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Abstract
Analyzing human as well as animal microbiota composition has gained growing interest because structural components and
metabolites of microorganisms fundamentally influence all aspects of host physiology. Originally dominated by culture-
dependent methods for exploring these ecosystems, the development of molecular techniques such as high throughput
sequencing has dramatically increased our knowledge. Because many studies of the microbiota are based on the bacterial 16S
ribosomal RNA (rRNA) gene targets, they can, at least in principle, be compared to determine the role of the microbiome
composition for developmental processes, host metabolism, and physiology as well as different diseases. In our review, wewill
summarize differences and pitfalls in current experimental protocols, including all steps from nucleic acid extraction to
bioinformatical analysis whichmay produce variation that outweighs subtle biological differences. Future developments, such
as integration of metabolomic, transcriptomic, and metagenomic data sets and standardization of the procedures, will be
discussed.
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Introduction
Historically, the focus of research on microbial interactions with
humans was set on single pathogenic organisms. Studies of col-
onizing, nonpathogenic microbes in the body as a whole were of
minor interest because these organisms were thought to be be-
nign, unlikely to have effects on human health like their patho-
genic counterparts. The analyses of microbiomes have led to
new interest in the communities of nonpathogenic microbes re-
siding in distinct niches of the human body. Describing, ranking,
and functional assignment of these organisms to shed light on a
specificmicrobiome and to finally benefit from the knowledge at-
tracts extensive attention.

Following the seminal invention of plating techniques
by Robert Koch in 1881, microbiology was entirely culture

dependent throughout a century, requiring an established and
proven protocol for growth of an organism to be analyzed as a pre-
condition. Members of an unknown microbial community were
identified by stains like Gram that used physiological or biochem-
ical properties. This approach limited the range of detectable or-
ganisms to those that would proliferate in the setting of actual
laboratory culture conditions which necessarily favored easily
growing, aerobic organisms such as Escherichia coli. However, this
bacterial genus accounts for approximately only 0.1% of the
microbes inhabiting the average human intestine, whereas the
majority of microbial species could never have been cultured,
studied, or quantified in a laboratory.

Great progresswasmade by the advent of DNA-based culture-
independent methods in the 1980s. The basic principle of this
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methodology is to analyze the DNA extracted directly from a
sample derived from the site of interest, in contrast to harvesting
the bacterial DNA from in vitro isolated pure cultures. By doing
this, researchers received a key tool to investigate several aspects
of microbial communities (e.g., taxonomic composition and
functionalmetagenomics) and (theoretically) to deduce potential
biological tasks carried out by a community as a whole.

The earliest DNA-based methods probed extracted DNA of a
microbial community for genes of interest by using fluorescent
in situ hybridization (FISH), in which fluorescently labeled,
specific oligonucleotide probes for marker genes are hybridized
to the DNA (Amann et al. 1995). Alternatively, specific genes
were amplified by polymerase chain reaction (PCR), cloned in
Escherichia coli and subsequently sequenced (Ward et al. 1990).
Although DNA sequencing techniques such as Sanger sequenc-
ing have been available since themid-1970s (Sanger and Coulson
1975; Sanger et al. 1977), this traditional sequencing method
was quite expensive and too time consuming for extensive use.
Like FISH, sequencing of cloned fragments represents primarily
a low-throughput technology and cannot deliver exhaustive
insight into microbial diversity.

For more than 30 years, culture-independent microbial pro-
filing has been based on the sequencing of a very important
and convenient gene, the 16S ribosomal RNA (rRNA) gene
(Olsen et al. 1986). In bacteria, the three rRNA molecules are ge-
netically organized in a ribosome operon and primarily tran-
scribed as a single 30S rRNA precursor that is subsequently
cleaved by RNase III into 16S, 23S, and 5S rRNA subunits (Schles-
singer et al. 1974). Operon size, sequences, and secondary struc-
tures of these three rRNA genes are conserved within a bacterial
species (Maidak et al. 1997). The application of this gene for the
assessment of bacterial taxa and their relationships was intro-
duced by Carl Woese and colleagues in the late 1970s (Woese
and Fox 1977) when it was shown principally that phylogenetic
trees could be identified by comparing relatively stable parts of
the genome (e.g., the 16S rRNA gene, which is one of several po-
tentialmarker genes found in all bacteria and archaea). The alter-
nating organization of the 16S rRNA gene featuring highly
conserved and hypervariable sequences offers the advantage to
employ universal PCR primers matching to constant sections in
order to produce amplicons spanning discriminative regions.
These regions reveal a sufficient interspecies variability and may
be aligned to known sequences in reference databases to trackmi-
crobial ecology and evolution (Yarza et al. 2014). Molecular rRNA-
based microbial ecology dates back to 1990, when, for the first
time, clone libraries of 16S rRNA genes from environmental
bacteria (natural populations of Sargasso Sea picoplankton)
were directly amplified and sequenced by the Sanger method
(Giovannoni et al. 1990). This procedure represented a break-
through that permanently changed the way prokaryotes in the
environment were analyzed. Indeed, environmentalmetagenom-
ic research provided basic tools and preceded application to the
human and mouse body (Stein et al. 1996; Vergin et al. 1998).

About one decade later, in 2005, the revolutionary technology
of high throughput (synonymously used term: “next-generation”)
sequencing was introduced (Metzker 2005), exhibiting substan-
tial advances over the Sanger method in terms of ease and cost
of sequencing, as complete bacterial genome sequences could
be assayed and dissected in hours or days rather than months
or years. To investigate microbial communities efficiently and
completely (i.e., to detect all members including the least abun-
dant), deep sampling and high throughput DNA sequencing
are the approaches of choice at present, probably in combination
with other genome-wide analyses such as transcriptomics,

proteomics, or metabolomics. In this way, sequencing the DNA
of an entire sample originating from the environment or an indi-
vidual organism was definitely becoming economically feasible
for numerous scientific institutions.

