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BRCs in the era of omics

The English-language neologism omics refers to a field of study in biology
ending in -omics, such as
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The related suffix -ome is used to address the objects of study of such fields,

such as the genome, proteom, metabolom, respectively.

omics aims at the collective high-throughput characterization and quantif-
ication of pools of biological molecules that translate into the structure,
function, and dynamics of an organism or organismes.

e What s ‘Culturomics’?
e and how does ‘Culturomics’ fit to other omics fields of studies?



Microbial culturomics: paradigm shift in the human gut
microbiome study
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FIG. I. The source of material for culturomics and the record-breaking virus and bacterium from the human gut. (a) The geographical locations
of the Dielmo and N'diop villages (Sources: Wikitravel.org and Google Earth) from which the two African stool samples analysed in this work
were obtained. (b) Electronmicrograph of the giant Senegalvirus, which was isolated from a stool sample of an individual from N'Diop. (c)
Comparison of the Senegalvirus genome with the genomes of related giant viruses, Marseillevirus and Lausannevirus. (d) Electronmicrograph of

Microvirga massiliensis (the bacterium with the largest genome ever isolated from humans), which was isolated from the Dielmo stool sample.



Culturomics background

Cultivation:
 Human microbiota first described via bacterial cultures
e Metagenomics now more frequently used, but ignore minority
bacterial populations
* Replicated natural environments to reduce the “great plate count anomality”

Analysis techniques:
e 16S rRNA sequences enabled accurate identification of novel species
e MALDI-TOF allows rapid high-throughput identification of rare and new species

Aims:

e to generate levels of identification of cultures equivalent to those of
pyrosequencing by combining novel culture conditions with rapid identifications
via MALDI-TOF

e To create a major complement to metagenomics

The rebirth of culture in microbiology through the example of culturomics to study human gut microbiota



Challenges of culturomics and specific answers including
techniques used to limit the overgrowth of common bacteria

Challenges

Growth of bacteria having differen
physicochemical properties

Fastidious bacterial
species

The rebirth of culture in microbiology through the example of culturomics to study human gut microbiota

Answers

Atmosphere (aerobe, anaerobe
including anaerobe cabinet,
Microaerophile)

Antibiotics 212 culture conditions
used in initial study
Filtration
— Kill the winner
Phages

Thermic shock

P2

Pre-incubation in blood culture bottle,
Rumen fluid



Examples for culture conditions used for culturomics
standardisation

Culture conditions for culturomics standardization

Preincubation in aerobic blood culture bottle with rumen fluid and then 5% sheep blood agar under aerobic conditions at 37°C

Preincubation in anaerobic blood culture bottle with rumen fluid and then 5% sheep blood agar under anaerobic conditions at 37°C

Preincubation in anaerobic blood culture bottle and then 5% sheep blood agar under anaerobic conditions at 37°C

Preincubation under aerobic conditions in Trypticase soy broth and then 5% sheep blood agar under aerobic conditions at 37°C

Preincubation under anaerobic conditions in 5% sheep blood broth and then 5% sheep blood agar under anaerobic conditions at 28°C

Preincubation under aerobic conditions in 5% sheep blood broth and then 5% sheep blood agar under aerobic conditions at 28°C

Preincubation under anaerobic conditions in 5% sheep blood broth and then 5% sheep blood agar under anaerobic conditions at 37°C

Preincubation under aerobic conditions in 5% sheep blood broth and then 5% sheep blood agar under aerobic conditions at 37°C

Preincubation in anaerobic blood culture bottle with stool filtered at 5 jum and then 5% sheep blood agar under anaerobic conditions at 37°C
Preincubation in aerobic blood culture bottle with stool filtered at 5 pm and then 5% sheep blood agar under aerobic conditions at 37°C

Preincubation in aerobic blood culture bottle with 5 ml sheep blood and then 5% sheep blood agar under aerobic conditions at 37°C

