Microbial Taxonomy

Traditional taxonomy or the classification through identification
and nomenclature of microbes, both "prokaryote” and eukaryote,
has been in a mess — we were stuck with it for traditional reasons.

A "natural” taxonomy would be based on evolutionary relatedness:
Thus, organisms in same “genus" (a collection of “species") would
have similar properties in a fundamental sense.

A natural taxonomy of macrobes has long been possible: Large
organisms have many easily distinguished features (e.g.,
body-plans and developmental processes, that can be used to
describe hierarchies of relatedness).

Microbes usually have few distinguishing properties that relate them,
so a hierarchical taxonomy mainly has not been possible.

Recent advances in molecular phylogeny have changed this picture.
We now have a relatively quantitative way to view biodiversity,
in the context of phylogenetic maps or evolutionary trees.

Slowly evolving molecules (e.g. rRNA) used for large-scale
structure; "fast- clock" molecules for fine-structure.

The literature language (e.g. "species") and formal nomenclature,
however, remain solidly rooted in the tradition of Linnaeus at
this time. (You have to call them something!)




Table 11.4 Some phenotypic characteristics of taxonomic value

Major category Components

L Morphology Shape; size; Gram reaction; arrangement of flagella, if present

1. Motility Motille by flagella; motile by gliding: motile by gas vesicles; nonmotile

111 Nutrition and Mechanism of energy ¥ ph, ph, chemolithotroph);
Fhysiology 1 h 2 pHL and salt neq 15/ tolerances; ability to use

p o axygen; temp
variows carbon, mitrogen, and sulfur sources: growth actor requirements
IV. Other factors Pigments; cell inclusions, or surface layers; pathogenicity; antibiotic sensitivity

Enterotube™ reactions

ID of an enteric bacterium

I. Isolation and microscopy
Isolation messlp Pure culture === Gram reaction/
morphology
Il. General physiology
Gram-negative rod === Facultative ====p Ferments
lactose to
11l.Detailed physiology acid/gas
Facultative Perform Positive:
lactose fermenter series of indole, methyl red,
biochemical mucate;
tests Negative: citrate,
Voges-Proskauer,
H,S
IV. Conclusion » Escherichia coli

Note: requires isolation in pure culture!
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Ranges of DNA base composition
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DNA:DNA hybridization

Hybridization
xperiment: Mix DNA from two organisms—unlabeled
i " DNA is added in excess:
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DNA:DNA hybridization

interpretation:
i Same genus, il 1x1 1x2
ame but different Different
species species genera 100% 25%

Sl i B

100 75 50 I 2‘? 0 Same strain 1and 2 are likely
Percent hybridization (control) different genera

70% or greater; considered same species

FAME analysis
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Classes of Fatty Acids in Bacteria

Class/Example Structure of example
[[]
I. Soturated: C—{CHz)y2 —CH.
tetradecanoic acid Ho' -CH2hz 3
i i
Il. Unsaturated: -
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P
V. Hydroxy: C—CHy—C—(CHz)10—CH
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| IDENTIFY ORGANISM
] Compare pattern of peaks
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Table 17.1 Hierarchical classification of the

bacterium Spirochaeta plicatilis

Taxon Name

Domain Bacteria

Phylum Spirochaetes (vernacular name: spirochetes)
Class Spirochaetes

Order Spirochaetales

Family Spirochaetaceae

Genus Spirochaeta

Species plicatilis

Table 17.2 i y of ifi
Tazea rask A lang-stedied Laxos. A less-sludied lazen
Donie. Bacterin hrehaes Bactera
Divisian Actinsbacteria hwu Protechacteria
iphylum)  Filsmenicus gram-positive w gram-negative
Class.
High GE gram-positive g
Sabeliis Actinebacteridas
Order Actinemrycetabes Methasocaccales Rickettsiales
Filamenious; scid-last stain  Methanogenie cocel Includes imtracellulsr bactesia
‘Saborder Streplomyzineae
Family SARTY cluster
maring bacteria
sporss
Gesuy. Stregtemyees Mribanecaldocscess Pelagibacter
Specis 5. coslicolst M. jasaaschi F. abigoe
fate it (1008) 188y (2002)
dasciibed)
B ——
3500 W Mot b Compao
Table 11.6 Taxonomic ranks and ll'Il.II'Ib:IB of
known prokaryotic species
Rank Bacteria Archaea Total
Domains 1 2
Phyla 25 29
Classes 34 43
Orders 78 91
Families 230 243
Genera 1227 1306
Species 6740 7029

"Numbers represent validly named genera and species of Bacteria and
Archaea as of 2005, The phyla category for Archaea includes the Korarchaeota
and the Nanoarchaeota, not yet officially recognized phyla.

