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CHAPITER I: Introduction



I. A. Oligotrophic environments

Oligotrophic ecosystems can be loosely defined as environments that exhibit low
ambient nutrient levels that are thus suboptimal for biological production. Additionally,
oligotrophic systems are often characterized by a low nutrient flux (89, 193).
Environments which meet these two criteria can be considered as oligotrophic
environments, and can be found in water distribution systems (26), soil ecosystems
(227), and air ecosystems (234). The microbiology of these environments is interesting
because these are normally correlated with extreme conditions where relative special
microbes can be detected. During my thesis, I had the opportunity to study bacterial
diversity in three different environments, including one soil system (surface desert soil),
one air system (the dust in air) and one water system (drinking water distribution
system). These environments can all be classified as oligotrophic environments. Here, |

will begin with an introduction to these three environments.



I. A. a. The desert

Approximately 33% of the Earth land surface is classified as desert regions (21). In
1952, Meigs estimated that 19% (27.6 x 10° km®) of global land is composed by arid
deserts and 14.6% (21.2 x 10° km?) covers area defined as semi-arid deserts, excluding
Antarctica (150). However deserts seems never to stop growing and, between 1975 and
1987, the desertification rate in China was 2,100 km*/year (244). An examination of the
distribution of deserts (Fig. 1); deserts exist in all continents except Europe. Even in the
polar regions, the low level of available water (most water there is frozen), are

considered as regions belonging to deserts (62, 146).

DISTRIBUTION OF
NON-POLAR ARID LAND
(after Meigs, 1953)

Extremely arid

Arid

Semiarid
[} 1000 2000 MILES o
0 1000 2000 KILOMETERS

Figure 1: Map of the global extent of hyperarid, arid, and semi-arid regions and

principal deserts. Generated by U. S. Geological Survey after Meigs, 1953 (151).

The desert regions on Earth vary in terms of their landscape, fauna, flora, water
balance, and temperature. As a result of these variations, it is difficult to derive an
exact definition of a desert environment. In general, deserts are defined in terms of
aridity. There are many aridity indexes to measure the level of aridity for a region.
One aridity index, adopted by UNEP (United Nations Environment Programme,

1992), P/ETP (where P = annual average precipitation, ETP = potential



evapotranspiration), is now frequently used to distinguish arid regions levels. This
index is derived from monthly data on temperature and precipitation (P) over the
period 1951-1980 from a worldwide network of meteorological stations. From the
temperature data, together with monthly data on daylight hours, potential
evapotranspiration (4) is calculated. In 1997, the UNEP World Atlas of
Desertification (UNEP, 1997) classified deserts on the basis of the Aridity Index
P/PET. Desert refers to regions with P/PET values less than 0.20, which includes both
the arid and hyper arid land, and where the regional precipitation is less than 250 mm
per year (21). Deserts are created by a lack of precipitation and not necessarily high
temperature. The Antarctic is considered a desert, with annual precipitation of only
200 mm along the coast and far less inland (204). Soils that form in desert climates
are predominantly mineral soils with low organic matter content. However, in certain
desert soils, the repeated accumulation of water can cause salts to precipitate. When
the water table rises to within about 2m of ground level, water may begin to rise to the
surface by capillary action. When a rising water table intersects with salts, the salt will
dissolve and be carried up to the surface, concentrating in the upper layers of the soil
as water is evaporated. Most playa lakes (found in interior desert basins and adjacent
to coasts within arid and semiarid regions) will consequently be highly saline.

Desert environments appear very monotonous, but they also have diversity levels.
Using different parameters, deserts can be classified in to different groups. By
temperature variation, deserts on Earth could be classified as cold deserts and hot
deserts. The central parts of North American deserts have far higher temperatures and
evaporation than African and Middle Eastern deserts, for example, leading to more
extreme conditions (59). Besides temperature, there are five different landscapes in
different deserts, called Sand desert (Fig. 2a), Stony desert (Fig. 2b), Rock desert (Fig.
2¢), Plateau desert (Fig. 2d) and Mountain desert (Fig .2¢).

The effects of temperature in deserts are widely known. However, little emphasis has
been placed on the large differences among deserts in ambient temperature (and
seasonality) and how these differences affect the organisms that live there. Due to the

lack of available moisture in deserts, plants are sparse or completely absent, creating
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soil conditions with extremely low soil organic carbon and nitrogen levels, further
limiting the potential diversity of microbial life (36, 148, 158). Examples of total
organic carbon levels in a range of desert soil samples include 0.02-0.09% in samples
taken along an elevational transect through the hyperarid core region of the Atacama
Desert (48), 0.11%-0.7% in samples taken from surface sand of the Taklamaken Desert
and 0.03%-0.05% in Gobi Desert in our study. By comparison, organic carbon in

temperate soils ranges from 1 to 5% (191).

Figure 2: The desert landscape types: a. Sand desert, b. Stony desert, c. Rock desert,
d. Plateau desert, e. Mountain desert. a,c,e were taken from Warhol, 2007 (225),

b,d were from Johnson, 2003 (99).

11



I. A. b. Sandstorms

As humans, we have an intimate relationship with the air around us (234). The air that
we breathe is like other visible environments such as water and soil. It has different
physical and chemical parameters such as temperature, pressure and UV radiation
exposure, etc. The air conditions can be influenced by weather, and Sandstorms can
have large impact on air conditions.

Sandstorms are often generated in arid regions by high-energy winds. The two primary
locations of sandstorm include the Sahara and Sahel regions of North Africa and the
Gobi, TaklaMakan deserts of Asia (80). Every year, large quantity of the mobilized
desert top soils move great distances through the atmosphere (72). It is estimated that 2
x10'% to 5 x 10'? of desert sand dust are transported by wind each year in the world (177,
200). The migration of sand can be regional, or global. African sand dust from the
Sahara desert and Sahel region can affect the air quality of the Middle East, Europe,
Asia, the Caribbean, and the Americas (34, 70, 71). Asian sand dust from the Gobi,
Taklamaken and Badain Jaran deserts can cross eastern Asia, the Pacific ocean, arrive
in North America (24, 49), and even reach Europe (74). They can strongly impact the
air quality of downwind regions by the small particles that abound including soot, salt,
bacteria, fungal spores, and interstellar dust.

We have studied the sand-associated bacteria of sandstorms in Asia. Asian sandstorms
seasonal phenomena, occurs every year between February and May. Asian sandstorms
have a major impact on the air quality of the densely populated areas of China, Korea
and Japan, and are important in the global dust cycle (197).

Concerns about health impacts due to changes in concentrations, size distributions and
chemical composition of ambient pollutants and sand-associated microbes during
sandstorms have been raised in recent years.

In Seoul, researchers studied the daily mortality between 1995 and 1998, with 28 Asian
dust days. The percentage of increased deaths during the Asian dust days were 1.7% for

all causes, 2.2% for deaths of persons aged 65 years and older, and 4.1% for
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cardiovascular and respiratory causes. The results suggest that persons with advanced
cardiovascular and respiratory disease may be more susceptible to Asian dust events
(112). The increase of daily deaths due to Asian dust events were later confirmed using
data from 2000 to 2004 in Seoul (121). In others cases, positive but not significant
relations were reported to vulnerable population health during Asian dust days
(236-238).

Most studies of the health impacts of dust storms in Taiwan have been based on
hospital admission data. Children are considered to be particularly sensitive to
ambient pollutant exposure (188). Based on the data registered in hospitals and clinics
in Taipei City during 1997-2007, the rate of clinic visits for children increased 2.54%
for preschool children (<6 years of age) and 5.03% for school children (7-14 years of
age) during Asian dust storms, compared with weeks before Asian dust storm events
(32).

From January 1980 and May 2009, 19 epidemiologic studies of dust effects (3 for
mortality, 13 for hospital visits or admissions and 3 for respiratory functions or
symptoms) were performed, mainly from Taiwan and South Korea. The evidence from
these studies was limited because exposure assessments were inadequately described
and potential confounders were insufficiently controlled. Well-designed
epidemiological studies are required to clarify any potential health effects of Asian dust
events (83). Among these epidemiologic studies, the effects of sand-associated microbe
are rarely mentioned. And the effects of sand-associated microbes may not be observed

for days or weeks after a sandstorm. The long term studies are needed.
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I. A. ¢. The drinking water distribution system

Among the different aquatic ecosystems, many can be considered as oligotrophic
ecosystems, such as the deep ocean (16, 198, 235) and low level nutrient lakes (211),
while drinking water systems are considered as an ultra oligotrophic ecosystem (230).
The sources of drinking water may come from natural surface water such as rivers and
lakes, or groundwater. Potable water quality continues to be a major focus of
environmental microbiology because new waterborne pathogens continue to emerge.
Recent studies in 2009 suggest that 10 to 50% of diarrhea-associated illness is caused
by waterborne microbial agents not yet identified (141).

Unlike the two previous environments (desert and sandstorm) mentioned, drinking
(potable) water systems are artificial. Water from the source needs to undergo water
treatment before arrival at the tap. Therefore, the environment of drinking water
systems is well controlled and should meet the drinking water quality standards
required by the World Health Organization (WHO). There are different treatment
processes for drinking water in different regions. Different water sources may have
different treatment solutions. They generally contain several programmed purification
steps including filtration, disinfection, and chemical modification. The step of
disinfection is to inactivate (kill) bacteria and viruses in water. In Europe, disinfectants
used include chlorine, chloramines (chlorine plus ammonia), ozone, ultraviolet light,
and chlorine dioxide. Ozone disinfection for drinking water was started in 1906, and
has many advantages, including high-speed, high efficiency and low energy
consumption, plus, no secondary pollution during the disinfection step. In drinking
water standards, there are two cultivable indicators for pathogen control: Escherichia
coli and Enterococcus. Using conventional culture methods, they should not be
detected in sample of 100 ml. The detection of E. coli provides definite evidence of
fecal pollution. But in practice, the detection of thermotolerant (fecal) coliform bacteria
is an acceptable alternative (140). There are also many other standards such as up to 24

chemical indicators and physical aspect levels, according to the law in Europe. The
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most discussed aspects include turbidity, pH, and chlorine levels. To ensure that a
drinking water supply satisfies these guidelines, samples should be regularly examined.
As drinking water safety is closely related to human health, the microbal diversity in
drinking water systems has received more study than the previous two environments
(deserts and sandstorms). The guidelines for drinking-water quality published by the
World Health Organization (WHO) in 1997 mentioned that the principal risks to human
health associated with the consumption of polluted water are microbiological in nature
in most countries, although chemical contamination is also important (140). The level
of contamination by pathogenic microorganisms in water directly increases the risk of
acquiring a waterborne infection. An estimated 80% of all diseases and over one-third
of deaths in developing countries are caused by the consumption of contaminated water
(1). Outbreaks of waterborne infectious diseases via the use of contaminated drinking
water still poses a serious health threat worldwide, despite the fact that drinking water is
one of the most closely monitored and strictly regulated resources. Careful estimates
indicate that each year about 350 million people are infected by waterborne pathogens,
with 10 to 20 million succumbing to severe cases of infection (229). In the United
States, it is reported that 126 drinking water-related disease outbreaks, 429,000 cases of
illness, 653 hospitalizations, and 58 deaths occurred during the years 1991-1998 (43).

It is clear that fast and accurate monitoring of chemical and microbiological parameters
in drinking water is essential to safeguard the consumer and to improve the

understanding of treatment and distribution systems (20).
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I. B. Environmental microbiology

I. B. a. General introduction

Microbes play a critical role in human and environmental health. The more microbial
populations are explored, the more complexity and diversity is uncovered. The
biosphere contains between 10* and 10°' microbial genomes, at least 23 orders of
magnitude more than the number of plant and animal cells combined (228). Microbes
control global utilization of nitrogen through nitrogen fixation, nitrification, and nitrate
reduction, and drive the bulk of sulfur, iron and manganese biogeochemical cycles
(162). They regulate the composition of the atmosphere, influence climates, recycle
nutrients, and decompose pollutants. Without microbes, multi-cellular life on Earth
would not have evolved and biology as we know it would not be sustainable (91).
Environmental microbiology has expanded to the study of soil, water and air systems,
including the interaction of indigenous microbes with organic and inorganic pollutants
(182), the behavior of pathogens introduced into these systems (12, 173, 174, 181) and
the discovery and application of new microbes and their products to benefit human
health and welfare (101, 178, 216). The initial scientific focus of the field of
environmental microbiology was on water quality and the fate of pathogens in the
environment in the context of protection of public health (141). In modern
environmental microbiology, pathogens and biomediation remain fundamental to the
field (141). Over the past decade, there has been a virtual explosion of knowledge on
microbial diversity and communities (2, 75, 106, 113, 234). The research has been
greatly enhanced through the application of molecular and biotechnology tools (5, 141,
168, 205).

16



I. B. b. Microbial diversity

Microbial diversity is important to study, because it is fundamental to the maintenance
and conservation of global genetic resources. Colwell (1997) indicated that measures
must be taken to estimate, record, and conserve microbial diversity, not only to sustain
human health but also to enrich the human condition globally through the wise use and
conservation of genetic resources of the microbial world (38). The exploration of
microbial diversity has been reported in different systems, including soil (6), air (234)
and aquatic environments (88, 113). Many studies have also been carried out on the
human skin surface (28, 108), the human digestive system (47, 61) and the human oral
environment (109).

Microorganisms can adapt to environmental variations much faster than other
multi-cellular organisms. They can be detected in every extreme environment imposed
by oligotrophy (low nutrients), temperature, pH, pressure, and radiation (141). In fact,
microorganisms are pioneer colonizers and have had, over geologic time, a profound
influence on the climate and environments found on Earth (Fig. 3) (141). As extreme
environments are explored, the richness of microbial diversity is becoming increasingly

evident (2, 6, 179).
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Figure 3: An evolutionary timeline showing the approximate appearance of life

from 4.5 billion years ago to the present time (141).
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Modern environmental microbiology has been greatly enhanced through the
application of molecular genetics and biotechnology tools. Molecular-based tools are
becoming available to allow the examination of microbial communities through
analysis of microbial DNA and RNA, as well as proteins. The new generation
techniques now allow us to search for new microbes in extreme environments such as
hot springs, caves, deep-sea thermal vents without a culture step. Molecular sequence
analysis of community DNA permits a new appreciation of microbial diversity (141).
Among the microbiological community studies, the bacteria community has been
mostly characterized in every environment type (136). It is estimated that there are
more than 50 bacterial phyla based on the analysis of conserved 16S rRNA sequence
(191).

During my thesis, I focused on bacterial diversity in three different oligotrophic

environments, in order to begin to characterize their bacterial communities.
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I. B. c. Technology tools

L B. c. 1. Identification of bacteria

Until the 1970s, the classification of microorganisms was based primarily on
physiological differences. The initial research on bacterial diversity was only for the
cultivable stains. The bacteria needed to be isolated and cultured under laboratory
conditions. The differences among bacteria were detected by their morphology,
differential staining (typically begins with a gram stain) and biochemical tests; since so
many bacteria look so much alike, it is frequently necessary to resort to biochemical
tests for identification, along with phage typing using viruses which attack bacteria
(bacteriophages). The database of phenotypic characteristics is limited to common
species only (202, 209) and is not necessarily suitable for environmental isolates.
Culture-based methods are important in investigating the microbial ecology of natural
and anthropogenically impacted environments, but they are extremely biased in their
evaluation of microbial genetic diversity by selecting a particular population of
microorganisms. They would miss most microbes and hence were not suitable for
contemporary studies.

However, in the 1970s, techniques became available to allow the examination of
nucleic acids; DNA-based identification and classification of the microorganism
became possible (141). The application of molecular technique to define the bacteria
classification can overcome the limitation of cultivable bacteria, as we know that only
less than 1% of the total bacteria grow on conventional media (103).

For a long time, DNA-DNA hybridization was often used as the “gold standard”
allowing the proposition of new species and definitive assignment of a strain with
ambiguous properties to the correct taxonomic unit. Based upon DNA-DNA
reassociation kinetics, the genetic definition of a species is quantifiable, i.e., (i) over 70%
DNA-DNA relatedness and (ii) 5°C or less Tm for the stability of heteroduplex
molecules. DNA hybridization assays are not without their shortcomings, however,

being time-consuming, labor-intensive, and expensive to perform. Today, fewer and
19



fewer laboratories worldwide perform such assays, and many studies describing new
species are solely based upon small subunit (SSU) 16S rDNA sequences or other
polyphasic data (173). Particularly, ribosomal RNA or DNA sequencing is the basis for
the classification of a microorganism and has now become the new gold standard for

defining new genera and species (212, 215).
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I.B.c. 2. 16S rDNA

The majority of research on the microbial populations now focuses on the analysis of
the 16S rRNA gene (16S rDNA), which is believed to change less than other nucleic
acids over time. A study of the similarity of rRNA of two different organisms is
believed to show how far back in the past the two organisms branched off a common
ancestor. The use of 16S rRNA gene sequences to study bacterial phylogeny and
taxonomy has been the most common housekeeping genetic marker used for three
reasons:

I, its presence all bacteria, often existing as a multigene family, or operons;

II, the function of the 16S rRNA gene over time has not changed, suggesting that
random sequence changes are a more accurate measure of time (evolution);

II1, the 16S rRNA gene (1,500 bp) is large enough for bioinformatic purposes (173).
Compared to other genes, the 16S rRNA gene has a number of clear advantages when
it comes to diversity analyses:

I, it has highly conserved regions that permit effective PCR primer design,

II, regions of the gene are sufficiently variable to allow for accurate taxonomic and
phylogenetic identification of community members,

III, since this gene has been widely sequenced in microbial diversity surveys, there is
a large amount of accumulated 16S rRNA sequence data in databases that permit
more accurate taxonomic identification and comparisons of community composition
across studies (57).

The use of 16S rRNA gene sequencing is becoming commonplace for identifying
biochemically unidentified bacteria or for providing reference identification for
unusual strains (173).

In 1977, based on analysis of 16S rRNA, Carl Woese (233) identified an entirely new
group of organisms — the Archaea — which eventually led to the modern classification
of living things into a three-domain system consisting of Archaea, Eucarya, and
Bacteria (Fig 4).

Bacterial 16S ribosomal RNA (rRNA) genes contain nine “hypervariable regions”
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(V1-V9) (9), and it is commonly thought that these regions demonstrate considerable
sequence diversity among different bacteria. In many cases, one or two variable regions
were chosen to be sequenced instead of the total length of 16S rDNA (92, 155). But as
no single region can differentiate among all bacteria, systematic studies that compare
the relative advantage of each region for specific research goals are needed (30). The

nine discriminating regions of 16S rRNA are shown in Fig. 5 of 16S rRNA (19).
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Figure 4: Universal phylogenetic tree, based on the comparison of sequence

analysis of the 16S ribosomal RNA (140).

However, while 16S rDNA is the most popular biological molecular tool in modern
microbial identification research, there are some difficulties in some situations:

I: In some cases, there is very little sequence variation observed between the 16S rRNA
genes of closely related microorganisms, as Harmsen et al reported its failure to
discriminate several similar species from same genus (82). 16S/23S ribosomal spacer
region was propsed as a target for DNA probes to identify eubacteria (14).

II: The current GenBank database has a collection of 883 prokaryotic genomes
representing 568 unique species, of which 425 species contained 2 to 15 copies of 16S
rRNA genes per genome (2.22 + 0.81) (175). In the case of Aeromonas veronii, the
genome can contain up to six copies of the 16S rRNA gene that differ by up to 1.5%
among themselves. This implies intragenomic heterogeneity of the 16S rRNA gene

among aeromonads and could preclude the use of this technology alone for species
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identification (173).

IIT: In addition there is always a debate as to whether it is enough to use only one
molecule to identify one species. Sometimes, whole-genome molecular techniques are
performed to offer a more comprehensive view of genetic diversity compared to

PCR-based molecular approaches that target only a single or a few genes.
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L B. c. 3. Genetic fingerprint methods

Microbial fingerprinting methods are a category of techniques that differentiate
microorganisms or groups of microorganisms based on unique characteristics of a
universal component or section of a biomolecule (e.g., phospholipids, DNA, or RNA).
Community fingerprinting is used by microbiologists studying a variety of microbial
systems (e.g. marine, freshwater, soil, and human microbial communities) to measure
biodiversity or track changes in community structure when environmental conditions
change. Microbial fingerprinting methods provide an overall profile of the microbial
community, and some can be used to identify subsets of the microorganisms present.
Fingerprint techniques, as one of PCR-based methods, contain a variety of approaches
corresponding to different analysis procedures of PCR products.

Polymerase Chain Reaction (PCR) -- when small amounts of the DNA of an
organism are obtained, PCR can be used to increase the amount so that it can be tested.
Since most species of microorganisms are not cultivable in the laboratory, the
investigation of their communities is time-consuming using traditional culture
procedure. In the past decades, many kinds of culture-independent methods have been
developed. The advent of Polymerase Chain Reaction (PCR) by Kary B. Mullis (Nobel
Prize in chemistry in 1993) in the mid-1980s revolutionized molecular biology as we
know it (15). PCR is a fairly standard procedure now, and its use is extremely
wide-ranging. PCR-based methods (community fingerprinting techniques) are
currently the most widely used tools. This technique is normally combined with DNA
fingerprinting or Ribosomal RNA or DNA sequencing.

Established since the 1990s, DGGE and T-RFLP are the most frequently used DNA
fingerprint approaches on bacterial community analysis. DGGE and RFLP were widely
used from the 1990s’ for microbial community diversity without culture steps.
Denaturing Gradient Gel Electrophoresis (DGGE) is a microbial fingerprinting
technique that separates amplicons of roughly the same size based on DNA sequence

properties. These properties dictate the threshold at which DNA denatures. The DGGE
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gel uses a gradient DNA denaturant (a mixture of urea and formamide), or a linear
temperature gradient. When the fragment reaches its melting point (threshold of enough
denaturant), it stops moving. This is due to the fact that a partially melted
double-stranded DNA can no longer migrate through the gel. A GC clamp (about 40
bases with high GC content) is used as a special primer to anchor the PCR fragments
together once they have denatured. DGGE is a nucleic acid (DNA or RNA)-based
technique used to generate a genetic fingerprint of the microbial community and
potentially identify dominant microorganisms. DGGE profiles are most often used to
compare differences or changes in microbial community diversity and structure
between samples, over time or space or in response to treatment. Each band in a
different location on the gel represents a different phylotype (one unique sequence of a
phylogenetic marker gene). For microbial communities, this method profiles many
individual 16S rRNA sequences. The number of bands at differing horizontal positions
can be used to estimate the level of biodiversity in that sample and infer phylogenetic
affiliation.

After DGGE, the subset of the individual “bands” can be excised (physically cut) from
the gel, the DNA sequence is determined for each excised band, and the resulting DNA
sequence is compared to a database to identify the microbial population corresponding
to each band (156). However, since individual “bands” are excised from the gel for
sequencing, typically only 3—10 microorganisms are identified by DGGE analysis.
DGGE is widely used to describe phylogenetic relationships between microbes since it
can supply accurate and abundant information on biodiversity of a targeted ecosystem.
DGGE was first used to detect DNA mutations in 1993 (156), and it is by far one of the
most popular molecular techniques in microbiology (64). DGGE was applied to
investigate the variation of microbial diversity among natural environments, including
soil (167), desert (48) and the rhizosphere (50), etc.

This method does not require that the microbes be cultured in the lab and does not
require any sequence data needed to design probes for hybridization methods. The
main disadvantage is that this is a qualitative assessment of biodiversity and one must

sequence the genes in order to make inferences about phylogenetic relatedness. Most
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often, DGGE analysis is performed when identification of the predominant organisms
is required but little is known about the microbial community of the sample prior to
analysis.

