 
41 Saint-Blaise Pond A E C + 0.05 1.4 7.9 (0.1) 21.5 (2.1) 530 (29) 11.2 (1) 2.9 (0.3) 
42 Bois-le-Roi pond OU E I - 0.08 2.6 8.2 (0.2) 24.6 (3.8) 300 (21) 11.9 (1.5) 4.2 (0) 
43 Samoreau Pond OU O I - 0.10 2.4 9 (0.3) 25.5 (4.1) 200 (22) 2.1 (0.5) 2.6 (0.6) 
44 Delomez Pond N O I - 0.07 4.2 8.3 (0.2) 23.8 (2.9) 220 (39) 2.8 (0.9) 3.4 (0.2) 
45 Leclerc Pond N M I - 0.05 2.8 8 (0) 24 (3.2) 309 (15) 4.1 (1.3) 2.8 (0.6) 
46 Grande Paroisse Pond A E C + 0.53 3.7 8.3 (0.1) 23.4 (2.4) 315 (20) 9.7 (2.4) 4.1 (0.2) 
47 Grand Marais Pond N H I - 0.17 2.4 9.3 (0.6) 23.7 (2.9) 364 (1) 9.1 (5.1) 10.1 (0.6) 
48 Clarette Pond N E I - 0.14 1.4 8.5 (0.4) 24.9 (4) 300 (29) 11.3 (3.4) 7.4 (0.2) 
49 Souppes/Loing Pond A M C + 0.21 2.9 8.1 (0.1) 23.3 (2.8) 401 (9) 5.8 (1.6) 4.2 (1.4) 

Values represent the means (standard deviations) of the three yearly campaigns. 
Abbreviations: LUI, dominant watershed land use indice; Hydro, type of connection to the hydrological network; DOC, dissolved organic carbon concentration; SSO, 
presence of a storm sewer outlet; Temp, temperature; Cond, conductivity; N, natural; A, agricultural; OU, open urban; U, urban; O, oligotrophic; M, mesotrophic; E, 
eutrophic; H, hypereutrophic; I, isolated; C, connected; Cr, crossed.
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This study contributes to the comprehension of the factors and processes shaping 

the biogeography of the bacterial compartment in lacustrine habitats, which remains a 

major issue for microbial ecologists. One of the main contributions of this investigation 

was to consider in the same study the effect of environmental, spatial and stochastic 

processes at several spatial scales (regional and local) focusing on different taxonomic 

levels. 

The manuscript comprises four scientific articles or manuscripts that present the 

main results. These papers are based on a consequent database that was explored in 

depth using multivariate statistical analysis. The database was generated with the 

measurement of physicochemical parameters and molecular analysis of the bacterial 

community diversity. The samples were collected during an intense field work, with three-

year sampling of 49 lakes, two-year monitoring of Créteil Lake (every month and six rain 

events), and with the investigation within Créteil and Daumesnil lakes of the favorable 

habitats for the NTM.  

In this last section, the main results will be discussed in a broader context in light of 

their contributions and limitations, as well as the perspective of this work. The processes 

that structure the bacterial community will be commented at different spatial scales, then 

at different bacterial taxonomic levels. Finally, the perspectives, and the contribution of 

this study to a better comprehension of the response of the shallow lakes facing 

anthropogenic pressures will be addressed in the context of global change impact on 

aquatic ecosystems. 

I.1 Bacterial biogeography at different spatial scales

For both regional and local scales, the spatial distribution of the bacterial

community was well predicted by the neutral community model (Chapter II and III). 

Knowing that these tendencies were observed for each of the 49 lakes campaigns (with 

both T-RFLP fingerprinting and next-generation sequencing approaches) and for 88% of 

the Créteil Lake campaigns, it gives us confidence in the conclusions drawn from this 

work. However, it would be worthwhile to evaluate the co-trends between these methods 

using co-inertia analysis (Dray et al. 2003). Thus at both spatial scales, results indicated 

that bacterial assembly seemed to be primarily driven by stochastic balance between 
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births, deaths and immigration (Hubbell 2001), suggesting that taxa dispersal was high 

enough to allow a random immigration among the 49 lakes and within Créteil Lake. 

The identification at both regional and local spatial scales of the same forces 

structuring the bacterial assembly may potentially reflect that regional patterns result from 

the coupling of local processes with dispersal processes (Chave 2013). As a consequence 

the beta diversity that we observed among the different lakes would be explained by the 

spatio-temporal dynamic of the bacterial community within each single lake, linked 

together through dispersal limitation. Within Créteil Lake, neutral forces explained up to 

91% of the spatial structure of the bacterial assembly. This high percentage could notably 

be promoted by the regular mixing of the entire water column, enhancing dispersal of 

taxa and avoiding any spatial discrimination along the two transects that we investigated 

(longitudinal and vertical). However, the temporal dynamic of the bacterial assemblage 

over the two-year monitoring was slightly explained by the neutral model (probably due to 

statistical consideration, c.f. Chapter II). Indeed, the bacterial community was mainly driven 

by a deterministic factor: the water temperature. This result is not surprising since water 

temperature is an integrative seasonal parameter that is often associated with microbial 

composition variations (Yannarell and Triplett 2004; Shade et al. 2007).  

Nevertheless we cannot assume that the Créteil Lake is representative of the 48 

other lakes that were considered in this project. Further studies focusing on shallow lakes 

are therefore needed since the survey of a single shallow lake is not sufficient to provide 

conclusive support regarding the forces responsible for the spatio-temporal dynamics of 

the bacterial assemblages observed at the regional scale. It would also be important to 

consider the temporal variation at the regional scale, which could not be really achieved 

with only three summer campaigns. 

Furthermore, except for the temporal variations of the bacterial assembly within 

Créteil Lake, deterministic forces (i.e. environmental factors and spatial processes) were 

not identified to have a relevant impact on the bacterial beta diversity, which is surprising 

regarding the literature. Indeed, a recent review (Hanson et al. 2012) showed that 

environmental selection and dispersal processes were frequently observed as shaping 

microbial composition (in more than 90% and 50% of the aquatic studies respectively). 
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However most of the studies used for this review did not consider the stochastic processes 

in their evaluation of the processes shaping the aquatic bacterial communities (Hanson et 

al. 2012).  

The low percentage of variation explained by environmental factors that we found 

in our study could either be due to real low contribution of the deterministic processes to 

the bacterial assembly with respect to stochastic forces, or it could also reveal, as 

mentioned in the ‘discussion’ of the Chapter II, the absence of relevant parameters in the 

statistical model (Lindström and Langenheder 2012). Indeed, among the environmental 

factors integrated in our analysis, we only considered abiotic parameters. Therefore, we 

only investigated bottom-up control neglecting the top-down control. Yet, biotic 

interactions could also play an important role in shaping bacterial communities, especially 

due to protist predation pressures or viral lysis (Jürgens and Matz 2002; Weinbauer and 

Rassoulzadegan 2004). Such influence is illustrated by the Figure 28, where biotic 

explanatory variables (phytoplankton and heterotrophic nanoflagellate densities) coupled 

with interactions with other factors explained more than half of the spatial variation of the 

bacterial structure in six bogs (Kent et al. 2007). Although biotic factors were not currently 

included in our analysis, this issue could be resolved regarding some of the biotic factors. 