Shortly after invention of high throughput sequencing, cen-
trally controlled, large-dimensioned research programs were ini-
tiated and performed by consortia of scientists mainly from the
United States, but also fromEurope and other regions throughout
the world. Seminal works in this regard have been the Metage-
nomics of the Human Intestinal Tract (MetaHIT) project and the
Human Microbiome Project (HMP). The MetaHIT was founded in
2008 and aimed to sequence themicrobial genomes of fecal sam-
ples derived from both diseased (inflammatory bowel disease
and obesity) and healthy individuals (Arumugam et al. 2011; Le
Chatelier et al. 2013; Li et al. 2014; Qin et al. 2010). The budget of
the 4.5-year-project comprised EUR 22 Mio. and was financed at
roughly 50% by the European Union. The HMP is a U.S. National
Institutes of Health initiative, running between 2008 and 2013
and endowedwith U.S. $115Mio., with the objective to character-
ize the diversity of themicrobiota sampled at multiple body sites
exclusively in healthy humans (Huttenhower et al. 2012; Methé
et al. 2012; Peterson et al. 2009; Weinstock 2012). Results are of
special interest for future comparison analyses because they
catalog the average composition of the gut microbiota from
hundreds of apparently healthy individuals, thus serving as a
valuable reference.

A series of currently emerging sequencing techniques, sum-
marized by the term “third-generation sequencing,” is based on
single-molecule real-time analyses. The PacBio RS II system
(Pacific Biosciences) and the MinION nanopore device (Oxford
Nanopore Technologies) represent two prominent instruments
of this evolving new technology. By applying these sequencing
approaches, some of the major problems of the next-generation
sequencing (NGS) are resolved, because much longer reads be-
yond 10 kb are produced in a markedly reduced running time,
saving considerable costs. In addition, there is no need for an am-
plification of samples, thus eliminating potential errors and bias-
es. However, single-molecule reads still contain a high fraction of
(stochastically spread) insertions and deletions that are compen-
sated for in part by the high coverage. To date, applications other
than microbiome analyses have been the main focus of these
new technologies, although it may be expected that technical
and analytical advances will make them attractive also for as-
sessing microbial communities in the near future. Combining
next- and third-generation sequencing data may be a desirable
option in this regard.

In the past few years, the number of culture-independent
metagenomic investigations and publications of the human
and mouse microbiome has massively expanded, making it
one of the most studied and interesting fields of microbiology,
and potentially yielding profit to clinical practice. There is a
wide range of disease phenotypes linked to the composition
of the microbiota: chronic inflammatory diseases, obesity, dia-
betes, allergies, autism, depression, cardiovascular diseases,
some cancer types, and even lung diseases have recently
been reported to persist concomitantly with a distinct micro-
biome constellation (Marsland and Gollwitzer 2014; Sekirov
et al. 2010; Shreiner et al. 2015). Although no causative or cura-
tive role is known to date for any of the microbial members
detected in these approaches, one should estimate the ability
to use the taxonomic as well as metagenomic data obtained
from gut, lung, mouth, etc. as a diagnostic or prognostic bio-
marker for certain pathological entities or syndromes in the
near future.
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Culturomics: Methods and Caveats
Since the advent of the novel massively parallel high through-
put DNA sequencing approaches and the market launch of 454
Life Science’s GS20 sequencing machine nearly 10 years ago, mi-
crobiome research is undergoing a period of profound changes,
mainly focusing now on molecular methods analyzing the
composition of the microbiota in a variety of environments.
Although molecular approaches, such as 16S rDNA amplicon
or whole metagenome shotgun (WMS) sequencing, provide
some clear benefits compared with culture-dependent meth-
ods by reason of their ability to provide direct and in-depth
insights into the composition of the microbiota in a culture-
independent manner, they seem to lack in the detection of
low-abundant organisms. For example, Hugon and colleagues
found that their 16S rDNA sequencing approach underestimat-
ed gram negatives when compared with bacterial counts
observed from transmission electron microscopy (TEM) and
Gram stain (Hugon et al. 2013).

Comparing the detection of bacterial isolates from a system-
atic culture approach, Lagier and colleagues estimated the
threshold of available metagenomic next-generation sequencing
methods to be >106 microorganisms per gram of feces. The lower
detection limit was moreover dependent on the sequencing
depth (Lagier, Armougom et al. 2012) of the chosen sequencing
technique. Besides that depth bias, next-generation molecular
approaches, especially those based on the amplification of the
highly conserved 16S rRNA gene, inherently fail to detect intra-
species variations. Deducing physiological host–microbe rela-
tionships from experiments with molecularly defined type
strains, which have originally been isolated from completely dif-
ferent habitats, may generate distorted functional relationships.
When the results of the HMP were published back in 2012, only
few novel but many uncultivated (“most wanted”) taxa were
found within the operational taxonomic units (OTUs) that were
identified from 18 body sites of 200 healthy volunteers (Fodor
et al. 2012). These findings clearly demonstrate the need for
further advancements of microbial cultivation techniques and
targeted isolation approaches.

In general, it is estimated that <20% of environmental bacteria
from all branches of the phylogenetic tree can be grown in de-
fined growthmedia (Ward et al. 1990). The cultivation ofmicrobes
under verified laboratory conditions is still complicated for differ-
ent possible reasons. Low-abundant and slow-growing oligotro-
phic microorganisms may be outcompeted by high- abundant
and fast-growing species, while others fail to grow on conven-
tional media because of inappropriate conditions regarding pH,
redox state, temperature, or availability of essential nutrientmol-
ecules. Close interaction such as that observed in interspecies
electron transfer between microorganisms in syntrophic rela-
tionships facilitating the decomposition of organic matter in an-
oxic environments (Stams and Plugge 2009) is an example that
illustrates inextricable metabolic relationships in natural habi-
tats. Several approaches have been established to cultivate previ-
ously unculturablemicroorganisms. Methods aremainly derived
from the field of environmental microbiology and include,
among others, the use of mixed culture or cocultivation with
helper strains (Davis et al. 2014; Ohno et al. 1999) to facilitate
growth. Signaling molecules like cAMP, homoserine lactones, or
cell-free supernatants have been added successfully to enable
growth of previously unculturable microorganisms (Bruns et al.
2003).Mimicking the native environment by the use of a diffusion
chamber was also successful in growing previously uncultivated
marine bacterial species (Kaeberlein et al. 2002).