Terminal restriction fragment length polymorphism (T-RFLP) is a method that
uses fluorescently-labeled DNA fragments to produce a community fingerprint. To
perform T-RFLP, one must select a target gene (e.g. 16S rRNA gene) to amplify by
PCR. At least one primer used in the PCR reaction is fluorescently labeled at the 5°
end. After PCR amplification, each copied DNA segment carries the fluorescent label.
Next, restriction enzymes are used to cut the amplified DNA at specific recognition
sites. The underlying assumption is that each microbe in the sample will have a
different sequence on the target gene, so a restriction enzyme will cut each microbe’s
DNA in a different place; each different restriction site is considered to represent a
single operational taxonomic unit (OTU). Thus, the enzyme will produce one
fragment length for each type of microbe present in the sample. The result of
digestion is a set of restriction fragments of different lengths, each of which is
fluorescently labeled at one end. These are known as “terminal fragments” because
they are labeled at the end where the PCR primer is attached. Next, the fragments are
separated by size either through gel or capillary electrophoresis. Laser detection
captures the size and fluorescence-intensity patterns of the terminal fragments. DNA
standards of known size and fluorescence are included in the analysis as references.
The number of microorganisms that can be identified by T-RLFP can be 10 times
greater than using DGGE, providing more comprehensive examination of the microbial
community composition. The major advantages of T-RFLP are that it is fast and can
easily accommodate many samples. Also, the visual output simplifies comparison of
community structure patterns across different samples. The theoretical basis of T-RFLP
assumes that peaks at different positions along the horizontal axis represent different
types of organisms (or OTUs). However, a number of caveats must be taken into
account. Different types of organisms may share a restriction site in the gene of interest.
If that is the case, these organisms would not be distinguished as different peaks on the

electropherogram. Furthermore, the area under a peak represents relative abundance
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rather than absolute abundance, and there are biases in abundance measurement and
PCR amplification. For example, organisms that are scarce in the original total DNA
sample will not be amplified enough to be detected in the final analysis. This leads to an
underestimation of community diversity. Liu et al. cite other possible factors that may
distort results, including “differences in gene copy number between species and biases
introduced during cell lysis, DNA extraction, and PCR amplification” (131). Also,
direct identification of microbes in a sample is not possible through T-RFLP.

DGGE and T-RFLP provide a DNA-based profile of the microbial community and
allow identification of the predominant organisms generally to the family or genus
levels, but cannot quantify specific organisms or microbial functions.

Besides the DGGE and T-RFLP, other fingerprint methods may be sometimes used
such as:

Ribosomal Intergenic Spacer Analysis (ARISA) Between the two genes 16S and 23S,
there is an internal transcribed spacer (ITS) region. Due to the fact it is non-coding for
proteins, it is a highly variable in nucleotide sequence and length. Once DNA is isolated
from a community, PCR amplifies this spacer region. The fragments can be run on a gel
(RISA), or the fluorescent primers can be translated into peaks in abundance of the
different fragment lengths on an electropherogram (ARISA).

Single-strand conformation polymorphism (SSCP) fingerprinting of 16S rRNA
was applied also in compare the bacterial community structure (51). SSCP is the
electrophoretic separation of single-stranded nucleic acids based on subtle differences
in sequence (often a single base pair) which results in a different secondary structure
and a measurable difference in mobility through a gel.

These different techniques give us a number of choices for bacterial diversity analysis.

Their advantages and disadvantages were listed in Table 1.
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Table 1: Avantages and disadvantages of different footprinting techniques adopted

from (93)
DGGE T-RFLP ARISA SSCP
Avantages The bands of | High sensitivity | Can detect No need for
interest can be | fast. very slight primer with
excised from Allows a differences in | GC clamp.
the gel. comparison population The bands of
Not expensive. | between Compatible interest can be
different tests. with RFLP and | excised from
sequencing for | the gel.
further Compatible
analysis with
automated
analysis
(CE-SSCP).
Disavantages | limited Incomplete A single High rate of
sensitivity restriction leads | species can re-pairing of
The GC clamp | to an have multiple | DNA strands.
reduces the overestimation | signals A species may
profitability of | of a species have several
PCR and Several bands.

promotes the
formation of
dimer
Manipulation
of gel requires
experience

restrictions are
necessary for
complete
analysis

The complex
patterns are
difficult to
interpret
phylogenetically
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L B. c. 4. Conventional sequencing methods

While the DNA fingerprint techniques revealed different bacterial communities from
samples on gels, Sanger sequencing is often used to identify the dominant or interesting
bands.

Sanger sequencing was named after its developer -- Frederick Sanger (Nobel Prize in
Chemistry in 1980) (189). Sanger sequencing is a chain-terminator method. It is the
process for the extension of complementary strand for the single-stranded DNA
template using a chain terminating nucleotide (most commonly a di-deoxynucleotide)
mixed with other normal nucleotides. The incorporation of the chain terminating
nucleotide results the end of extension. Each reaction has added only one of the four
dideoxynucleotides (ddATP, ddGTP, ddCTP, or ddTTP) which are the
chain-terminating nucleotides. A series of related DNA fragments are then obtained that
are terminated only at positions where that particular nucleotide is used. The fragments
are then size-separated by electrophoresis in a slab polyacrylamide gel, or more
commonly now, in a narrow glass tube (capillary) filled with a viscous polymer.
Sequence could then be read based in the position of bands. The sequences obtained by
sequencing techniques are then aligned to a known reference sequence for
identification (153). Today, 750-1000 base pairs of sequence can now be read from a
single reaction by Sanger sequencing. The sequencing is now automated. The
automated Sanger method is considered as a ‘first-generation’ technology, and newer

methods are referred to as next-generation sequencing (NGS) (153).
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L B. c. 5. Next generation sequencing methods

With the development of microbial metagenomics, scientists have attempted to
analyze all the genetic information present in total DNA extracted from an
environmental sample or pure culture. Even for PCR-based methods, the quantities of
DNA sequencing become a limit for the studies of microbial communities. Next
generation sequencing was developed in the 1990s, but only after 2004 has their
application greatly augmented (19).

The arrival of NGS technologies in the marketplace has changed the way we think
about scientific approaches in basic, applied and clinical research. In some respects,
the potential of NGS is akin to the early days of PCR, with one’s imagination being
the primary limitation to its use. The major advance offered by NGS is the ability to
produce an enormous volume of data cheaply — in some cases in excess of one
billion short reads per instrument run.

Next-generation sequencing (NGS) encompasses a number of different methodologies
that have emerged since 2005. In numerous NGS methods, fragmented genomic DNA
ligated to universal adaptors are amplified, on a solid phase, into PCR colonies of
DNA or “polonies” (54). Each polony contains many copies of the same fragment,
and all of the polonies can be sequenced in parallel using arrays allowing millions of
reads per array. The general advantages of second-generation sequencing over Sanger
sequencing are three-fold. First, since the preparations are done in vitro, bottlenecks
like transformation of E. coli are avoided. Second, there is increased parallelism in
second-generation methods because they are based on arrays rather than capillaries,
which significantly reduces sequencing time. Third, since the polonies are all bound
to the same array, they can be treated with single reagent volumes rather than multiple
independent volumes, thereby dramatically cutting costs (76).

The emergence of next-generation sequencing (NGS) technologies offers an incredible
opportunity to comprehensively study DNA sequence variation in different
environments. Commercially available platforms from Roche (454), [llumina (Genome
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Analyzer and Hiseq 2000), and Applied Biosystems (SOLiD) have the capability to
completely sequence individual genomes to high levels of coverage (107).

The Roche 454 Genome Sequencer FLX utilizes massively parallel pyrosequencing
of DNA fragments that are amplified en masse by emulsion PCR - amplifying complex
DNA mixtures, based on the compartmentalization of genes in a water-in-oil (w/0)
emulsion (143, 144, 232). The current FLX Titanium chemistry produces up to 1.25
million reads per run, with read lengths of ~400 nt. A single run yields almost half a
billion nt (0.5 gb) of high-quality sequence. While the 454 platform is prone to indel
errors near runs of multiple nucleotides (homopolymers), the substitution error rate is
very low, and the relatively long reads are well-suited to alignment or de novo
assembly.

Pyrosequencing uses an enzyme-cascade system, consisting of four enzymes and
specific substrates, to produce light whenever a nucleotide is incorporated to form a
base pair with the complementary base in a DNA template strand. The amount of light
is proportional to the number of incorporated nucleotides. Each time, one type of
nucleotide is added. When the light signal is detected, the base is registered and the next
nucleotide is added. If the added nucleotide is not complementary to the next base in the
template, no light will be generated.

The Illumina (Solexa) Genome Analyzer IIx utilizes sequencing-by-synthesis of
surface-amplified DNA fragments (19) . While the reads produced on the I[llumina
platform were initially quite short (~32-40 bp), the current instrument yields ~500
million 100-bp reads (50 Gb) per run. The astonishing sequence throughput of [llumina
machines present substantial bioinformatics challenges, particularly the alignment of
short sequences of imperfect quality to large reference sequences. Indeed, an entire
generation of novel algorithms (Maq, BWA, Novoalign, Bowtie, and others) has been
developed to address the analysis challenges of Illumina sequencing.

The Applied Biosystems SOLiD sequencer uses a unique process catalyzed by DNA
ligase, in which oligo adapter-linked DNA fragments are coupled to magnetic beads
and amplified by emulsion PCR (149). The current instrument (SOLiD 3) produces up

to 50 gb of high-quality sequence per slide in the form of 35 or 50 nt reads. A unique
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advantage of the ABI SOLiD platform is its di-base encoding scheme, in which each
base is effectively called twice in a sequencing read. The availability of two calls per
base makes it possible to distinguish between sequencing errors and true variation,
thereby improving the overall accuracy of reads from this platform.

Among the three NGS technology, 454 pyrosequencing is mostly applied because of its
longer sequence reads. As paired reads are now available for 454 GS FLX, Solexa and
SOLiD platforms, and read lengths are increasing for the higher-throughput
technologies, it is likely that they will continue to play a part in future metagenomics
projects (139).

Bioinformatic for NGS

The massive data produced by NGS also presents a significant challenge for data
storage, analyses, and management solutions. Advanced bioinformatics’ tools are
essential for the successful application of NGS technology. As pyrosequencing of 16S
rDNA was used in my research, I present the process of analysis of high-throughtput
16S rDNA data and the analysis tools in Fig 6.

The analysis of NGS 16S rDNA data can be separated into several parts: First, the
selection of good quality sequences. Due to the large quantity sequences obtained per
run, the first job is to eliminate the poor quality sequences to ensure a good
interpretation. During sequencing, the accuracy of each nucleotide is indicated by
Phred quality scores which we can use to trim the sequences. Once the data is clean, the
sequences can be classified by database BLAST. Several good databases are listed in
Fig 6. Meanwhile, some statistical analyses can be carried out, such as rarefaction
curves and the Chaol estimator (widely used for total OTU number estimation) for
OTU number. One extra step — normalizing the number of sequence to the same level
for every sample - can lead to a normalized comparison among them. After the analyses
for each sample, different similarity indices can be calculated to show the relations

among samples.
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Figure 6: Process for NGS 16S rDNA data analysis
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Metagenomics

Sampling signature genes, such as 16S ribosomal RNA, does not provide much
insight into the composition and activities of an environmental microbial community.
This problem has recently been addressed by the emerging field of metagenomics.
Metagenomics is a ‘brute force’ approach, whereby total DNA from a microbial
and/or viral population is sequenced and compared with all previously sequenced
genes. The high-throughput capability offered by next-generation sequencing methods
makes them attractive for such an approach. Furthermore, traditional approaches to
metagenomic sequencing have required an initial cloning step. This was problematic,
because many cloned sequences are not stably maintained in the host (typically E.
coli), leading to biases in the repertoire of sequences.

A cautionary note on the significance of phylogenetic surveys is always necessary. It is
widely recognized by microbial molecular ecologists that a phylotypic signal (for
example, a partial 16S rRNA gene sequence amplified by PCR) is no guarantee that the
organism (phylotype) identified from that signal is a functional member of the
microbial community. Extracted metagenomic DNA is typically derived from live,

dormant, and dead cells and even from exogenous DNA from dead and lysed cells (40).
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I. B. c¢. 6. Quantitative detection and/or activity detection of

bacteria

While the sequencing-based methods are used to identify microorganisms present in a
sample, other methods can provide other interesting information in a sample.

Real time quantitative PCR (qRT-PCR) provides very specific results — detection
and quantification of a specific microorganism by dye-labeled primer during PCR..
DNA Chips contain different DNA sequences fixed on which DNA can be hybridized
and can detect the target DNA.

When we focus on DNA in bacteria, it is hard to know the state of the bacteria, DNA
can remain stable for a while after the death of a cell. There exist several techniques
to detect the activity of the cell (100, 102, 185). Intracellular RNA is rapidly degraded
in stressed cells and is more unstable outside the cell than DNA. As a result,
RNA-based methods have been suggested to study the active microbial fraction in
environmental matrices (185).

Fluorescence in-situ hybridization (FISH) can be used to detect the bacteria quantity
in situ using proper fluorescent labeled probes (i.e. 16S rRNA). Bacterial FISH probes
are often primers for the 16S rRNA region.

PLFA Analysis: Phospholipids are a primary structural component of the membranes
of all living cells and break down rapidly upon cell death. Therefore, the mass of
PLFAs in a sample is a direct measure of the viable biomass in the sample.

Flow cytometry is widely applied for counting the number of cells and detecting their
activity in combination with fluorescence staining for membranes (100).

Total adenosine tri-phosphate (ATP) measurements can also be used to assess
microbial viability in environments (20).

These techniques can often be combined. Techniques include microscopical and
chemical analysis of samples collected from the field, culture-dependent methods of
identification and function, and culture-independent genetic profiling and

molecular-level isotopic measurements, which between them allow insights into what
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organisms are present, how the community is structured and which organisms are
playing what geochemical roles (161).

The selection of technique tools may depend on the research aims (Fig 7).
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I. C. The bacterial diversity in oligotrophic environment

Previous environmental microbial studies revealed that only very few parts of
environmental bacteria could be cultured under standard laboratory conditions, the
percentage varied from 0.0001% to 15% in different environmental sample (7, 170), it
is clear that the observed CFU counts can only show a fraction of the actual bacterial
diversity. While recent studies confirmed low levels of cultivable microorganism in
oligotrophic environment (Table 2), applications of new methods (culture independent
techniques in microbial ecology) led to contrasting findings (29, 179). For example,
Fierer & Jackson (56) found that the acidic soils of tropical forests harbour fewer
bacterial taxa than the neutral pH soils of deserts in their global-scale study. In the
McMurdo Dry Valley, a hyperarid polar desert, a broad range of previously unreported
bacteria and fungal microbial soil communities were discovered (179). There are
abundant microbial photoautotrophs, displaying unexpected phylogenetic diversity, in

barren soils from just below the permanent ice line of the central Himalayas (159).

Table 2: Culturability determined as a percentage of culturable bacteria in

comparison with total cell counts.

System Culturability (%) | Reference
Alfresco air 0.5-3 (124)
Atacama desert surface <1 (69, 123, 158)
Atacame desert subsurface <0.1 (69, 123, 158)
Drinking water model system 4-9 (105)
Drinking water tap water 0.3-1.6 (20, 201)
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I. C. a. Deserts

The living conditions of deserts are a challenge for microorganisms, as there is little
available water and/or carbon, a very large range of temperatures and high exposure to
UV irradiation from the Sun. The study of desert microorganisms may help in
exploitation of desert and also offer the opportunity to discover novel biological
activities such as new thermostable or alkaline-stable enzymes (125, 160). Meanwhile,
many desert type bacteria were isolated, identified and classified using
culture-dependent methods (208, 224, 226, 239, 241).

In earlier desert microbial research, culture dependent techniques were applied to
estimate the number of cells per gram of sand in several deserts in several deserts such
as the Atacama Desert. Before these studies, deserts were considered as virtually
lifeless. For the estimation of cell number in deserts, previous studies in Acatama
Desert showed different results. It was reported that cultivable heterotrophic bacteria
are present in the less arid regions of the Atacama Desert at levels of 10’
colony-forming units (CFU) per gram of soil. However, in the desert’s core regions,
culturable heterotrophic bacteria are extremely low, corresponding to between 10* to
10* CFU/g of soil from 24° to 25° S (158). Based on the amount of adenine sublimed,
Glavin et al. (2004) estimated a total bacterial density of 4.4 x 10° cells/g in the
samples of Acatama desert soil (69). Using the DAPI staining method, bacterial counts
for the surface and subsurface Atacama samples of 0.7x10° cells/g and 9.6x10° cells/g,
respectively were measured. The DAPI counts for the Atacama soils are much higher
than the total counts of viable, culturable heterotrophic bacteria (10 to 10* CFU/g)
previously measured by serial dilution plating, which could indicate that soil samples
from the Atacama Desert contain mostly nonculturable bacteria that are not detected by
dilution plating (69) (Table 1). This wide range of values is due to the extent of the
desert, the various levels of precipitation, as well as the chemical composition and
elevations of various sample sites. Apparent differences in population size might also

correspond to differences in efficiency of the recovery methods used. Compared to the
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Acatama Desert, the data for other desert type environment is limited. By measuring

the ATP value in surface soil samples of the Ross desert in Antarctica, Cowan ef al. (42)
obtained the values ranging from 2.6x10° to 4.0x10® cell/g, which are four orders of
magnitude higher than previously reported microbial populations (90). Sand dunes

from the Thar desert are also reported to have relatively smaller population (1.5x10% —
5x10* cell/g soil) (221).

By using PCR-based biological molecular techniques, microbial research can focus

more precisely on the diversity of bacterial communities and their dominant microbes.

In soils of the Atacama Desert, a high diversity of microorganisms known for life in

hypersaline environments was found by analysis of DGGE profiles (186). Rios et al.

(2010) revealed that the evaporate rocks harbor communities predominantly made up

of Cynobacteria, along with heterotrophic bacteria (Bacteriodetes) and archaea in the

Atacama Desert. They also confirmed this result with microscopy and traditional

cultivation- dependent methods. In a very nutrient poor (oligotrophic) environment,

photoautotrophic carbon input is critical to community development. The temporal and

spatial variability in community composition involved non-dominant members of the

community in a study of Sonoran Desert using DGGE (157). The most common phyla

in Sonoran Desert are Cyanobacteria, Proteobacteria, Actinobacteria, Acidobacteria,

etc., Archaea were present as minor components by sampling 4 sites with 10 duplicates

(157). Cowan (40) also noted that many of the phylotypes identified are putative

nitrogen fixers and that these organisms are likely to be responsible for complementing

the nitrogen deficiency of the Dry Valley soils in the Antarctic. Pointing et al. (179)

revealed the highly specialized microbial diversity among the hypolith, chasmolish,

endolith soil type of the McMurdo Dry Valley. Communities supported previously

unreported polar bacteria and fungi, but Archaea were absent from all niches. In the

Namib Desert, Prestel et al. (2008) found that the majority of the 16S rDNA sequences

displayed considerable (94-98%) homology to members of the Firmicutes, and in

particular to members of the genus Bacillus, though members of the Bacteroidetes,

Planctomycetes, Chloroflexi, and Betaproteobacteria groups were also observed.

Connon et al. (2007) detected Actinobacteria, Proteobacteria, Firmicutes and TM7
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division bacteria by analyzing DNA and PLFA from surface and subsurface soil
samples of Atacama Desert, Chile. The dominant ribotypes were sequenced and shown
to be phylogenetically affiliated with the phyla Acidobacteria, Actinobacteria,
Bacteroidetes, Proteobacteria, Deinococcus-Thermus, Firmicutes, Cyanobacteria and
TM7 in soils of the Ross Sea region, Antarctica. Using high-throughput sequencing
techniques (pyrosequencing) we explored the bacterial community in samples from the
two largest deserts in Asia: The Taklamaken and Gobi deserts. We found the most
dominant phyla are Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria.

How many different kinds of microbes live in deserts? It is hard to answer this question
since 16S rDNA sequencing focused mostly on the diversity, and the dominant bacteria,
in desert samples. In 2011, one study (106), using high-throughput sequencing,
revealed the richness of bacteria in the desert of Sekem (Egypt). They sequenced 20
000 sequences in the desert sample, and detected more than 4000 species (3% sequence
similarity) and obtained the estimation of 13, 278 species by Chao 1 estimator in this
desert sample. Lauber ef al. (116) which compared 88 soil samples from different soil
types by pyrosequencing, the samples from ten different desert soils were clustered
together and found to be different from other soil types. Since there were only
1000-2000 reads sequenced per sample, it is hard to have the estimation of species
richness. We sampled five surface soil samples in two Asian deserts with 3956 to 18382
sequences obtained by pyrosequencing. The species numbers estimated by Chaol
varied from 1172 to 2425 per sample. Comparing our results with Koberl’s, it seems
there is a large range of species richness in desert samples. It is clear that with the
development of sequencing techniques, more information of species richness in desert

samples will be revealed such as in other soil types (87, 210).
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I. C. b. Sandstorms

Asian dust is considered as air pollution which affects air quality. It carries a potential
risk for public health, and one important reason is that large numbers of
microorganisms may be transported along with the dust (72, 73, 104). The transport of
biological particles, including bacteria, fungi and virus, by Asian dust has been reported
(122, 190, 199). More than 2x10" to 4x10'® bacterial cells /km® per month were
estimated to be brought to Beijing by Asian dust (164). To identify bacteria in Asian
dust, microbiological culture methods have been used to compare differences in
atmospheric colony-forming units (CFU) between non dust days and dust days (33, 73,
95). Choi et al. (1997) showed a 4.3 fold increase in the number of CFU during an
Asian dust in Taejon city (South Korea), while Jeon et al. (2010) indicated that the
airborne culturable bacterial concentration was significantly increased during Asian
dust events in Seoul (South Korea). During the days affected by ADE, culturable
bacterial population levels showed significant positive correlations, with total
suspended particles and particulate matter with aerodynamic diameter < 10 um (PM10),
whereas no significant correlation was found during non-dust days (97). A statistically
significant correlation was observed between an increase in the prevalence of
microorganisms recovered from atmospheric samples on dust days, versus that
observed on non-dust days in Erdemli, Turkey (73). Culture-independent methods
have been used recently to compare bacterial differences in population, such as DGGE
(97, 122, 142, 164). Using terminal restriction fragment length polymorphism analysis
(T-RFLP), Nishimura et al. (2010) revealed that the bacterial community structures in
Asian dust samples differed greatly according to the scale of the dust event. The
bacterial communities from major dust events were similar to those from an arid region
of China (164). Jeon et al. (2010) revealed that the ambient air bacterial community
structure was abruptly changed during Asian dust events in Seoul (South Korea) by
comparing the denaturing gradient gel electrophoresis (DGGE) band patterns, and

significant differences in the 16S rDNA clone library between Asian dust events and
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non-dust days were observed (97).

Between 1.6x10° to 3.5x10° bacterial cells per gram were estimated in nine Asian dust
samples at Beijing by quantitative realtime PCR in 2010 (164).

This bacterial composition of the dust is not known due to the techniques used (genetic
fingerprint methods). Serratia sp. (Gammaproteobacteria), Ralstonia sp.
(Betaproteobacteria) were identified in Beijing Asian dust (164). The Asian dust
samples collected from 2007 to 2008 in Seoul contained members belonging to
Aquabacterium sp., Bacillus sp., Flavobacteriales bacterium sp., Prevotellaceae
bacteriumsp. and Propionibacterium sp. (122). During 2008 to 2010, the Asian dust
samples collected in Seoul contained the Firmicutes (53%) dominated by Bacillus
species members, Actinobacteria (18%), and Alphaproteobacteria (11.7%) (97). To

our knowledge, NGS has not yet been applied to such studies.
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I. C. c. Drinking water systems

L C. c. 1. Water

Cultivation-based heterotrophic plate counts (HPC) are used worldwide as a general
microbial quality parameter in drinking water treatment and distribution, even though it
is well known that only 0.25% to 1.6 % of bacteria in drinking water systems can be
cultured under laboratory conditions (79, 110). E. coli enumeration as the conventional
indicator of fecal contamination in water system, largely underestimate the E. coli
abundance in aquatic systems because they do not take into account cells that remain
viable but have lost the ability to grow in or on culture media (194). The viable but not
culturable state in bacteria has been reported many times (13). However, the majority of
bacterial cells in natural communities are either nonculturable by current cultivation
methods or may be present in a viable-but-nonculturable state (154, 207). More
importantly, there exist some important waterborne pathogens (such as Pseudomonas
aeruginosa or Legionellae) that may be present in water systems, but their presence
shows no correlation with conventional indicator organism counts such as FE.coli.
Otherwise, sometimes water-related pathogens could find niches to be protected in
water distribution systems by associating with biofilms or free-living amoebae, which
makes their observation using conventional techniques more difficult (55). It is
estimated that consumers' regularly consume more than 500 HPC/ml from drinking
water taken from the household tap (176).