Indeed during the sampling campaigns, samples of zooplankton and phytoplankton have 

been collected by our scientific collaborators (ESE, iEES Paris, MCAM). However, their 

analysis is still in progress and could not be included in the database that was used for this 

thesis.  

!

Figure 28 Partitioning microbial community variance among meteorological 
(met), environmental (env) and biological (bio) sets of variables for different lakes. 
Variance partitioning analysis results are averaged among six bogs. From Kent et 
al. 2007. 

!
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Furthermore, although historical processes may play a major role in shaping the 

bacterial communities, they were not evaluated in our study. Indeed, past events (even just 

a few days) may leave a contemporary signature in the observed patterns of spatial 

structure at the regional and local scale (Andersson et al. 2014). The incorporation in our 

statistical analysis of integrative parameters could potentially enhance the explanatory 

power of statistical models. For instance, we could use some parameters taking into 

accounts historical fluctuations prior sampling such as the cumulative rainfalls or water 

temperatures, or drastic changes of nutrients availability from one year to the other. 

Moreover, it should be kept in mind that the sampling strategy that was used for 

the PULSE research project may have produced a bias that could influence the results of 

the biogeographical study. Indeed, the selection of the 49 lakes was initially performed to 

evaluate the regional distribution of cyanobacteria in a representative set of Paris area 

lakes (Catherine et al. 2008). These lakes were not selected to address the influence of 

local environmental, dispersal-related mechanisms and neutral processes on the bacterial 

assemblages. For some categorical variables related to dispersal processes the sampling 

design is unbalanced. For instance, a majority of the sampled lakes are isolated (n = 27), 

while few are connected to a river (n = 13), and even fewer are crossed by a river (n = 9). 

Similarly, a majority of the 49 lakes are not impacted by storm sewer effluents (n = 30). In 

spite of this drawback, this sampling design still allowed to extract conclusive tendencies 

regarding the relevant processes shaping the bacterial communities. However, in the 

prospective of improving our comprehension of relative importance of stochastic and 

deterministic factors for the bacterial assembly, it would be interesting if possible to 

design a totally balanced sampling strategy. 

I.2 Biogeography patterns depending on the bacterial taxonomic level

One challenge of microbial geography is to determine at what taxonomic levels

these forces operate. The choice of a target organism is often dictated by practical issues 

(Ramette and Tiedje 2007). Although a growing number of recent studies investigate the 

biogeography of the total bacterial community (see reviews of Martiny et al. 2006; Hanson 

et al. 2012, Lindström and Langenheder 2012), historically the species is the most 

commonly found unit in microbial biogeographic studies, probably as an inheritance of 
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botany and zoology. However it may be questionable to extrapolate results based on few 

selected taxa to the total community. Indeed, our study revealed large discrepancies in 

the forces responsible for the biogeography patterns depending on the bacterial 

taxonomic level or group that was considered. 

At the regional scale, the influence of both deterministic forces (i.e. environmental 

factors and spatial processes) never exceeded 16% on the entire bacterial structure 

(Chapter II and III), whereas the same parameters explained up to 25% of the 

Acidimicrobiia subclass (Actinobacteria) and only 9% of the Shingobacteriia 

(Bacteroidetes) composition (Chapter III). This result is not surprising since distinct taxa 

may respond differently to evolutionary and ecological processes, even if recent supports 

highlighted the ecological convergences within close lineages (Philippot et al. 2010), 

especially when shared characters are complex (Martiny et al. 2013). These observations 

may explain why we noticed similar tendencies inside the dominant bacterial phyla or 

classes regarding the importance of the biogeographical processes. It would it be 

interesting to use the next-generation sequencing dataset (Chapter III) to investigate if 

some particular taxa deviated from a predictive random model (Šizling et al. 2009), and if 

it is the case, which ones? 

Multivariate comparisons of microbial assemblages require decisions to be made 

about the taxonomic resolution to be used and whether the contributions of common, 

intermediate and rare taxa should be emphasized (Lasiak 2003). Rare biosphere is often 

described as containing most of the bacterial diversity and cosmopolitan taxa owing to 

their high persistence and dispersal (Pedrós-Alio 2006; Caron and Countway 2009). This 

so-called ‘seed bank’ could potentially represents a source of taxa waiting for favorable 

environmental conditions (Simon et al. 2015). Exchanges between rare to dominant taxa 

could explain part of the results of Galand and colleagues (2009). These authors found 

similar composition between dominant and rare members of bacterial communities 

among sites in the Arctic Ocean, implying that these communities were shaped by 

equivalent biogeographical processes (Galand et al. 2009). In our study, we noticed that 

the composition of rare and dominant taxa in the bacterial communities was shaped by 

similar factors but not with the same relative importance (Chapter III). Indeed, in the 49 
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lakes, deterministic factors explained 19% of the composition of dominant biosphere, 

while together with DOC they explained only 9% of the rare biosphere. Same conclusions 

were drawn with the influence of neutral processes that well predicted the taxa 

distribution variations for both biospheres, but up to 68% for dominant taxa against 73% 

for rare members. 

The advent of high-throughput technologies has radically changed the microbial 

biogeography. Diversity and dynamics of rare taxa in microbial communities were rarely 

explored before the next-generation sequencing (Crump et al. 2012). Low resolutive 

methodologies (fingerprinting) could potentially not detect finer biogeographical patterns 

since these methods revealed only a small part of the diversity (Ramette and Tiedje 2007). 