Source: Garrity, G.M., Libum, T.G., and Bell, J.A. 2005. Bergey's Manual of
Systematic Bacteriology, 2d ed., Vol. 2, part A, pp159-220. Springer-Verlag,

New York.
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Taxonomy Summary

Classical physiological descriptions of microbes constitute a
taxonomy, but do not provide relationships (except as might
be inferred subjectively).

Methods such as G+C ratios, FAME, DNA-DNA hybridization
establish relationships, but only if close, i.e., they are not
sufficiently general to be broadly applicable.

All these methods require pure-cultivation of organisms for
characterization, but we can't cultivate much of what is out there.

MO’s able to grow Clones isolated

in pure culture from environment

>1% Crossover
between these groups




Importance of a Molecular
Biological Approach

« Traditional culturing techniques isolate ~1% of the total
bacteria in marine ecosystems, thereby severely
underestimating diversity and community structure.

 Because nutrient-rich culture media have been historically
used during enrichment procedures, bacteria which may be
dominant in natural communities are selected against in
favor of copiotrophic (weedy) bacteria.

» SSU rRNAs and their respective genes are excellent
descriptors of microbial taxa based on phylogeny.

Stanier et al., 1976:

... the general course of evolution
[for bacteria] will probably
never be known, and there is
simply not enough objective

evidence to base their
classification on phylogenetic
grounds...

For these and other reasons, most
modern taxonomists have
explicitly abandoned the

phylogenetic approach.

Regarding Molecular Phylogeny

The Root of the Problem:

Unlike zoology and botany, microbiology developed without
the knowledge of phylogenetic relationships among the
organisms studied.




Molecular Phylogeny

€= Woese (1977): Applied
rRNA concept to redefine
microbial systematics
(microbial genealogy).

Pace (1984): Applied rRN Awm=p-
concept to microbial ecology
(census without culturing).

Why ribosomal RNAs?

® Found among all living organisms (for 3.8 of the last 4.5 billion
years). Integral part of protein synthesis machinery.

® Cell component analyses provide culture-independent means of
investigating questions in microbial ecology (lack of morphology).

© rRNAs offer a type of sequence information that makes them
excellent descriptors of an organism's evolutionary history.

® No detectable horizontal gene transfer, especially important for
the bacteria and archaea.

® Large and growing database; RDP contains ~1.3x10% SSU rRNAs.
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* Identical in 9% or
moee of all organisms
Conserved only in

: the Backeria

+ Conserved only in

| | the Arcl

« Conserved only in
the Euarya

& Conserved within
each domain, variable
among domains

= Riegions that vary
structurally
among domains

Secondary Structures of SSU rRNA show homology

Secondary Structures of rRNAs show homology




Molecular Strategy Flow Chart
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Tree topologies
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Internal nodes
represent ancestor
species...

Internal /

...external nodes
represent extant,
known species...

...branch lengths repre-
sent evolutionary distance
between species.

Internal
nodes / E nodes e— |
Branch . s )
External Branch External
nodes nodes

Table

position” Archaea Bacteria Eukarya
CACYYG M5 0 o5 0
AAACUCAAA o 3 100 0
AAACUUAAAG 10 100 o o
TUYAALLG 20 100 1 w00
CAAMCYYCR mo o 95 o
uoCCuG 1350 T o 10
UACACACCG 0 ] v 100
CACACACEG 1400

¥, amy pyrimidine; B, any purive.
Keder bo F

Clocurmence refers

Signature sequences can be obtained at any
level of taxonomic hierarchy
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Take Home Message

« Phylogeny is right or wrong, we try to infer
it the best we can.

« Taxonomy is useful or not, depending upon
your point of view.

« Phylogeny allows us to ask testable
questions, e.g., hypothesis testing.

- microbial ecology relationships can now be truly examined
- relationships between MOs and their genes can be studied
- infer dynamics of sequence change (Rolex vs Timex)

Inferring evolutionary relationships from a phylogenetic tree
-Key word is inference (not always correct!)