For all these reasons, NGS techniques are required in order to reveal the actual
microbiological situation in drinking water system, and help to understand the potential
risks for water consumers.

Due to the difficulty in sampling municipal water supply systems, most research has
been done in pilot plants, rather than a actual water supply system (79, 231).

Total bacterial cell concentrations are normally not considered during drinking water

treatment as an operative parameter in regular monitoring. This is mainly because easy,
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rapid and inexpensive methods for quantification of total bacterial cell concentrations
have, up to now, not been available (79). The flow cytometry method offers the
opportunity to rapidly detect cell numbers in water systems. In 2008, Hammes et al.
applied quantitative flow cytometry to determine the bacterial quantity using
fluorescence staining of microbial cells with the nucleic acid stain SYBRs Green [ in a
drinking water pilot plant. They reported that flow cytometry successfully detected 1-2
log units bacterial quantity compared to the results obtained by culture-based methods
(79). In the same year, Berney et al. also reported their study using flow cytometry and
total adenosine tri-phosphate (ATP) measurements to assess microbial viability in
different drinking water samples. In all their water samples, the total bacterial cell
concentration varied in the range of 0.6-1.7x10° cells/ml, including these from
commercially available bottled water samples. The methods used in this study present
an efficient way to assess the general microbial quality of drinking water (20). In 2004,
Ultee et al. used microscopical methods (by staining the cells) to count the total cell
numbers, for ground water samples from Germany. A range between 3.5x10° and
2.2x10* cells /ml for total counts, and between 8.1 x 10% and 3.3x10° cells /ml for viable
count; were obtained (217). Eichler et al. (2006) indicated that the average total cell
count for drinking water samples was about 3 x 10°cells per ml (51). Other studies
focused on the quantity of specially functional bacterial groups such as Ammonia
Oxidizing bacteria in drinking water using quantitative real-time PCR (219).

Early research in the 1980 by standard plate count methods found that Actinomycetes
and Aeromonas species were the two most common bacterial groups in chlorinated
drinking water (118). Another culture-based method reported the Alphaproteobacteria
as the most dominant group in samples of chlorinated drinking water and
chloraminated distribution system simulator feed and discharge water (231). The
ground water samples of a municipal water supply from Germany were reported to be
dominated by Betaproteobacteria in the total bacterial population, while the isolated
and cultured organisms mainly belonged to the Proteobacteria (Alpha, Beta and
Gamma), Flavobacteria or Actinobacteria (217). One recent study applied

high-throughput sequencing techniques to reveal the Betaproteobacteria as the major
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bacterial group in a pilot scale water treatment plant (113). Members of the
Alphaproteobacteria, Betaproteobacteria, and Bacteroidetes were found to be the
major groups in different reservoirs from the Harz mountains of Northern Germany, but
the species level composition was very different (51). Using partial 16S rDNA
sequencing, Alpha, Beta, and Gammaproteobacteria were found to be the major groups
representing bacteria in drinking water of Lebanon, and highlighted the common
presence of Sphingomonad in drinking water (214).

Another interesting topic is to study the evolution of bacterial composition from the
source water to the tap. Microbiologists followed the treatment of water from the
source to the end point, revealing a significant decrease of cell abundance (51, 110).
By traditional 16S rDNA sequencing methods, one study of water pumping wells in
Greece also detected the Betaproteobacteria as the most dominant group, and the tap
water dominated by Mycobacterium-like phylotypes, related to biofilm bacterial
communities (110).

One recent study applying high-throughput sequencing techniques revealed in a pilot
scale plant system, that Betaproteobacteria predominated in the raw water, while
Alphaproteobacteria were predominant in the membrane tank particulate matter and
membrane biofilm. The bacterial community structure clearly differed for each sample
at both the genus and species levels, suggesting that different environmental and
growth conditions were generated during membrane filtration (113).

A major shift in the percentage of gram negative to gram-positive bacteria was

observed in one study from wells to the distribution system to the tap (176).
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L C. c. 2. Biofilm

Biofilms are complex communities of microorganisms attached to surfaces or
associated with interfaces. The different biofilm growth states can be separated into
five stages (203) (Fig 8). Despite the focus of modern microbiology research on pure
culture using planktonic (free-swimming) bacteria, it is now widely recognized that
most bacteria found in natural, clinical, and industrial settings persist in association
with surfaces. Furthermore, these microbial communities are often composed of
multiple species that interact with each other and their environment (44, 120). Biofilms
are considered as the most successful form of life on Earth and their members can
tolerate high amounts of biocides (60). In general, four potential incentives behind the
formation of biofilms by bacteria during infection are considered (96):

(1) protection from harmful conditions in the environment (defense),

(2) sequestration to a nutrient-rich area (colonization),

(3) utilization of cooperative benefits (community),

(4) bacteria normally grow as biofilms, and planktonic cultures are an in vitro artifact
(biofilms as the default mode of growth).

Biofilms are ubiquitous. They can even be found inhabiting chlorinated drinking water
distribution systems. In 2002, Liu et al. observed bacteria multiplied in the interior wall
of water distribution pipes and in the crevice of pipes by scanning electron microscopy

(130).

Water flux &
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Figure 8: the schematic presentation of five stages for the formation of biofilms in
water supply system, adapted from Stoodley et al, 2002 (203).

The biofilms on the surface of pipes in drinking water distribution systems are a niche
for bacteria (214), as the bacteria in the biofilm can be protected from antibacterial
agents (45). The bacteria of biofilms could modify the bacterial composition in water
by their detachment. The study of bacterial diversity in drinking water biofilms can
help to understand any potential threat to health. Compared to the sampling of water,
that often needs a large volume to well understand their bacterial diversity; they are
theoretically easier to collect. The water meter as a sampling site of biofilms is
considered as a good choice to overcome the difficulty of sampling biofilm in water
supply systems (88, 94). The interaction between planktonic bacteria and biofilm
bacteria has already been suggested (105), and the microbial compositions of water
supply system biofilms are now frequently studied.

Recent studies have applied high-throughput sequencing technology to better explore
the bacterial diversity in such environments. In 2010, NGS techniques were used to
reveal the bacterial diversity from two biofilms in an American drinking water supply
system. The results suggested that the two biofilms were dominated by
AlphalBetaproteobacteria, or Gammaproteobacteria (88). The richness of bacteria in
these two biofilms was at the level of 200 to 300 species by Chaol estimator.

Hwang et al. (2011) reported the bacterial diversity of biofilms collected in different
drinking water systems. The major groups contained the Alphaproteobacteria,
Betaproteobacteria and Gammaproteobacteria. The richness of bacteria detected from
different biofilms ranged from 200 to 1,600 species. It should be noted that different
richness for the same sample was observed to vary from 600 to 1,600 using different
DNA extraction methods (94).

In 2011, other research studied the microbial community composition in a pilot-scale
microfiltration and chlorination plant for drinking water treatment. The bacterial
diversity was analyzed for samples from raw water, membrane tank particulate matter,
and membrane biofilm. Because of the large number of sequences obtained in the study

(8,164-22,275), they observed large bacterial richness in each sample (1,133-1,731
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OTUs). Betaproteobacteria predominated in the raw water, while Alphaproteobacteria
were predominant in the membrane tank particulate matter and membrane biofilm.
Moreover, signatures of potential pathogens, including Legionella, Pseudomonas,
Aeromonas, and Chromobacterium were identified, and the proportions of Legionella
and Chromobacterium were elevated in the membrane tank particulate matter,

suggesting a potential threat to drinking water treated by membrane filtration (113).
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I. D. Factors that can affect bacterial community

diversity

I. D. a. In desert soil

It is important to study the influence of environmental factors on the bacterial
community in soil samples. Several recent studies (8, 11, 56, 98, 116) have suggested
environmental factors that may affect microbial diversity and richness in soil systems.
Spatial heterogeneity in physical, chemical, and biological properties of soils allows for
the proliferation of diverse microbial communities. Factors influencing the structuring
of microbial communities, including availability of nutrients and water, pH, and soil
texture, can vary considerably with soil depth and within soil aggregates.

pH: This factor was often reported as a main driver for bacterial communities in soil.
Lauber ef al. (116) examined soil samples from North and South America using
pyrosequencing to analyze the relationship between their bacterial community
structures versus environmental pH, with ten of these representing samples of desert
soils such as these of the Mojave desert. These desert soils’ bacterial community
structures were distinguishable from the other soil samples, and could be explained by
their higher pH. The range of pH for desert soils was found to be from pH 7-8.5. Similar
results were observed by Koberl et al. (106) in their study of desert soil versus
agricultural soil. However, Fierer et al. (2006) noted that because soils with pH
levels >8.5 are rare, it is not clear whether the relationship between bacterial diversity
and soil pH is truly unimodal.

Water availability: This factor is the key driver for all living things. Koberl et al.
(2011) reported that soil bacterial communities were strongly driven by water supply
(106). Bachar A et al. (2010) selected three sites with different levels of precipitation
(400mm-Mediterranean site, 300mm-semi-arid site, and 100 mm-arid site). Their
results indicated that soil bacterial abundance decreases with precipitation, but bacterial

diversity was independent of precipitation gradients. Furthermore, community
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composition was found to be unique to each ecosystem (11). Ben-David et al. (2011)
studied the spatial distribution of soil microbial communities in the patchy arid and
semi-arid landscapes of the Negev Desert. He further suggests that these drivers (shrub
vs intershrub patches) not only act in concert but also in a way that is dependent on the
aridity level (18). Other studies (21, 39) have also claimed that water availability is
the primary controlling factor for microbial activity, diversity and community
structure in desert soils.

Pointing et al. (2009) indicated in the McMurdo Dry Valleys of Antarctic, lithic
community structure did not vary significantly with moisture input, as snowmelt
resulted in increases in colonization frequency without significantly affecting diversity.
The findings show that biodiversity near the cold-arid limit for life is more complex
than previously appreciated, but that the communities lack variability probably due to
the high selective pressures of this extreme environment (179).

Angel et al. (2010) surveyed the diversity of soil bacteria and archaea along a steep
precipitation gradient ranging from the Negev Desert in the south of Israel (<100 mm
annual rain) to the Mediterranean forests in the north (>*900 mm annual rain). These
differences of microbial communities evaluated by T-RFLP could largely be explained
by the precipitation gradient combined with the vegetation cover. The archaeal and
bacterial OTUs were unique to each climatic region, that is, arid, semiarid and
Mediterranean, as well as patch type: plant interspaces or underneath the predominant
perennial at each site (8).

Soil density and particle size: Jin et al. (2009) found that microbial density has an
inverse relation with the bulk soil density and particle size, and a positive relationship
with soil moisture content and porosity in shelter forests (98). Sessitsch et al. (2001)
indicated that the soil particle size is one of abiotic drivers for microbial abundance
(195). In addition, in surface soils, pore space seems to be an important factor. Pore
spaces in microaggregates with neck diameters less than 6um have more activity than
pore spaces with larger diameters because the small pore necks protect resident
bacteria from protozoal predation. Pore space also controls water content to some

extent. Larger pores drain more quickly than smaller pores, and therefore the interior
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of a small pore is generally wetter and more conducive to microbial activity. It has
further been suggested that gram-negative bacteria prefer the interior of
microaggregate pore space because of the increased moisture, whereas gram-positive
bacteria, which are better adapted to withstand dry conditions, tend to occupy the
microaggregate exteriors.(141)

Soil aggregate : Hansel er al. (2008) investigated changes in the microbial and
functional communities within soil aggregates obtained along a soil profile spanning
the surface, vadose zone, and saturated soil environments. The composition and
diversity of microbial communities and specific functional groups involved in key
pathways in the geochemical cycling of nitrogen, Fe, and sulfur were characterized
using a coupled approach involving cultivation-independent analysis of both 16S
rRNA (bacterial and archaeal) and as well as cultivation-based analysis of Fe
(III)-reducing organisms. They found that the microbial communities and putative
ammonia-oxidizing and Fe (III)-reducing communities varied greatly along the soil
profile, likely reflecting differences in carbon availability, water content, and pH. In
particular, the Crenarchaeota 16S rRNA sequences are largely unique to each type of
soil, sharing a distribution and diversity similar to those of the putative (amoA-based)
ammonia-oxidizing archaeal community. Anaerobic microenvironments within soil
aggregates also appear to allow for both anaerobic- and aerobic-based metabolisms,
further highlighting the complexity and spatial heterogeneity impacting microbial
community structure and metabolic potential within soils (81).

Salinity: Lozupone et al. (133) argued that the main environmental determinant of
microbial diversity is salinity, rather than extremes of temperature, pH, or other
physical and chemical factors represented in their samples. Aislabie et al. (2009)
indicated that Actinobacteria and Bacteroidetes were more prevalent in dry alkaline
soils and Gammaproteobacteria in dry saline soils. Firmicutes were extremely
prevalent in saline ornithogenic Hallett soils. Elevated heavy metal levels may be an
additional factor structuring bacterial diversity of the Hallett soils by comparing 5
location samples in soils of Ross Sea region, Antarctica surface (6).

Desert soil change: The changes in desert soil can influence the bacterial community
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diversity. Orlando et al. (171) found that ammonia-oxidizers showed a significantly
higher diversity of amoA gene clones after a “desert bloom” than during or at the
beginning of this event in the Acatama desert, suggesting that the diversity of
ammonia-oxidizing bacteria in this arid soil can be affected by the occurrences of
“desert blooms”. Even shifts in community composition occur at the small vertical
scale (stratification), particularly within the top 1 cm (65). It is also reported that soil
chemical composition can affect the composition of cyanobacteria (66).

Koberl et al. (2011) attempted to compare the microbial community structure of desert
soil with other kinds of soil types such as agricultural soils. After long-term farming, a
drastic shift in the bacterial communities in desert soil was observed. Bacterial
communities in agricultural soil showed a higher diversity and a better ecosystem
function for plant health but a loss of extremophilic bacteria. Interestingly, they
detected that indigenous desert microorganisms promoted plant health in desert
agro-ecosystems (106).

Desert plants : Most of the desert microbial communities seem to be structured solely
by abiotic processes (11, 98). But, if adapted desert plants occurred, (e.g. Panicum and
Stipagrostis in the Sinai or Reaumuria negevensis in the Negev), they strongly shaped
nearby soil microbial diversity (4, 85). In 1995, Herman et al. studied the distribution of
heterotrophic bacteria in the Chihuahuan Desert soil using a culture-dependent method.
They demonstrated that the resource abundance in resource islands predicts the
distribution of heterotrophic bacterial numbers in desert soil, which can be called the
“resource island” hypothesis (85). Later, in 1999, similar results were demonstrated by
Aguilera et al. by studying the microorganisms in soil under shrubs in arid coastal Chile.
They found that microorganisms, organic matter and nitrogen content were
significantly higher underneath shrub canopies, especially in mid Fall. Microorganism
abundances were positively correlated with nitrogen levels and soil moisture (4).
Ben-David et al. (18) studied the spatial distribution of soil microbial communities in
the patchy arid and semi-arid landscapes of the Negev Desert. Their results showed that
in patchy desert landscapes, the microbial communities were primarily related to shrub

(short plant) vs intershrub patches. Gram-positive bacteria were higher in soils under
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the shrub canopies, while cyanobacteria and anaerobic bacteria were elevated in the
intershrub soils. This suggests that the mere presence of a living shrub can be a
dominant driving factor for the differential adaptation of desert microbial communities.
However when biological soil crusts are formed in arid regions, their community
structure seems less influenced by plant canopies. In 2005, Nagy et al. (2005)
revealed that no differences in crust microbial diversity or composition were detected
between crusts under plant canopies and those in plant interspaces, indicating a likely
crust independence from higher plant resources (157). However, statistically
significant variability with space and time could be detected, and samples within a site
were more similar than samples between sites. The aridity level was also one of the
main factors that shaped the microbial community structure in the patchy desert
landscapes of Negev (18).

Others facters: There are many other factors that affect members of populations,
including UVA, PAR (photosynthetically active radiation), altitude (41), organic
carbon content (243), and oxygen concentration (137) can act as drivers of bacterial
community diversity. Fierer et al. (2006) mentioned that the presence of a complex
cryptic communities appears to strongly contradict the dogma that microbial diversity
is inversely proportional to the severity of the climatic conditions (56). However,
differences among the microbial communities of saline environments can also be
partially attributed to physical and chemical factors and the nutrient-enriched water

source (81).
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I. D. b. In drinking water systems

The different water sources can have different bacterial composition and, after
treatment, these differences can remain (51). In drinking water distribution systems,
many factors can influence the final bacterial composition in tap water.

Coliform bacteria were detected to be associated with the following factors: filtration,
temperature, disinfectant type and disinfectant level, assimilable organic carbon (AOC)
level, corrosion control, and operational characteristics (119).

Assimilable organic carbon (AOC) level: The concentration of AOC is one of the key
factors influencing regrowth of heterptrophic bacteria in drinking water supply systems
(163). It is recommended that, in order to limit the growth of coliform bacteria in
drinking water, assimilable organic carbon levels should be reduced to less than 50
micrograms/liter (117). The variation of assimilable organic carbon concentration
followed different patterns in different distribution systems or different seasons due to
their respective operational characteristics (130).

Disinfection: Chlorine concentration can affect the fate of bacteria. Different
disinfection agent and different treatment process can influence the quantity and
diversity of bacteria (51, 231). But in general, two primary disinfection regimens
(chlorination and UV treatment) were not shown to have a measurable impact on the
accumulation and fate of model microbial pathogens within a water distribution system
(115).

Pipe material: Physicochemical characteristics of the material lining the distribution
pipes are a key factor. The pipe surface of water distribution systems dramatically
influenced the composition, activity, and disinfection resistance of biofilm bacteria
(130, 166).

Water temperature: The presence of Colifrom bacteria were detected to be associated
with water temperature (119). Elevated temperatures in a hotter climate and
compartmented household distribution systems resulted in very different microflora
populations in comparison to those in the source water (176). It was shown that the

number of HPC bacteria increases dramatically from the distribution system to the
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consumers tap. Thus, the major source of bacteria ingested by the average consumer in
Tucson originates from bacteria within the household distribution system or the
household tap, rather than from source waters or the distribution system (176)

The temporal variation of bacterial composition in biofilm is much more important than
the spatial variation in model drinking water distribution systems (145).

Biotic factors: The diversity of bacteria can affect cell abundance: Nitrifying
microorganisms, for example, can contribute to the depletion of monochloramine and
subsequently lead to increased overall microbial growth (51). Bacterial diversity can
even affect disinfection efficacy and pathogen survival (174). The bacterial
composition of biofilms can be influenced by biological factors. A significant
decreases in bacterial biomass (up to 77%) was associated with the presence of
amoebae (172).

Within a pilot-scale distribution system, desorption was one of the primary
mechanisms affecting the loss of microspheres, Legionellae, and bacteriophages from
biofilms, as well as disinfection and biological grazing (115)..

Manipulation biases: Up to five different DNA extraction methods were compared to
characterize the samples of biofilms collected from the water meters. FastDNA Spin
Kit for Soil (Qubiogene) was considered as the best choice for such a study (94).
Others: There are other factors that were reported to influence the results such as
residence time of the water in the distribution system, corrosion control, and

operational characteristics (119).
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I. E. Objective of my thesis

During my thesis, we focused on the bacterial diversity studies in oligotrophic
environments by using pyrosequencing technology.

Our studies were separated into three topics:

I: Characterization of bacterial diversity in surface sand samples of two large Asian
deserts- the Taklamaken Desert and Gobi Desert. We aimed to well character the
bacterial composition in these samples using pyrosequencing, further discussed the
factors that may impact the bacterial diversity and searched for the bacterial genera on
common in all desert samples.

II: Comparison of particle-associated bacterial composition before and during
sandstorms in five Asian cities. We wanted to reveal the modification of bacterial
composition caused by the arrival of a sandstorm, tried to find the nature of
particle-associated bacterial composition during a sandstorm.

III: Bacterial characterization of drinking water and biofilms present in the Parisian
water distribution system. Water samples and biofilm samples were collected in
different sites of Parisian drinking water distribution system. We used pyrosequencing
to reveal their bacterial composition, observed the modification of bacterial
composition during the water flux and discussed the potential threats from bacteria of

the network biofilms.
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CHAPITER II: Bacterial diversity in

surface sand of Asian deserts
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II. A. Introduction d’étude

Le désert est un environnement écologique important, il représente 30% de la surface
de la terre. Les conditions de vie dans ces environnements sont un réel défi pour les
micro-organismes a cause de nombreux facteurs limitants : peu d’eau et/ou de carbone
disponible, une variation importante de température et une forte exposition aux
irradiations UV. L'é¢tude des micro-organismes du désert peut contribuer a
l'exploitation de ce dernier et a découvrir de nouvelles activités biologiques telles que
les nouvelles enzymes thermo- ou alcalino-stables (128, 160).

Notre étude a porté sur les deux grands déserts d’Asie : le désert Taklemaken (330.000
km?) et le désert de Gobi (60.000 km?). Ces deux déserts sont considérés comme le
sicge des tempétes de sable d’Asie en particulier au printemps. En raison de
I’augmentation de la désertification de ces régions, les tempétes, de plus en plus
fréquentes, peuvent avoir un impact a la fois sur I’environnement et sur la santé
publique. Les micro-organismes a la surface des sables dans les deux déserts peuvent
étre transportés par les tempétes et affecter I’environnement en aval.

Dans la littérature, de nombreuses bactéries de type « désert» ont été isolées,
identifiées et classées en utilisant des méthodes de culture-dépendantes (46, 127-129,
147). En revanche, peu d’études existent sur I’analyse de la diversité microbienne dans
ces deux déserts.