In our case, this could explain the slight but higher importance of both deterministic forces 

on the total bacterial assembly structure when assessed with high-throughput sequencing 

compared to the T-RFLP approach (Chapter II and III). Although high-throughput 

sequencing using universal bacterial ribosomal RNA gene probes offers the opportunity 

to detect rare taxa, this methodology is still inefficient to properly assign sequences at 

taxonomic levels below the genus level (Hanson et al. 2012). Indeed, in our study 

mycobacteria were retrieved in only 71% of the 49 lakes, with a relative abundance higher 

than 5% in one lake (Freneuse Cove), whereas the NTM population was quantified in all 

these lakes by real-time quantitative PCR (Chapter III and V). Furthermore, as suggested 

by Hanson and colleagues (2012), the likelihood to detect distance effect will increase with 

the increasing resolution of the diversity analysis. This assumption was illustrated by 

Martiny and colleagues (2009) that observed in marine environment, that the 

Prochlorococcus community composition assessed by pyrosequencing correlated with the 

dispersal rate only at the highest taxonomic resolution (from a cutoff of 99%). Besides, in 

our study, although it is difficult to compare the densities and the bacterial community 

structure together (notably since densities do not reflect ecological processes such as 

selection, dispersal or drift), we observed at the regional scale a difference in the total 

variance explained by the deterministic forces that was of 38% for the Mycobacterium 

genus densities and lesser for broader taxonomic levels (total bacteria, dominant phyla 

and classes) (Chapter II, III and V). 
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The focus on mycobacteria gave the opportunity to investigate the impact of 

environmental and spatial factors at finer taxonomic level (genus). Although we were able 

to show variations among lakes and within lakes of the mycobacterial densities and 

diversity (Chapter IV and V), the methods we used did not allow a fine biogeography study 

(fragment of the 16S rRNA gene sequence and real-time quantitative PCR at the genus 

level). It would be interesting to pursue the study of the mycobacterial biogeography 

using gene targets that would be less conservative than the 16S rRNA gene, such as the 

hsp65 gene (van der Wielen et al. 2013). It would also be interesting to investigate the 

biogeography of mycobacterial community at both local (over the two year monitoring of 

Créteil Lake) and regional scales using taxonomic diversity tools. 

I.3 Impact of environmental pressures on the bacterial biogeography

The biogeography structure of bacterial communities may be disturbed by

anthropogenic factors, which could have important impact on the functioning of the 

aquatic ecosystems and on their ecosystem services. For instance, many pathogens 

display well-defined biogeographical distributions that may be modified when their 

dispersal limitation is modified by human wastewater management or human population 

displacement or other activities.  

In our study, pressures resulting from anthropogenic activities significantly 

impacted each of the taxonomic levels investigated. Among these pressures, the trophic 

status and the connection of the lake to a river were almost always identified as shaping 

the bacterial assemblages (Chapter II, III and V). Regarding the connection of lakes to 

river, it would have been interesting in collect samples upstream the river-lake connection 

to compare the similarity between allochthonous and autochthonous communities. Such 

approach would allow to evaluate the importance of mass effects on local communities 

(Nelson et al. 2009). The trophic status is related to autotrophic production and may 

reflect pressures related to the input of allochthonous nutrients resulting from the 

agricultural, industrial and domestic human activities. The connection of the lake to the 

hydrographic network reflects pressures resulting from watershed managements and 

water policies. Discharges of punctual storm sewer effluents into the lakes were not 

observed to affect the bacterial community structure, except for the mycobacterial 
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densities that appeared to be locally and temporally affected by the runoffs of the Créteil 

Lake storm sewer (Chapter V). It would be interesting to assess the bacterial community 

structure of the samples collected during the 6 rain events. For instance, using the T-RFLP 

method, we could verify the sewer effluents contribute to the input and establishment of 

allochthonous taxa in the bacterial community of the lake water column. In order to check 

whether the mycobacteria discharged by the storm sewer come from road runoffs or from 

the sewer itself (pipe biofilms and retention chamber), it would have been interesting to 

sample the runoff directly from the streets and inside the sewer.  

The dominant land use present on the watershed was not observed as governing 

the bacterial communities. This result appears surprising, because Scopel and colleagues 

(2006), McLellan and colleagues (2007) and Lear and Lewis (2009) found that bacterial 

river biofilms were directly driven by the watershed land use. However, in the context of 

these 49 artificial lakes, watersheds were not representative of the proximal environment 

that surrounds the lakes. Indeed, for most of the lakes, their watersheds are drained 

resulting in a low contribution of the watershed runoff to the lake. Consequently, only a 

small stripe around lakes may impact the autochthonous communities.  

Although bacterial biogeographic variations have predominantly been studied 

focusing on taxonomic diversity, a vivid interest is resurging regarding the 

biogeographical patterns of functional traits among the bacterial communities, especially 

to better understand how microorganisms will respond to environmental pressures (Green 

et al. 2008). Biogeochemical processes that are primarily driven by microbial activities 

constitute an important part of the ecosystem services offered by lacustrine ecosystems in 

terms of regulation of water quality, regulation of pathogens and regulation of the climate 

(Downing 2010). It would be interesting to characterize whether differences in trophic 

status or the fact those lakes are connected to the river system have an impact on the 

functional traits of the bacterial community, despite the functional redundancy that is often 

observed in bacterial assemblages (Langenheder et al. 2006). Bacterial functional 

redundancy is probably due to the rare biosphere that encloses metabolically similar 

populations that are able to contend with changing environmental conditions (Lennon and 

Jones 2011). The functional diversity of a bacterial community could be indirectly assessed 
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using microplates supplemented with different substrates such as EcoPlates (Biolog) or 

MicrorespTM (Preston-Mafham et al. 2002; Campbell et al. 2003). It could also be directly 

assessed by transcriptomic approaches. As part of this study, I unfortunately only touched 

upon this issue by predicting the functional profiles from our NGS database using the 

‘Tax4Fun’ package in R project (Aßhauer et al. 2015). Nevertheless I gave up on this idea 

due to the difficulty in analyzing the data obtained from the Tax4Fun model that provides 

information for more than 6,400 enzymatic reactions. However, there are other models 

that may be easier to interpret such as PICRUSt (Langille et al. 2013) or consenTRAIT 

(Martiny et al. 2013). 
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Glossary 

Allochthonous Refers to organisms or compounds originating or created in a place other 
than where found. In ecology, it refers to foreign organisms or compounds. 

Autochthonous Refers to organisms or compounds originating or created in the place 
where they were found. In ecology, it refers to indigenous organisms or 
compounds. 

Autotroph Organism that convert inorganic carbon, such as CO2 into organic 
compounds. 

Beta diversity Difference in community composition among sites. 
Biodiversity The genetic, taxonomic, and functional variety of all forms of life on Earth, 

encompassing the interactions among them and the processes that maintain 
them. 

Biogeography Study of the distribution of biodiversity over space and time. 
Class In taxonomy, refers to a set of orders that have similar characteristics. 
Community An assemblage of taxa found together in a specific habitat at a certain time, 

and interacting with each other’s. 
Dispersal Movement of individuals among local population in another population. 
Diversity The degree of variation of living things present in a particular ecosystem. 
Ecological drift processes that randomly change the abundance of taxa. 
Eutrophic Describing water bodies that are richly supplied with nutrients, promoting the 

proliferation of algae and aquatic plants. 
Family In taxonomy, refers to a set of genus that have similar characteristics. 
Functional trait Refers to a feature of an organism that has demonstrable links to the 

organism’s function (ecosystem role) or functioning (performance). 
Genus In taxonomy, refers to a set of species that have similar characteristics. 
Heterotroph Organism that use organic carbon compounds, such as dissolved organic 

carbon matter and particulate organic matter as source of carbon. In opposition 
to autotrophs, these organisms cannot fix carbon. 