Preincubation in anaerobic blood culture bottle with 5 ml sheep blood and then 5% sheep blood agar under anaerobic conditions at 37°C

Preincubation in anaerobic blood culture bottle after thermic shock at 80°C during 20 min and then 5% sheep blood agar under anaerobic conditions at 37°C
Preincubation in anaerobic blood culture bottle with 5 ml rumen {luid and sheep blood and then 5% sheep blood agar under anaerobic conditions at 37°C
Preincubation in aerobic blood culture bottle with 5 ml rumen fluid and sheep blood and then 5% sheep blood agar under aerobic conditions at 37°C
Preincubation under aerobic conditions in brain heart infusion broth with 5% sheep blood and then 5% sheep blood agar under aerobic conditions at 37°C
Preincubation under anaerobic conditions in marine broth and then 5% sheep blood agar under anaerobic conditions at 37°C

Preincubation in aerobic marine broth and then 5% sheep blood agar under aerobic conditions at 37°C

* 70 of 212 tested culture conditions were sufficient to grow 100% of all clones
* 20 top culture conditions enabled growth of 73% of the clones

The rebirth of culture in microbiology through the example of culturomics to study human gut Microbiota



Improving bacterial culture due to diffusion chambers

. 300 times more colonies in diffusion chamber
compared with petri-dish

=
Kaeberlein et al_, Science 2002
W
. .

. 0.02 um to 0.03 pm membrane

32,000 colonies obtained
from 212 culture conditions
yielded 340 species from
117 genera, including 31
novel species never seen
before

Environmental
cells mixed
with agar

% 0.02 ym to 0.03 um membrane/

Air

Environmental substrate: soil, sediment.....

The rebirth of culture in microbiology through the example of culturomics to study human gut Microbiota



Overall process from clinical samples to genomic applications

| Clinical microbiology
samples Unidentified colonies :

16S rRNA or rpoB identification

Culturomics .
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The rebirth of culture in microbiology through the example of culuromics to study human gut Microbiota