Le but de cette recherche est donc d’étudier la diversité bactérienne a la surface du sable
du désert Taklemaken et du désert de Gobi en utilisant la technologie de séquencage a
haut débit. Cinq échantillons de sable ont été collectés dans cinq sites différents : deux
sites dans le désert Taklemaken, deux sites dans le désert de Gobi et un site situé entre
les deux déserts. L’ADN total a été extrait et la région de V1V2 de ’ADNr 16S a été
s¢lectionnée pour I’amplification et le séquencgage (avec les amorces 8F et 357R). A
notre connaissance, c'est la premicre fois que la technologie de séquengage a haut débit
est utilisée pour étudier des échantillons de sable des déserts d'Asie. Les cing
¢chantillons posseédent des valeurs de pH comprises entre 8.5 et 9.8, rarement observés

dans d'autres types de sols y compris le sol du désert.
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Nos résultats ont révélé une grande diversité bactérienne dans le sol du désert
comparable a d'autres types de sols. Une estimation de la totalit¢ de la richesse
bactérienne, utilisant I’estimateur non paramétrique Chaol, indique des valeurs entre
1172 et 2425 phylotypes totaux. Les phyla dominantes contiennent des Firmicutes, des
Proteobacteria, des Bacteroidetes et des Actinobacteria. Les communautés
bactériennes sont statistiquement différentes entre les cinq échantillons. Plus d'un
millier d'especes isolées dans nos échantillons sont inconnu de la base de données
publique. En outre, nous avons observé une corrélation positive entre la richesse
bactérienne et le rapport C/N du sol. Au total, 30 genres bactériens sont retrouvés en
commun dans les cinq échantillons. Nous avons signalé quatre genres bactériens de
type « désertique » détectés dans l'ensemble de nos échantillons et préalablement

observés dans les études précédentes.
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Abstract

Arid regions represent nearly 30% of the Earth's terrestrial surface, but their microbial
biodiversity is not yet well characterized. The surface sands of deserts, a subset of arid
regions, are generally subjected to large temperature fluctuations plus high UV light
exposure, and are low in organic matter. We examined surface sand samples from the
Taklamaken (China: 3 samples) and Gobi (Mongolia: 2 samples) deserts, using
pyrosequencing of PCR-amplified 16S V1/V2 rDNA sequences from total extracted
DNA in order to gain an assessment of the bacterial population diversity. In total, 4,088
OTUs (using >97% sequence similarity levels), with Chaol estimates varying from
1,172 to 2,425 OTUs per sample, were discernable. These could be grouped into 102
families belonging to 15 phyla, with OTUs belonging to the Firmicutes, Proteobacteria,
Bacteroidetes and Actinobacteria phyla being the most abundant. The bacterial
population composition was statistically different among the samples, though members
from 30 genera were found to be common among the five samples. An increase in
phylotype numbers with increasing C/N ratio was noted, suggesting a possible role in
the bacterial richness of these desert sand environments. Our results imply an
unexpectedly large bacterial diversity residing in the harsh environment of these two

Asian deserts, worthy of further investigation.

Keywords: Bacterial diversity, Pyrosequencing, Taklamaken and Gobi deserts.
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Introduction

Arid regions represent nearly 30% of the Earth’s terrestrial surface. Desert regions are
defined as arid regions with less than 250 mm average annual precipitation, or where
more water is lost by evaporation than precipitation. Deserts cover approximately 19%
of the Earth’s land surface and thus represent important ecological systems for study (1).
The living conditions at the surface of deserts are a challenge for microorganisms, as
there is little available water and/or carbon, a very large range of temperatures and high
exposure to UV irradiation from the Sun. The study of these desert microorganisms
may aid in efforts to prevent the spread of deserts, and/or to restore soil/vegetation
cover and also offers the opportunity to discover novel biological activities such as new
thermostable or alkaline-stable enzymes (2, 3).

Microbiological examinations of arid regions have begun to use culture independent
methods to identify and characterize the endogenous bacterial community (4-6). Drees
et al. (2006) studied the bacterial community from soil samples of the Atacama Desert
using DGGE profiles. They demonstrated that microbial communities from the extreme
hyperarid core of the Atacama Desert clustered separately from other bacterial
communities by comparing their sequence data with that in Genbank. Pointing et al.
(2009) analyzed, by terminal restriction fragment length polymorphism (T-RFLP), the
bacterial community in the polar McMurdo Dry Valley desert in Antarctica. They
suggested that the biodiversity near the cold-arid limit for life is complex, but that the
communities lack a large degree of variability, likely due to the high selective pressures
of this harsh environment. Neilson et al. (2012) combined the 454-pyrotag analysis
with full length 16S rRNA gene library to reveal bacterial communities and to infer
their functional metabolic potential inherent in unvegetated arid soils of the Atacama
Desert. Their results revealed a wealth of novel bacteria and to support potentially
viable communities with phylogenetic associations to non-phototrophic primary
producers and bacteria capable of biogeochemical cycling in Atacama Desert.

The two largest deserts in Asia, the Taklamakan and Gobi deserts, are both located

within and adjacent to China and have not been extensively examined for the

62



biodiversity of their bacterial communities. Since desertification and regular dust
storms in Asia have become large environmental problems, an understanding of the
bacterial community diversity of these deserts is necessary. Prior studies on these
deserts often focused on the discovery of new cultivable bacterial groups displaying
interesting properties such as alkalinphily, thermophily and radio-resistance (7-10).
However, a more in-depth description of the bacterial community composition and
structure of these deserts has not yet been reported. We chose to examine surface sand
samples from the tops of dunes of Taklamaken Desert (n = 2) and Gobi Desert (n = 2),
plus one surface sand sample from the top of a dune at Dunhuang, located between
these two deserts (usually classified as part of Taklemaken Desert). The main
objectives of this study were to determine the bacterial richness and diversity of these
samples using pyrosequencing of PCR amplified V1V2 regions of 16S rDNA by PCR
of total DNA extracted from the sand. The amplified and sequenced 16S rDNA
segments were then characterized using a variety of bioinformatic tools. As these
surface sands are considered a harsh environment, we wanted to determine if there were
only a few bacterial groups or many hundreds, and begin to ask other questions, such as:
Are these bacterial populations similar? Do they share many bacterial groups? Among
the shared bacterial groups, are certain indigenous to both Asian deserts or to deserts in
general?

We found an unexpectedly large bacterial diversity residing in the surface sands of
these two Asian deserts, in spite of large temperature fluctuations, high UV light
exposure, low organic carbon and high alkalinity (pH 8.5-9.8). The bacterial
populations were statistically different, but members from thirty genera were found to

be present in all five samples.
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Methods

Study sites and sampling

With a territory of 9.6 million km?, China is one of the most severely desertified
countries in the world (11). Deserts occupy approximately 27% (2.5 million km?) of
China’s total surface area (12). The Gobi Desert is located in the northern part of China
and southern part of Mongolia. It is one of the ten largest deserts in the world. The
Taklamakan Desert is located in the northwest of China, in the region of Xinjiang, and
covers an area of 337,600 km?” (13), two deserts are also the major source of sand for the
seasonal dust storms in Asia that occur during the spring and summer (14). Two surface
sand samples from the tops of dunes in the Taklamaken Desert were collected near
Golmud (36°23° N, 94°46’ E, October, 2007, 2818 m elevation, average temperature
range during October: -1.2 °C to 12.9 °C), Korla (40°58’ N, 85°57’ E, March, 2008, 910
m elevation, average temperature range during March: 1 °C to 13.3 °C) in China. One
surface sand samples from the tops of dunes from Dunhuang (40°06° N, 94°39’ E,
October, 2007, 1149 m elevation, average temperature range during October: 0.6 °C to
18.8 °C) located between the Taklemaken and Gobi deserts in China. Two surface sand
samples from the tops of dunes in the Gobi Desert in Mongolia were collected 30 km
south-east of Dzuunbayan (44°18° N, 110°06” E, December, 2007, 1001 m elevation,
average temperature of December: -20.4 °C to -9.8 °C) (Fig. 1). The analyses for
physico-chemical parameters were performed using standard methods by the
Laboratoire d’ Analyses de Sols (Arras, France).

DNA extraction

Total DNA was extracted from each sand sample using a protocol adapted from that of
Zhou et al.(15). Five grams of sand were incubated at 30 °C with shaking for 1 hour
after addition of 1 ml 1/4 TS (Tryptic Soy Broth) to rehydrate the bacteria and minimize
nutrient shock (16). No significant change in bacterial composition was observed
during this one hour incubation using ARISA-PCR (data not shown). Then, 13.5 ml
extraction buffer (100 mM Tris-HCI pH 8, 100 mM Na EDTA pH 8, 100 mM Na,HPOu,,
1.5 M NaCl, 1% [w/v] CTAB), containing 74 pg/ml pre-digested Pronase plus 6.7
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pg/ml RNAse A, was added, followed by a 2 hour incubation at 37 °C with mild
shaking. Following this, 1.5 ml of'a 20% (w/v) SDS solution was added and incubation
continued at 65 °C for a further 2 hours. The supernatant fluid was collected after a 10
min centrifugation at 6,000 g at room temperature. The pellet was extracted one more
time with 4.5 ml extraction buffer plus 2% (w/v) SDS, mixed by vortexing for 10 sec,
followed by incubation for 10 min at 65 °C and, after centrifugation, the supernatant
fluids were pooled. The nucleic acids were extracted by the addition of an equal volume
of chloroform/isoamyl alcohol (24:1) to the pooled supernatant fluids, and precipitated
by the addition of 0.6 volumes of isopropanol for 1 hour at room temperature, followed
by centrifugation at 16,000 g for 20 min at 20 °C. The DNA pellet was washed with 70%
ethanol, followed by centrifugation at 16,000 g for 5 min at 20 °C. The DNA pellets
were then air-dried and resuspended in 50 pl 1/10 TE buffer (1 mM Tris-HCl pH 8, 0.1
mM Na EDTA pH 8) at 4 °C overnight and stored at -20 °C until use. On average,
approximately 10 ng of DNA were recovered from 1 g of surface sand.

Bacterial tag-encoded FLX amplicon pyrosequencing (b TEFAP) PCR

An aliquot of extracted total DNA was adjusted to a final DNA concentration of 15
ng/ul in 1/10 TE buffer using a NanoVue spectrophotometer (GE Healthcare,
Buckinghamshire, UK), and verified by ethidium bromide fluorescence after
electrophoresis through a 1% agarose gel in TAE (2 mM Tris-acetate pH 8, 5 mM
Na-EDTA) buffer. Then, multiple 50 yl PCR reactions were performed using the
universal 16S rDNA bacterial primers 8F (BxxxxxxAGAGTTTGATCMTGGCTCAG)
and 357R (AxxxxxxCTGCTGCCTYCCGTA), where B and 4 represent the adaptors B
and A for pyrosequencing using the Gold pyrosequencing reaction (GS20, Roche/454
Life Sciences, Branford, CT, USA). The xxxxxx represents 6 nucleotide sequence tags
designed for sample identification barcoding (17, 18). PCR amplification conditions
were adapted for the use of three different thermostable DNA polymerases: I, Phusion
High-Fidelity DNA Polymerase (Finnzymes, Espoo, Finland): 98 °C for 2 min
followed by 25 cycles of 98 °C for 30 sec, 48 °C for 20 sec and 72 °C for 12 sec, and a
final elongation step at 72 °C for 5 min; II, Pfu DNA Polymerase (Fermentas, ON,

Canada): 95 °C for 3 min followed by 35 cycles of 95 °C for 30 sec, 48 °C for 30 sec
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and 72 °C for 48 sec, and a final elongation step at 72 °C for 5 min; III, High Fidelity
PCR Enzyme Mix (Fermentas): 94 °C for 3 min followed by 30 cycles of 94 °C for 30
sec, 48 °C for 30 sec and 72 °C for 24 sec, and a final elongation step at 72 °C for 5 min.
Each 50 pl PCR reaction contained 15 ng DNA, 0.1 uM of each primer (Sigma-Aldrich,
MO, USA), 0.2 mM dNTP mix (Fermentas), 1.25 units of thermostable DNA
polymerase for I and II, or 2 units of thermostable DNA polymerase for III using the
buffers supplied with each polymerase. Each DNA sample was subjected to 5-10 PCR
reactions per thermostable DNA polymerase, and two different polymerases were used
per sample to minimize bias. The resultant PCR products were pooled and loaded on a 1%
agarose gel in TAE buffer. After electrophoreses and DNA visualization by ethidium
bromide staining and long wave UV light illumination, the 16S amplified DNA
fragment-containing regions were cut from the gel and purified using the NucleoSpin
Extract II kit (Macherey-Nagel, North Rhine-Westphalia, Germany) according to the
manufacturers’ instructions. Fifty nanograms of PCR products from each sample were
mixed for pyrosequencing use.

bTEFAP FLX pyrosequencing

Pyrosequencing was performed using a Roche/454 FLX Pyrosequencer (GATC
Biotech, Konstanz, Germany). The sequences obtained for each sample were grouped
according to the tag used and, after removal of the tags, the average sequence was found
to be 227 nucleotides in length.

bTEFAP Sequence processing pipeline and data analyses

The sequences were selected by their length (>150 bases) and their quality score (90%
of nucleotides with a quality score >25) using the Greengenes website
(http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) (19). Then, sequences with more than
two errors in the primer or more than one ambiguous base were removed using the RDP
pyrosequencing pipeline (http://pyro.cme.msu.edu/index.jsp).

The remaining sequences were then classified to the genus level using RDP-II Naive
Bayesian Classifier (20, 21), with the confidence threshold set to 50%. The sequences
were also classified using the RDPII all-bacteria database to find the closest species at

>95% similarity, with an e-value <e™ and bitscore >200 by Megablast. The
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unclassified sequences were then compared with the database in VITCOMIC (22), and
sequences with >80% similarity were classified to the phylum level according to the
VITCOMIC results. We also normalized the number of sequences to 3,900 reads for
each sample using the Pangea Pipeline (23) to compare the estimations for bacterial
population richness and diversity. The Chaol estimator and Shannon indices were
calculated on the RDPII-pyro site, while the Bray-Curtis index was calculated using
SPADE (24). The similarity level among the different OTUs was fixed at 97%,
sequences with more than 3% difference were clustered into different OTUs by the
complete-linkage clustering method on RDP’s pyrosequencing pipeline
(http://pyro.cme.msu.edu/spring/cluster.spr). We calculated the p value of the
chi-square test for the bacterial populations from each pair of samples using R software
(http://www.r-project.org/). Principal component analyses on the relative proportion of
families or genera among the five samples using the ade-4 package adapted in R (25).

All sequences have been deposited in the GenBank Sequence Read Archive (SRA).

67



Results

We examined five surface sand samples from the Taklamaken (China) and Gobi
(Mongolia) deserts in order to discern several chemical parameters and describe the
potential bacterial diversity of these two large Asian deserts. The two samples of Gobi
Desert, taken at 5 km intervals, are called Gobil and Gobi2, while the other three
samples are named by sampling locations: Golmud, Korla and Dunhuang.

Physical and chemical properties of sand samples

Several physical and chemical parameters were measured, and the results, summarized
in Table 1, show that the Golmud and Dunhuang samples contained sand particles of
widely different sizes, while the Korla, Gobil and Gobi2 samples contained only
particles larger than 50um. In addition, these two groupings were also observed for the
pH values: pH 8.5-9 (Golmud and Dunhuang) versus pH >9 (Korla, Gobil and Gobi2).
The C/N ratios and level of organic material varied over 10 fold among the samples,
ranging from 1.71 to 12.2, and from 0.512 to 12.2 g organic material’kg sand,
respectively.

Pyrosequencing data analysis

We obtained 60,610 sequences for the five sand DNA amplicon samples after
pyrosequencing and tag grouping. These were first trimmed using the Greengenes trim
tool and cleaned using the quality filter on the RDPII pyro pipeline. In total, 44,724
reads remained after application of the quality controls. The average sequence length,
after trimming, was improved from 227 bases to 240 bases. The Dunhuang sample
contained the smallest number of sequences (3,956 sequences), while the Gobi2 sample
contained the largest number (18,382 sequences) (Table 2).

Unclassified sequences

Sequences with <95% similarity in the database of “all bacteria” of RDPII were
considered as “new” sequences (1,991 new sequences detected). These were analyzed
using unclassified sequence selection in PANGEA after Megablast against the RDPII
bacterial database, yielding 1.36% to 20.56% of the total sequences per sample being

classified as “new” sequences. These sequences could be classified as belonging to 740
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OTUs at 297% similarity level. Among these new sequences, less than 20% of the
OTUs were shared between each pair of samples. Using naive Bayesian rRNA
classifier on RDPII, approximately two thirds (62%) could be classified at the phylum
level. These were found to belong to the Bacteroidetes, Proteobacteria, Actinobacteria
and Firmicutes phyla.

Bacterial richness and diversity in the sand samples

The OTUs, differing at <97% sequence similarity and corresponding roughly to the
level of species, ranged from 792 to 1445 per sample among the five samples (Table 2).
We used the relative abundance rank curve, as a graphical representation of OTUSs’
composition. The curves here showed the relative abundance of the top 40 OTUs in
each sample (Fig. S1). Among the five samples, there are no predominant OTUs
observed. The most abundant OTU found was from sample Golmud with 7.7%
coverage. The sample Korla showed the flatted curve than other samples with the most
abundant OTU comprised only 4% of the sample, leading to a more even distribution of
OTUs, thus can partly explain its higher diversity index and higher richness (Table 2).
In total, the top 40 OTUs covered from 37.2% to 65.4% sequences in our samples. The
numbers of OTUs with more than 1% sequences were ranged from 10 (Korla) to 22
(Gobi 2) OTUs in our samples. As over 1100 OTUs were detected in each sample, this
figure showed that the high bacterial richness observed was a result of the large
proportion of rare OTUs. The overall richness estimated by the Chaol estimator ranged
from 1,173 to 2,426 OTUs per sample using all the good quality sequences obtained
after trimming, a result suggesting that our sampling revealed approximately 2/3 of the
OTUs per sample, on average (Table 2 and Fig. S2). In total, 4,088 OTU phylotypes
were discernible, with only 12 of them observed in all five samples, while just over half
of the phylotypes (54.48%) were represented by a single sequence. The Shannon index
revealed that the sample with the highest diversity level is that from Korla, while the
sample with the lowest diversity level is that of Gobi2, though it is interesting to note
that the Gobi2 sample contained the largest number of sequences. We also compared
the richness estimated by the Chaol estimator and the diversity measured using the

Shannon index after normalizing all samples to the same numbers (3,900 sequences per
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sample) of sequences using the selector.pl component of Pangea Pipeline. No
significant modification to the levels of bacterial diversity was observed (Table 2).
Using the normalized sequence data set to avoid sequencing number bias, soil pH was
not found have a significant correlation with either bacterial richness (p (one tailed) =
0.20) or diversity (p (one tailed) = 0.22). A significant correlation was observed
between the C/N ratio and population richness (p (one tailed) = 0.02), though not
between the C/N ratio and population diversity (p (one tailed) = 0.11) (Table 3).
Comparison of bacterial community relationships among the desert samples

The Jaccard index was calculated to reveal the unweighted dissimilarity, and the
Bray-Curtis index was used to reveal the weighted dissimilarity among the five
sequence samples for both the case of all good quality sequences and sequences which
are normalized to 3,900 reads. For both of these indices, similar relationships among
the samples were observed (Table 4). Among the five samples, the most closely-related
populations, using SPADE analysis, represented the samples from Gobil and Gobi2,
sharing approximately half of the total OTUs (49.2%). The most dissimilar samples
were Golmud and Gobi2, which had only 8% of their OTUs in common (Table 4). A
Jaccard’s distance tree was generated on the RDP-pyro web server with the R Statistical
Computing Package (UPGMA) in order to graphically reveal the relationships among
these five samples (Fig. 2). The most similar bacterial populations were found in the
Gobil and Gobi2 samples, while the bacterial population of the Golmud sample was
found to be the most different from the others.

Bacterial composition of the desert samples

We classified the sequences with the RDPII database, using RDP Classifier, to the
genus level. Sequences representing bacteria belonging to 15 phyla, unequally
distributed among the samples, were detected. The predominant phyla contained
representatives  from  the  Firmicutes  (3.13%-82.37%),  Proteobacteria
(11.14%-50.79%), Bacteroidetes (1.66%-41.27%) and Actinobacteria (2.04%-18.50%)
phyla (Fig. 3). The bacterial populations of the Gobil and Gobi2 samples, taken at a
distance of five kilometers, were found to be significantly different (p <0.0001) using

the chi-square test. Bacteria representing the less predominant (<4% for each) phyla
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contained members belonging to the Gemmatimonadetes, Acidobacteria,
Deinococcus-Thermus and Chloroflexi phyla, while bacteria belonging to more rare
phyla (7enericutes, Cyanobacteria, Verrucomicrobia, Nitrospira, TM7, BRC1 and
OD1) were not detected in all samples. Less than 5% of the sequences were unable to
be classified using the RDPII database at the phylum level. Principal component
analyses were performed based on the relative composition of family level members for
the five samples (Fig. 4a). The samples could be grouped into two clusters: Gobil,
Gobi2 and Dunhuang, plus Korla and Golmud. Members of the Rhodobacteraceae,
Chitinophagaceae, Alteromonadaceae, Cytophagaceae and Flavobacteriaceae
families were found to play a key role underlying the variance among samples of the
second group, while members of the Bacillaceae were relatively dominant in the first
group. This relationship was maintained down to the level of genus, where members of
the Salinimicrobium, Pontibacter, Effiviibacter, Planococcus and Acinetobacter genera
were found to play a key role underlying the variance among samples of the second
group, while members of the genus Bacillus were relatively dominant in the first group
(Fig. 4b). Five-set Venn diagrams were established at the family (Fig. 5a) and genus
(Fig. 5b) levels for the five samples. These diagrams showed the shared families or
genera among two, three, four and all five samples. At the family level, members
belonging to 30 of the families were shared among all samples. At the genus level,
major differences of the five samples were revealed, as most genera were detected in
only one sample.

A total of 413 genera were identified among the OTUs, with 189 genera belonging to
the phylum Proteobacteria, 73 genera belonging to the phylum Firmicutes, and 68
genera belonging to the Actinobacteria. Among these, OTUs corresponding to 30
genera (Table 5) were detected in all five samples, and represent 56.13% of the total
sequences. Twenty six of the genera contain members detected in various types of
environmental samples, while members of four of the genera have been identified
primarily in samples from desert-like environments (Table 5), as determined through
Pubmed searches (not shown). Eight members of the 30 genera present in all five

samples have been previously reported in samples from the Taklamaken or Gobi deserts.
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The total proportions of these 30 genera in each sample varied from 19.4% (in sample
Golmud) to 74.8% (in sample Gobi 2), while their distribution in each sample is
displayed in Fig. 6, showing the varying proportions of each common genus among the

5 samples.
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Discussion

To reveal the potential bacterial diversity and populations in samples from the two
largest Asian deserts, we examined five surface sand samples from the Taklamaken and
Gobi deserts. Using pyrosequencing, we obtained 44,724 high quality sequences, and
examined the bacterial richness and diversity in each sample. We classified these
sequences to the genus level, revealing a large degree of bacterial diversity and a
significant difference in bacterial populations among these samples.

Our study describes, for the first time, the potential bacterial composition and diversity
in highly alkaline desert soils. We used the V1V2 variable region amplicons of 16S
rDNA for this study, as the V1V2 region is considered an accurate region to examine
uncultured bacterial diversity (21, 26). We obtained an average of 8,945 reads per
sample, but were unable to reveal the entire bacterial biodiversity for each sample given
the surprisingly large diversity we uncovered (27, 28). Nonetheless, we observed >60%
of the estimated microbial diversity of each samples. Even with over 18,000 sequences
for the Gobi2 sample, only 62% of the predicted OTUs were discernable. Our results
showed a large degree of bacterial diversity in this dry and alkaline environment. The
desert soil samples were each found to contain more than 1,000 phylotypes (at a >97%
sequence similarity level) by the Chaol estimator, comparable to that observed in other
soil types (29).

In total, though 4,088 OTUs, differing at <97% sequence similarity and corresponding
roughly to the level of species, were distinguishable, only 12 OTUs were found to be
present in all five desert samples, suggesting that the variability of the bacterial
populations among the five desert sand samples was relatively high. Since we found 30
genera in common among the five samples, the five samples likely contain different
OTUs. The differences in bacterial composition among the samples were statistically
significant at the OTU level, even for the two most similar samples (Gobil and Gobi2).
Our results suggest that desert soil contains many unique OTUs, as previously observed
in other soil samples taken as close as Imm in distance (30-32).