Lineage Group of organisms that constitutes a monophyletic branch, related by descent 
from a common ancestor. 

Mass effects The quantitative effects of dispersal on local population dynamics. 
Emigration from a population may have negative effects on its demography, 
while immigration may have positive (rescue) effects. 

Mesotrophic Describing water bodies that are intermediate in characteristics between 
oligotrophic and eutrophic water bodies. 

Metacommunity Set of local communities that are linked by dispersal of multiple 
potentially interacting species. 

Myxotroph Organism that both use the inorganic carbon and the organic carbon as 
source of carbon. They are autotrophs and heterotrophs. 

Neutral processes Variation in community composition determined by stochastic effects 
of dispersal and demography among taxa with equivalent niches. 

Oligotrophic Describing water bodies that have low nutrient concentration. 
Order In taxonomy, refers to a set of families that have similar characteristics. 

GLOSSARY 
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Patch dynamic Describe the ecological systems are mosaic of patches exhibiting non-
equilibrium transient dynamics and together determining system-level structure 
and function. 

Phylum Refers to taxonomic categories. Within prokaryotes, it constitutes the highest 
taxonomic rank. 

Plankton A collective term for various drifting organisms of the pelagic zone. 
Polymictic Corresponds to lakes having no stable thermal stratification but exhibiting 

perennial circulation. 
Primary producer An organism capable of converting atmospheric carbon dioxide into 

organic matter. See autotroph. 
Relative abundance The quantitative pattern of rarity and commonness among species in 

a sample or a community richness. 
Selection (natural) A difference, on average, between the survival or fecundity of 

individuals with certain phenotypes compared with individuals of the same 
species with other phenotypes. 

Speciation Process by which new species emerge through evolutionary forces. 
Species A monophyletic and genomically coherent cluster of individual organisms that 

show a high degree of overall similarity in many independent characteristics, 
and is diagnosable by a discriminative phenotypic property  

Species richness The number of species in a sample, in a site, or in a region. 
Species sorting Variation in community composition by the optimization of fitness among 

species across patches. 
Taxon (plural taxa) Any named group at any taxonomic rank. Within the Bacteria kingdom 

a taxon could also refers to a set of strains with close phenotypic and genotypic 
characteristics. 

Waterborne Refers to organisms that are transported by water or transmitted in water. 
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Appendix 1 Biotic and abiotic parameters analyzed during the 49 lakes campaigns and 
over the monthly monitoring of Créteil Lake by each laboratory. 

LEESU         
UMR MA 102 University of 

Paris-Est 

MCAM         
UMR 7245 CNRS/MNHN 

ESE         
UMR CNRS 8079 University of 

Paris-Sud 

BIOEMCO         
UMR CNRS 7618 ENS 

pH* Depth max Densities of: Seston* 
PAR* NO3

- Cyanobacteria* Zooplankton* 
Temperature* NH4

+ Small picoeukaryotes* 
Thermal stratification* Ntotal* Large picoeukaryotes * 
Extinction coefficient* PO4

3-* Heterotrophic bacteria* 
Conductivity* Ptotal* Protists / Large heterotrophic 

picoplankton* O2 saturation (%)* Total Chlorophyll a *  
NO2

- Total phytoplankton 
TSS* Cyanobacteria 
TOC* 
DOC* 
POC* 

Metals* 
PAH* 

Escherichia coli* 
Intestinal enterococci* 

NTM* 
Bacterial assemblage* 

Abreviations: PAR, photosynthetically active radiation; TSS, total suspended solid; TOC, total organic carbon; DOC, 
dissolved organic carbon; POC, particulate organic carbon; PAH, polycyclic aromatic hydrocarbon; NTM, nontuberculous 
mycobacteria 
* Refers to the abiotic parameters also analyzed during the monthly campaigns of Créteil Lake. 
** Refers to the parameters only analyzed during the monthly campaigns Créteil Lake.
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Appendix 2 (a) 16S rRNA gene sequence variability map (based on 16S rRNA gene 
sequence of Escherichia coli). Red sequences indicate variable regions, underlined red 
sequences indicate hypervariable regions and blue sequences indicate conserved 
regions. From Barker and colleagues (2003). (b) Efficiency of ‘universal’ probes. Efficiency 
tested in silico using the probeBase online resource (http://www.microbial-
ecology.net/probebase/search.asp). 

a!

b!

c

V1 V2 V3 V4 V5 V6 V7 V8 V9
0 500 1,000 1,500

a b c d e f g h i

Conserved 
region Probe name Sequence Mistmaches 

number 

% bacterial 
sequences 
amplified 

% chloroplast 
sequences 
amplified 

Authors 

27F AGAGTTTGATCMTGGCTCAG 0 13 14 Hongoh et al. 2003
1 18 20

  
2 20 21 

 27F GAGTTTGATCMTGGCTCAG 0 16 17 Lee et al. 2010
1 19 21 

  
2 20 22

 27F AGRGTTYGATYMTGGCTCAG 0 14 17 Lane 1991
1 19 21 

  
2 20 22

 39F TGGCTCAGRWYGAACGCTRG 0 18 20 Hongoh et al. 2003
1 23 22

  
2 25 23 

 63F CAGGCCTAACACATGCAAGTC 0 5 1 Hongoh et al. 2003
1 15 2

  
2 27 21 

 64F BGYCTWANRCATGCAAGTYG 0 26 12 Hongoh et al. 2003
1 57 42 

  
2 61 44

 68F TNANACATGCAAGTCGRRCG 0 43 22 McAllister et al. 2011
1 60 42 

  
2 63 45

 8F 616V AGAGTTTGATYMTGGCTCAG 0 14 15 Kim et al. 2009
1 19 21

  
2 20 22 

 8F pA AGAGTTTGATCCTGGCTCAG 0 10 11 Frank et al. 2007
1 16 18

  
2 19 21 

 9bF GRGTTTGATCCTGGCTCA 0 11 12 Huber et al. 2002
1 18 20 

  
2 20 22

 GM3F AGAGTTTGATCMTGGC 0 13 15 Muyzer et al. 1995
1 18 20 

  
2 20 22

 

b 

pBR-V1.ASF AGTGGCGGACGGGTGAGTAA 0 11 41 Jonasson et al. 2002
1 49 51

  
2 63 59

 pBR-V1.ASR TTACTCACCCGTCCGCCACT 0 11 41 Jonasson et al. 2002
1 49 51

  
2 63 59

 

c 

338 R TGCTGCCTCCCGTAGGAGT 0 77 55 Fierer et al. 2008
1 81 62

  
2 84 64

 338F ACTCCTACGGGNGGCNGCA 0 79 55 Ahmad et al. 2011
1 83 62

  
2 84 65

 338F TCCTACGGGAGGCAGCAGT 0 76 55 Nadkarni et al. 2002
1 82 63

  
2 84 63

 343F TACGGRAGGCAGCAG 0 79 59 Nossa et al. 2010
1 84 68

  
2 85 69

 347F GGAGGCAGCAGTRRGGAAT 0 74 62 Nossa et al. 2010
1 80 68
2 82 69

a 
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b341F CCTACGGGAGGCAGCAG 0 78 56 Juck et al. 2000
1 78 63