The cultivation ofmicrobes is essential for the understanding
of the close physiological relationship between the host and
strains of the gut microbiota. Approaches for the culture-based
analysis of microorganisms have been carried out already more
than 130 years ago. Since then, more than 1,000 different species
from all three domains of life—bacteria, archaea, and eukarya—
that have been found in the human gastrointestinal tract, are
described in the scientific literature (Rajilic ́-Stojanovic ́ and de
Vos 2014). Further developments in automatization of cultivation
methods together with the simplification and acceleration of
species identification by implementing mass spectrometry
mark an important step toward a comprehensive high through-
put strategy for the cultivation of yet unidentified species of the
human gut microbiota (Lagier et al. 2015). Lagier and colleagues
(Lagier, Armougom et al. 2012) transferred the knowledge of dif-
ferent approaches for the cultivation of fastidious bacteria into a
high throughput approach for the comprehensive large-scale cul-
tivation of gut microbial species. In this approach, referred to as
“microbial culturomics,” more than 200 different culture condi-
tions were evaluated with variable physiochemical conditions.
Dilution and filtration techniques and the targeted lysis of bacte-
riawith the help of bacteriophageswere applied for the reduction
of biodiversity to enable the isolation of single cells. Approxima-
tion of the natural environment was achieved by the use of
growth media containing sterile rumen or human fecal extracts
or by cocultivation with Amoeba spp. for the isolation of intracel-
lular growing microbes (Singh et al. 2013). Analyzing thousands
of colonies (e.g., 32,500 in the study of Lagier et al.), the identifica-
tion strategy is focused on MALDI-TOF mass spectrometry.
Unidentifiable species were confirmed by sequencing the 16S
rRNA gene.

Using the culturomics approach on the analysis of the fecal
microbiota from two lean African and one obese European
(Lagier, Armougom et al. 2012), 340 bacterial species were identi-
fied including 174 species that were not described in the human
gut yet, together with 5 fungi and a new large Senegalvirus. Only
51 OTUs from sequencing the V6 region of the 16S rRNA over-
lapped with the cultivated species.

The group extended the successful implementation of this
methodological principle to further samples analyzing the
microbiota of a patient with resistant tuberculosis (Dubourg
et al. 2013), anorexia nervosa (Pfleiderer et al. 2013), or the gutmi-
crobiota of patients treated with broad-spectrum antibiotics
(Dubourg et al. 2014). They repeatedly discovered hitherto uncul-
tivated species, together with not yet identified bacterial species.
The overlap between the taxa observed from the molecular 16S
rDNA-targeted approach and the species identified with culturo-
mics was again very small.

This discrepancy can possibly be explained by intrinsic strate-
gic differences between molecular and cultivation-based proce-
dures, making a direct comparison difficult. An unbiased,
quantitative rendering of the current ecological community sta-
tus composed of countless interdependent (inter- and intraspe-
cies) metabolic processes (e.g., cell-cell communication, biofilm
formation) may be disturbed by preselected culture conditions.
On the other side, the large number of cultivated species that
were not represented by OTUs from 16S rDNA-based methods
may also arise from an inefficient DNA extraction protocol. The
application of culturomics in microbiome community analyses
surely will have a great impact on the isolation of specific strains
and the revelation of physiological links to syndromic diagnoses.
The spread and application of this elaborative, time- and space-
consuming methodology away from specialized laboratories to
a wide-scale implementation will, however, be dependent on
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further advancement with regard to automatization and minia-
turization. Furthermore, caremust be taken to ensure a valid tax-
onomic description of newly identified strains and the deposition
in well-acknowledged culture collections allowing data valida-
tion and further phenotypic characterizations.

Another encouraging and interesting approach synergisti-
cally combines molecular and culture approaches to enable ac-
cess to bacterial strains that have been previously identified
from extensive metagenomic surveys, for further physiological
studies. Ma and colleagues (Ma et al. 2014) developed a genetical-
ly targeted method for the cultivation of pure microbial
strains, identified from 16S ribosomal RNA or metagenomic
next-generation sequencing studies. A “chip wash” method in
combination with a target-specific PCR detection on a novel mi-
crofluidic device was used to sequentially optimize cultivation
conditions, which preferably enables the growth of the desired
strain starting from a complex pool of cells. The target organism
is then cultivated to microcolonies under the preselected condi-
tions using a second microfluidic device performing 3,200 paral-
lel cultivation experiments in a nanoliter scale. Eachmicrocolony
is split into two parts. The first part is used for PCR identification
of the target organism, and the second part is used as an inocu-
lum for a scale-up culture. The successful application of this
method was proven by the isolation of a previously unidentified
member of the Ruminococcaceae family from the HMP’s “most
wanted taxa” list. The results of this study impressively illustrate
the mutually beneficial effect, reconciling the advantages of
molecular and culture-based approaches.

Nucleic Acid-based Analysis—Applications
and Pitfalls
The application of NGS technologies and the development of
novel protocols raised the field of microbiome analysis to a new
level. Within a short time, historically used methods like con-
struction and Sanger sequencing ofmetagenomic clone libraries,
automated ribosomal internal transcribed spacer analysis
(ARISA), terminal restriction fragment length polymorphism
(T-RFLP), denaturing gradient gel electrophoresis (DGGE), or
microarray-based methods were replaced by high throughput
next-generation sequencing approaches generating millions to
billions of short-fragment data within hours. Essentially, there
are two options for the NGS-based investigation of microbial
community structures on a genomic level: (1) PCR amplification
of phylogenetically conserved marker sequences (e.g., 16S rRNA
and 18S rRNA genes, ITS) with subsequent next-generation
sequencing of the constructed amplicon library or (2) WMS
sequencing of the whole genetic content present in a given com-
plex sample. Both methods include the extraction of genomic
DNA, construction of appropriate sequencing libraries, next-
generation sequencing, bioinformatical analysis including quali-
ty control, and the comparison to reference databases. Both
methods are nowadays widely used for the fast and comprehen-
sive culture-independent analysis of microbial diversity and
therefrom deduced interpretation of physiological correlations.
However, the application of complex methodologies requires an
accurate knowledge of the specific methodological pitfalls and
their quality-controlled implementation. WMS sequencing en-
ables the analysis of the microbial phylogenetic composition
and functional diversity. More particularly, this approach allows
conclusions on the altered potential of genetically encoded met-
abolic features among different conditions like carbohydrate
and energy metabolism, biosynthesis of secondary metabolites,