The similar shape of rank abundance curves reflected the fact that the structures of
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bacterial diversity in the five samples were similar. We observed that there are no
predominant phylotypes which was over 10% of total bacteria. Instead, about 40
phylotypes in each sample could be considered as higher abundant phylotypes (>0.5%)
than others. As more than 792 phylotypes were detected in each of our sample, we
confirmed again that the most phylotypes were rare phylotypes in our sand samples.
Similar distributions of OTUs were observed in other soil samples (29, 33). It has been
reported that pH may have the potential to predict bacterial richness and diversity in
soil samples (29, 34, 35). However, in soils with a very high pH (>8.5), and receiving
very low precipitation levels, the results were more limited (29, 36). Among our five
sand samples, the pH was greater than 8.5 (pH 8.52 to pH 9.8), and no significant
correlation with either bacterial population parameter versus pH was observed.
However, we did observe a significant (+ = 0.90, = 81%, p < 0.05) increase in
phylotype numbers with increasing C/N ratio, as the C/N ratio of our samples ranged
from 1.71 to 12.2.

Since the sampling seasons for the five samples were different, the Gobi samples were
taken under a much lower local temperature (-20 °C to -9.8 °C) comparing with other
three samples (-1.2 °C to 18.8 °C). This large environmental difference might explain
the less high richness and diversity observed for Gobi samples if we compared only the
normalized data. The effect of temperature on the bacterial diversity in desert type
environments were studied previously. In a study on Chihuahuan Desert grassland by
Bell et al., they mentioned that bacteria were more able to respond to moisture pulses
regardless of temperature (37). Although another desert cyanobacterial soil crusts
research indicated that seasonality needs to be taken into consideration (38). The key
environmental factors for total bacterial community may vary in different desert; a
temporal variation of bacterial diversity research in Asian desert (same sampling site)
would be necessary.

The five desert soil samples were found to be dominated by bacterial members
belonging to four phyla: Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria.
Members of these phyla account for more than 90% of the sequences in each sample.

Nonetheless, the percentage of the population they represent in each sample is varied. It
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is not surprising that with the highly alkaline pH of these samples; fewer members of
the Acidobacteria were observed compared to other soil samples.

Our results suggest that members belonging to four bacterial genera, Pontibacter,
Salinimicrobium, Planococcus and Marmoricola, may be classified as indigenous
desert types, as their members have been most often detected in desert-like
environments, including the results of Lauber et al. (2009), which examined 35 soil
types using 88 soil samples. Concerning the genus Pontibacter (phylum Bacteroidetes)
three species have been detected in the Taklamaken desert region (39-41), while we
discerned members of the genus Pontibacter once in a Mojave desert soil sample using
the data of Lauber et al. (2009). Members of the genus Salinimicrobium (phylum
Bacteroidetes) have been reported in a saline lake of the Taklamaken desert region (42),
and all members are considered halophilic bacteria. For the genus Planococcus
(phylum Firmicutes), members of this genus have been found in alkaline environments
such as marine solar salterns, or harsh environments such as the cold deserts of the
Himalayas or Antarctica. Planococcus members have been detected twice in Sahara
desert dust events in Mali, West Africa (43) and in Erdemli, Turkey (44), and we
detected members of this genus in three desert samples using the data of Lauber et al.
(2009). Members of the genus Marmoricola (phylum Actinobacteria), have been
isolated from volcanic ash (45), a marble statue (46), a beach (47) and a Korean soil
sample (48). Analyses of the data of Lauber et al. (2009) showed that members of the
genus Marmoricola were detected in all desert type soil samples, and in some samples
from soil with minimal levels (300-800 mm per year) of precipitation.

From the 1,991 new sequences that we detected, we could discern 740 OTUs,
suggesting that there are likely unknown types of bacteria present in Asian desert sands.
The Asian deserts are a potential source to discover new bacteria with particular
properties such as alkalinphily and drought tolerance, and as a source to isolate novel
enzymes (3).

Thus, our results demonstrated a surprisingly large microbial diversity, by culture
independent methods, present in surface sand samples from two Asian deserts. Many

unknown bacterial species appeared to be present, and remain to be identified and
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characterized, from these unique and interesting ecosystems.
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Figures and Tables

Table 1. Physical and chemical properties of the desert sand samples

Korla  Golmud Dunhuang Gobil Gobi2
Clays (<2um) [g/kg] 40 165 150 61 43
Silts (2-50um) [g/kg] 3 308 472 5 4
Sands (50-2000um) [g/kg] 957 527 378 934 953
Organic Carbon [g/kg] 1.12 4.22 7.07 0.515 0.296
Total nitrogen [g/kg] 0.101  2.47 0.58 0.108 0.102
C/N 11.1 1.71 12.2 4.77 291
Organic Material [g/kg] 1.94 7.31 12.2 0.891 0.512
pH 9.14 8.52 8.72 9.8 9.5
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Table 2. Number of processed pyrosequencing reads, OTU richness and diversity for

each desert sand sample.

Number
Sample of OTUs Chaol Shannon index
sequences
After normalized  After normalized
trimming (3900 reads) trimming (3900 reads)
Korla 8027 1445 2425 1858 6.12 5.99
Golmud 8435 988 1429 1075 5.58 5.39
Dunhuang 3958 874 1614 1643 5.5 5.54
Gobil 5902 792 1172 1069 5.39 5.22

Gobi2 18403 999 1588 717 4.84 4.38
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Table 3. Correlation coefficients for pH and C/N ratios.

R P-value P-value
(two tailed) (one tailed)
pH vs Richness -0.486 0.407 0.203
pH vs Diversity -0.456 0.441 0.221
C/N vs Richness 0.903+« 0.035 0.018
C/N vs Diversity 0.665 0.221 0.110

« . Significative correlation



Table 4. Jaccard and Bray-Curtis dissimilarity indices of the desert samples. «

Jaccard

. Golmud Dunhuang Korla Gobil Gobi2
index

Golmud 0

Dunhuang  0.955(0.949) 0

Korla 0.807 (0.797)  0.740 (0.647) 0

Gobil 0.968 (0.963)  0.608 (0.562)  0.634 (0.622) 0

Gobi2 0.670 (0.979)  0.521(0.565) 0.650 (0.755) 0.203 (0.258) 0
Bray—Cums Golmud Dunhuang Korla Gobil Gobi2
index

Golmud 0

Dunhuang 0.967 (0.955) O

Korla 0.923 (0.916)  0.912 (0.905) 0

Gobil 0.978 (0.978)  0.739 (0.742) 0.832(0.831) 0

Gobi2 0.980 (0.983)  0.856(0.739)  0.921 (0.918) 0.681 (0.541) 0

+ The numbers in parentheses are the values obtained using the normalized sequence

(3900 sequences) data sets.
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Table 5. The common Genera present in all the surface sand samples.

(a) The common Genera observed in Asian deserts and other environments.

Number of Mean % of Range of
Genus ID . )

sequences population population
Bacillus 15608 28.86% 0.02%-62.10%
Pseudomonas 1428 1.65% 0.03%-7.40%
Effluviibacter 761 1.95% 0.03%-8.96%
Acinetobacter 671 1.69% 0.92%-2.67%
Adhaeribacter 499 1.33% 0.03%-2.85%
Massilia 491 1.00% 0.01%-1.88%
Arthrobacter 378 0.97% 0.22%-2.99%
Flavisolibacter 332 0.83% 0.08%-2.34%
Lysobacter 227 0.57% 0.13%-1.45%
Herbaspirillum 211 0.54% 0.01%-1.56%
Devosia 209 0.51% 0.04%-1.16%
Gemmatimonas 204 0.51% 0.05%-0.88%
Porphyrobacter 203 0.49% 0.03%-1.18%
Gp6 182 0.63% 0.01%-1.97%
Paracoccus 156 0.42% 0.03%-1.18%
Planomicrobium 135 0.36% 0.04%-1.01%
Nocardioides 124 0.35% 0.02%-1.23%
Gp4 113 0.33% 0.01%-0.73%
Sphingomonas 100 0.24% 0.09%-0.76%
Rubellimicrobium 86 0.21% 0.04%-0.60%
Novosphingobium 84 0.18% 0.03%-0.17%
Truepera 59 0.14% 0.01%-0.57%
Comamonas 44 0.10% 0.05%-0.19%
Blastococcus 43 0.10% 0.02%-0.31%
Pedobacter 42 0.10% 0.01%-0.24%
Sphaerobacter 27 0.09% 0.02%-0.23%

(b) The common Genera observed only in desert-like environments.

Number of Mean % of Range of

Genus ID . .
sequences population population
Pontibacter 1101 3.06% 0.18%-7.09%
Salinimicrobium 944 2.27% 0.01%-8.60%
Planococcus 344 0.93% 0.08%-1.92%
Marmoricola 299 0.78% 0.03%-3.30%
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Figure legends

Figure 1 Asian desert sampling sites. Asian desert sampling sites are indicated by
arrowheads on the satellite photo of East Asia from a NASA World Wind screenshot
{{PD-WorldWind} } (http://an.wikipedia.org/wiki/Imachen:China 100.78713E 35.63

718N.jpg). In the five sampling sites, Golmud and Korla are located in the Taklamaken
Desert; Dunhuang is located between the Taklamaken and Gobi deserts. The dark

arrowhead indicates the location of Beijing (34).

Figure 2 A Jaccard’s distance tree of bacterial population among the samples. A
Jaccard’s distance tree (at a >97% sequence similarity level) of the bacterial population
of the desert sand samples. The tree was generated on the RDP-pyro web server with R
Statistical Computing Package (UPGMA). The distance for each pair of samples is
indicated by the position of the node between them, according to the Jaccard

dissimilarity indices. DH = Dunhuang

Figure 3 Bacterial compositions of the desert samples at the phylum level. The
bacterial classification was performed using the RDPII Naive Bayesian Classifier with
a 50% confidence shoulder and VITCOMIC, as described in the Materials and

methods.

Figure 4 Principal component analyses of the desert samples at the family or
genus level. The figures were generated by the ade-4 package in R software, simplified
by grouping the less important, overlapped families or genera.

(a) Principal component analyses of the proportion of bacterial families in the desert
sand samples. The samples in the boxes were placed by their relative abundance of
families in the oval.

(b) Principal component analyses of the proportion of bacterial genera in the desert
sand samples. The samples in the boxes were placed by their relative abundance of

genera in the oval.
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Figure 5 Venn diagrams. Venn diagrams of the bacterial groups of the desert sand
samples representing the distribution of the number of families (a) or genera (b). The
samples are represented by different circles. Golmud, Dunhuang, Korla, Gobil and
Gobi2.

(a) Venn diagram representing the number of families detected in each sample and the
overlap of families among the samples.

(b) Venn diagram representing the number of genera detected in each sample and the

overlap of genera among the samples.

Figure 6 The relative abundances of each common genus in the sand samples.
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Supplementary figure 1. Rank abundance curves of OTUs based on a similarity

threshold of 97% for each sample.

for each sample.
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Supplementary figure 2: Rarefaction curve for the five surface sand samples (using >
97% similarity) generated by the RDP-pyro web server.
(a) Rarefaction curve using all reads after trimming, including the quality control step.

(b) Rarefaction curve with normalized reads (3,900 sequences) for each sample.
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CHAPITER III: Particle-associated

bacteria in Asian sandstorms
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II1. A. Introduction d’étude

Les tempétes de sable d'Asie se produisent presque toujours au printemps, elles sont
générées dans les régions arides d'Asie tels que le désert Taklamaken et le désert de
Gobi. Les sables a la surface du désert peuvent étre transportés vers d’autres régions du
monde. L'arrivée des tempétes de sable pourrait largement modifier I'environnement de
l'air dans ces régions sous I’effet du vent, surtout dans les villes asiatiques qui sont le
plus souvent touchées. Cette pollution affecte la qualité de 1’air en Asie et comporte un
risque potentiel pour la santé publique (72). Le transport des particules biologiques, y
compris les bactéries, champignons et virus, au moment des tempétes de sable en Asie a
été étudié (122, 199). Une estimation de plus de 2 x 10" a 4 x 10'® de cellules
bactériennes par km® par mois, a été véhiculé a Pékin par les tempétes d'Asie (164).
Les micro-organismes transportés par les sables peuvent augmenter et modifier la
concentration et la composition de la population microbienne dans l'air de la région
sous I’effet du vent. Ces modifications de structure microbienne de la composition
locale pourraient avoir un effet important sur a qualité de 1'air, et par conséquent sur la
santé¢ humaine, c'est pourquoi de plus en plus d’études sont établies sur les effets des
tempétes de sable en Asie. Des études antérieures ont indiqué que les microbes associés
aux particules ne peuvent survivre pendant le transport a longue distance, c’est
pourquoi notre travail a porté sur les bactéries associées aux particules plutot que sur les
cellules planctoniques.

Nos travaux visent a étudier la modification de la composition et la diversité¢ des
bactéries associées aux particules au moment de tempéte de sable en Asie par la
technologie de séquencage a haut débit. Nos échantillons ont été recueillis dans les
sables de cinq villes différentes d'Asie entre 2009 et 2011 pendant les jours de tempéte
et par temps calme. A notre connaissance, c'est la premiére fois que la technologie de
séquencage a haut débit a été appliquée dans une telle étude.

Nos résultats ont démontré que les compositions des bactéries associées aux particules
sont modifiées pendant les tempétes, en particulier, la proportion des Proteobacteria

qui augmentent les jours de tempéte. Nous avons signalé¢ neuf genres bactériens
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détectés en plus pendant les jours de tempétes, cela nécessite des études plus

approfondies.
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Abstract

Desert sandstorms can affect the Earth’s climate and environmental health. Asian desert
sandstorms occur almost every year during the Spring, as the atmosphere in the
Northern hemisphere warms. Previous studies have shown that these Asian desert
sandstorms may transport microbes from the deserts over long distances. In this study,
we examined the particle-associated (dust and sand-associated) bacterial populations of
atmospheric sand in the absence (9 samples as controls) and presence (9 samples as
sandstorm samples) of sandstorms in five Asian cities using DNA pyrosequencing of
PCR amplified 16S rDNA. We obtained a total of 369,617 high quality sequences.
Greater than 90% of the sequences from the sandstorm dust can be classified as
representing bacteria belonging to four phyla: Proteobacteria, Bacteriodetes,
Actinobacteria and Firmicutes. The sand-associated bacterial populations in sandstorm
samples were distinct from sand-associated bacteria in the absence of a sandstorm.
Members of the phylum Proteobacteria were found to significantly increase in
sandstorm samples (P = 0.01). Principal component analyses showed that the
sandstorm-associated bacterial populations were clustered by sampling year, rather
than location. Members belonging to nine bacterial genera (Massilia, Planococcus,
Carnobacterium,  Planomicrobium,  Pontibacter, = Pedobacter,  Lysobacter,
Sanguibacter, Ohtaekwangia) were observed to increase in sand-associated samples
from sandstorms, versus the controls.

Importance: Asian sandstorms can spread approximately 4 - 8 x 10" g of sand to other
parts of the world every year. One gram of sand can contain up to 3.5 x 10° bacteria.
The arrival of desert bacteria on the sand can modify the local atmospheric bacterial
population and may affect human and environmental health. Studies of Asian
sandstorm particle-associated bacterial populations may determine potential risks that

sandstorms may bring.

Key words: dust-associated bacteria, bacterial diversity, Asian sandstorm,

pyrosequencing.
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Introduction

Desert sandstorms are a meteorological phenomenon which have been postulated to
affect the Earth's climate and environmental health. The largest sand sources on Earth
for deserts sandstorm are the Sahara desert in North Africa and the Gobi plus
Taklamaken deserts in Asia (24). With high-energy winds, the desert sand can be
transported over long distances, which makes these sandstorms a global phenomenon.
African sandstorms from the Sahara desert and Sahel region can affect the air quality of
the Middle East, Europe, Asia, the Caribbean, and the Americas (14, 22, 23). Asian
sandstorms from the Gobi, Taklamaken and Badain Jaran deserts can cross eastern Asia,
the Pacific Ocean and arrive in North America (5, 17), and reach as far as Europe (27).
It is estimated that up to 5 billion tons of desert sand is subjected to regional or global
airborne migration every year (55). Desert dust is an important part of the atmospheric
aerosol in some regions, and dust clouds intermittently transported over long distances
can make a substantial contribution to the aerosol content of the air in distant regions.
For exemple, approximately 50% of the particles (<10 pm) in Florida’s atmosphere
each summer can be African in origin (49, 50).

The potential for bacteria and other microorganisms to be transported over long
distances through the air has long attracted microbiologists and been a focus of the field
of aerobiology (9). The average residence time of microorganisms in the atmosphere
can range from days to weeks, long enough for cells to travel between continents.
During the air transport of microorganisms, they are exposed to many environmental
stresses, including UV radiation, desiccation, and low pH within cloud water (9).
Microorganisms, such as bacteria in aerosols, are often found to be attached to mineral
dust or other larger aerosol particles (30). It has been hypothesized that bacteria
attached to larger particles are more likely to retain culturability, perhaps because the
particle protects them from environmental stresses (40). Wind-borne bacteria are
typically transported <1 km from their source (6). However, dust-associated bacteria
can be transported over 5,000 km (25, 30). The mix of microbiota and dust particles

seems to protect microbiota from these stresses during long-range transport in the
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atmosphere (30). The arrival of dust events increases the local concentration of PMj
(particles <10 um in size) and PM; s (particles <2.5 um in size) (17). Of particular
concern are that PM; particles can penetrate into the lungs and those of PM; s may
penetrate into deep lung tissue and the subepithelial environment (24), thus leading to
an increase of dust-associated bodily bacterial concentrations.

Asian dust, also sometimes called KOSA, is a seasonal meteorological phenomenon
which occurs mostly in Spring. It has large effects on the environment, especially for
eastern Asia, including China, Korea and Japan. Wind eroded desertification is one of
the main reasons underlying sandstorm origins (15). In desertified areas, vegetation can
be seriously degraded. Between 1975 and 1987, the desertification rate in China was
2,100 km?*/year (65). Asian sandstorms are considered as air pollution which can affect
environmental quality. They also pose a potential risk for public health, in that large
numbers of microorganisms may be transported along with the dust (24, 37, 62). The
transport of biological particles, including bacteria, fungi and viruses by Asian dust has
been previously reported (39, 53, 54), while pathogens and allergens were detected that
may potentially affect the health of downwind populations and ecosystems (32). More
than 2 x 10" to 4 x 10'° bacterial cells/km? per month were estimated to be transported
to Beijing by Asian dust (46). To identify bacteria in Asian dust, classical
microbiological culture methods have been used to compare differences in atmospheric
colony-forming units (CFU) between normal days and days with Asian dust (13, 26,
30). Choi et al. (1997) showed a 4.3 fold increase in the number of CFU during an
Asian dust storm in Daejon city (South Korea), while Jeon ef al. (2010) indicated that
the culturable bacterial population levels showed significant positive correlations with
total suspended particles (TSP) and particulate matter with PM;¢ during Asian dust
event days. As only very few environmental bacteria can be cultured under standard
laboratory conditions (1, 47), the observed CFU counts show only a fraction of the
actual bacterial diversity. Culture-independent methods such as DGGE and T-RFLP
(31, 39, 43, 46) are being increasingly used to compare bacterial populations. Using
terminal restriction fragment length polymorphism (T-RFLP) analysis, Nishimura ef al.

(2010) revealed that the bacterial community structures in Asian dust samples differed
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according to the scale of the dust event. The bacterial communities from major dust
events were similar to those from an arid region of China (46). Jeon et al. (2010)
revealed that the ambient air bacterial community structure was abruptly changed
during Asian dust events in Seoul (South Korea) by comparing denaturing gradient gel
electrophoresis (DGGE)-band patterns, and significant differences in 16S rDNA clone
libraries between Asian dust events and non-Asian dust days have been reported (31).
As previous data showed that particle-associated microorganisms could better
withstand environmental stress and thus survive long distance (6, 25, 30), a study of
sand-associated microorganisms may illuminate the influence of long range bacterial
transport.

In this work, we focused on sand-associated bacterial populations in Asian sandstorms.
In order to obtain a more complete view of sand-associated bacterial communities in
Asian sandstorm events, we used DNA pyrosequencing of 16S rDNA amplicons to
explore the dust and sand-associated bacterial composition, in five Asian cities in China
and South Korea, in the absence (as controls) and presence of Asian sandstorm events.
Sequence level comparisons were used to compare the different sandstorm samples and
control samples, and several bacterial genera were found to consistently increase during
sandstorms in the five sampling cities, including one of genera which have been

reported to contain potential human pathogens (Massilia).
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Materials and methods

Study sites and sampling. Sampling was performed in five Asian cities over a span of
three years. Two cities (Beijing and Taiyuan) are located in China, while the three
others (Seoul, Gwangju and Incheon) are located in South Korea (Fig.1). Beijing and
Taiyuan are located in the center of China, not far from the Gobi desert, a main Asian
sandstorm source, and Beijing is located 80 km from the edge of the Gobi Desert.
Twice-autoclaved sterile sand samples were placed on sterile plastic sheets on the roofs
of buildings in the absence of Asian sandstorms and tossed into the air at random times
over a 24-hour period as sand-associated bacteria controls (control samples). Sand and
dust from sandstorms was collected during sandstorms using sterile plastic sheets to
collect settled sand and dust at the same locations. The sampling dates and GPS site
references are listed in Table 1. Samples in 2009 were taken at the end of August; while
samples from 2010 and 2011 were collected during the Spring (from February to May)
to compare the sand-associated bacterial composition between non-sandstorm days and
sandstorm days. Samples were named by their first letter of the sampling city (B:
Beijing; S: Seoul; G: Gwangju; T: Taiyuan and [: Incheon). The letters C or S after first
letter refers to control (C) or sandstorm (S) and the name ends with the sampling year.
The a or b after the sampling year was added when more than one sample were taken in
the same year at the same location.

DNA extraction. Total DNA was extracted from each sand sample using a protocol
adapted from that of Zhou et al. (63). From 0.5 to 2 grams of sand were incubated at
30 °C with shaking for 1 hour after addition of 1 ml 1/4 TS (Tryptic Soy Broth) to both
rehydrate the bacteria and minimize nutrient shock (52). Then, 13.5 ml extraction
buffer (100 mM Tris-HCI pH 8, 100 mM Na EDTA pH 8, 100 mM Na,HPO4, 1.5 M
NaCl, 1% [w/v] CTAB), containing 74 pg/ml pre-digested Pronase plus 6.7 pg/ml
RNAse A, was added, followed by a 2 hour incubation at 37 °C with mild shaking.
Following this, 1.5 ml of a 20% (w/v) SDS solution was added and incubation
continued at 65 °C for a further 2 hours. The supernatant fluid was collected after a 10

min centrifugation at 6000 g at room temperature. The pellet was extracted one more
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time with 4.5 ml extraction buffer plus 2% (w/v) SDS, mixed by vortexing for 10 sec,
followed by incubation for 10 min at 65 °C and, after centrifugation, the supernatant
fluids were pooled. The nucleic acids were extracted by the addition of an equal volume
of chloroform/isoamyl alcohol (24:1) to the pooled supernatant fluids, and precipitated
by the addition of 0.6 volumes of isopropanol for 1 hour at room temperature, followed
by centrifugation at 16,000 g for 20 min at 20 °C. The DNA pellet was washed with 70%
ethanol, followed by centrifugation at 16,000 g for 5 min at 20 °C. The DNA pellets
were then air-dried and resuspended in 50 ul 1/10 TE buffer (1 mM Tris-HCI pH 8§, 0.1
mM Na EDTA pH 8) at 4 °C overnight and stored at -20 °C until use.