  
2 85 65 

 Bact340F TCCTACGGGAGGCAGCAGT 0 76 55 Li et al. 2010
1 81 63

  
2 84 65 

 bact363F CAATGGRSGVRASYCTGAHS 0 77 58 Armougom and Raoul 2009
1 82 69 

  
2 86 70

 Bakt_341F CCTACGGGNGGCWGCAG 0 81 56 Herlemann et al. 2011
1 84 63 

  
2 85 68

 P338f ACTCCTACGGGAGGCAGCAG 0 77 55 El Fantroussi et al. 1999
1 81 62

  
2 83 64 

 Primer 3 R GCCTACGGGAGGCAGCAG 0 0 0 Muyzer et al. 1993
1 0 0

  
2 0 0 

 R357 CTGCTGCCTYCCGTA 0 79 59 Armougom and Raoul 2009
1 84 68 

  
2 85 69

 U341F CCTACGGGRSGCAGCAG 0 78 56 Baker et al. 2003
1 83 63 

  
2 85 68

 517F GCCAGCAGCCGCGGTAA 0 75 70 Wang and Qian 2009
1 80 72

  
2 81 73

 518F CCAGCAGCCGCGGTAAT 0 69 26 Muyzer et al. 1993
1 80 71

  
2 81 72

 518R ATTACCGCGGCTGCTGG 0 69 26 Muyzer et al. 1993
1 80 71

  
2 81 72

 518R WTTACCGCGGCTGCTGG 0 71 27 Lee et al. 2010
1 80 71

  
2 81 72

 520F AYTGGGYDTAAAGNG 0 77 75 Cleasson et al. 2009
1 81 78

  
2 82 78

 530F GTGCCAGCMGCNGCGG 0 78 71 Dowd et al. 2008
1 81 72

  
2 85 73

 533F TGCCAGCAGCCGCGGTAA 0 75 69 Hongoh et al. 2003
1 80 70

  
2 81 72

 533R TTACCGCGGCTGCTGGCAC 0 74 69 Huse et al. 2008
1 80 72

  
2 81 72

 534R ATTACCGCGGCTGCTGGC 0 69 26 Nossa et al. 2010
1 79 71

  
2 81 72

 536R CAGCMGCCGCGGTAATWC 0 0 0 Liu et al. 1997
1 0 0

 

 
2 0 0

 Bact531R CTNYGTMTTACCGCGGCTGC 0 63 52 Armougom and Raoul 2009
1 77 70

  
2 79 72

 P609D GGMTTAGATACCCBDGTA 0 71 67 Lucena et al. 2010
1 76 71

  
2 77 72

 P609R TACHVGGGTATCTAAKCC 0 71 67 Lucena et al. 2010
1 76 71

  
2 77 72

 U515F GTGCCAGCMGCCGCGGTAA 0 75 70 Walters et al. 2011
1 80 72

  
2 81 72

 U529R ACCGCGGCKGCTGGC 0 78 70 Baker et al. 2003
1 81 72

  
2 82 73

 Uni522R GWATTACCGCGGCKGCTG 0 69 27 Amann et al. 1995
1 79 71

  
2 82 72

 784F AGGATTAGATACCCT 0 63 9 Nossa et al. 2010
1 68 10

  
2 76 70 

 784F AGGATTAGATACCCTGGTA 0 60 1 Andersson et al. 2008
1 67 9

  
2 73 13 

 796R AGGGTATCTAATCCT 0 63 9 Nossa et al. 2010
1 68 10 

  
2 76 70

 802R TACNVGGGTATCTAATCC 0 70 67 Cleasson et al. 2009

c 

d 

e 
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1 76 71 

  
2 77 72

 803R CTACCRGGGTATCTAATCC 0 65 3 Nossa et al. 2010
1 75 64

  
2 76 71

U786R CTACCAGGGTTATCTAATC 0 0 0
1 61 1

  
2 73 13 

 805R GACTACCAGGGTATCTAAT 0 60 1 Frank et al. 2007
1 72 7 

  
2 76 65

 806R GGACTACHVGGGTATCTAAT 0 68 58 Walters et al. 2011
797R

797R)

1 75 68

  
2 76 69

 Ab789F TAGATACCCSSGTAGTCC 0 5 2 Baker et al. 2003
1 71 58

  
2 75 65

 B785  R CTACCAGGGTATCTAATCC 0 61 1 Juck et al. 2000
1 72 9

  
2 76 67 

 Bact806R GGACTACCAGGGTATCTAATCCTG
TT 

0 59 1 Li et al. 2010

 
1 65 1 

  
2 72 5

 Bakt_805R GACTACHVGGGTATCTAATCC 0 68 61 Herlemann et al. 2011
1 75 68 

  
2 76 72

 E806R GGACTACCAGGGTATCTAAT 0 60 1 Wang and Qian 2009
1 71 5

  
2 75 63

P699F YAACGAGCGMRACCC 0 59 56
1 61 61

  
2 61 61 

P699R GGGTYKCGCTCGTTR 0 59 56
1 61 61 

  
2 61 61

 

f 

907R CCGTCAATTCMTTTGAGTTT 0 58 57 Muyzer et al. 1995
1 65 60

  
2 66 61

 908R CGTCAATTCMTTTGAGTT 0 59 58 Hongoh et al. 2003
1 65 60

  
2 66 61

 909F ACTCAAAKGAATWGACGG 0 60 58 Berry et al. 2011
1 65 60

  
2 66 61

 909F AAACTYAAARRAATTGACGG 0 53 56 Keijser et al. 2008
1 65 60

  
2 66 61

 917F GAATTGACGGGGRCCC 0 54 51 Nossa et al. 2010
1 62 54

  
2 64 57

 917F GAATTGACGGGGRCCCGC 0 54 51 Degnan and Ochman 2012
1 61 54

  
2 63 54

 917Fw GAATTGACGGGGRCCCGCA 0 53 51 Keijser et al. 2008
1 61 54

  
2 63 54

 926R CCGTCAATTCCTTTRAGTTT 0 51 56 Liu et al. 1997
1 64 60

  
2 66 61

 967F CAACGCGAAGAACCTTACC 0 38 31 Sogin et al. 2006
1 51 53

  
2 54 55

 967F ATACGCGAGGAACCTTACC 0 7 0 Dethlefsen et al. 2008
1 8 0

  
2 48 32

 967R GGTAAGGTTCTTCGCGTTG 0 38 31 Sogin et al. 2006
1 51 53

  
2 54 55

 968F AACGCGAAGAACCTTAC 0 38 31 Nuebel et al. 1996
1 52 54

  
2 61 56

 970F CGCGAAGAACCTTACC 0 1 1 Dethlefsen et al. 2008
1 2 1

  
2 2 1

 986F CNACGCGAAGAACCTTANC 0 39 31 Claesson et al. 2009
1 53 54

  
2 61 55

 Bac927R ACCGCTTGTGCGGGCCC 0 26 47 Lane 1991
1 54 53

  
2 61 54

 Bac967Fc CAACGCGCAGAACCTTACC 0 4 0 Huber et al. 2007
1 44 32
2 52 53

e 
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Bac967Fd ATACGCGARGAACCTTACC 0 7 0 Huber et al. 2007
1 48 32