signal transduction, and fermentation pathways, presence of
regulatory sequences and other genetic features. On the other
hand, marker gene-based approaches only allow the analysis of
community structures, although bioinformatical approaches for
the prediction of the functional metagenome composition from
the combination of marker gene data and a database of reference
genomes have been developed (Langille et al. 2013).Metagenomic
approaches have some advantages over marker gene surveys in
terms of the ability to detect microheterogeneity and genetic in-
traspecies variations, while bypassing the introduction of addi-
tional biases during the PCR amplification steps. On the other
hand, comprehensive and quality-checked reference genome da-
tabases are not available to the same extent as intensively main-
tained ribosomal RNA databases (e.g., Greengenes, SILVA, or the
Ribosomal Database Project [RDP]), although efforts are made to
establish copious repositories such as the catalog of reference
genes in the human gut microbiome (Li et al. 2014). Moreover,
the presence or abundance of different genes may reveal little
about the present state of gene expression in a given sample. In
a comparison of metagenomic with metatranscriptomic data,
Franzosa and colleagues found that 41% of detected microbial
transcripts were not differentially regulated relative to their
abundance (Franzosa et al. 2014), and only small parts of the
present genes are expressed at a given point in time. The integra-
tion of gene expression data will enable researchers to create a
more detailed picture of the dynamic response of the microbiota
to its environment.

Massively parallel 16S rRNA gene sequencing is, however, less
costly and less time consuming thanWMS approaches, and pool-
ing of barcoded amplicon libraries allows the analysis and com-
parison of hundreds of samples at one time. To capture thewhole
genetic information, WMS-based methods require much more
effort, although marker gene-based approaches are also benefit-
ing from higher sampling depths (Smith and Peay 2014). Even
though sequencing costs per one megabase dropped from
about |U.S. $1,000 to U.S. $ 0.1 between 2001 and 2011 (Sboner
et al. 2011) and are likely to fall further, the economic factor is
still of some importance for the realization of WMS sequencing.
Irrespective of the sequencing approach for the analysis ofmicro-
bial communities, both methods are subject to biases and
systematic errors that can significantly affect downstream analy-
ses. Strict observance of uniform sample handling and DNA ex-
traction procedures is a prerequisite for the prevention of
“home-grown” intrasample variations. Awareness of the intrin-
sic vulnerabilities of a sequencing technology and its advantages
and disadvantages regarding read length, sequencing depth, and
error profiles should be harmonized with the choice of down-
stream bioinformatical pipelines and reference databases in
order to distinguish novel sequences from sequencing errors.
However, Pylro and colleagues demonstrated that the same
biological conclusion could be reached from results generated
by different sequencing methodologies on two widely used
next-generation sequencing platforms, provided that stringent
downstream bioinformatical practices for clustering OTUs and
quality filtering are applied (Pylro et al. 2014).

The overall accuracy of the analysis and the identified taxa in
marker gene-based surveys is very much dependent on the
choice and the taxa spectrum of the amplification primers and
thus on the amplified 16S rDNAvariable regions, which has a sig-
nificant effect on the taxa coverage (Klindworth et al. 2012). Fur-
thermore, selected universal amplification primers are mainly
kingdom specific, and analyses are restricted to the examination
of eubacterial, archaeal, or fungal sequences. Marker gene-based
surveys are therefore often limited to the examination of

ILAR Journal, 2015, Vol. 56, No. 2 | 231
D

ow
nloaded from

 https://academ
ic.oup.com

/ilarjournal/article/56/2/228/650795 by guest on 16 August 2022



eubacterial diversity, while whole metagenome approaches, at
least in principal, enable the inventoryof genetic data comprising
all kingdoms as well as viral sequences.

In addition to a variety of experimental methodologies, a vast
range of analytical and bioinformatical tools are available for the
processing of sequencing data. Even if bioinformatical pipelines
(e.g., QIIME [Caporaso et al. 2010] and mothur [Schloss et al.
2009]) are offering valuable open source software packages
and algorithms for the quality control, clustering, and graphical
presentation of marker gene-based next-generation sequencing
data, they often do not provide standardized procedures. With
respect to the comparability of microbiome data obtained from
different surveys, the methodical realization as well as data pro-
cessing practices must be taken into account precisely, which is
sometimes considerably impeded by inadequate descriptions
in some current publications. For example, strong variations are
observed after applying different approaches for denoising of
sequencing data in order to correct for sequencing or PCR-
based errors (Gaspar and Thomas 2013) or algorithms and set-
tings for the clustering of sequencing reads to OTUs (Patin et al.
2013). Changing the stringency of these approaches can lead to
over- or underestimation of species richness due to sequencing
errors. Also, the general use of library size normalization by
rarifying sequencing counts for the detection of differentially
abundant species is currently being discussed (McMurdie and
Holmes 2014). Beyond that, comparing the taxonomies of the
three most commonly used curated 16S rRNA sequence databas-
es, Greengenes, SILVA, and RDP-II, has indicated significant
differences in naming and abundance of taxa between these
three repositories (Yilmaz et al. 2014).