Bacterial tag-encoded FLX amplicon pyrosequencing (0 TEFAP) PCR. An aliquot
of extracted total DNA was adjusted to a final DNA concentration of 15 ng/ul in 1/10
TE buffer using a NanoVue spectrophotometer (GE Healthcare, Buckinghamshire, UK),
and verified by ethidium bromide fluorescence after electrophoresis through a 1%
agarose gel in TAE (2 mM Tris-acetate pH 8, 5 mM Na-EDTA) buffer. Then, multiple
50 ul PCR reactions were performed using the universal 16S rDNA bacterial primers:
27F (AxxxxxxAGAGTTTGATCMTGGCTCAG) and 357R
(BxxxxxxCTGCTGCCTYCCGTA) where 4 and B represent the adaptors A and B for
pyrosequencing using the Gold pyrosequencing reaction (GS-FLX, Roche/454 Life
Sciences, CT, USA) for samples from 2009 and 2010. For the samples from 2011,
primers 27F (AGAGTTTGATCMTGGCTCAG) and 517R
(Bxxxxxxxxxx WTTACCGCGGCTGCTGG) were used, where 4 and B represent the
adaptors A and B for pyrosequencing using the Titanium pyrosequencing reaction
(GS-FLX Titanium, Roche/454 Life Sciences, CT, USA). The XXXXXX Or XXXXXXXXXX
represent 6 or 10 nucleotide sequence tags designed for sample identification barcoding
(23, 78). PCR amplification conditions were adapted for the use of five different
thermostable DNA polymerases: I, Phusion High-Fidelity DNA Polymerase
(Finnzymes, Espoo, Finland): 98 °C for 2 min followed by 25 cycles of 98 °C for 30 sec,
48 °C or 54 °C for 20 sec and 72 °C for 12 sec, and a final elongation step at 72 °C for
5 min; I, Pfu DNA Polymerase (Fermentas, ON, Canada): 95 °C for 3 min followed by

35 cycles of 95 °C for 30 sec, 48 °C or 54 °C for 30 sec and 72 °C for 48 sec, and a final
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elongation step at 72 °C for 5 min; III, High Fidelity PCR Enzyme Mix (Fermentas):
94 °C for 3 min followed by 30 cycles of 94 °C for 30 sec, 48 °C or 54 °C for 30 sec and
72 °C for 24 sec, and a final elongation step at 72 °C for 5 min; IV, AccuPOL DNA
Polymerase (Ampliqon, Herlev, Denmark): 96 °C for 2 min followed by 35-43 cycles
of 96 °C for 45 sec, 49 °C for 45 sec and 72 °C for 1 minl2 sec, and a final elongation
step at 72 °C for 10 min; V, iProof High-Fidelity DNA Polymerase (Bio-Rad, Hercules,
CA): 98 °C for 30 sec followed by 30 cycles of 98 °C for 10 sec, 57 °C for 30 sec and
72 °C for 18 sec, and a final elongation step at 72 °C for 5 min. Each 50 ul PCR reaction
contained 15 ng DNA, 0.1 uM of each primer (Sigma-Aldrich, St. Louis, MO, USA),
0.2 mM dNTP mix (Fermentas), 1.25 units polymerase for I and II, 2 units polymerase
for III, 2.5 units polymerase for I'V, 1 unit polymerase for V using the buffers supplied
with each polymerase. Each DNA sample was subjected to 5-10 PCR reactions per
thermostable DNA polymerase, and two different polymerases were used per sample to
minimize PCR bias. The resultant PCR products were pooled and loaded on a 1%
agarose gel in TAE buffer. After electrophoreses and DNA visualization by ethidium
bromide staining and long wave UV light illumination, the 16S amplified DNA
fragment-containing regions were cut from the gel and purified using the NucleoSpin
Extract II kit (Macherey-Nagel, North Rhine-Westphalia, Germany) according to the
manufacturers’ instructions. Fifty nanograms of PCR products from each sample were
mixed for pyrosequencing.

bTEFAP FLX pyrosequencing. Pyrosequencing was performed using a Roche/454
FLX Pyrosequencer (Microsynth AG, Balgach, Switzerland). The sequences obtained
for each sample were grouped according to the tag used, and the average sequence was
found to be 227 nucleotides in length for those using the Gold reaction and 503
nucleotides in length for the samples using the Titanium reaction, after removal of the
tags.

bTEFAP Sequence processing pipeline and data analyses. The sequences were
selected by their length (>150 bases) and their quality score (90% of nucleotides with a
quality score >25) using the Greengenes website

(http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) (16). Then, sequences with more than
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two errors in the primer or more than one ambiguous base were removed using the RDP
pyrosequencing pipeline (http://pyro.cme.msu.edu/index.jsp).

The remaining sequences were then classified to the genus level using RDP-II Naive
Bayesian Classifier (42, 59) with the confidence threshold set to 50% for Gold reaction
samples and 80% for Titanium reaction samples. The DNA of chloroplasts and
mitochondria may be amplified by PCR with the universal bacterial 16S rDNA
primers used here (51, 56). The sequences classified as Chloroplast were then
eliminated using FASTA Sequence Selection in RDP’s pyro site. The non classified
sequences were used for a further BLAST against the Genbank database to detect the
sequences of mitochondria. In order to compare the estimations for bacterial population
richness and diversity, we also normalized the sequence numbers for each sample to
3400 sequences by randomly selecting sequences from the fasta file using a perl script
called selector.pl in Pangea (pipeline for analysis of next generation amplicons) (21).
The Chaol estimator and Shannon indices were calculated on the RDPII-pyro site,
while the Bray-Curtis index was calculated using SPADE (2) to build the UPGMA
clustering tree. The similarity level among the different OTUs was fixed at 97%. We
calculated the p value of the chi-square test for the bacterial populations from each pair
of samples using R software (http://www.r-project.org/). Principal component analyses
on the relative proportion of phylum or OTU among the samples using the ade-4
package (11) adapted in R. All sequences data have been uploaded to the MG-RAST
(the Metagenomics RAST)
(http://metagenomics.anl.gov/metagenomics.cgi?page=Home) under number
4487160.3 - 4487161.3, 4487162.3 - 4487166.3, 4487168.3 - 4487172.3, 4487174.3 -
4487177.3,4487179.3 - 4487181.3.
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Results

Data quality. A total of 507,778 sequences were obtained and, after quality control
checks and sequence elimination using Greengenes and RDPII pyro, 437,283
sequences remained. A B2C2 chimera check was used to eliminate the potential
chimeric sequences, leaving 361,748 sequences. The average sequence length after the
quality control steps were 229 nt for Gold reaction, and 373 nt for the Titanium reaction.
Chloroplast sequences were detected in 13 of 18 samples, with their proportions
varying between 0.04% and 4.2%. As the mitochondrial sequences would be classified
as unclassified sequences in RDP classifier, we examined the unclassified sequences in
Genbank using BLAST and found that the proportion of mitochondrial sequences was
less than 0.01% per sample.

Richness and diversity in sand-associated bacterial populations. We collected
samples in the absence and presence of Asian sandstorm events in five Asian cities
from 2009 to 2011. We observed that the detectable OTU numbers varied from 321 to
4026 per sample. As shown in Table 2, a reduction in the number of DNA sequences
using normalized samples influenced the estimated richness, using Chaol, while the
Shannon diversity index remained stable. During the non-sandstorm event days, the
samples from China displayed a significantly higher bacterial population richness
(Chaol) than the samples from South Korea (P = 0.03) when comparing the normalized
data.

Sequence level comparison. A UPGMA clustering tree (Fig. 2) was generated with the
data of pairwise Bray-Curtis indices calculated using SPADE (sequence similarity level
at 97%). The 18 samples were found to contain distinct bacterial communities. The
control samples could be clustered by sampling year: 2009, 2010 and 2011. The
sandstorm samples were also clustered by sampling year except the sandstorm sample
of Gwangju 2011 which clustered with the control sample of Gwangju 2011. The
exception of the sample from Gwangju 2011 was also detected in further analyses. The
sandstorm samples of 2011 were found to be clustered by city and their country.

Bacterial composition. Fig. 3 shows the composition of our samples at the phylum
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level. All the samples were dominated by members belonging to four phyla:
Proteobacteria, Bacteriodetes, Actinobacteria and Firmicutes. Over 90% of the
sequences were classified as belonging to these four phyla. In general, the sandstorm
samples contained more bacteria belonging to the Proteobacteria. This increase of
members of the Proteobacteria in sandstorm samples is statistically significant (P =
0.01). Because of the increase of bacteria from Proteobacteria in sandstorm samples,
we observed a higher average of gram negative cells in sandstorm samples (74.5% =+
5.4%) than in control samples (63.5% % 15.5%), though these differences were not
significant.

Statistical analyses. As seasonal variability of airborne bacteria has been reported (27),
PCA was performed only for samples from the same season (Spring) and thus from
2010 and 2011. PCA analyses using the normalized data were generated using the ade4
package of R (Fig.4). We observed that samples were able to be clustered by sampling
year rather than sampling condition (control vs. sandstorm) or sampling city. A PCA at
the phylum level explained 46.3% of the total variance, while at the OTU level, it
explained only 28.6% of the observed variance. The large differences observed
between GS2010 and the other samples appeared to be due to the higher abundance of
members belonging to the phyla Bacteroidetes, Cyanobacteria, Fibrobacteres,
Deferribacteres, OD1 and WS3 (see Supplementary Fig. 1). The differences between
samples from 2010 versus samples from 2011 at the OTU level were more complicated.
We observed that samples from 2010 contained more OTUs belonging to the genera
Delftia and Acinetobacter, while samples from 2011 contained more OTUs belonging
to the genera Planococcus, Psychrobacter, Methylobacterium, Herbaspirillum,
Rubellimicriobium and Microvirga.

In total, 951 genera were detected in our samples, with 30 genera detected in all
samples. In order to discern any modifications of bacterial populations at the genus
level during sandstorms, we listed all genera that were always found to contain an
increase in relative members in sandstorm samples, except the sample from Gwangju in
2011. The reason for the exception of the Gwangju sample from 2011 will be discussed

later. Members belonging to nine genera were detected (Table 3). We also detected
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members from five genera whose proportions were always reduced in sandstorm

samples versus controls (Table 3).
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Discussion

Richness and diversity of sand-associated bacterial populations. Previous studies
have reported that the quantity of bacteria in the top soil of deserts can range from 0
to 10° bacteria per gram of sand (24). When desert soil is mobilized into the
atmosphere, the concentrations of atmospheric sand-associated microorganisms
increase in the environment and in the downwind regions (26, 32). In this work, we
explored the richness and diversity of sand-associated bacterial populations in
samples taken during sandstorms, as well as controls (sterile sand occasionally hurled
into the air over a 24 hour period) to detect sand-associated bacteria in the absence of
a sandstorm. As reported by Gihring et al. (2012), sample size can have an important
effect on the Chaol estimator (20). The richness estimated by Chaol in each sample
was dramatically reduced when we normalized the number of reads to 3400
sequences. It appears that 3400 reads in these samples is not enough for a complete
richness estimation, thus suggesting more reads are necessary for an accurate
estimation of total bacterial richness in our samples. Previous studies have reported
that the amount of culturable bacteria is found to increase during sandstorm events in
Seoul (31). We observed modifications of both richness and diversity for
sand-associated bacterial communities during sandstorm event days, but there was no
consistent trend for the modifications.

Similarity of bacterial composition. We sampled in Beijing and Gwangju each year
from 2009 to 2011. As the PCA analyses showed that the samples did not cluster by
sampling city, our results suggest a temporal variation in the structure of the
sand-associated bacterial communities at the locations studied and are in agreement
with other studies dealing with the annual variations in the diversity of atmospheric
bacteria (18, 44). Since the samples were clustered by their sampling year, we can
hypothesize that the temporal variability of local atmospheric bacterial population is
larger than the spatial variability. Besides local meteorological conditions, the spatial
variability of airborne bacterial richness was also reported as being influenced by

different environmental factors, including land-use types (8) and distance from the sea
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(48).

Dominant bacteria. Previous studies have concluded that the dominant bacteria in
sandstorms were gram positive bacteria (26, 36, 39, 43), probably because they can
form spores (such as members belonging to the genus Bacillus). Our results showed
that gram negative bacteria, particularly members belonging to the phylum
Proteobacteria, are the most predominant bacteria in particle-associated bacterial
populations in Asian sandstorm samples. This difference may be caused by the
different bacterial communities in sandstorm sources (deserts) and sampling methods
applied. Previous research focused mainly on the culturable bacteria which are only a
small part of bacterial populations (13). Culture-independent studies have used mostly
cyclone air samplers with filters during airborne bacteria sampling which forcibly
collected bacteria (31, 61). Nishimura et al. (2010) used the same sampling method as
ours by collecting sands that fell on the top of a building (46). They reported two
common dominant DGGE bands in Asian dust and soil samples from deserts which
belonged to the Proteobacteria phylum, in agreement with our results.

The four dominant phyla detected in our samples were mentioned in previous research
on bacteria in wind-eroded sediments (19). They indicated that members of
Proteobacteria were the predominant group in coarse sediment, rather than fine dust
(19). Members belonging to the Bacteroidetes and Firmicutes were more associated
with fine dust (19), while members belonging to the Actinobacteria were more
associated with source soil rather than wind-eroded sediments (19). These results
agree with our source soil (deserts), as Actinobacteria were mostly detected in
extreme environments such as hypersaline lakes, thermal springs, and arid soils (61).
Genus level modifications. Previous studies on the detection of bacteria in
sandstorms often ignored the influence of locally present bacteria (26). We thus
sampled both during non-sandstorm days and sandstorm days, and found members of
nine genera (Table 3) that increased in sandstorm event days using pairwise
comparisons.

Members of the genus Massilia appear to be very important in sandstorm samples, as

they were always among the top 4 dominant groups at the genus level. In contrast,
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members of the genus Massilia are not in the top five most abundant groups at the
genus level in the control samples, except for the Gwangju 2011 control sample,
which was collected four days after a sandstorm. Members belonging to the genus
Massilia have been detected both in desert environments (10) and sandstorm samples
(24, 26), and the sequences we detected display >96% similarity to the species
Massilia timonae, isolated from patients (35) and reported to cause wound infections
(58). The presence of members of the genus Massilia reveals a potential risk for
humans during sandstorms. A more precise identification to the level of species or
strain level would better demonstrate the potential risk brought by the arrival of
Massilia sp. via sandstorms.

Among the nine genera that increased during sandstorm events, members of the genera
Pontibacter, Pedobacter and Lysobacter were detected in the desert soil of China (41,
57, 64), while members of the genus Planococcus have been isolated from African
desert dust events (26, 33) and in the cold desert of India (45). These results suggest that
these bacteria can be transported from deserts to cities.

The exceptional behavior of Gwangju 2011 may be due to the sampling time of the
control sample, which was four days after the passage of a sandstorm (see Table 1),
suggesting that the atmospheric effects of particle-associated bacteria by sandstorms
may last for several days.

Health threats. Dust-borne microbiological studies have detected bacterial dust-borne
pathogens, and thus potential menaces to environmental health in downwind regions
(32, 33). Besides the threats of pathogens, research has shown that exposure to
microbial and microbial-component-laden airborne soils can cause respiratory stress
(36). In addition, the lipopolysaccharide (LPS) of gram negative cells is an endotoxin
which can elicit strong immune responses in animals and thus also augment the risk to
human and animal health.

Previous dust-borne pathogen studies have examined the role of African dust events.
African dust was reported to distribute potential coral pathogens (4Aspergillus sydowir)
to marine environments (60). Kellogg ef al. (2004) identified bacterial populations in

duststorm samples that suggest that approximately 10% were potential animal
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pathogens, 5% were potential plant pathogens, and 25% were opportunistic human
pathogens (33).

Species level identification of pathogens in Asian dust samples has rarely been
reported. In Seoul, the increase of daily deaths due to Asian sandstorm events has been
reported, especially for persons with advanced cardiovascular and respiratory disease
(34, 38). In Taipei city (Taiwan), the rate of clinic visits for children increased 2.54%
for preschool children and 5.03% for school children during Asian sandstorms (12).
Conclusions and perspectives. After potential long-range transport, the diversity of
bacteria in sandstorms may play a significant role in ecosystem and human health (29,
62). As reported in the review of Kellogg et al. (32), a standard method is needed for the
study of dust transported bacteria, such as sampling methods, extraction of DNA and
sequencing methods for the identification of bacteria. A comparison of
particle-associated microorganism and free living microorganism in the atmosphere is
also important. Moreover, such studies should further extend to the domains of Archeae,

virus and eukaryotic microbe.
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Figures and Tables

Table 1: Coordinates of sampling sites.

Sample date Sandstorm/control GPS coordinates

BC2009  28/08/2009 Control 39°58'45"N 116°18'S7"E
SC2009  18/08/2009 Control 37°33'59"N 126°18'S7"E
GC2009 21/08/2009 Control 35°09'40" N 126°56'05"E
BC2010 27/02/2010 Control 39°58'45"N 116°18'57"E
BS2010  20/05/2010 Sandstorm 39°58'45"N 116°18'S7"E
GC2010 08/03/2010 Control 35°09'40" N 126°56'05"E
GS2010  19/03/2010 Sandstorm 35°09'40" N 126°56'05"E
BC2011 07/02/2011 Control 39°58'45"N 116°18'57"E
BS2011a 18/03/2011 Sandstorm 39°58'45"N 116°18'S7"E
BS2011b 01/05/2011 Sandstorm 39°58'45"N 116°18'57"E
TC2011 07/02/2011 Control 37°50'02"N 112°32'34"E
TS2011a 18/03/2011 Sandstorm 37°50'02"N 112°32'34"E
TS2011b 01/05/2011 Sandstorm 37°50'02"N 112°32'34"E
GC2011 17/05/2011 Control 35°09'40" N 126°56'05"E
GS2011  13/05/2011 Sandstorm 35°09'40" N 126°56'05"E
IC2011 17/05/2011 Control 37°2722"N 126°42'19"E
[S2011a 01/05/2011 Sandstorm 37°2722"N 126°42'19"E
[S2011b  03/05/2011 Sandstorm 37°2722"N 126°42'19"E
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Table 2: Number of processed pyrosequencing reads, OTU richness and diversity for

each sample.

Original reads

Normalized reads*

Sample nb of OTUs Chaol % Shaimnon OTUs Chaol Shz'innon
seq coverage index index

BC2009 10895 2353 3517 66.9% 6.82 1179 2229 6.41
GC2009 4545 791 1203 65.8% 5.37 683 1108 5.34
SC2009 8383 1315 2086 63.1% 5.75 776 1381 5.59
BC2010 3386 603 1170 51.5% 4.35 603 1170 4.35
GC2010 3505 321 474 67.7% 2.90 315 473 2.90
BC2011 31959 3419 4247 80.5% 6.77 975 1496 6.05
TC2011 21603 3244 4452 72.9% 6.84 1074 1784 6.18
GC2011 27054 1915 2671 71.7% 5.48 550 942 5.01
IC2011 23466 506 554 91.4% 4.93 340 381 4.74
BS2010 6462 649 1133 57.3% 4.70 434 711 4.45
GS2010 3837 1227 2036 60.3% 6.39 1135 1938 6.35
BS2011a 22323 3025 4297 70.4% 6.37 872 1460 5.61
BS2011b 17960 2676 3644 73.4% 6.49 966 1733 5.91
TS2011a 49755 4026 5556 72.5% 6.19 748 1221 5.28
TS2011b 20139 2092 2841 73.6% 5.59 683 1045 5.00
IS2011a 22047 2666 3507 76.0% 6.55 897 1378 5.99
IS2011b 47026 2637 2990 88.2% 6.07 790 1332 5.50
GS2011 22893 1012 1365 74.1% 4.31 357 510 4.00

* 1 sequence numbers of each sample were normalized to 3400 reads using Selector.pl

in Pangea.
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Table 3: Genera observed to increase or decrease per site in each year, except for the

Gwangju 2011 samples.

) Beijin Gwangju Beijing Taiyuan Incheon Gwangju
Increase in dust 201J0 : 2010 ? 201J1 : 2013?u 2011 2011
Massilia 6276%  771% 1434%  89% 2843% 124%
Planococcus 71% 539% 99% 298% + -78%
Carnobacterium 251% 37% 105% 546% + -70%
Planomicrobium 105% + 57% 343% + -16%
Pontibacter 2258%  + 141% 53% 403% -45%
Pedobacter 1891%  296% 1514% 205% 1391% -75%
Lysobacter + + 97% 85% 88% -70%
Sanguibacter 179% + 55% 634% + -68%
Ohtaekwangia + + 268% 579% + -100%

. Beijing Gwangju Beijing Taiyuan Incheon Gwangju
Decreaseindust )10 " 2010 2011 2011 2011 2011
Escherichia 69%  95%  -56%  -89%  -97%  -70%
Shigella
Acinetobacter -82% -32% -40% -37% -72% 11%
Propionibacterium -100%  -100% -45% -69% -91% 71%
Corynebacterium  -95% -85% -24% -40% -76% 94%
Streptococcus -96% -96% -68% -67% -91% 536%

+ indicates the genus was absent in non dust samples.

124



Figure Legends.

Figure 1: Sampling sites and the locations of the two Asian deserts. The edges of

the deserts are indicated by dashed lines.

Figure 2: UPGMA clustering tree using the Bray-Curtis similarity index (97%

cutoff) among the samples. Each sample was normalized to 3400 reads.

Figure 3: The relative composition of phyla in our samples. The samples were

grouped by control samples and sandstorm samples and by sampling years.

Figure 4: Normalized principal component analysis (PCA) using phyla
composition data (a) or OTU composition data (b) generated by R. Bold letters
represent samples from 2011 and non-bold letters represent samples from 2010. PC1

and PC2 represent the two most important principal components.
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Fig. 2
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Fig. 3
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Fig. 4
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Supplementary figure 1.
Normalized principal component analysis (PCA) using phyla composition data
generated by R. Yellow points represent samples from 2011 and green points represent

samples from 2010.
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CHAPITER 1V: Bacteria in Parisian

drinking water distribution system
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IV. A. Introduction d’étude

Aprées avoir analysé la population bactérienne dans les tempétes de sable, et celles des
déserts, nous poursuivons notre objectif de recherche a I’environnement aquatique. Ce
travail est la continuation d'un travail antérieur sur 1'étude de la communauté
bactérienne dans les distributeurs d'Eau de Paris (180). En raison de la relation
importante entre la présence de micro-organismes dans 1’eau potable et la santé
publique, des études de surveillance sont effectuées. La numérotation des bactéries
hétérotrophes (HPC) a base de culture est utilisée dans le monde entier comme
parametre de qualité microbienne générale dans le traitement et la distribution de I'eau
potable; méme s’il est bien connu que seulement 0,25% a 1,6% des bactéries dans les
réseaux d'eau potable peuvent étre cultivé dans des conditions in vitro au laboratoire
(79, 110).

La méthode conventionnelle de séquengage par clonage a été utilisée dans 1'étude
antérieure révélant un taux de couverture élevé de bactéries non classées dans les
échantillons d'eau potable dans le distributeur d’Orly. Nous avons utilisé le séquencage
a haut débit au sein de la population bactérienne sur trois échantillons d'eau et trois
¢chantillons de biofilms provenant du distributeur de Paris. Le séquengage a haut débit
peut aussi nous permettre de détecter les genres pathogenes en faible quantité.

Nos échantillons ont été prélevés dans une installation de distribution d'eau située a
Orly, prés de Paris. La source de l'eau est I'eau de surface de la Seine. A l'usine de
traitement des eaux d’Orly, une ozonisation initiale est effectuée, suivie par les étapes
de coagulation / floculation / décantation apres l'injection de chlorure ferrique. L'eau est
ensuite soumise a une filtration rapide sur sable (2-8 m/h), suivie par le chlore et la
supplémentation d'acide phosphorique (180).