  
2 61 54

 bio-pJBS-
V3.SEF 

GCAACGCGAAGAACCTTACC 0 38 31 Jonasson et al. 2002

 
1 51 53

  
2 53 54

 bio-pJBS-
V3.SER 

GGTAAGGTTCTTCGCGTTGC 0 38 31 Jonasson et al. 2002

 
1 51 53

  
2 53 54

 

g 

1027R CGACRRCCATGCANCACCT 0 0 0 Claesson et al. 2009
1 0 0

  
2 0 0

 1046R CGACARCCATGCASCACCT 0 56 60 Dethlefsen et al. 2008
1 61 62

  
2 61 62

 1046R CGACAGCCATGCANCACCT 0 30 59 Sogin et al. 2006
1 60 62

  
2 61 62

 1050R ACGACAGCCATGCANC 0 30 60 Degnan and Ochman 2012
1 60 62

  
2 61 62

 1061R CRRCACGAGCTGACGAC 0 59 58 Andersson et al. 2008
1 61 62

  
2 61 62

 1061R CACGRCACGAGCTGACGAC 0 55 34 Degnan and Ochman 2012
1 61 59

  
2 61 62

 1061Rv TCACGRCACGAGCTGACGAC 0 55 34 Keijser et al. 2008
1 61 59

  
2 61 62

 1099F GYAACGAGCGCAACCC 0 52 56 Nossa et al. 2010
1 60 61

  
2 61 61

 1100R GGGTTNCGNTCGTTG 0 49 55 Dowd et al. 2008
1 60 61

  
2 61 61

 B1055f ATGGCTGTCGTCAGCT 0 30 60 Ferris et al. 1996
1 60 62

  
2 61 62

 Bac1046Rb CGACAACCATGCANCACCT 0 27 0 Huber et al. 2007
1 58 60

  
2 61 62

 B-V3.ASR ACGACAGCCATGCAGCACCT 0 23 0 Jonasson et al. 2002
1 38 60

  
2 60 62

 U1053F GCATGGCYGYCGTCAG 0 31 60 Baker et al. 2003
1 60 62

  
2 61 62

 GM12R CGTCATCCMCACCTTCCTC 0 43 3 MacGregor and Amann 2006
1 55 47

  
2 59 59

 U1053R CTGACGRCRGCCATGC 0 31 60 Baker et al. 2003
1 60 62

  
2 61 62

 

h 

1391R GACGGGCGGTGWGTRCA 0 31 34 Walker and Pace 2007
1 33 37

  
2 34 38

 1391R GACGGGCGGTGTGTRCA 0 30 34 Dethlefsen et al. 2008
1 33 37

  
2 34 38

 1401R CGGTGTGTACAAGACCC 0 6 1 Nuebel et al. 1996
1 29 35

  
2 34 38

 1378R CGGTGTGTACAAGGCCCGGGAAC
G 

0 20 29 Heuer et al. 1997

 
1 30 34

  
2 33 38

 1407R GACGGGCGGTGTGTRC 0 30 Nossa et al. 2010
1 33 37

  
2 34 38

 UA1406R ACGGGCGGTGTGTRCAA 0 30 Lane 1991
1 33 37

  
2 34 38

 UA1406R ACGGGCGGTGWGTRCAA 0 32 34 Baker et al. 2003
1 33 38

  
2 34 38

 Uni1390R GACGGGCGGTGTGTACAA 0 28 33 Zheng et al. 1996
1 32 37

  
2 33 37

 Uni1392R ACGGGCGGTGTGTRC 0 31 34 Lane et al. 1985
1 33 37
2 34 38

f 
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i 

1492R RGYTACCTTGTTACGACTT 0 9 11 McAllister et al. 2011
1 10 21

  
2 11 22

 1492R NTACCTTGTTACGACT 0 10 21 Berry et al. 2011
1 11 24

  
2 12 24

 GM4R TACCTTGTTACGACTT 0 11 23 Muyzer et al. 1995
1 11 24

  
2 12 25

 U1510R GGTTACCTTGTTACGACTT 0 4 7 Baker et al. 2003
1 9 17
2 10 22
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Appendix 3 R script for the variance analysis partitioning 
This script describe an example of analyze performed on the entire bacterial community 

# XXX.txt = file containing the bacterial communities dataset 
# YYY.txt = = file containing the independent variable dataset 

### Data importation/preparation 
# ********************************************** 
rm(list=ls(all=FALSE)) 
setwd('//vmware-host/Shared Folders/adelaideroguet/Desktop/R_Pulse/') 
library(vegan) 
library(PCNM) 
library(randomForest) 
library(packfor) 

predata.BC<-read.table("XXX.txt", h=T) 
data.BC <- sweep(predata.BC, 1, rowSums(predata.BC), '/'); apply(data,1,sum) # check 

data.env1 <- read.table("YYY.txt", h=T) 
data.env<-data.env1[,-c(2:3)] 
data.xy<-data.env1[,2:3] 

# ******************************************************************************************** 
### VARIANCE PARTITIONING ANALYSIS 
# ******************************************************************************************** 

# 1. Data preparation before the variance partitioning analyze 
# ********************************************** 
apply(data.BC,1,sum) 
data.BC.h<-decostand(data.BC, method="hellinger") 

# 2. Local factors 
# ********************************************** 
# Recode regional qualitative variables into dummy binary variables + quantitative variables were centered 
and scaled. 
TS.data.BC <- model.matrix(~data.env[,3])[,-1] 
BV.data.BC<-model.matrix(~data.env[,5])[,-1] 
quant_loc.data.BC<-scale(data.env[,c("pH","Temp","Cond","COD")])  
loc.data.BC <- cbind(quant_loc.data.BC, TS.data.BC, BV.data.BC) 

# Forward selection of the environmental variables 
env.loc.rda.data.BC <- rda(data.BC.h~loc.data.BC) 
env.loc.R2a.data.BC <- RsquareAdj(env.loc.rda.data.BC)$adj.r.squared 
(env.loc.fwd.data.BC <- forward.sel(data.BC.h, loc.data.BC, adjR2thresh=env.loc.R2a.data.BC, nperm=999)) 
select.loc.data.BC<-cbind(# selected environmental variables) 