-Some lineages accumulate mutations faster than others -
generation times and selective pressures differ.

So, molecular clocks are distorted ("soft watches").
-For this reason, mutation frequency cannot be calibrated to

units of time. Tree can be calibrated to fossil record or
geological evidence.
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Some Lessons from the BIG TREE: Map of the Biological Record
Single origin for all life on Earth...

« Central Dogma intact.

« ATP and PMF are universal themes.

« Uniformity among chiral carbon compounds (sugars & AAs).
« Hot start origin...

General topology implies:

« Three “primary lines of evolutionary descent.”

« The Eucarya “nuclear” lineage almost as old as other two.

« Prokaryotes split between Bacteria and Archaea.

« Shown for only a limited number of representative org’s.

« Mitochondria and chloroplasts proven to be of bacterial origin.
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Some Lessons from the BIG TREE: Map of the Biological Record
Evolutionary “clock” is NOT constant between different lineages

« Terminal nodes NOT all the same length, so not constant for all
organisms either!

« Endosymbionts sped up very fast (semi-autonomous)

« Eucarya — Fast clocks

« Archaea — Slow clocks

« Bacteria — Intermediate

Table 17.3 Three domains of life.

Al calls on Earth resemble sach olher
Chromosomal material | Double-stranded DNA
AN Common
Transiation Camman ancestral rANAS and slongation fastors
Erotein Comman ancestral functional domains
Coll strssturs Aguecus el compartment bounded by o membrane
Bacteria | archaea Eakaryotes
Archaea resemble bacterla
Coll volume 1-100 wm'* (usually) -1
DNA ehramaosome Cireular {ssually) Linsar
DNA organization Nuscieaid MNucleus with membrane
Ganw arganization Multigene operans Single genes
Metabolism Deritrification, N, fixation, lithotrophy, Respiration and fermentation
respiration, and fermentation
Multseslularity Simphe ‘Sienple oe complex

Tabbe 17.3 part | Mcrwbisbongyi An Evslving faience
© 2009 W. W. Norion & Compan. inc.
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Table 17.3 Three domains of life.

Intren splicing Intrans are rare Introns are common
ANA palymarase Bactedial Eukaryotic farm
Transcrigtion factors. Bacterial Eukaryotic form
Ribasome sensitivity to
ehioramphanicol,
anamycin, and
sireptomycin Sensitive Rasintant
Translation initiator Farmylmethianing
Coll wall i of other palymer; or prodein S-layer
and difter
Methanogenesis No Yes o
Thesmophilic grawth Up o 90°C Up 1o 120°C Up 1o TO°C
Many ¥
Ghigrophyil light Fied and blun of (Fied and biue
absorption solar spectrum) Bacterial origin]
Membrare Spids (major)| Ester-linked fatty acids Ethorlinked isoprencid | Exter-linked fatty acids.
Pathogens infecting
animals of plants | Many pathcgens. Mo pathogens [Marry pathogens

Table 17.1 part I Micesbioloqy: An Evstving Scisace

T T —rr—

Horizontal gene transfer

This lateral flow of information
across microbial tfaxa occurs via
the transfer of genes by:

conjugation, transduction, and transformation.

Rem: These are one-way processes!

Fig. 3. A reticulated
or net, which might

appropriately represent life's

histary.

tree,
more

Bacteria

Eukarya Archaea

Crenarchaeota

Doolittle’s Universal Tree (1999)
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Gene flow model for two diverging species
herichia Recent " "
loss of enterica

gene.
Gained Lost
Lost — Galned
Gained Lost
]
E| Gained-
:
H
3 f:"“’ / Galned
g ot ! Lost from
o

Lost from 5. enterica
E. coli

Gained by
E. coli

Fipare 11,18 Missbiadngy A Frbeing Fibeace
92009 WL, Norten & Company.nc.