Currently available next-generation sequencing platforms
differ significantly with regard to the obtained read length,
sequencing depth, and inherent error profiles. The ongoing tech-
nological evolution in many fields of microbiome research and
the further integration of additional data from metaproteomics,
metabolomics, or metatranscriptomics to study functional
microbe–host relationships in depth will require new quality
control and analysis strategies. The application of statistical
and ecological theories along with the use of diverse bioinfor-
matical and molecular biological methodologies, as well as the
medical contextualization, will render microbiome analysis to a
highly interdisciplinary area of research. Only when issues that
introduce bias can be readily identified and overcome by the im-
plementation of procedures for methodological standardization
and quality control, clinical applications of microbiome research
will be feasible.

Nontrivial DNA Isolation: Peel it, Cook
it or Forget it
Considering the increasing relevance of metagenomic data
for interpretation of metabolic, immunological, or neurological
disorders, it is essential to fully reflect the present microbial
community structure. Great efforts are undertaken to correct
for bias in downstream analyses by extensive bioinformatical ap-
proaches. Beyond other inherent procedural variations of both
16S rRNA amplicon sequencing and whole metagenome-based
methods, the introduction of PCR or sequencing errors (Pinto
and Raskin 2012), the initial steps of sample retrieval, and the
implementation of a uniform DNA extraction method are often
overlooked aspects. These variables are crucial for DNA-based
microbial community analyses and the optimal comparability
between different datasets and different studies.

As described very recently (Zarrinpar et al. 2014), the gut
microbiome is highly dynamic, exhibiting daily cyclical changes
that are dependent on the feeding/fasting rhythm. Thus, the
exact timing of sampling, in addition to diet, is an important
factor influencing the diversity and composition of gut
microbiota.

Protocols for the isolation of highly purified DNA from awide
variety of specimens have been developed for many years, and
numerous choices exist, including enzymatic lysis with lyso-
zyme, mutanolysin, and Proteinase K; or surfactants like cetri-
monium bromide (CTAB) or sodium dodecyl sulfate (SDS);
strong chaotropic agents; or physical methods like sonication,
freezing-thawing or repeated bead-beating. A deliberate combi-
nation of protocol steps is critical to keep the balance between
a profound cell disruption and low DNA degradation on the one
hand and a uniform DNA extraction on the other hand. Applying
variable storage times to human fecal and dermal samples, rang-
ing from short-term storage to a maximum of 2 weeks at room
temperature prior to deep freezing at −20°C or −80°C, had no sig-
nificant impact on the relative distribution of bacteria (Lauber
et al. 2010), but freezing/thawing may disturb the composition
of bacterial communities (Bahl et al. 2012; Mølbak et al. 2006).
Proper storage and handling of samples is instead much more
critical for metatranscriptome analyses to prevent any degrada-
tion of the less stable RNA molecules. Furthermore, the stool
water content, typically ranging from about 70% for hard and
formed stool to >85% for liquid stools (Bliss et al. 1999), or sample
homogenization seem only to have little effect on the relative
abundance of individual bacterial taxa, but strong bias can be in-
troduced into microbiome data with the application of inappro-
priate DNA extraction protocols (Santiago et al. 2014).

The fecal microbiota consists of hundreds of bacterial species
from more than 30 different phyla, most of which belong to Fir-
micutes, Bateroidetes, Actinobacteria, Proteobacteria, and Verru-
comicrobia (Rajilic ́-Stojanovic et al. 2007). The biggest difference
among the microorganisms with regard to rigidity is the gram-
positive or gram-negative structure of the cell wall. At least half
of the gut-residing bacteria are gram-positive (Gossling and
Slack 1974; Lagier, Million et al. 2012), and the commonly hard-
to-lyse domain of the Archaea is represented predominantly by
methanogenicMethanobrevibacter spp.with a variable and overall
low prevalence (Hoffmann et al. 2013). Moreover, the microbiota
comprises taxa containing aerobic and anaerobic bacteria be-
longing to the genera of Bacillus, Clostridium, and others within
the Firmicutes, potentially forming endospores, which are prob-
ably the most robust cellular structures known. Mechanical dis-
ruption of the cells has been shown to be superior to other
methods, and repeated bead-beating (RBB) is critical especially
for the lysis of gram-positive Eubacteria andArchaea and showed
the highest bacterial diversity when compared with methods
involving lysis with enzymatic cocktails containing lysozyme
and/or mutanolysin (Salonen et al. 2010). The combination of
repeated bead-beating with a freeze-thaw protocol for cell lysis
also had positive effects on the DNA extraction from challenging
gram-positive bacteria or fungi (Sergeant et al. 2012). Comparing
the bead-beating-based DNA extraction protocols from fecal
specimens used in the two most extensive microbiome studies
carried out in the last years, theMetaHITand theHMP, significant
differences in the overall DNA yield and in the Bacteroidetes/
Firmicutes ratio were obtained from WMS sequencing. This
was obviously caused by variations in the lysis efficiency be-
tween both protocols for some of themost frequent generawith-
in the phyla of Bacteroidetes, Firmicutes, and Proteobacteria
(Wesolowska-Andersen et al. 2014).

232 | Hiergeist et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ilarjournal/article/56/2/228/650795 by guest on 16 August 2022



A quality-controlled implementation of a uniform DNA
extraction method suitable for all bacterial taxa is challenging.
Even after the application of different DNA isolation protocols
to defined bacterial communities found in the oral microbiota,
species representation varied significantly, arising mainly from
the under-representation of gram positives like Streptococcus mu-
tans (Abusleme et al. 2014).While the implementation of compre-
hensive DNA extraction methods is required, too harsh lysis
protocols lead to the partial degradation of the released DNA
and probably to an underestimation of easily lysed gram-
negative bacteria (Hugon et al. 2013) in the assessment of bacte-
rial richness. This effect, however, is less weighty when using
sequencing technologies and NGS libraries with short read
length (Santiago et al. 2014) but will become more important
with the technological development of long-read platforms. For
the now evolving third-generation sequencing technologies like
nanopore and single-molecule real-time (SMRT) sequencing,
reaching read lengths of 10 kilobases and longer, the preparation
of high-quality and high-molecular-weight DNA from complex
sampleswill become evenmore crucial for a comprehensive cen-
sus of the microbiota.