# 3. Spatial and dispersal 
# ********************************************** 
# Spatial factors: creation/selection of the PCNM axes 
xy.pcnm.pre.data.BC<-PCNM(dist(data.xy)) 
select.data.BC<-which(xy.pcnm.pre.data.BC$Moran_I$Positive=="TRUE" & 
xy.pcnm.pre.data.BC$Moran_I$p.value<=0.05) 
xy.pcnm.data.BC <- as.data.frame(xy.pcnm.pre.data.BC$vectors)[,select.data.BC] 
#xy.pcnm<-read.table("xy.pcnm.txt", h=T) 
test.data.BC<-rda(data.BC.h~., xy.pcnm.data.BC) 
anova.cca(test.data.BC) 
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RsquareAdj(test.data.BC)$adj.r.squared 
xy.pcnm_select.data.BC <- forward.sel(data.BC.h, xy.pcnm.data.BC, 
adjR2thresh=RsquareAdj(test.data.BC)$adj.r.squared) 
xy.pcnm_select.Data.BC_1<-xy.pcnm.data.BC[,c(xy.pcnm_select.data.BC$order)] 
test1.Data.BC<-rda(data.BC.h~ xy.pcnm_select.data.BC_1)  
#test1<-rda(data.h~., xy.pcnm_select_1) 
anova.cca(test1.data.BC) 
RsquareAdj(test1.data.BC)$adj.r.squared # Need to check if the PCNM selection do not surfit the model 

# 4. Dispersal factors 
# ********************************************** 
Type_RH.data.BC <- model.matrix(~data.env[,11])[,-1] 
RUTP.data.BC <- model.matrix(~data.env[,13])[,-1] 
disp.data.BC<-cbind(Type_RH.data.BC, RUTP.data.BC) 

# Forward selection of the dispersal variables 
disp.rda.data.BC <- rda(data.BC.h~disp.data.BC) 
disp.R2a.data.BC <- RsquareAdj(disp.rda.data.BC)$adj.r.squared 
(disp.fwd.data.BC <- forward.sel(data.BC.h, disp.data.BC, adjR2thresh=disp.R2a.data.BC, nperm=999)) 
select.spa_disper.data.BC<-cbind(#selected dispersal variables, xy.pcnm_select.data.BC_1) 

# 5. Variance partitioning analysis 
# ********************************************** 
(data.varpart <- varpart(data.BC.h, select.loc.data.BC, select.spa_disper.data.BC)) 
plot(data.varpart, digits=2) 

# Tests of the unique fractions [a] and [b] 
# ********************************************** 
# Fraction [a], pure local 
anova.cca(rda(data.BC.h, select.loc.data.BC, cbind(select.spa_disper.data.BC))) 
# Fraction [b], pure spatial/dispersal 
anova.cca(rda(data.BC.h, select.spa_disper.data.BC, cbind(select.loc.data.BC))) 
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Appendix 4 R script for the spatial neutral community model (Sloan et al. 2006) 
This script describe an example of analyze performed on the entire bacterial community 

# XXX.txt = file containing the bacterial communities dataset 

### Data importation/preparation 
# ********************************************** 
rm(list=ls(all=FALSE)) 
setwd('Users/adelaideroguet/Desktop/R_Pulse/') 
library(MASS) 

predata.BC<-read.table("XXX.txt", h=T) 
data.BC <- sweep(predata.BC, 1, rowSums(predata.BC), '/'); apply(data,1,sum) # check 

# ******************************************************************************** 
# Determination of the frequencies and the relative abundances of the bacterial T-RFs/OTUs 
# ******************************************************************************** 

# Mean Relative Abundance (mra) 
# ********************************************** 
premra<-as.data.frame(colSums(data.BC, na.rm = FALSE, dims = 1)) 
names(premra)[1]<-"mra"  
mra<-(premra[1])/nrow(data) 
head(mra) 
sum(mra) # sum = 1? 

# Frequencies (fre) 
# ********************************************** 
occurrence<-as.data.frame(BinaryTransformation(data, 0)) # convert abundance dataset into binary 
dataset 
prefre<-as.data.frame(colSums(occurrence, na.rm = FALSE, dims = 1)) 
names(prefre)[1]<-"fre"  
fre<-(prefre[1])/nrow(data) 
head(fre) 
sum(fre) 
plot(mra$mra, fre$fre, xlab="Mean relative abundance", ylab="Occurrence frequency", pch=20) 

# ******************************************************************************** 
# FIT TO THE SPATIAL NEUTRAL COMMUNITY MODEL 
# ******************************************************************************** 
data.fit<-as.data.frame(cbind(fre$fre, mra$mra)) 
colnames(data.fit)<-c("fre.fit","mra.fit"); head(data.fit) 

scale<- # for T-RFLP analyses, m = 5e-3; for Illumina MiSeq analyses, m = 1e-5 
f <- function(x, a) {1-(pbeta(scale, a*x, a*(1-x)))} 
fit <- nls(fre.fit ~ f(mra.fit, a), data=as.data.frame(data.fit), start=list(a=20), weights) 
summary(fit)  
with(data.fit, 1 - sum(resid(fit)^2)/sum((fre.fit - mean(fre.fit))^2))  
# Function above determines the following equation: 1 - RSS/AdjSS. 
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# RSS refers to the residual sum of squares from the fitted model, and AdjSS refers to the adjusted 
#isum of squares or the sum of squares of the deviations of the observed responses from their 
#imean 



Appendix!

233 

Appendix 5 R script for the temporal neutral community model (Ofiţeru et al. 2010). 
This script describe an example of analyze performed on the entire bacterial community 

# XXX.txt = file containing the bacterial communities dataset 

### Data importation/preparation 
# ********************************************** 
rm(list=ls(all=FALSE)) 
setwd('Users/adelaideroguet/Desktop/R_Pulse/') 

predata.BC<-read.table("XXX.txt", h=T) 
data.BC <- sweep(predata.BC, 1, rowSums(predata.BC), '/'); apply(data,1,sum) # check 

Date1<-read.table("Date.txt", header=TRUE, dec=',') 
Date<-as.data.frame(Date1) 

# Loop to determine which T-RFs fit the neutral model 
# ********************************************** 
dim_data<-ncol(data) 
r2dXt=0 

for(j in 1:dim_data){ 
p.value<-0
TRF<-as.data.frame(data[,c(j)])
dim<-nrow(TRF)-1