Relative importance of horizontal gene transfer

¢ aeruginpsa
Escherichia coli
Muycobacteriunr tuberculosis

Bacillus fal
Vibrio cholerae
Bacillus subilia

Synechocystis POCES03
Deinococcus rads
Xylella fastidiosa
Pastenrella multocida
Lactococcns lactis
Archacoglobus fulgidus
erin meningitidis 72491
i meningil MC58
Halobacterium NRC-1
Thermotoga maritina
Mycobacterium leprae

2 3 4 5 &
Megabases of protein-coding DNA

Relative importance of horizontal gene transfer

Pyrococe

Pyrococcus horikoshii
Methanobacterfurr Hiermantotroplicint
Aerapyrum perr

Campylobacter jejumi

Haeray

Helicob

i I acid
Methanococens fa
Treponensa pallidins
Borrelin burgdorferi
Reickettsia prowzekii
Mycoplasma preumonine
Urenpliesima urealyticim
Buchnera aphidicoln
Mycoplasma genitalium

Megabases of protein-coding DNA

2 3 4 5 o
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Some Lessons from the BIG TREE: Map of the Biological
Record

What does genome sequencing and study of functional genomics add
to our perspective?

« The central information processing machinery encompasses
core genome.

« Metabolic functions, that’s when relationships get murky.

« Endosymbiosis involves more than simply organelles, i.e.,
two-way transfer of genes with most going to the nucleus.

« Mitochondria have been at it much longer than chloroplasts.

ABit on the Evolution of Evolutionary Thought

A. Priorto the late 19th century, the concept of evolutionwas on
the evolutionary ladder. Thus, we still deal in "higher and lower™
eucaryotes (Itry not to use these terms — they are dumb), "missing
links," and "primitive" organisms.

B. Inits milieu, E. coli is as highly evolved as are we. E. coli is
simple (~5x10° bp genome), we are complex (~3x10° bps);
complexity has nothing to do with evolutionary advancement.

C. Lineages evolve by diversification, not progression. !!!

D. There is no such thing as a primitive organism alive today.
Simple, yes, but still a finely honed product of ~ 4 billion years
under the selective hammer of the niches that it and its progenitors
have occupied.

TABLE 13.3 Cvalues from eukaryotic organisms ranked
by size

C vc_llue par‘adox.. ) P
Organism complexity ¥ Uil
Navicola pﬂh(u!‘m (diatom) 35,000
does not correlate t0  tmmpbis metsmogastr reiy) 150000
. Paramecium aurelia (ciliate) 190,000
genome size Gallus domesticus (ckicken) 1200000
Erysiphe cichoracearum (fungus) 1,500,000
Cuprinus carpio (carp) 1,700,000
Lampreta planeri (lamprey) 1,900,000
Boa constrictor (snake) 2,100,000
Parascaris equorum (roundworm) 2,500,000
Carcarias obscurus (shark) 2,700,000
Rattus norvegicus (rat) 2,900,000
Xenopus laevis (toad) 3,100,000
‘ Homao sapiens (human) 3,400,000
Nicotiana tabaccum (tobacco) 3,800,000
Paramecium caudaturn (ciliate) 8,600,000
Schistocerca gregaria (locust) 9300000
Allism cepa (onion) 18,000,000
Coscinodiscus asteroniphaius (diatom) 25,000,000
Lilism formesanum (lily) 36,000,000
Pirus resinosa (pine) 68,000,000
Ampltiuma means (newt) 84,000,000
Pratopterus aethiopieus (lungfish) 140,000,000
Ophidglossum pefiolatum (fern) 160,000,000

Amacha proteus (amaeba) 290,000,000

- Aol dubic (sonocba) 670000000

Compiled by Li and Graur (1991) from Cavalier-Smith (1985}, Sparrow et al.
Q572), The € vahue for humans i for

refercnce
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AELIER PN Comparison of E. coli and its

primate host species®
Homo
Property E. coli sapiens  Primates
Mol % G + C 48-52 42 420
165-185 rRNA =15 bases ? <16
variability
DNA/DNA >70% 98.6% >70%"

reassociation

“Adapted from ]. T. Staley, ASM News, 1999,

"Value for all primates.

‘Mouse 185 rRNA differs from humans by 16 bases.
J(_‘::m]:izirihann between Homo sapiens and chimpanzee.
‘Comparison between Homo sapiens and lemurs.

One microbial habitat

I I l‘,wt]ropc n mg [
o Q09 o
0%000 9030
E 1 Q09 _ cellcontaini
g © @55 sdsptive matation
Periodic selection I
Adaptive mutant o
survives. Original
e |
cells out com| J J J
Population of mutant
9 j) 9 Emyper
%
Ihpn‘tipm l
many times
! Ecotype and periodic selection
New spedies @ O 00 %, lead to possnple meqhqmsm
ofkotypel 0 0 Y% for bacterial speciation.
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