Particularly in the context of the great diversity and complex-
ity of samples of human origin, like fecal specimens, the pres-
ence of complex polysaccharides, bile salts, lipids, urate, or
other PCR inhibitors may require additional extraction steps
like chromatographic purification, chloroform extraction, treat-
ment with activated carbon, sample dilution, addition of BSA,
or the selection of resistant polymerases to cope with the pres-
ence of inhibitory substances (Schrader et al. 2012). In addition
to the uniform lysis of microbial cells, the deployment of highly
pure DNA extracts suitable for the subsequent PCR amplification
of marker genes or ligation of oligonucleotide adaptors for the
generation of next-generation sequencing libraries is essential.

16S rRNA-based Amplicon Sequencing: Length
Matters
Since the invention of massively parallel NGS technologies, the
DNA sequencing market is rapidly changing. Even if new third-
generation real-time sequencing technologies still have to
prove their operational capability for the analysis of microbiota,
it can be anticipated that new developments will, among other
improvements, imply changes in respect to throughput, se-
quencing depth, and read length. Especially read length and
sequencing depth as well as the platform-specific error profiles
will significantly determine the outcomes of marker gene-
based NGS surveys for the assessment of microbial community
structures. Even if a great sequencing depth together with very
long reads of highest quality is desirable, current sequencing
technologies are only capable of striking the balance between
these intended objectives. According to the manufacturer’s cur-
rent specifications, sequencing with the GS FLX+ instrument
(Roche/454) allows users to achieve 1 million sequencing reads
with a maximum length of 1,000 bp in 23 hours, while the popu-
lar MiSeq benchtop sequencer (Illumina) produces up to 25 mil-
lion 2 × 300 bp paired-end reads. The PacBio RS II platform, as
an example of a third-generation real-time sequencing platform,
produces up to 50,000 reads with a maximal length of 40 kilobas-
es (modal length > 14 kb) per SMRT cell in 30–240 min (Liu et al.
2012). Error rates vary from 0.1% to 2% for pyrosequencing, semi-
conductor sequencing (e.g., IonTorrent), and Illumina sequenc-
ing platforms to more than 10% for (single-pass) SMRT
sequencing reads. Read quality positionally decreases in Roche/

454 pyrosequencing and Illumina’s sequencing by synthesis ap-
proach, and errors are accumulating especially at the 3′ end of the
reads, whereas PacBio RS II errors are stochastically distributed
(Fichot and Norman 2013). The accumulation of errors can easily
generate false positive variants overestimating species richness
in 16S-based microbiome data. Read length and error character-
istics have to be considered together when analyzing next-
generation sequencing data. To improve sensitivity and accuracy
in next-generation sequencing experiments for the analysis of
microbial community structures, one straightforward approach
is to increase sequencing depth (Smith et al. 2014). The imple-
mentation of a quality control pipeline, including accurate
sequencing error correction procedures, is important, and only
high-quality reads should be considered for the subsequent
analysis of microbial diversity.

DNA sequencing of the universally distributed 16S rRNA gene
has been used for a long time as a gold standard to determine the
phylogenetic relationships of prokaryotes. It is currently the only
taxonomicmarker, for which curated databases containing com-
prehensive taxonomic information exist. Discriminating sites of
the 16S rRNA gene are located in nine variable regions (V1 – V9),
which are important for accurate richness estimations of micro-
bial diversity, but other regions are also contributing significantly
to the discriminative power (Vinje et al. 2014). The design of
oligonucleotides for the amplification of 16S rRNA gene and the
encompassed variable regions should be optimized in respect
to their overall coverage and their phyletic spectrum (Klindworth
et al. 2012).

The 16S rRNA gene sequence of Escherichia coli is 1542 bp long.
In order to overcome the shortage of currently available sequenc-
ing technologies regarding read length, there have already been
various successful attempts to reach a higher resolution by inte-
grating short reads obtained frommultiple variable regions of the
16S rRNA gene (Amir et al. 2013) or by the assembly of the whole
16S rDNA sequence from short reads (Miller et al. 2013). However,
the alignment of short reads, especially when assembling genes
containing highly conserved regions like in the 16S rRNA gene,
can be challenging and prone to errors. Comparing microbial
diversity and taxonomic assignment by trimming 16S rRNA
(V1 – V4) sequencing data of rice root microbiomes from conven-
tional and pyrosequencing to obtain reads of varying length,
Okubo and colleagues found significant differences on the
genus level caused by the overestimation of Bradyrhizobium spp.,
while no deviations were observed up to the family level (Okubo
et al. 2012). Reaching similar conclusions, Yarza and colleagues
predicted from OTU clustering of partial 16S ribosomal RNA se-
quences that near full-length fragments longer than 1,300 nucle-
otides are required for a comprehensive and reliable estimation
of taxa richness, especially for the classification of high taxo-
nomic ranks (Yarza et al. 2014). Currently, the GS FLX+ sequencer
(Roche/454) using Titanium XL+ chemistry is capable of reaching
read lengths up to 1,000 bp. With the development of new se-
quencing platforms, a full-length analysis of the 16S rRNA gene
will be possible. One limiting factor is that currently only 23% of
the 16S rRNA sequences published are longer than 900 bp (Yarza
et al. 2014). The evolution of sequencing technologyand the feed-
ing of databases with full-length reads are mutually dependent,
and the extent of high-quality full-length 16S rRNA datawill rap-
idly increase. Mosher and colleagues analyzed the capability of
the PacBio RS II sequencer to obtain full-length reads of 16S
rRNA amplicons generated from metagenomic environmental
samples. While high error rates (17%–18%) dramatically overesti-
mated species richness in their initial study back in 2013 (Mosher
et al. 2013), further improvements of the sequencing chemistry
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improved the outcomes significantly, allowing the accurate
identification of microorganisms to the species level in environ-
mental samples (Mosher et al. 2014). This demonstrates the
fast-paced development and the capacity of new innovative se-
quencing technologies after careful error monitoring and trou-
bleshooting to accommodate the methodological requirements.

