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| How are species/units defined?

The most popular species definition

oéa genomically coherent (discreet) group of strains
based on the hybridization of their purified DNA
mol ecul eso

éPlus, a diagnostic phenotype

Wayne et al. IJSB, 1987



The DNA-DNA hybridization method

DDH general principle A70% => SAME species

Asolate genomic DNA from
strains A and B

ARandom fragmentation AGood correspondence with
pohature DNA phenotypically coherent clusters
AQuantify heteroduplex of strains in Enterobacteriaceae
relative to homoduplex
BUT

%§ %g ADifficult to do!

AMnclear how it relates to

@ % whole-genome relatedness.
MNeed to have  isolates
@ H @ availableébut only 1-2% of

prokaryotic cells are cultivable!
(the great plate count anomaly)
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|DDH vs. whole-genome sequence relatedness

DDH vs. whole-genome Average Nucleotide Identity (ANI)
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Goris, Konstantinidis, et al. IJSEM, 2007



ANI1 to measure relatedness

Reference genome Tester genome
(CDS sequences) (genomic sequence)

Reciprocal (best match) BLASTP/N
Query Database

IF

U 30% Id. & 70% Len. of the query ORF
U (a.a. OR nt. level)

Conserved Genes

Conserved genes as Average Nucleotide ldentity of

percent of the total ORFs the conserved genes
(normalize genome size effect (measure evolutionary distance




ANI vs. Maximum Likelihood (ML)

Within A Group o 0.08 m Burkholderia
U Determine the conserved gene core S 08 | 00 *s " ® Shewanella
basgd on RBM blast searches. _*g 0.04 =*® Species| ™ Salmonella
U Build a clustalw concatenated o 0.0 g cut-off | 5 £ ool
alignment of all core genes (>2,000). EI SN I . '
- 0o 002 0.04 0.06
Determine the. best model for § T — -
sequence evolution by ModelTest . 3 bongori
L -
2 02 [ "\. =
. = —
Build core-based_ML phylogeny and 5 _#l
calculate the distances between n M o.05 i Gile i .
the genomesof the group. L ' . ' '
9 group Species cut-off ANI distance

Compare ML to ANI (calculate on J

the same, core genes) distances. A_”gmy robust

ASimple and universal,
Konstantinidis, Ramette, &Tiedje , Applied & Environ. Micro. 2006. meSOIUtion W|th|n SpeCieS %




MLSA vs. 3-best genesin the genome

A.Whole-genome-tree
(ML of concatenated alignments

of the 2,635 core genes)

B.Tree based on genes used in MLST studies
(ML of concatenated alignments of full-length

Zwf, RecA, Adk, Ppk, FumC, Icd, AroE, Mdh 9,500nt)

C.Tree based on 3 best-genes

(ML of concatenated alignments
of the 3 genes, 3,300nt)

E.coli CFT073 E.coli CFT073 —— E.coli CFT073
E.coli E2348/69 E.coli E2348/69 — E.coli E2348/69
E.coli 042 E.coli 042 E.coli 042
S.dysenteriae M131 | | oo S.dysenteriae M131 S.dysenteriae M131
_I E.coli 0157 EDL933 vool 42} 775~ E-coli E24377A 100 " ml E.coli 0157 EDL933
E.coli 0157 Sakai i e S.sonnei 53G E.coli 0157 Sakai
E.coli E24377A ;EL| S.flexneri 301 92 r=- E.coli E24377A
S.sonnei 53G - 7001 S.flexneri 2457 2: S sonnei 53G
S.flexneri 301 E.coli HS 99 67|__| S.flexneri 301
S.flexneri 2457 93 b—— E coli K12 1001 S.flexneri 2457
—E.coli HS | E-coli 0157 EDL933 E.coli HS
00 — E.coliK12 0.01 100! E coli 0157 Sakai 0.01 95— E.coli K12
AClassical MLST: Significantly different by KH test ( p-value 0.02)

A8 Best -genes: NOT significantly different by KH test (

p-value 0.709)

AResolution at the strain level with (just) three genes!

Konstantinidis, Ramette, &Tiedje , Applied & Environ. Micro. 2006.
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| How are species/units defined?