Characteristics of 23 nOvel bacterial species and genera cultures

from two Senegalese stools

Diameter Genome size ORFan Estimated GC Genbank
Phylum Initial culture conditions (ron) (EM)  estimate (Mb) (%) content (%) no.
NDicp stool sample
Mew spedes
Oceanobocilles massillensis ~ Firmicutes Filtration brain—heart infusion 5% sheep 0.70 36 5.6 4] HOQ586877
blood 045 im aercbe, 37°C
Badillus timonensis Finmicurtes Brain—heart infusion + sheep blood 5%, 0.56 47 &8 3483 ]Fmﬂlﬁ
aerobe, 37°C
Dielme stool sample
Mew spedes
Kurthia massiliensis Firmicurtes CMA aerobe 2.5% CO,, 37°C 1.08 33 1.9 397 JFE24T95
Kurthia senegalensis Firmicutes Fittration 5% sheep blood agar 1.2-pm 1.03 29 1.3 196 JFa24 796
aerobe, 37°C
Kurthia timonen sis Firmicutes HTM, aerobe, 25% CD,, 37C 054 4.1 16.2 19 JFez4T97
Angeracoccus senegalensis Firmicutes Brucells anaercbe, 37°C 0.68 18 3 285 JFE24805
Paenibacills senegalensis Fimmicutes Schaedler kanamycin vancomycin, aerobe, 066 5.7 1.7 483 JFEz4808
37°C
Bacillus massilissenegalensis  Firmicites 5% sheep blood agar, aerobe, 28°C 064 49 77 77 JFE24800
Clostridium senegalense Firmicutes Inoculation in blood culture botte for 1.05 39 (13 29.3 JFEZ480
5 days with 5 mL of sheep blood, 5%
sheep blood agar, anaercbe, 37°C
Peptanip hilus senepalensis Firmicurtes inoculation in blood culture bottle for 064 18 39 325 JFE24803
10 days with 5 mL of sheep blood,
5% sheep blood agar, anaerobe, 37°C
Peptanip hilus timonensis Firmicutes Inoculation in blood culture botde anaerobe  0.91 1.7 93 3l JNE5TI12
for |4 days with 8 mL of rumen fluid, 5%
sheep blood agar, anaerobe, 37°C
Ruminococors massiliensis®  Firmicutes Imgoulaton in blood culture botde anaercbe 096 5.1 25 57 JNE5STI2I
for |4 days with 8 mL of rumen fluid 5%
sheep blood agar, anaercbe, 37°C
Alistipes senegalensis Bocternidetes  Schaedler kanamycin vancomycin, anaerobe, 0.53 4 38 543 JFaZ4804
37°C
Alistipes tinmon ensis Bacternidetes Inoculation in blood culture botde anaerobe  0.62 35 29 588 JFa24 799
for 5 days, Schaedler kanamydn
vancomycin, anaerobe 37°C
Cellulomanas massiliensis Actinobocteria  Passive filtration with Leptospira broth, 5% 0.48 34 19 739 ]NﬁSnI 8
sheep blood agar, aerobic atmosphere,
37°C
Aeromicrobivm mossiliense Actinobocteric 5% sheep blood agar, aercbe, 37°C 1.04 33 10.5 TLie JFB24T98
Brevibacterium senegolense  Actinobocteric  Buoalle, aercbe, 37°C 0.68 34 96 69.9 JFB24806
Enterabact er massilien sis Protechacteria  Phage Tl + T4, then 5% sheep blood agar, o2 49 3 55.4 ]NGS?'II T
aerobe, 37°C
Herbaspinillum masiliense  Protechacteric  Passive filtration with Leptospira broth, 5% 0.44 43 &l 59.7 JN&5T2IS
sheep blood agar, aerobic atmosphere,
37°C
Microvirga massiliensis Proteobacteria  MOD 2, aerobe, 37°C 118 935 PN 59.2 JF824802
Mew genera
Dislma fastidiosa Firmicutes Inoeulation in blood culture botde anaerobe  0.59 16 10.5 40 JFaz4807
far 10 days, brain—heart infusion, anaerobe,
37°C
Senegalemasilia ancerobia  Actinobacteria  Inoculation in blood culture botde anaercbe  0.70 23 63 6.8 JFa24809
for 5 days. 5% sheep blood aga,r anaerobe,
37°C
Timonella senegalensis Actinobocteria  Inocubtion in blood culture botde anaerobe  0.59 3 1.9 613 JNE5TIZ0

for |4 days with 8 mL of rumen fluid, 5%
sheep blood agar, anaerobe, 37°C

Microbial culturomics:
paradigm shift in the
human gut microbiome
study



Comparison of identification of bacteria in the human gut by
culturomics and metagenomics

(a) w Microbial culturomics: paradigm shift

in the human gut microbiome study

Akkarmansly muciniphl

Culturomics identified 11 new
bacterial species from a single
anorexia nervosa stool sample

time from the human gut. The different colors represent each phylum:
red, Firmicules; orange, Bacieroidetes; vellow, Actinobacteria; pink,
Proteobacteria; light yellow, Verrucomicrobia

Fig. 2 Comparison of the pyrosequencing and culture results. The
broken lines containing dots and dashes represent new bacterial spe-
cies, while a simple dotted line represents a species isolated for the first



The detection thresholds of metagenomic and culturomic approaches
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The detection threshold of metagenomic
methods correlates with the concentration
of bacteria in the investigated sample
divided by the number of generated
sequences.