Nous avons suivi le flux d'eau provenant de l'usine d'Orly (DW-A) a l'entrée du
réservoir (DW-B), et a la sortie du réservoir (DW-C). Nous avons constaté une forte
variation de la communauté bactérienne, dans DW-A et DW-B, les bactéries
prédominantes appartiennent aux populations des Betaproteobacteria, puis nous avons

observé une conversion vers la population de Alphaproteobacteria dans DW-C.
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L’analyse des trois échantillons de biofilm (BF-A, BF-B et BF-C) nous a montré que
les bactéries prédominantes appartiennent aux populations des Alphaproteobacteria et
des Gammaproteobacteria. Nous avons détecté un taux trés élevé de bactéries non
classées dans le DW-A et DW-B en accord avec 1’étude antérieure. Parmi les séquences
non classifiées, plus de 90% appartenaient aux deux OTUs (97% de similarité au
niveau de séquence). Ces deux OTUs ont été signalés a plusieurs reprises dans le
systeme d'eau potable indiquant leur prévalence dans un tel environnement (180, 184).
Les relations de similitude entre les échantillons ont été montrées en utilisant des
indices de similarit¢ Morista. Le DW-C a montré une forte similitude avec un
échantillon de biofilm (BF-C), ce qui suggere l'effet important du biofilm sur la

modification des communautés bactériennes dans 1'eau lors de la distribution.
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Abstract

Using pyrosequencing-based analyses of 16S rDNA amplicons, we characterized the
bacterial communities in three water and three biofilm samples from one part of the
Parisian drinking water distribution system. The total bacterial cell concentration in the
water samples varied from 0.5 to 1.0 x 10° cells/ml. Our results showed that all samples
were dominated by members belonging to the phylum Proteobacteria, ranging from
56.0% to 96.0% of the bacterial population. A dramatic change in bacterial population
in the water during flow through the distribution of water was found. The dominant
groups were changed from members belonging to phylum Betaproteobacteria to
members belonging to phylum Alphaproteobacteria in the water leaving the reservoir.
The richness of bacteria (number of OTUs) was reduced from the water treatment plant
to the reservoir from 336 to 165 for water samples leaving the reservoir and from 947 to
275 for biofilm samples in the network. Two ubiquitous unclassified bacterial groups
were detected in water samples before entering the reservoir (22.8% and 31.5%).
Several OTUs belonging to pathogenic genera were detected in our samples, mostly in
biofilm samples, thus suggesting that the biofilms may be an important source of

bacteria during distribution to the consumers.

Key words: bacterial diversity, biofilm, drinking water system, pyrosequencing.
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Introduction

Microbiological monitoring is crucial to maintain drinking water quality and public
health. It is reported that 10 to 50% of diarrhea-associated illnesses are caused by
waterborne microbial agents not yet identified (24). Previous studies have shown that
only 0.25-1.6% of bacteria from drinking water can be cultured under laboratory
conditions (2, 13, 20, 29). The microbiological monitoring of drinking water still relies
heavily on conventional plating methods such as heterotrophic plate counts (HPC) and
selective plating for pathogens such as Escherichia coli (2). Most importantly, there are
some important waterborne pathogens (such as Pseudomonas aeruginosa or
Legionellae pneumophila) that can be present in the water distribution system, but their
presence shows no correlation with conventional indicator organism counts such as
those for E. coli (9). Water-related pathogens can find niches to be protected in water
systems by associating with biofilms or free-living amoebae, which makes their
observation with conventional microbiological techniques more difficult (9).

To overcome the bias of culture-dependant methods, culture-independent methods are
now being applied for microbial characterization, including in drinking water
distribution systems (2, 21, 26, 28). Members belonging to phyla Alphaproteobacteria,
Betaproteobacteria, and Bacteroidetes were the most reported dominant bacterial
groups in drinking water distribution systems (8, 21, 31, 32).

The evolution of the bacterial population in water during flow within the distribution
system was mostly examined during the water treatment (14, 21, 22, 25). After water
treatment, the bacterial population of the water may also shift during flow in the water
distribution network, but this has rarely been studied using non-cultivation techniques.
The biofilms on the surface of pipes in drinking water distribution systems are a niche
for bacteria (31), as the bacteria in the biofilm can be protected from antibacterial
agents (6). The biofilm bacteria can affect the bacterial population in water by their
detachment into the fluid phase. The interaction between planktonic bacteria and
biofilm bacteria has already been suggested (19).

The microbial compositions of biofilms in drinking water distribution systems with the
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major groups being detected using 454 DNA pyrosequencing included the
Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria (15, 16). The
richness levels varied from 200 to 1600 species per sample (15, 16). Moreover, the
presence of potential pathogens, including members of the Legionella, Pseudomonas,
Aeromonas, and Chromobacterium genera have been identified (21).

Here, we used pyrosequencing-based analysis of partial 16S rDNA amplicons to
characterize the bacterial communities during the distribution of water in three
locations in part of the Paris drinking water system. The water samples and biofilm
samples of one Parisian drinking water distribution system were examined and the

evolution of bacterial population during flow within the distribution was examined.
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Materials and methods

Study site

The drinking water reservoir located near the town of 1'Hay-les-Roses (GPS
coordinates: 48°46°47”N, 2°20°40”E) was built in 1969. The reservoir collects and
stores drinking water produced from the DWTP (drinking water treatment plant)
located near the town of Orly (GPS coordinates: 48°44°55”N, 2°25°26”E). The Orly
DWTP treats surface water retrieved from the Seine River. Following preozonation, the
water is processed by combined coagulation-flocculation, rapid sand filtration,
ozonation, granular activated carbon filtration, chlorination (free residual
chlorine: >0.5 mg/l after 30 min contact time), and addition of phosphoric acid (residual
concentration of at least Img/l). The distance between the Orly DWTP and the

I’Hay-les-Roses reservoir is 7 km.
Sampling and sample processing

Drinking water (DW) was sampled from the Orly DWTP (DW-A), the inlet (DW-B)
and outlet (DW-C) of the I’Hay-les-Roses reservoir (Fig. 1), on July 6, 2007. Water was
collected using sterile bottles containing sodium thiosulfate, transported on ice and
processed within 4 h after collection. Microorganisms were harvested by filtering 12
liters of water through a 0.2 um pore size nylon filter (47 mm diameter, Millipore,
France) and the filters were stored at —70°C until use.

The biofilm (BF) samples were collected on 17 July 2007 at the same location where
drinking water was sampled during the yearly draining and maintenance, before
cleaning. The biofilms were sampled from the inner surfaces of a cement-lined pipe (40
years in service) and the cement-lined walls (10 years of service) at the Orly location
(BF-A) and the 1'Hay-les-Roses reservoir (BF-B and BF-C) respectively (Fig 1). The
biofilms were detached by scraping using sterile spatulas and rinsing with sterile
deionized and filtered water. The samples were collected in 50 ml sterile
conical-bottom centrifuge tubes. The surface areas sampled ranged from 105 to 45 cm’.
The samples were transported on ice and processed within 4 h. After centrifugation at

4,000 g for 20 min at 4°C, each supernatant fluid was collected and filtered through a
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0.2 um pore size nylon filter (47 mm diameter, Millipore, France). For each biofilm
sample, the filter and pellet were stored at —70°C until use.

Nucleic acids extraction and purification

Nucleic acids from water samples were extracted from the frozen filters as previously
described (25). For the biofilm samples, the frozen filters were thawed, cut into small
strips with a sterile scalpel, transferred to centrifuge tube containing the biofilm pellets,
and vortexed in 6.75 ml of extraction buffer (100 mM Tris-HCI, pH 8, 100 mM
Na-EDTA, pH 8, 100 mM Na2HPO4, 1.5 M NaCl, 1% [wt/vol] CTAB). Following this,
autodigested Pronase (75 pg.ml™ final concentration) was added and the tube incubated
at 37°C for 2 h, with shaking. Then, 1.5 ml of 20% (wt/vol) SDS was added and
incubation continued at 65°C for a further 2 h. After centrifugation at 6,000 g at room
temperature for 20 min, the supernatant fluid was collected. The pellet was extracted
two more times with 4.5 ml of extraction buffer supplemented with 0.5 ml of 20% SDS,
followed by incubation at 65°C for 10 min. For each sample, the three supernatant
fluids were pooled and the nucleic acids extracted by the addition of 1 vol of
chloroform/isoamyl alcohol (24:1) and precipitated by the addition of 0.6 vol of
isopropanol followed by an 1 h incubation at room temperature. After centrifugation at
30,000 g for 20 min, the nucleic acid pellet was air dried and resuspended in 50 pl of 0.1
x TE (I mM Tris-HCI, pH 8, 0.125 mM Na-EDTA, pH 8). Since the biofilm sample
from the Orly location was found to contain PCR inhibitors, nucleic acids from the
filter and pellet were further extracted using the UltraClean™ Microbial DNA Isolation
Kit (MoBio, France).

All purified nucleic acids were visualized by electrophoresis through a 0.8% agarose
gel in TAE buffer (20 mM Tris-acetate pH 8, 5 mM Na-EDTA) and stored at -20°C until
use.

Bacterial tag-encoded FLX amplicon pyrosequencing (b TEFAP)

The 16S rDNA sequences were amplified from the DNA samples using the forward
primer 5’-GCCTTGCCAGCCCGCTCAGNNNNNNAGAGTTTGATCCTGGCTC

AG-3’ and the reverse primer 5’-GCCTCCCTCGCGCCATCAGNNNNNNCTGCT

GCCTYCCGTA-3". The underlined sequences represent the 454 primers and the bold
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sequences correspond to the 8F and 357R 16S rRNA gene primers, respectively. The
NNNNNN sequence designates the unique six base bar code used to tag each DNA
sample (3, 12).

The PCR reactions were carried out in 50 pl total final reaction volumes using 15 ng of
DNA template, 0.1 uM of each primer (Sigma-Aldrich, France), 0.2 mM dNTP mix
(Fermentas, France). In order to reduce PCR amplification bias (3), the DNA templates
were amplified in separate reactions with either 1.25 U Phusion DNA polymerase
(Ozyme, France) or 1.25 U Pfu DNA Polymerase (Fermentas, France) using 1X
Phusion Buffer (Ozyme, France) or 1X Pfu Buffer (Fermentas, France) respectively.
Each DNA samples were subjected from five to ten PCR reactions per DNA
polymerase to minimize single-tube amplification bias. The conditions of amplification
applied with the Phusion DNA polymerase were: 98 °C for 2 min followed by 25 or 28
cycles of 98 °C for 30 sec, 48 °C for 20 sec and 72 °C for 12 sec, and a final elongation
step at 72 °C for 5 min. The thermal conditions used with the Pfu DNA Polymerase
(Fermentas, France) were: 95 °C for 3 min followed by 35 cycles of 95 °C for 30 sec,
48 °C for 30 sec and 72 °C for 48 sec, and a final elongation step at 72 °C for 5 min. The
amplified fragments were purified using the Nucleospin Extract II Kit
(Macherey-Nagel, France) after electrophoresis through a 1% agarose gel in TAE
buffer. The PCR products from each sample were pooled and were sequenced using a
Roche 454 FLX Pyrosequencer (Microsynth, Switzerland).

Sequence processing and data analyses

The total sequences obtained after pyrosequencing were first grouped into different
samples according to the tag used. The average sequence was found to 227 nucleotides
in length, without the tags.

The sequences with < 150 nt or more than 10% nt with quality scores < 25 (equal to
99.7% accuracy) were eliminated using the tools on the Greengenes website, trim
(http://greengenes.lbl.gov/cgi-bin/nph-trim_fasta by qual.cgi) (7). Then, sequences
with more than two errors in the primer or more than one ambiguous base were
removed using the RDP pyrosequencing pipeline (http://pyro.cme.msu.edu/index.jsp).

The chimera sequences were eliminated using B2C2 (Black Box Chemera Check)
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software (11).

The remaining sequences were then classified to the genus level using RDP-II Naive
Bayesian Classifier (23, 33) with the confidence threshold set to 50%. The richness
estimated by Chaol estimator and the diversity index by Shannon index were
calculated on the RDP’s pyro site (http://pyro.cme.msu.edu/index.jsp). The numbers of
reads were normalized to 3030 reads using Select.pl of Pangea for better comparisons
among samples (10). The similarity level among the different OTUs was fixed at 97%.

The Morista similarity indices among samples were calculated using SPADE (5).
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Results

Microbial and physico-chemical parameters were measured in the three water samples
(Table 1). All six samples were also processed for 16S rDNA amplicon pyrosequencing.
Over 104,480 sequences were obtained after pyrosequencing, and 61,203 high quality
sequences were retained for further analyses.

The total bacterial cell concentration in all of the water samples varied from 0.5 to 1.0 x
10° cells/ml. We observed an increase in cell concentration from 0.53 x 10° to 1.0 x 10°
and a increase in pH of the water from 7.45 and 7.55 to 7.68 during flow from the
treatment plant to the reservoir (see Fig. 1). The active percent cell ranged from 64.71%

to 84.91% cells, measured by BacLIght staining.

Bacterial composition analyses

The sequences in each sample were assigned using the RDP classifier with a 50%
cutoff value, from the phylum to genus levels. Due to the length restriction of
sequences from pyrosequencing, a species level classification was not performed.

The bacterial community composition at the phylum and class levels for
Proteobacteria is summarized for each sample in Fig 2. In total, bacteria from 14 phyla
were detected among samples. For the biofilm samples, BF-A contained bacteria from
13 different phyla, while the other sites contained bacteria from 6 different (BF-B) and
7 different (BF-C) phyla. In the water samples, DW-A and DW-B contained bacteria
from 7 different phyla, while DW-C contained bacteria from 5 different phyla. The
common phyla detected in all samples included Proteobacteria, Firmicutes,
Bacteroidetes and Actinobacteria, with from 68.0% to 99.6% of sequences in each
sample classified as belonging to one of these four phyla. Member from other phyla
detected were grouped as ‘“rare” phyla, including Fusobacteria, Spirochaetes,
Cyanobacteria, Nitrospira, Gemmatimonadetes, Acidobacteria, Deinococcus-Thermus,
Verrucomicrobia, Planctomycetes and Chloroflexi. The percentages of bacteria
belonging to these phyla were relatively low (sum < 2% in each sample).

Members belonging to the phylum Proteobacteria were preponderant in all our

samples with their proportional abundance ranging from 56% to 96%. At the class level
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of Proteobacteria, the composition varied in the different water samples. We observed
the evolution of Proteobacteria composition of the water from DW-A to DW-C. The
predominant Proteobacteria class was the Betaproteobacteria in DW-A (53.0%) and
DW-B (35.1%). The Alphaproteobacteria increased to 70.9% of the bacterial
population in DW-C, though the Betaproteobacteria remained abundant in DW-C
(23.1%). The Proteobacteria class in the three biofilm samples also varied (Fig 2). We
note that, compared to the water samples, there was a significantly higher proportion of

Gammaproteobacteria in the biofilm samples (P = 0.04).

Unclassified sequences

Between 22.8% and 31.5% sequences were assigned to unclassified phyla in DW-A and
DW-B (Fig 2). Such a significant fraction of unclassified sequences were not detected
in the other samples DW-C (2.9%), BF-A (2.1%), BF-B (0.4%) and BF-C (0.3%).

In total, 3054 sequences were assigned to unclassified bacteria using RDP classifier.
These sequences were merged together, and clustered into OTUs at a 97% similarity
level. One representative sequence was selected from each cluster to perform BLAST
searches against Genbank. In total, 164 clusters were grouped, one dominant group
(group A) comprising 79.0% of the sequences with another group (group B) comprising
8.2% of the sequences. The rest of the clusters represented rare OTUs with less than 1%
relative abundance. The representative sequences from groups A and B had 99%-100%
similarity with the unclassified bacterial sequences reported in other drinking water

studies (26, 27).

Sequence diversity

Table 2 lists the statistical analyses data for each sample. The BF-A sample showed a
much higher diversity and richness compared to the other samples. We observed that
the number of OTUs was reduced from the Orly site to the reservoir exit (Table 2 and
Fig 3). In total, 1216 OTUs were detected among all the samples. Only 8 OTUs were
detected as present in all the samples. The rank relative abundance curves of OTUs
were merged into a DW group and a BF group in Fig S1. We observed that the samples
had few OTUs (4-15 OTUs) that contained more than 1% of the sequences. Most of the
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OTUs belonged to rare groups. For example in the sample DW-A, the 6 most abundant
OTUs represented a total of 92.3% of the sequences, while the 203 rare OTUs
represented only 7.7% of the sequences in total.

Morista’s similarity indices (34) were calculated using SPADE in order to compare the
similarity relations among the samples at the sequence level. We observed a high
similarity between DW-A and DW-B (0.841), and as well as between DW-C and BF-C
(0.909), with the lowest similarity observed between the DW-C and BF-B samples
(0.002) (Table 3).

The most abundant genera among the classifiable sequences

The sequences classifiable to the genus level were not equivalent among the samples.
Using the 10 most abundant classifiable sequences for each sample (Table 4), the
proportion of sequences classifiable to the genus level was 9.6% for DW-A, 21.4% for
DW-B, 3.2% for DW-C, 66.1% for BF-A, 86.5% for BF-B and 33.1% for BF-C. The
low level of classifiable sequences, particularly in the DW samples, suggests a high
proportional of unknown bacteria. Most of the sequences in the DW samples could not
be classified. In samples DW-A and DW-B, most sequences were clustered to
unclassified bacteria. In sample BF-A and sample DW-C, most sequences were
clustered as unclassified Rhizobiales.

We observed the genus Nevskia as one predominant genus in all three biofilm samples
and in the DW-C sample, while it did not appear in the DW-A and DW-B samples.
Members belonged to the genus Acinetobacter were present in the three water samples
and two biofilm samples. Members of the genera Burkholderia, Chryseobacterium,

Orientia were only found to be dominant in the water samples.

Potential waterborne pathogens

Members belonged to the potential pathogenic genera were detected in some of the
samples including Leptospira, Salmonella, Shigella, Legionella, Vibrio, Helicobacter,
Mycobacterium, Giardia, Aeromonas, Pseudomonas (Table 5). Most of them were

found in the BF-A sample.
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Discussion

The exploration of bacterial communities in drinking water distribution systems is
essential for public health. Using high throughput sequencing technology, our study of
the bacterial community from water and biofilm samples can provide a more accurate
information to safeguard the consumer, and thus improve our understanding of the
water distribution system. From the exit of the treatment plant to that of reservoir, we
observed a dramatic shift of bacterial population in water samples. A high similarity of
downstream water sample with the biofilm samples was observed, suggesting an
important effect of biofilm bacteria on downstream water bacteria.

The average total cell count for the drinking water samples was 3 x 10°cells/ml (8). The
BacLight kit was used to detect the live/dead cells in current work, and the cell
concentrations observed (0.52 x 10°-1.0 x10°cells/ml) in three water samples showed a
similar level with previous results (2).

The percentage of the live bacteria in samples can be between 50 and 84% of the total
bacteria in the effluents, depending on the type of treatment processes used for drinking
water (14). For drinking water samples obtained from a tap in Germany, the fraction of
membrane intact cells counted microscopically accounted for 53%=+ 6% of the total
bacteria (17). In non-chlorinated household tap water collected in Switzerland, 62% of
intact cells were observed (2). In this study, the active bacterial numbers ranged from
64.71% to 84.91%.

The richness estimated by Chaol in each sample was dramatically reduced when we
normalized the number of reads to 3030 sequences. It appears that 3030 reads in these
samples is not enough for a complete richness estimation, thus suggesting more reads
are necessary for an accurate estimation of total bacterial richness in our samples
(Table 2).

Bacterial communities throughout the drinking water distribution system can differ
drastically from source water to tap water (8). We observed a large difference among
the samples after water treatment. Similarly with many previous drinking water studies,

members of the phylum Proteobacteria were reported as the dominant group in
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drinking water (2, 17, 28). We observed a proportional increase of Alphaproteobacteria
and a proportional decrease of the unclassified bacteria from DW-A to DW-C.
Similarly, members of Betaproteobacteria have been reported as dominant bacterial
group in raw surface water before water treatment. Members of Alphaproteobacteria
was detected as a dominant group in the downstream water treatment area (21). The
large proportion of Gammaproteobacteria in biofilm samples was not detected in the
DW-C sample. During a bacterial live/dead status research in drinking water, the
largest percentage of dead phylotypes (i.e. no cells detected in the live sorted fraction)
was observed for the Gammaproteobacteria (38%) suggesting that the
Gammaproteobacteria survive better in biofilms which can protect them from
disinfection agents, as they are normally sensitive to disinfection stress (17).

The genus Nevskia was detected as a predomintant genus in all three biofilm samples.
The abundance of Nevskia in biofilms of drinking water distribution systems has been
previously reported (18, 30), but rarely reported in drinking water samples. One
hypothesis is that members of Nevskia may not withstand disinfection stress.

The high similarity between the DW-C and BF-C samples suggests that the biofilms
play a important role in influencing the final tap water bacterial community, and the
bacteria in water from the outlet of the reservoir could significantly differ from the
bacteria in water from the inlet of reservoir. The detachment of biofilms further can
contribute to compliance failures and impact water quality (4).

We observed a decrease of OTUs number from the DW-A to DW-C. The percentage of
culturable bacteria in the bulk water also decreased as residence times increased (30).
Our results confirm that longer times in disinfection agents for bacteria can decrease the
richness of bacterial diversity. The BF-B and BF-C samples had comparable OTUs
numbers with previous biofilm water meters studies (133 and 208 OTUs) (15). The
bacterial richness for samples after water treatment were much less than one previous
pilot-scale study for bacterial diversity in raw water, membrane tank particulate matter,
and membrane biofilm (over 1100 OTUs) using pyrosequencing (21).

Similar groups of unclassified bacteria (at least two subgroups) have been reported as a

significant fraction of the bacterial populations in drinking water systems (21, 26, 27).
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As they were only detected in the drinking water system, we suggest that that they
represent an important group of bacteria that can survive under disinfection stress.

The potential pathogens were mostly detected in BF-A which had the highest diversity
and richness compared with the other samples. This sample was taken at the exit of the
treatment plant. More efforts are required to avoid the biofilm formation in this location

in order to better control the pathogens.
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Figures and Tables

Table 1: Sampling condition data and cell number in the three water samples. The cell
numbers were counted by BacLight kit'™ , results here were the average means from

ten replicats for each sample.

DW-A DW-B DW-C
pH 7.45 7.55 7.68
Turbidity (NFU), 0.02 0.03 0.04
Free chlorine (mg/1) 0.66 0.60 0.48
Total chlorine (mg/1) 0.73 0.74 0.57
Live cells/ml 4.50E+04  4.40E+04  6.70E+04
Dead cells/ml 8.60E+03  2.40E+04  3.30E+04
Total cells/ml 536E+04  6.80E+04  1.00E+05
% live cells 84.91% 64.71% 67.00%

o FNU: Formazin Nephelometric Units
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Table 2: Sequence data analyses. The bacterial population richness was estimated using

Chao 1 estimator.

Sample Sequence Raw data Normalised to 3030 sequences

Number OTUs Chaol Shannonindex  OTUs Chaol Shannon index
DW-A 6686 195 336 1.88 137 276 1.98
DW-B 3030 127 201 241 127 201 241
DW-C 13493 100 165 1.11 44 58 1.01
BF-A 3398 671 947 5.56 641 915 5.54
BF-B 22653 284 463 2.92 84 151 2.36
BF-C 11943 162 275 1.46 84 147 1.32
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Table 3: Morista’s similarity indices among samples, they were calculated by SPADE.

The values in parentheses were calculated by normalized data. The two higest

similarity indices values are in bold.

DW-A DW-B DW-C BF-A BF-B BF-C
DW-A 1

DW-B | 0.841(0.842) 1

DW-C | 0.274(0.231) 0.202(0.168) 1

BF-A | 0.036(0.038) 0.073(0.063) 0.025(0.023) 1

BF-B | 0.002(0.002) 0.004(0.003) 0.203(0.268) 0.049(0.041) 1

BF-C | 0.004(0.002) 0.005(0.005) 0.909(0.933) 0.025(0.023) 0.236(0.301) 1
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Table 4: The 10 genera that contained the most relative abundant bacteria in each sample. The values in parentheses showed the % of sequences

which could be classified to the genus level. The genera in bold were genera appeared more than once.