In conclusion, long read lengths are clearly superior to short
fragments, not only with regard to 16S ribosomal RNA-based sur-
veys (Figure 1), but also in WMS sequencing experiments per-
formed to analyze the phylogenetic composition and functional
diversity withinmicrobial communities. Short reads (150–400 bp)
miss a significant amount of BLAST homologs, and genetic func-
tional classes within WMS libraries are better detected by in-
creased read length (750 bp) than by greater sampling depth
(Wommack et al. 2008).

PCR Contaminations
In innumerable cases, the application of PCR has demonstrated
its power to generate billions of molecules from very small
amounts (e.g., even a single copy) of template nucleic acids. How-
ever, the high analytical sensitivity of nucleic acid amplification
techniques includes one important deficiency. The high level of
vulnerability to contamination events raises a major problem,
which has taught us to implement comprehensive procedures
and advanced spatial concepts to accurately prevent carry-over
events of template DNA or PCR products, especially in diagnostic
laboratories (Scherczinger et al. 1999). Salter and colleagues im-
pressively demonstrated that the introduction of contaminating
microbial DNA in nucleic acid-based microbiome analyses is a
considerable burden for both 16S rRNA gene sequencing and
WMS surveys (Salter et al. 2014). The isolation of metagenomic
DNA from assumed “ultrapure water” using different extraction

kits in various laboratories with subsequent 16S rRNA gene am-
plicon sequencing resulted in the observance of contaminating
water- and soil-dwelling bacteria of the genera Burkholderia,Mes-
orhizobium, Hydrotalea, and Bradyrhizobium, which are frequently
associated with nitrogen fixation (nitrogen blanketing is widely
used in water storage tanks). Bradyrhizobium was found to be a
common contaminant in microbiome datasets. When WMS se-
quencing of DNA extracted from Salmonella bongori culture dilu-
tions was performed, the contaminating genera were especially
predominant in diluted samples, implying that contamination
ismore critical when analyzing samples of low bacterial biomass
like blood or lung tissues. Possible consequences are the distor-
tion of the microbial composition and loss of low-abundant bac-
teria due to competition between template DNA and broad range
amplification primers.

Widely used decontamination procedures like exonuclease
treatment with DNase I or ultraviolet irradiation of PCR reagents
often lower the overall sensitivity of PCR and, in addition, the suc-
cess is variable and undefined (Mennerat and Sheldon 2014). The
implementation and sequencing of negative controls beyond the
exclusion of contaminating reads from microbiome datasets
using bioinformatical techniques are possible approaches to get
rid of polluting DNA sequences. Potential sources of contamina-
tion are used reagent kits for DNA isolation (Erlwein et al. 2011;
Evans et al. 2003), PCR reagents (Tilburg et al. 2010), water, PCR
primers (Goto et al. 2005), or aerosols (Witt et al. 2009). PCR ampli-
cons from broad-range 16S rDNA amplification experiments can
be considered in particular as a source of bias, and a prevention of
cross-contamination is often only accomplished by implement-
ing efficient but costly strategies (Champlot et al. 2010). Another
conceivable source of bias is the cross-contamination of reads
due to a crosstalk of barcode sequences (unique sample-
specific DNA-based identifiers). This barcode bias can either be

Figure 1 Effect of sequencing read length on the phylogenetic representation of themouse gutmicrobiota. PCR ampliconswere generated frommouse fecal DNAusing the

universal eubacterial 16S rDNA primers 341F and 1061R and sequenced on the Roche/454 GS Junior device. 131,634 raw full-length reads (790 nt, 16S rRNA gene positions

341–1061, spanningV3 –V6)were truncated to 150nt (positions 341–491, spanningV3) and to 350nt (positions 341–691, spanningV3 –V4), respectively. OTUswere denovo

clustered to 97% using UCLUST v1.2.22q algorithm, and approximately maximum-likelihood phylogenetic trees were generated with FastTree v2.1.3 after PyNAST 1.2.2.2

alignment of a representative sequence set to theGreengenes v13_08 reference database. Trees in the lower part of thefigurewere represented graphicallywith FigTree 1.4.2.

In the upper part of the figure, the rRNA gene sequence with variable regions V1 to V9 (hatched boxes) is depicted.
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introduced during the process of primer synthesis and purifica-
tion (Quail et al. 2014) or be due to incorrect bioinformatical cor-
rection of sequencing errors in the barcode sequence.

The impact of microbial DNA originating from ingested food
on the contamination of fecal microbiome datasets is also not
fully elucidated so far. In vivo studies of DNA persistence in the
gastrointestinal tract of germfree and humanized rats showed
no degradation of DNA in the lower part, although partial degra-
dation of plant DNA occurred in the upper part of the intestinum.
The food matrix protected DNA from low pH and degradation in
the stomach. Chloroplast-derived DNA was found along the
whole gastrointestinal tract, and directly fed plasmid DNA was
not degraded and was even biologically active, as chemically
competent E. coli cells were still transformablewith fecal DNA ex-
tracts derived from the respective animals (Wilcks et al. 2004).
Autoclaving effectively kills bacterial cells, but the integrity of
bacterial DNA is not affected by the sterilization process (Yap
et al. 2013). Sterilized animal chow is probably still contaminated
with microbial DNA, which could affect downstream nucleic
acid-based analyses of the microbiota in experimental animal
models. Further investigation will be necessary to detect so far
undiscovered sources of contamination, and the reasonable
implementation of process controls will support progress in the
prevention of contamination events.