The blue pointed shapes show the detect-
ion depth of different published metageno-
mic analyses of the human gut micro-
biome. The upper dotted red line shows the
detection threshold of the most powerful
available metagenomic methods, the
middle line shows the detection threshold
of PCR, and the lower line shows the
detection threshold of culturomics. The
latter two thresholds were determined by
detection of Staphylococcus aureus that
was added to the samples in varying
concentrations (indicated by green pointed
shapes). Among the 340 cultivated bacterial
species, 29 were identified only after
several days of incubation in an anaerobic
blood culture bottle, so their
concentrations in the original samples
could not be estimated. Among the
remaining 311 bacteria, 203 (65%) were
found at concentrations of <10° CFU/g of
stool, i.e. below the detection threshold of
metagenomic methods

Microbial culturomics: paradigm shift in the human gut microbiome study



Phylogenetic tree representing the new bacterial species and

genera obtained by culturomics
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Phylogenetic tree representing the new
bacterial species and genera obtained by
culturomics.

Red labels indicate the new species
found in the Senegalese patients and
obese patient. Dark labels indicate the
closest neighbour species defined as
isolates and type in the RDP-II database.

Tree branches in red, dark green, purple
and blue represent the phyla
Bacteroidetes, Proteobacteria,
Actinobacteria, and Firmicutes,
respectively. Green squares denote new
species found in the obese patient.

Microbial culturomics: paradigm shift in the human gut microbiome study



Growing importance of new bacterial species isolated from human
gut via culturomics
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Culturomics identified 11 new bacterial species from a single
anorexia nervosa stool sample



Culturomics will benefit form further progress in omics
technologies

« Continued decrease in costs for sequencing as driver for further progress
in omics fields

« The availability of cultures not only enables genome sequencing,
comparative analysis, and functional genomics, but all downstream
(biotechnological) applications

Cost per Genome

National Human Genome
Research Institute

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014




State of the art third generation single molecule sequencing
technologies

PacBio: sequencing by direct observation of synthesis

Oxford Nanopore: sequencing without synthesis of DNA



Phylogenomics analysis pipeline
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Phylogenomic trees with extremely high bootstrapping support

phylogenies from genome sequences and proteomes
- generated by automated data handling pipelines

——0.1 100/54 Halogeometricum borinquense PR 3
100}?8(/)1 0o | Haloquadratum walsbyi HBSQO001
100/100. Haloferax volcanii DS2

Halorubrum lacusprofundi ACAM 34

100/96. i Haloarcula marismortui ATCC 43049

1007100+ Halomicrobium mukohataei arg-2
100/100] L Halorhabdus utahensis AX-2
100/95-" | Haloterrigena turkmenica 4k
100/94- Natronomonas pharaonis Gabara
Halobacterium sp. NRC-1
100/ 1})%0@{—Methanococcoides burtonii ACE-M
100/100 Methanohalophilus mahii SLP
100/100 Methanosarcina acetivorans C2A
Methanosaeta thermophila PT
Methanocella paludicola SANAE
100/1@{ Methanoculleus marisnigri JR1
’ 032%@ Methanosphaerula palustris E1-9¢

Methanospirillum hungatei JF-1
Methanocorpusculum labreanum Z

Insights into the diversity of catabolic metabolism from 10 haloarchaeal genomes



DNA-DNA Hybridization: the classical golden standard in
species description
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Digital alternatives to wet lab DNA-DNA hybridization:

ANI and GGDC digital DDHs

€ € Investigators are encouraged to propose new

[...] genomic methods [...] provided [...] a Lack of congruency
sufficient degree of congruence between the = inconsistencies in microbial
technique used and DNA:DNA reassociation. taxonomy

\\' acKebranc .'I reta .'I. y Jlf ,-: l'r ,-\_ )

GGDC
f’fJ\’ Genome-to-Genome Distance Calculator DSM€.
)

About GGDC 1.0 GGDC 2.0 FAQ Contact Legal Notice

Calculate distances and DDH estimates with GGDC 2.0

GGDC 2.0 is an updated and enhanced version with improved DDH-prediction models and additional features such as confidence-
interval estimation. To the best of our knowledge, it is the only digital DDH method that provides this feature. Of all genome-based
methods we are aware of, GGDC 2.0 yields the highest correspondence to wet-lab DDH {without sharing DDH's drawbacks). Details
are described in our BMC Bioinfomatics study.