DW-A (9.5%)

DW-B (21.4%)

DW-C (3.2%)

BF-A (66.1%)

BF-B (86.4%)

BF-C (33.0%)

Bacillus
Chryseobacterium
Nitrospira
Orientia
Undibacterium
Flavobacterium
Ideonella
Acinetobacter
Burkholderia

Bdellovibrio

5.325%
0.838%
0.568%
0.329%
0.314%
0.269%
0.224%
0.150%
0.120%
0.105%

Acinetobacter
Undibacterium
Comamonas
Acidovorax
Chryseobacterium
Burkholderia
Cloacibacterium
Bacillus
Stenotrophomonas

Sphingomonas

8.812%
1.947%
1.287%
0.759%
0.627%
0.627%
0.561%
0.561%
0.462%
0.429%

Hyphomicrobium
Acinetobacter
Bacillus
Undibacterium
Orientia

Nevskia
Burkholderia
Brevundimonas
Delftia

Sphingobium

1.141%
0.371%
0.371%
0.163%
0.126%
0.119%
0.111%
0.104%
0.104%
0.082%

Acinetobacter
Flavobacterium
Limnohabitans
Pseudomonas
Herminiimonas
Bacillus
Sphingomonas
Nevskia
Comamonas

Methylotenera

9.594%
6.062%
3.796%
3.620%
3.031%
2.972%
1.560%
1.501%
1.413%
1.324%

Nevskia
Undibacterium
Methylibium
Cellvibrio
Sphingopyxis
Pseudomonas
Flavobacterium
Brevundimonas
Dongia

Rugamonas

38.397%
8.657%
7.518%
7.067%
6.644%
3.982%
1.404%
1.232%
1.192%
0.998%

Nevskia
Streptococcus
Hyphomicrobium
Sphingopyxis
Methylibium
Acinetobacter
Nitrospira
Sphingobium
Sphingomonas

Naxibacter

20.91%
2.45%
2.25%
1.58%
0.84%
0.65%
0.59%
0.56%
0.35%
0.29%
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Table 5: The members belonged to potential pathogenic genera were detected in

samples. The values showed the percentage of sequence in each sample.

Genus DX]' DW-B  DW-C BF-A BF-B BF-C
Leptospira 0 0 0 0.09% 0 0
Salmonella 0 0 0.01% 0 0 0

Escherichia/Shigella 0 0.40%  0.06% 0.09% 0 0

Legionella 0 0 0.01% 0.35%  0.09% 0
Vibrio 0 0 0 0.06% 0 0.03%

Helicobacter 0 0 0 0.03% 0 0
Mycobacterium 0.07% 0 0.01% 0.06% 0.53% 0.10%

Aeromonas 0.03% 0 0.01% 0.26% 0 0
Pseudomonas 0.09% 0.20% 0.01% 3.62% 3.98% 0.15%
Total 0.19% 0.59% 0.12% 4.56% 4.60% 0.28%

155



Figure legends

Figure 1: Sampling positions in Orly drinking water distribution system (DWDS).
DW= Drinking water, BF=Biofilm. DW-A and biofilm sample BF-A were taken after
the Orly treatment plant, DW-B was taken in the inlet of reservoir, DW-C was taken in
outlet of reservoir. BF-B was taken in the reservoir near the inlet, BF-C was taken in the

reservoir near the outlet.

Figure 2: Bacterial composition in our samples. a.The composition of phyla in our

samples. b. The composition of class in phyla Proteobacteria in our samples.

Figure 3: Rarefaction curves in each sample. 3030 sequences were used to perform

the rarefaction curve in each sample.

156



Fig. 1

Orly

water
treatment

plant

Reservoir

157



Fig. 2
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Fig. 3
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CHAPITER V: General discussion and

Future perspectives
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High-throughput sequencing, in our case pyrosequencing, is a powerful technology
that has been applied to several oligotrophic environments (88, 134, 218). During the
course of my thesis, we used 16S rDNA amplicon pyrosequencing from samples from
three different oligotrophic environments: the surface sand of Asian deserts, the sand
and dust of sandstorms that fell in several Asian cities, and samples from Paris’s water
distribution system, in order to reveal the level of their bacterial diversity.

The first task of my thesis was to be able to prepare quality DNA for pyrosequencing

from these oligotrophic environments.

V. A. DNA extraction from oligotrophic environments

Our aim was to be able to extract sufficient quantities DNA from environments with
low organic matter content and other stresses for microbial (and DNA) survival
including high iron content in sand causing free radical formation and DNA
degradation. The bacteria on the surface sand of deserts and sandstorm samples were
also under sources of stress including UV exposure, desiccation and high temperature
variations (72), while bacteria from drinking water distribution systems were under
stress, from chlorine exposure. In order to survive in oligotrophic environments, some
bacteria may form spores with enhanced resistance to environmental stress, making
their DNA isolation an extra challenge. We therefore applied the DNA extraction
method of Zhou et al. (242) with a added pre-incubation step using 1/4 Tryptic Soy
Broth to rehydrate bacteria while minimizing nutrient shock (183) to improve the
efficacy of DNA extraction. Our protocol allowed us to detect from 649 to 4026 OTUs
in dust samples, even though only 0.5 g to 2 g of sand was collected, as it is a challenge

to obtain large samples from such samples.

V. B. Partial 16S rDNA sequencing

Pyrosequencing technology allows fast, qualitative and quantitative DNA analyses
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without cloning steps, and is therefore less laborious and costly than classical Sanger
DNA sequencing. The application of 16S rDNA amplicon pyrosequencing in
oligotrophic environments makes it possible to detect their microbial community
structures. The large number of obtained DNA sequences also allows the detection of
more rare species than possible using conventional Sanger DNA sequencing techniques
(52).

For pyrosequencing of 16S rDNA amplicons, we amplified the hypervariable V1V2
regions of 16S rDNA  when using the 250nt ‘Gold’ DNA sequencing technology or
the hypervariable V1V2V3 regions of 16S rDNA when using the 400nt ‘Titanium’
sequencing. Hypervariable 16S region rDNA sequencing is considered an effective
means for assigning bacterial taxonomy and provides great advantages over traditional
microbial cultivation sampling and Sanger DNA sequencing. Using Global Alignment
for Sequence Taxonomy (GAST), the hypervariable region can map to the same
taxonomic unit as a full length sequence with a > 99% correlation rate for commonly
studied environments such as the human microbiome, and >96% for less commonly
studied environments such as deep-sea vents (91). The V2 region was reported to
provide the maximum accuracy for phylogenetic determination using RDP classifier
(223). The V1V2 and V3 regions were recommended by Liu et al. (2008) for assigning
taxonomy (132). Using 16S rDNA amplicon pyrosequencing greatly enhances projects
exploring the bacterial composition, diversity, and distribution of microbial populations
(75,87, 116). Youssef et al. (2009) reported that the V1V2 regions can overestimate the
bacterial richness in samples, but the biases were slight when a 3% taxonomic cutoff
was applied (240).

The advantage of hypervariable region sequencing is that it can use massively-parallel
pyrosequencing, sampling to depths several orders of magnitude greater than
previously achieved, and facilitating the exploration of the vast diversity of microbial
populations and the rare biosphere (91). However, Sanger sequencing is still widely

used for deep identification of bacteria with less massive quantities (normally for
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hundreds of sequences), as longer sequences (such as full length 16S rDNA) can be
obtained with a very inexpensive price per run.

Other genes, RNA, proteins, lipids or polysaccharides are sometimes used to detect
microbial groups (10, 58). These molecules can not be used easily 16S rDNA to define
new species due to cost plus the fact that the levels of resolution are not as high as for
16S rDNA. They are often used for known bacterial detection, and therefore rarely
applied in oligotrophic environment studies where many unknown bacteria may be

found.

V. C. Comparaison of high-throughput sequencing

technology

The limit of sequence length is considered a weak point when comparing NGS with
traditional (Sanger) sequencing. Common limiting factors include the degrading
effects of lasers on DNA and enzymes used in sequencing, and the effects of cyclical
washes, which slowly reduce the amount of DNA that can be sequenced. The phasing
problem limits read length as well. This problem occurs because some of the
molecules are not incorporated during one or more of the cycles. These errors build up
cumulatively throughout the cycles. The technology providers are constantly
improving protocols and reagent mixtures to increase read lengths (139). Among the
most famous high-throughput sequencing technologies, including Roche (454)
pyrosequencing, Illumina (Solexa) and ABI SOLIiD, pyrosequencing is considered the
most suitable for alignment, since it can provide the longest read lengths. Currently,
400 nt of sequence can be obtained by pyrosequencing, while only 100 nt of sequence
can be obtained by Illumina (Solexa) and 50 nt by ABI SOLiD. The Illumina and ABI
machines can yield 50 gb per run, while pyrosequencing can yield only 0.5 gb per run
(107).

Besides the longer reads, the 454 pyrosequencing platform is prone to indel errors near

runs of multiple nucleotides (homopolymers). On the positive side, the substitution
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error rate is very low (68).

A unique advantage of the ABI SOLiD platform is its di-base encoding scheme, in
which each base is effectively called twice in a sequencing read. The availability of two
calls per base makes it possible to distinguish between sequencing errors and true
variation, thereby improving the overall accuracy of reads from this platform (107).
Recent developments of benchtop next-generation sequencers will allow the
application of personal genome machine (PGM) on NGS in the near future becoming
routine in laboratories (222). Three benchtop high-throughput sequencing instruments
are now available including the 454 GS Junior (Roche, 2010), MiSeq (Illumina, 2011)
and Ion Torrent PGM (Life Technologies, 2011). They are small and offer modest
set-up and running costs (135). The 454 GS Junior continues to generate the longest
reads (up to 600 nt) among the three instruments making it a best choise for
population diversity studies, while the other two instruments generate about 100 nt but
at higher throughput. It is worthy to note that the 454 GS Junior produces also
homopolymer-associated indel errors (0.38 errors per 100 bases).

The SMRT sequencing (PacBio RS, 2011) can sequence up to 3000 nt with 75,000
sequences per SMRT cell. With such long reads, it aims to fully characterize genetic

complexity (35).
V. D. Bacterial viability

When total DNA is extracted from a sample, it is possible that the DNA of dead cells is
also collected. Due to the persistence of DNA in the environment after cells have lost
their viability, DNA-based quantification methods can overestimate the number of
(viable) cells in mixed populations, or even lead to false-positive results in the absence
of viable cells (165). The distinction between viable and dead bacterial cells poses a
major challenge in microbial community studies. One solution is the application of
RNA-based sequencing technology such as Reverse transcription polymerase chain

reaction (RT-PCR) to detect only live bacteria (152). Besides RNA-based sequencing,
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another promising and easy-to-use method uses the ethidium monoazide bromide
(EMA) treatment, which can penetrate only into dead cells and thus inhibit the
amplification of DNA from dead cells (165). FISH/CARD-FISH can be used for

microscopic differentiation to reveal the in situ bacterial community (230).

V. E. Importance of detection of rare members in

oligotrophic environments

Due to the relatively small size of many Sanger-type culture-independent sequencing
surveys, a detailed phylogenetic analysis of rare members of a bacterial community is
lacking (52). Pyrosequencing can offer up to 4,000,000 sequences per run, other
methods even more than that, making the detection of low abundance sequences
possible. The greater sampling depth afforded by pyrosequencing uncovers not only the
dominant microbial species, but many more members of the ‘rare biosphere’ (91).

Rare species have been reported to be important in oligotrophic environments (52, 63,
86, 206). Previous studies showed that community functioning following an
environmental perturbation can depend on the presence of rare (as well as abundant)
species in oligotrophic environments (206). The detection of rare species (OTUs) can
provide clues regarding the origins and potential ecological roles of members of the
rare biosphere (52). In the microbial biosphere study of the Arctic Ocean, Galan et al.
(2009) concluded that the tremendous diversity of the rare biosphere is likely subject to
ecological processes such as selection, speciation, and extinction (63). The members of
the rare biosphere may act to form a seedbank that provide the genetic potential to
respond to dramatic ecosystem changes (86), and thus any rare species may become a

dominant species in the future.

V. F. Pathogen detection

The oligotrophic environments we examined have been implicated in human and
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environmental health, and we noted potentially pathogenic members of genera in a
water distribution system, in duststorm samples. The presence of pathogens in these
environments may yield a potential health threat for humans, and therefore require
more attention. The detection of pathogens by pyrosequencing at the genus level has
been previously reported (22). DNA pyrosequencing-based bacterial identification can
be a valuable tool that markedly improves bacterial pathogen identification (138), and
can be applied to other (than 16S rDNA) gene sequences offering a better identification

for pathogens (10, 220).

V. G. Deeper identification of unclassified bacteria

During our study, we detected a significant fraction of unclassified bacteria in desert
and water samples which showed that there are still many unknown bacteria remaining
to be characterized in oligotrophic environments. Almost all the unclassified sequences
can be assigned to specific groups in Genbank with a high similarity (97%) by BLAST.
These results indicated that many of these unclassified bacteria are ubiquitous, and thus
worthy of further characterization. Others were often detected in oligotrophic
environments and, because less data is found for them in public databases, leads to a
lower level of taxonomic characterization of them (91).

Due to the sequence length limit of pyrosequencing, we may, in the future, amplify and
sequence the 16S rDNA in two or three steps. This means for the same samples, we can
perform two or three series of PCR reactions using different pairs of primers in order to
amplify two or three amplicons for each 16S rDNA. The amplicons should contain
overlapping regions to facilitate final 16S rDNA gene assembly. For example, a first
primer pair for the V1 to V3 region, a second primer pair for the V3 to V6 region and
the third pair primer for the V6 toV9 region. Assembly of short regions can provide the
longer sequences more accurate by bacterial identification. However this would require

more complex bioinformatic approaches (Fig 9). It will also show primer pair biases.
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Figure 9: The schematic presentation of multiregion pyrosequencing for bacterial

identification.

As the technology continues to improve, yielding greater read counts and longer
sequences, NGS will provide even greater opportunities for sequencing, such as the use
of longer hypervariable regions or combinations of variable regions, and ever-greater

sampling depth (91).

V. H. Bioinformatics for high-throughput sequencing

analyses

Next generation sequencing is revolutionizing biology. The development of
bioinformatic applications for high-throughput sequence analyses is urgent and
challenging. Over the past few years, the major challenge associated with
environmental genome studies has shifted from generating sequences to analyzing
them (187).

During my thesis, we mainly used web-based tools such as RDPII, Greengenes, Ade4
of software R, since local analyses would require very powerful computer facilities.

Different analysis tools are often used in different studies, making comparison among
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different studies difficult. User friendly bioinformatic tools for each kind of
high-throughput analysis are required. For any high throughput sequence data, a series
of bioinformatic tools can be used for different analyses in order to extract as much
information as possible. RDP’s pyro and Mothur (192) are the two most used analysis

tools for such studies.

RDP’s pyro is an online web server which is provided by the Ribosome database projet
(RDP) team. The Ribosomal Database Project (RDP-II) provides the research
community with aligned and annotated rRNA gene sequences, along with analysis
services and a phylogenetically consistent taxonomic framework for these data.
Updated monthly, these services are made available through the RDP-II website
(http://rdp.cme.msu.edu/). RDP-II release 10.29 (June 1, 2012) contains 2,319,039
bacterial small subunit rfRNA gene sequences in aligned and annotated format.
High-throughput tools for initial taxonomic placement, identification of related
sequences, probe and primer testing, data navigation and subalignment download are
provided (37). The RDP’s pyro site is widely used, as its article (37) has been cited 808

times as of 16 July 2012.

Mothur is program that requires downloading by the user. The mothur project was
initiated by Dr. Patrick Schloss and his software development team in the Department
of Microbiology & Immunology at The University of Michigan. This project seeks to
develop a single piece of open-source, expandable software to fill the bioinformatics
needs of the microbial ecology community. The first version was released in February
2009, which had accelerated versions of the popular DOTUR and SONS programs.
Since then, they have added the functionality of a number of other popular tools
including s-libshuff, TreeClimber (i.e. the parsimony test), UniFrac, distance
calculation, visualization tools, a NAST-based aligner, and many other features. Their
current goal is to release a new iteration of the project monthly (192). Their article has

been cited 673 times as of 16 July 2012.
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V. L. Diversity indices accuracy

In our work, we used the Chaol estimator for bacterial richness estimation and
Shannon diversity index for bacterial diversity analyses. With the improvement of
sequences reads per sample, diversity analyses have been largely improved by
high-throughput sequencing technology comparing with traditional (Sanger)
sequencing technology.

Gihring et al. (2012) reiterated the need to equalize the number of reads being
compared across libraries (67). The Chao 1 estimator and Shannon diversity index are
dependent on sample size (31, 196). The application of Chao 1, which is based on the
ratio of singleton to doubleton OTUs (31), suggests that in order to avoid bias due to
artefactual singletons, we should use high strict sequence quality control parameters

(92), and a 3% similarity level clustering (111).

V. J. Microbial communities in oligotrophic

environments

Once the bacterial community structure is revealed, there are many interesting research

directions to continue to analyse (summary in Fig. 10):

» selected bacterial groups for further study, such as the dominant groups: members
of the phyla Firmicutes and Proteobacteria in deserts, members of the genus
Massilia in Asian sandstorms, and members of the phylum Proteobacteria in
DWDS. We can combine in situ techniques such as FISH to quantify them and test
their live statut (66, 169, 171).

» functional analyses: under such extreme conditions, it will be interesting to study
how bacterial members can survive, and what special characters they have to
becoming thermostable (128), radiation-resistant (126), alkalitolerant (127) or
disinfectant-resistant (154, 213). In order to study their metabolism, we need to

isolate the bacteria and grow them in culture if possible (and RNA). Further
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genomic DNA sequencing should be performed to find interesting genes
alternatively, direct extraction of proteins, if we can obtain large quantities of
isolated cells, are needed in order to characterize the proteins.

the other microbial (Archeae, virus and eukaryotic microbe) members of the
communities in oligotrophic environments (21, 29, 40). We can use universal
Archaeal primer to amplify the DNA of Archeae, and characterize their taxonomic
composition. It is important to note that the Archeae normally detected in extreme
environments are difficult for DNA extraction. Therefore, the revelation of the
Archaeal population composition is more difficult than for Bacteria (8, 234). Virus
populations can be explored by random PCR, but the analysis of high-throughput
sequencing is a challenge (53, 114). The use of 18S rDNA PCR sequencing for

eukaryotic microbial community analyses is available (25, 84).

Functional _ Future research ‘ Specie level

analyses directions Identification

How the bacterial
can survive in

Selected bacterial
groups: dominant

oligotrophic
environmentas.

groups, pathogens,
core microbiome.

Other microbial
communities

Virus: random PCR (ABC PCR),

Archaea: 16S rDNA primers,
Fungi:18S rDNA primers.

Figure 10: Future research directions after the characterization of bacterial

populations in oligotrophic environments.
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Abstract

Oligotrophic ecosystems can be loosely defined as environments that exhibit low
ambient nutrient levels. During my thesis, I used 454 DNA pyrosequencing of partial
16S rDNA to explore the bacterial diversity in three different oligotrophic
environments, including A. surface desert soil, B. Asian sandstorm dust and C. a
section of the city of Paris’s drinking water distribution system.

A. Arid regions represent nearly 30% of the Earth’s terrestrial surface. The
living conditions at the surface of deserts are a challenge for microorganisms, as there
is little available water and/or carbon, a very large range of temperatures and high
exposure to UV irradiation from the Sun. In surface sand samples from two large
Asian deserts, unexpectedly large bacterial diversity residing was revealed. Sequences
belonging to the Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria phyla
were the most abundant. An increase in phylotype numbers with increasing C/N ratio
was noted, suggesting a possible role in the bacterial richness of these desert sand
environments.

B. Desert sandstorms are a meteorological phenomenon which have been
postulated affect the Earth's climate and public health. We examined the
particle-associated (dust and sand-associated) bacterial populations of atmospheric
sand in the absence (as control) and presence of sandstorms in five Asian cities.
Greater than 90% of the sequences can be classified as representing bacteria
belonging to four phyla: Proteobacteria, Bacteriodetes, Actinobacteria and
Firmicutes. Principal component analyses showed that the sandstorm-associated
bacterial populations were clustered by sampling year, rather than location. Members
belonging to nine bacterial genera (Massilia, Planococcus, Carnobacterium,
Planomicrobium, Pontibacter, Pedobacter, Lysobacter, Sanguibacter, Ohtaekwangia)
were observed to increase in sand-associated samples from sandstorms, versus the
controls.

C. We characterized the bacterial communities in three water and three biofilm
samples from one part of the Parisian drinking water distribution system. A dramatic
change in bacterial population in the water during flow through the distribution
system from the water treatment plant to the exit from the reservoir was found. The
richness of the bacterial population was reduced from the water treatment plant to the
reservoir (from 336 to 165 OTUs for water samples leaving the reservoir and from
947 to 275 for biofilm samples in the network). Several OTUs belonging to
pathogenic genera were detected in our samples, mostly in the biofilm samples, thus
suggesting that the biofilms may be an important source of bacteria during water
distribution to the consumers.

Key words: Oligotrophic environment, Bacterial diversity, Asian desert, Asian

sandstorm, Drinking water distribution system, Pyrosequencing.
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Résumé

Les milieux oligotrophes sont pauvres en €léments nutritifs. En utilisant la technologie
de séquencage a haut débit, on a ¢étudié la diversité bactérienne dans trois
environnements oligotrophes différents, y compris A. sables du désert, B. sables dans
les tempétes de 1'Asie et C. I’eau et biofilms dans les réseaux de distribution d'eau
potable.

A. Le désert représente 30% de la surface de la terre. Les conditions de vie dans ces
environnements sont un réel défi pour les micro-organismes a cause de nombreux
facteurs limitants : peu d’eau et/ou de carbone disponible, une variation importante de
température et une forte exposition aux irradiations UV. Le but de cette recherche est
donc d’étudier la diversité bactérienne a la surface du sable du désert Taklemaken et du
désert de Gobi en utilisant la technologie de séquencage a haut débit. Nos résultats ont
révélé une grande diversité bactérienne dans le sol du désert comparable a d'autres
types de sols. En outre, nous avons observé une corrélation positive entre la richesse
bactérienne et le rapport C/N du sol.

B. Les tempétes de sable d'Asie se produisent presque toujours au printemps, elles sont
générées dans les régions arides d'Asie telles que le désert Taklamaken et le désert de
Gobi. L'arrivée des tempétes de sable pourrait largement modifier l'environnement de
l'air dans ces régions sous I’effet du vent, surtout dans les villes asiatiques qui sont le
plus souvent touchées. Nos travaux visent a étudier la modification de la composition et
la diversité des bactéries associées aux particules au moment de tempéte de sable en
Asie par la technologie de séquencage a haut débit. Nos résultats ont démontré que les
compositions des bactéries associées aux particules sont modifiées pendant les
tempétes, en particulier, la proportion des Proteobacteria qui augmentent les jours de
tempéte. Nous avons signalé neuf genres bactériens détectés en plus pendant les jours
de tempétes, cela nécessite des études plus approfondies.

C. Aprés avoir analys¢ la population bactérienne dans les tempétes de sable, et celles
des déserts, nous poursuivons notre objectif de recherche a un environnement aquatique.
Nous avons suivi le flux d'eau provenant de l'usine d'Orly (DW-A) a l'entrée du
réservoir (DW-B), et a la sortie du réservoir (DW-C). Nous avons constaté une forte
variation de la communauté bactérienne, dans DW-A et DW-B, les bactéries
prédominantes appartiennent aux populations des Betaproteobacteria, puis nous avons
observé une conversion vers la population de Alphaproteobacteria dans DW-C. Le
DW-C a montré une forte similitude avec un échantillon de biofilm (BF-C), ce qui
suggere l'effet important du biofilm sur la modification des communautés bactériennes
dans I'eau lors de la distribution.

Mots clés: Milieux oligotrophes, la diversité bactérienne, déserts d’Asie, Tempétes de
sable, Réseaux de ditribution d’eau potable, Pyroséquengage.
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