The most popular species definition

oéa genomically coherent (discreet) group of strains
based on the hybridization of their purified DNA
mol ecul eso

éPlus, a diagnostic phenotype

Wayne et al. IJSB, 1987



|Genetic continuum OR discreet clusters?
Whole-genome Max. Lik. phylogeny
(based on 2,000 core genes)

APECO1
CFTO73

1 S.flexner
E. col K12'7
Sakai

S.dysenteriae

Scale

' 10.01 Salmonella
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|Genetic continuum OR discreet clusters?
Whole-genome Max. Lik. phylogeny

E. coli

(based on 2,000 core genes)

APECO1
CFTO73

S.flexneri

Year 2002

K12
Sakai E.albertii i
S.dysenteriae Same pICtU e
with ANI

E.fergusoni

Scale
—0.01 Salmonella
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Genetic continuum OR discreet clusters?

Clade IV

Clade Il

Cladelll

I CladeV

APECO1
CFTO73
E. colf|>flexner Year 2010
: E. albertii :

Sl e el Same picture

wagsl with ANI

E.fergusoni

ANhere did the strains come from?
Aow ecologically successful there?
Aare intermediates viable?

AShare same ecology/phenotype? saliienelia

Luo, Konstantinidis, et al., submitted %
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How to study natural populations?

UNDERSTANDING OUR

MICROBIAL PLANET

THE NEW SCIENCE OF ME TAGENCHNISNS

\
. W W '..

NATIONAL ACADEMY OF SCIENCES NATIONAL ACADEMY OF ENGINEERING  INSTITUTE OF MEDICINE ~ NATIONAL RESEARCH COUNCIL

THE NATIONAL ACADEMIES %
Advisers to M Kotion an Sciente, Engineering, uad Medicine



| What Is metagenomics?

0 t h eapplication of  modern
genomics technigues to the study
of communities of microbial
organisms directly in their natural
environments, bypassing the need
for isolation and lab cultivation of
Individual s peci eso

Handelsman et al. Chemistry Biology, 1998



Metagenomic sampling of the Oceans

Global Ocean Survey (GOS) sampling sites

Pacific Ocean
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Hawaii Ocean Time Series
~200Mbp of shotgun library
Deep, 4000m depth
(Konstantinidis & DelLong, ISME 2008)

SAR3, SAR4, GOS18, GOS23, GOS34
~200 -300Mbp of shotgun library
Surface, ~5m depth
(Rusch et al, PLoS Biology 2007) %



Microbial Community DNA

The approach
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Clusters are ubiquitous In the Oceans!

BAC clone from uncultured gproteobacterium Based on aphylogenetic
vs. Surface shotgun
approach too!
BMAY619685.1_vs_Sample2
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Species-like populations!

Distantly related
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A Sequence-discrete populations

A Smaller intra-population gene-content differences
compared to several named species (<5% vs 20-30%)

A Detectable intra-genomic homologous recombination; albeit
lower levels compared to biofilm communities (e.g., AMD)

Genetic dISCOI’]tInUIty More details: Konstantinidis &Delong,
frequently @ 95% ANI! The ISME Journal, 2008 %



What about populations from

different environments or sites?



Groupl Crenarchaea in the Oceans

Archaeal dominance in the mesopelagic

Depth sampled

zone of the Pacific Ocean
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Constituting up to 20% of microbial
cells in the sub -photic zone

Genomic analysis of the uncultivated marine
crenarchaeote Cenarchaeum symbiosum

Steven J. Hallam**, Konstantinos T. Konstantinidis*, Nik Putnam*, Christa Schleper$, Yoh-ichi WatanabeT,
Junichi Sugaharal, Christina Preston**, José de la Torre'!, Paul M. Richardson*, and Edward F. DeLong***

Hallam Konstantinidis et al. PNAS 2006

Pathways of Carbon Assimilation and Ammonia
Oxidation Suggested by Environmental Genomic
Analyses of Marine Crenarchaeota

Steven J. Hallam', Tracy J. Mincer', Christa Schleper®, Christina M. Preston®, Katie Roberts?, Paul M. Richardson®,

| Hallam et al. Plos Biol. 2006

Isolation of an autotrophic ammonia-oxidizing
marine archaeon

Martin Kénneke'*1, Anne E. Bernhard*t, José R. de la Torre', Christopher B. Walker', John B. Waterbury®

| Wouchter et al. PNAS. 2006

Archaeal nitrification in the ocean

cornella Wuchters, Ben Abbas®, Marco J. L Coolen®*, Lydle Harfort®, Judith van Blel|swijk®, Pesr Timmears®,
Marc Strous®, Eva Telra*5, Gerhard 2. Herndl*, Jack ). Middelburg?, stefan Schouten*, and Jaap 5. Sinninghe Damsté *

Konneke et al. Nature, 2005 %



How are they distributed with depth?