# Variable dX creation 
dX=0 
for (i in 1:dim) { 
dX[i]<-(TRF[c(i+1),]-TRF[c(i),]) 
} 

# Variable dt creation 
dt=0 
for (i in 1:dim) { 
dt[i]<-(Date[c(i+1),]-Date[c(i),]) 
} 

# Variable X creation 
X=0 
for (i in 1:dim) { 
X[i]<-TRF[c(i+1),] 
} 

dXt<-dX/dt 
Xweighted<-X; Xweighted[Xweighted==0]<-0.000000001 
r2dXt[j]<-summary(lm(dXt~X, weights=(Xweighted*(1-Xweighted))^(-1)))$adj.r.squared 
} 
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# Export the R-squared to observed which T-RFs in the dataset are well shaped by the neutral 
model 
write.table(r2dXt, '/Users/adelaideroguet/Desktop/r2dXt.txt') 

# For the T-RFs that fit the neutral model 
# ********************************************** 
para<-lm(dXt~X, weights=(Xweighted_161*(1-Xweighted_161))^(-1)) 

# Check residuals normality 
shapiro.test(residuals(para)) 
hist(residuals(para)) 

intercept<-coefficients(para)[1] # m0 
slope<-coefficients(para)[2] # m1 
std_residuals_error<-sqrt(deviance(para)/df.residual(para)) # √(2/a) 
a<-2/(std_residuals_error^2)) 
Ntm<-(-slope*a)) 
p<-(intercept*a)/Ntm) 
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Résumé - Abstrac 

Caractérisation des pressions anthropiques et environnementales influençant le compartiment 
bactérien dans les lacs peu profond 

Bien que présentes dans tous les écosystèmes lacustres, la composition ainsi que l’abondance des communautés 
bactériennes peut varier à l’échelle régionale mais également à l’échelle locale. Une meilleure compréhension des facteurs 
responsables de ces patrons biogéographiques permettrait d’améliorer la connaissance des fonctionnements de ces 
systèmes aquatiques et donc de leur réponse potentielle face aux pressions anthropiques. 
Dans ce contexte, cette thèse a visé à étudier la biogéographie du compartiment bactérien dans un ensemble de lacs peu 
profonds. Les objectifs principaux de cette étude ont été d’évaluer aux échelles régionale et locale les facteurs responsables 
des patrons biogéographiques pour (i) l’ensemble de la communauté bactérienne et (ii) pour un groupe bactérien 
spécifique, i.e. les mycobactéries non-tuberculeuses. Pour atteindre ces objectifs deux approches complémentaires ont été 
entreprises. Tout d’abord, la variabilité spatiale à l’échelle régionale a été évaluée par l’échantillonnage en Ile-de-France de 
49 lacs pendant trois étés. Couplé à cette approche, une étude plus fine a été entreprise pour caractériser la dynamique 
spatiotemporelle du compartiment bactérien par le suivi mensuel pendant deux ans et de six évènements pluvieux 
importants au sein du lac de Créteil (Val de Marne). 
À l'échelle régionale, la variabilité spatiale de la structure de la communauté bactérienne pour les trois années de suivi 
(caractérisé par T-RFLP) a été prédite à hauteur de 76% (r carré moyen) par les processus stochastiques et moins de 14% par 
les facteurs déterministes incluant les paramètres environnementaux (statut trophique) et les processus de dispersion 
(connexion du lac à une rivière et les axes PCNM). L’analyse de la composition de la communauté bactérienne par 
séquençage à haut débit (MiSeq Illumina) a mis en évidence des résultats similaires à ceux acquis par T-RFLP. Cependant, 
cette analyse a révélé que l’importance des processus impliqués dans les patrons biogéographiques pouvait évoluer en 
fonction des phylums ou des classes bactériens considérés. La variabilité spatiale des densités de mycobactéries (PCR en 
temps réel), était quant à elle expliquée à hauteur de 50% par des facteurs déterministes (pH de l’eau, concentration en fer 
labile et connexion à une rivière). 
À l’échelle locale, le suivi du lac de Créteil n’a révélé aucune variation spatiale significative (le long des transects horizontal et 
vertical) de la structure de la communauté bactérienne ainsi que des densités de mycobactéries. Par contre une étude 
spécifique sur deux lacs a révélé des variations significatives de densité et la diversité des mycobactéries au sein de 
différents compartiments des lacs. À l’inverse, d’importantes variations temporelles de la structure des communautés 
bactériennes ont été observées au cours des deux années de suivi, principalement associées aux variations de température 
de l’eau. Par ailleurs, bien que relativement stable au cours des deux années de suivi, les variations de densités des 
mycobactéries ont seulement été prédites par les processus stochastiques à hauteur de 35%. 
 

Mots-clés : biogéographie, communauté bactérienne, mycobactérie non-tuberculeuse, lac, pressions anthropiques, biologie 
moléculaire 

Characterization of anthropogenic and environmental pressures influencing the bacterial 
compartment in shallow lakes 

Although bacteria are widespread in lacustrine environments, their composition and abundance vary at the regional and 
also at the local scale. A better understanding of the factors responsible for these biogeographic patterns would improve 
our knowledge of these aquatic systems and thus their potential response to anthropogenic pressures. 
In this context, this thesis studied the biogeography of the bacterial compartment in a set of shallow lakes located in the Paris 
area. The main objectives of this study were to assess at the regional and local scale the factors responsible for the 
biogeographical patterns on (i) the entire bacterial community, and (ii) a specific bacterial group, i.e. the nontuberculous 
mycobacteria. To achieve these objectives two complementary approaches were undertaken. First, at the regional scale, the 
spatial variability was assessed by sampling 49 lakes during three consecutive summers. A finer study was also performed to 
characterize the spatio-temporal dynamics of the bacterial compartment over a two-year monthly monitoring and during six 
important rain events within the Créteil Lake (Val de Marne). 
At the regional scale, the spatial variability of the bacterial community structure for the three summers (assessed by T-RFLP) 
was predicted for 76% (mean r-squared) by stochastic processes and less than 14% by deterministic factors including 
environmental parameters (trophic status) and dispersal-related process (connection to a river and PCNM axes). The analysis 
of the bacterial composition by high-throughput sequencing (Illumina MiSeq) showed similar tendencies to those acquired 
by T-RFLP. However, this analysis revealed that the importance of the processes involved in biogeographical patterns could 
vary according to the bacterial phyla or classes considered. Spatial variability of mycobacterial densities (real-time PCR) was 
explained up to 50% by deterministic factors (water pH, amount of labile iron and connection to a river). 
At the local scale, the monitoring of Créteil Lake revealed no significant spatial variation (along the horizontal and vertical 
transect) on the structure of the bacterial community and mycobacterial densities. However, a specific study of two lakes 
showed that mycobacterial density and diversity significantly varied among the different compartments of the lakes. 
Inversely, significant temporal variations on the bacterial community structure were observed over the two-year of 
monitoring, mainly related to water temperature changes. Although mycobacterial densities were relatively stable over the 
Créteil Lake monitoring, their variations were only predicted by stochastic processes up to 35%.
Key-words: biogeography, bacterial community, nontuberculous mycobacteria, lake, anthropogenic pressures, molecular 
biology 
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