Hint: If you need advice on the following form fields, you can simply hover your mouse pointer over the "Help”

Form

1st step: Choose the alignment method for finding intergenomic matches

GGDC 20BLAST+ B [[1Calculate confidence interval for DDH prediction based on bootstrap replicates
Help

2nd step: Choose the query genome

GGDC is based on GBDP

established ten years ago
(Henz et al., 2004)

devised for assessing
genome-based phylogenies

most accurate known whole
-genome phylogeny method
(Patil and McHardy, 2013)



Comparability with wet lab DDHs
Correspondence to wet lab DDHs

Direct comparability with wet lab DDHs seems important
microbiologists are used to the established DDH scale and thresholds
digital DDH alternatives operate on a scale of their own
GGDC predicts digital DDH on the well-known DDH scale
mimicking DDH on average as good as possible without mimicking its error rate is the aim

GGDC yields very high correspondence to wet lab DDHs

0.00 - gy
@ ~025. Corr. type
© 0 50 :!:}_: —1 Kendall
-E a = | Pearson
(7p)
LL' _075 1 <ANI

—1.00 -
(best)

Datasets



Improved Phylogenetic Reliability

GBDP primarily from phylogenomics
branch support with pseudo-bootstrapping
essential for phylogenetic analysis

Genome-based GEBA tree

Meier-Kolthoff et al. (2013)




Taxonomic use of G+C Content in the Genomic Age

Within-species difference in G+C content <1% if calculated from genome
sequence
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Availability of cultures also allows to analyse phenotypes
e via high throughput phenotyping

based on pathways reconstructed from the genome sequence

Phenotype MicroArray-Technology for GEBA strains of model organisms
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The Genomic Encyclopaedia of Bacteria and Archaea, GEBA

A systematic, genomic exploration
of all species of bacteria and archaea
with validly published names

The ambitious but assuredly tractable goal of the /project-is to sequence the
genome of at least one representative (type stra+n) of every bacterial and
archaeal species that has a validly publlshed name in conformance with the
Bacteriological Code.
genom Te . standardi;ed methods for DNA extraction,
\NDARDS consortitm=" '~ sequencing & annotation

e “standardized dissemination of sequence data

& metadata _
« development of tools for species discrimina-

S tion (dDDH) and genome-scale phylogenies
=@/l Standards in e taxonomic emendation of species & genus
SIGS Genomic Sciences descriptions
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Filling Out the Branches
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News

Microbial encyclopaedia guided by evolution

Sequencing project reveals microbial cache of protein families.

THOMSON REUTERS
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BRANCHING OUT WITH PHYLOGENETICALLY DRIVEN GENOME SEQUENCING

WHAT'S HOT IN BIOLOGY, NOVEMBER/DECEMBER 2011

At #1 is a paper from Jonathan Eisen at the University of California, Davis, and a

large group of colleagues. who set out to see if they could target microbes for WHAT'S HOT IN. ..

sequencing specifically in order to understand better their evolution, phylogenetic Biology
histary, and functioning Chemistry
The team's quest started from the Medicine
observation that almast everything we Physics
knew about bacterial evolution and Home

family trees was derived from just three
of the 40 or so phyla of bacteria. The
dominant phylogenetic tree was
derived from the sequence of one small
piece of RNA, and there were bits of
the tree that made no sense. So Eisen
and his colleagues set out to draw up
a "Genomic Encyclopedia of Bacteria
and Archaea” (GEBA).

MORE ANALYSES

Featured Analyses

Special Topics

They first made a list of branches of
the tree that had little or no sequence
data available and sent it to
Hans-Peter Klenk at the DSMZ (the
German Collection of Microorganisms
and Cell Cultures), who identified about
200 microbes from those branches in

A woman works with human genetic

material at a laboratory in Munich, May
2011. REUTERS/Michael Dald.

the collection.