Nucleotide 1dentity against 4,000m
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Depth (m)

photic zone
- = , - “ -

200m

O 0 ° <

mesopelagic zone “
1000 m pekg

%

5000 m abyssal plains

DelLong et. al. Science 2006

100

n
O WO
S

pulatio
o oo
o o

£ 70

Nucleotide identity to
4,000 m po
a S Q& G

o
o

crenarchaeal population

T

[/

500 800 /4000
Depth (in Med. 3,000m

Konstantinidis et al.,
Applied & Environmental Microbiology 2009 %



Outline

Translating old standards to sequence: The ANI approach

New insights into the species issue from natural populations

Assessing the whole prokaryotic diversity & taxonomy

Conclusions & Perspectives



The current taxonomic system

Arokaryotic Taxonomy: Classification, ldentification, Nomenclature

Domain
Phylum
Class
Order
: : Family
58 recognized taxonomic ranks. Genus
Species
Subspecies

ACurrent classification is primarily based on 16S rRNA
and secondarily on classical microscopic and biochemical observations.

AThere is no official prokaryotic taxonomy.
Ber g ey thesclosest approximation to this.

Aow well does 16S rRNA represent the whole genome phylogeny?

o



16S rRNAvs whole-genome relatedness
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Zooming In at the species level
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16S rRNAvs gene-content relatedness

110 . 110 4
100 4 - 100 - e —
" S
- e
1
2% f z®1 g |
€ T ' ’
3 o
e 80 o 80
& S
2 2
- 70 | T 70
Genus Species
60 boundary boundary 60 4
50 T T T T T T T 1 50 4 ! J Y !
30 40 50 60 70 80 90 100 110 0 20 40 60 80 100

Average Amino Identity (AAl) Percent of genes shared

Cumrent Opinion in Microbiology

Genetic distances correspond to (even greater) gene content
differences!!
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The current taxonomic system

Arokaryotic Taxonomy: Classification, ldentification, Nomenclature

Domain
Phylum
Class
Order
: : Family
58 recognized taxonomic ranks. Genus
Species
Subspecies

ACurrent classification is primarily based on 16S rRNA
and secondarily on classical microscopic and biochemical observations.

AThere is no official prokaryotic taxonomy.
Ber g ey thesclosest approximation to this.

ADesignation of higher than the species ranks is rather arbitrary
(clustering by 16S rRNA but no standards on absolute differences).

o




Identifying outliers of taxonomy

A76X176 = 30,976 pairs

Aadjacent ranks show
~30% overlap

ANon-adjacent ranks
overlap ~10 fold less
frequently
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Summary-Conclusions

Translate old standards to
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|Environmental Microbial Genomics Lab @ GaTech
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Microbial & interdisciplinary research @ GaTech

Environmental Engineering Building Downtown Atlanta
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relationships
based on AAI

Phylogenetic

APhylip) Neighbor joining tree of the full

176X176 matrix of AAL.
ASame results by weighted NG ( Weighbor ).

Acinetob. A.pernix A.tumefaciens é 1 75 geni

- Acinetobacter sp. 1.00

EAeropyrum pernix 0.95 1.00 .E. " P

. Agrobacterium tumefaciens 0.66 0.88 1.00 .
“6175 genomes t oé al é é e

Aall phyla and several classes are as deep
branching as Archaea!

Root]

10% AAI difference

If

— ||: - E Actinobac,
-LL o
et
—/—= 1E| <
O
1& [Firmicutes
£liLow GC)
2 I
S
1 a
8
—i— /4]
= |3
o o)
: 3
£ ] Spirocha.
— ' | Chlamyd
= -: Therm-D
— === ]eProteo
_— _] &-Proteo
| —
o-Proteo
= = erre
ic J
= e
(4]
G + | y-Proteo
'.: :
-Ll_‘ Gallus gallu
RGeS
Rattls norve gicus

] Euryarch.

W

+ 1

‘ BACTERIA

4

] Crenarch.

ARCHAEA EUKARYOTES

&