Dealing with PCR Artifacts: LEA-PCR
Amplicon sequencing of the bacterial 16S rRNA gene from fecal
microbiota has revealed an individual collection of species with
great variation in species numbers. While culture-based tech-
niques indicated ∼100 species, several times this number of
species are suggested by the results of 16S rRNA amplicon se-
quencing, even after in silico attempts to remove chimeric mole-
cules formed during PCR or errors in the sequencing process.
These artifacts lead to uncalculable numbers of false positives
and complicate tracking of individual bacterial taxa across
time. To circumvent these problems, Faith and colleagues
(Faith et al. 2013) developed a novel method for 16S rRNA ampli-
con sequencing to assay the bacterial composition of the gut
microbiota at higher depth and precision. They found that
sequencing a sample beyond 10,000 reads did not substantially
increase the lower detection limit possible at high precision. In-
creasing sequence quantity rather than sequence quality is the
strategy in WMS, where redundant sequencing of genomes at
10- to 50-fold coverage results in far lower error rates than single
reads. To redundantly sequence DNA fragments, it is necessary
to create a limited DNA pool that is smaller than the amount of
sequencing reads available and to individually label the mole-
cules in the pool. To adapt these techniques to 16S rRNA ampli-
con sequencing, Faith and colleagues developed amethod called
low-error amplicon sequencing (LEA-Seq). In this method, a bot-
tleneck is created by a linear PCR extension of the template DNA
using a barcoded and diluted oligonucleotide primer solution
where each oligonucleotide is labeledwith a distinct randombar-
code positioned at the 5′ end of the universal 16S rRNA primer se-
quence. In the next step, the linear PCR pool is exponentially PCR
amplified, using primers that specifically amplify the linear PCR
molecules. During the exponential PCR, an index primer is
added to the amplicons with a third primer to allow pooling of
multiple samples in the subsequent sequencing run. The pool
of products from the exponential PCR is finally sequenced at suf-
ficient depth to redundantly (∼20-fold coverage) sequence the
initial linear amplicons. In this way, the multiple reads for each
barcode allow the generation of an error-corrected consensus

sequence for the initial template molecule. In the newly devel-
oped LEA protocol, the linear PCR primers were diluted to
concentrations that generate ∼150,000 amplicon reads at the
above-mentioned coverage per amplicon. Using this promising
new strategy, Faith and colleagues could demonstrate that the
majority of the bacterial strains in an individual’s microbiota
persist for years and thus potentially shape different aspects of
the host physiology over long periods of time.

Identifying the “Unculturables”
Bioinformatics for Genome Assembly

Current computational analysis strategies for analyzing metage-
nomic data rely on comparisons to reference genomes, but the
diversity of the individual microbiota extends far beyond what
is covered by reference databases. De novo assembly of complex
metagenomic data into complete separate genome information
of particular bacterial strains or viruses was not possible until re-
cently. In 2014, the MetaHIT consortium published a method
based on binning co-abundant genes across a series of metage-
nomic samples of the same type (Nielsen et al. 2014). This allows
for the first-time comprehensive discovery of new microbial or-
ganisms and viruses, enabling the assembly of microbial ge-
nomes without the need for reference genome sequences. The
method was applied on data from nearly 400 human gut micro-
biome samples and identified more than 7,000 co-abundance
gene groups, which were used to assemble 238 high-quality mi-
crobial genomes, including 181 new genomes from previously
unsequenced species. This method thus appears to be suitable
for comprehensive profiling of the diversity within complex
metagenomic microbiome samples.

Prediction of Culture Conditions
One interesting approach to growing uncultured bacteria uses
transcript information from bacteria to determine the particular
aspect of their habitat that is important to their growth rather
than empirically testing numerous media additives and growth
conditions. Bomar and colleagues used high throughput se-
quencing of RNA transcripts (RNA-seq) to determine that a previ-
ously uncultured Rikenella-like bacterium in the leech gut was
utilizing mucin as an energy and carbon source (Bomar et al.
2011). With this information, the authors succeeded in culturing
this isolate onmedium containingmucin. This led to the sugges-
tion that the RNA sequence informationmight bemore useful for
this purpose than the genomic DNA sequence, as RNA-seq indi-
cates which genes are actually being expressed in the growing
bacterium.

In vivo Culturomics: SFB in Germfree Mice
As mentioned above, the microbes responsible for many aspects
of host physiology remain unclear so far. However, the use
of germfree animals or gnotobiotes associated with defined
and limited numbers of particular microbes, including not-yet-
cultivable bacteria, is expected to resolvemanyof these questions.

A breakthrough example for an “in vivo culturomics” ap-
proach concerning so-far-uncultivable bacteria was published
in 1991 by Klaasen and colleagues for segmented filamentous
bacteria (SFB) (Klaasen et al. 1991). SFB are spore-forming,
gram-positive bacteria that were originally identified in the ilia
ofmice and rats. The first publication about these unique SFB ap-
peared in 1974 (Davis and Savage 1974). Since then, SFBhave been
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identified in the ilia of several other species including rabbits,
guinea pigs, cattle, cats, horses, turkeys, pigs, and, most recently,
humans. Interestingly, SFB appear to be strictly host specific, and
metagenomic comparisons have identified these bacteria as close
relatives of Clostridium spp. (for review see Ericsson et al. 2014).

Klaasen and colleagues described the successful mono-
association of germfree mice via intraileal inoculation of etha-
nol-treated ileal contents of donor mice and presented evidence
that cage mates of the recipient mice were also mono-associated
with SFB. The availability of these animals (i.e., in vivo monocul-
tures of SFB) allowed for the first-time molecular and taxonomic
characterization of these bacteria. In addition, a number of
studies meanwhile demonstrated that SFB influence the devel-
opment of the gut immune system (e.g., T helper cell develop-
ment and activation as well as IgA production) and that these
bacteria play important roles in different autoimmune diseases
(Ericsson et al. 2014).

Conclusions
Up until now, the vast majority of microbiome studies were lim-
ited to descriptions of the taxa and (relative) numbers ofmicrobi-
al organisms that exist in or on a specific part of the mammalian
body or in an environmental system. More rigorous standardiza-
tion of analysis procedures, including timing of sampling,
pre-analytic handling, and DNA preparation, as well as PCR and
bioinformatics, are required to enhance comparability of studies
performed in different laboratories. Furthermore, technical
advances should be channeled and emphasis should be shifted
toward the biological function in order to get insight into regula-
tory relationships within a microbiome population as well as
mutualistically between host and microbiota. Undoubtedly, this
will be a very profitable task.
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