Scientists Start a Genomic Catalog of Earth’s Abundant

Microbes



Second chapter - published last year
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Third chapter

GEBA pilot project w. extension (2007-2012)
250 phylogenetically selected type strains. Complete genomes.
all sequences finished; about 175 published

GEBA phase | (2011-2014)
1000 phylogenetically selected type strains. Draft genomes.
all sequences finished; about 20 published

GEBA phase Il (2012-2015)

100 phylogenetically selected type strains; 800 type strains to complete genera
and families; 100 candidate type strains for sp. nov.

Draft genomes. DNA production ongoing

GEBA phase lll (2013-2016)
1000 type strains from various culture collections and candidate type strains
for sp. nov. from various researchers. Draft genomes. DNA production ongoing

GEBA ‘phase IV’ (2014-2017)
1000 selected type strains; Draft and PacBio genomes. DNA production ongoing



Planctomycetales — two genera become five genera

Figure 2 Scanning-electron micrograph of P. brasiliensis DSM
5305" highlighting stalks and crateriform structures on the

cell surface.
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Scheuner et al. Standards in Genomic Sciences 2014, 9:10
httpz//www.standard singenomics.com/content/9/1/10

Wi standards in
SIGS Genomic Sciences

EXTENDED GENOME REPORT Open Access

Complete genome sequence of Planctomyces
brasiliensis type strain (DSM 5305"), phylogenomic
analysis and reclassification of Planctomycetes
including the descriptions of Gimesia gen. nov.,
Planctopirus gen. nov. and Rubinisphaera gen.
nov. and emended descriptions of the order
Planctomycetales and the family
Planctomycetaceae

Pl bra

Pl lim. DSM 3776

Gemmata obscuriglobus UQM 22467 Figure 5 Venn diagram depicting the intersections of sets of
homologous proteins of P. maris, P. brasiliensis, P. limnophilus and
Zavarzinella formosa DSM 19928 5. paludicola. Their cardinalities are given in parentheses; for the total
number of proteins see Table 3 and the resources listed in Table 5. The
Phycisphaera mikurensis NBRC 102666" ‘enn diagrarm was calculated with the comesponding R package [92].



Escherischia coli and subspecies

Meier-Kalthoff et al Standards in Genomic Sdences #CITATION

#ARTICLE_URL_DISPLAY_TEXT_FOR_STAMPED_PDF 1-4.I Standards in

S[(_Jb Genomic Science:

EXTENDED GENOME REPORT Open Access

Complete genome sequence of DSM 30083’, the
type strain (U5/41 Y of Escherichia coli, and a
proposal for delineating subspecies in microbial
taxonomy
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Figure 5 Histogram of the digital DDH similarities between the type strain, DSM 300837, and other genome-sequenced E coli strains
as well as outgroups. Interesting groups are marked by Foman numerals BYIE Escherichia hermannii and Shimwelia Bartae (), £ fergusarnii and
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Figure 2 Scanning-electron micrograph of strain E. colf DSM
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Growth of number of validly published species names since
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Summary

e The collective high-throughput characterization and quantification of pools of
cultures makes ‘Culturomics’ a true -omics technique

e The poor overlab of strains identified via Culturomics and metagenomics
makes culturomics a valuable complement to current analysis methods

e Only cultures allow efficient downstream functional analyses and
biotechnology

e When combined with state of the art sequencing technologies culturomics
allows higly efficient and informative analyses of unexplored biodiversity

e Culturomics might push the speed of accessig microbial biodiversity

e Within the next few years wet lab DNA-DNA-hybridizations (DDHs) will be
replaced by digital DDHs (depending on the progress in GEBA)

e Soon we will see more and more whole genome sequence-based phylogenies
and less 16S rRNA trees
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