Why Philosophy of Microbiology<




* Philosophy of science
* Philosophy of biology
* Philosophy of microbiology

What is any philosophy of science?

Not just ethics, nor even mostly ethics
Not wild speculation and fantasy
Not anti-science or anti-empirical




Examining the arguments, conceptual resources,
and knowledge-producing strategies scientists use in
their science

Who does philosophy of science?

Whatis the
nature of the
chemical

1. Philosophers
2. Scientists




Why (on Earth) philosophy of microbiology®e

Excellent list of reasons:
 From the microbes’ side

* From the microbiology side
* From the philosophy side




Some specific Issues In
microbiology that are
philosophical

Species concepts

Tree of life concepts and
methods

Microbial model systems
(Mmy Bordeaux project)

Nofte:
Microbes = prokaryotes + eukaryotes



The many philosophical woes of
prokaryote species concepts

« Crucial to phylogeny, biodiversity
counts efc.

 Meant to capture something real in
nature (only rank meant to do so)

 Meant o be universal

However:

« Dominant concept devised for
animals

* Multiple competing concepts

« Different scientific conclusions
reached when different species
concepfts used

* Pragmatic not ‘natural’e




Modern synthesis of evolution

‘Bacteria have their own evolutionary rules. ... the
processes of variation, heredity and evolution in
bacteria are quite different from the corresponding
processes in mulficellular organisms’ (Huxley 1942,
pp. 126, 131-132).

HUXL

The Modern
Synthesis




Evolution without species?

‘Only sexually reproducing organisms qualify as species
and some other terminology, for instance paraspecies,
will have to be found for uniparentally reproducing
forms’ (Mayr 1942; 1987, pp. 165, 145)

And evolution without species is unimaginable; for the
modern synthesis, speciation just is the major pattern
produced by natural selection. o
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Reconstructing speciation patterns = phylogeny
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Major processes of speciation

Geograxc isolation,
reproductive isx’rion, divergence




- \
Vertical

Horizontal

Noft just divergence +
vertical inheritance

Horizontal
‘inheritance’ 1oo

Lateral/horizontal
acquisition of
‘foreign’ genetic
material (LGT)



TRANSFORMATION TRANSDUCTION CONJUGATION
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Big problem for reconstruction of species
relationships (phylogeny)
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Phylogenetic species
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Common ancestor
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Ecotypes or ecological species

Genetically cohesive clonal
ineages, ecologically distinct,
mostly non-recombining (Cohan
2002)

gsepneeé:gs i OOQ o o O ecological

“species"Y
genetac @@ /
“species” A/B ;

Doolittle and Papke 2006

ecological
“species” Z

genetic
‘species” B

Nesbg et al. 2005



Doolittle and Papke 2006

Polyphasic species

A method of diagnosis and
verification, not a concept
(Stackebrandt et al. 2002)

Consensus classification:
combines biochemical and
other phenotypic dafta with
genetic data and phylogenetic
inferences (from genes)

Conceptual concession: Mulfiple processes
operating to different degrees in different groups of
microorganisms. No one-size-fits-all concept.

Only true for prokaryotes?



Heliconius butterfly hybridization

Red patterning locus
gene tree

Genome-wide
phylogeny
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‘Species are
poorly
differentiated
way-stations in
a contfinuous
hierarchy of
biodiversity,
rather than
discrete and
fundamental
units’ (Mallet
2005, p. 229 -

clause orderreversed).
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Conceptual and practical tensions

Burkholderia mallei and Burkholderia
pseudomallei: causes of different diseases
(glanders versus melioidosis), but similarly
antibiofic resistant

Multilocus sequence analysis: ‘B. mallei is a
clone of B. pseudomallei that, on population
genetics grounds, should not be given

separate species status’ (Godoy et al. 2003).

But B. mallei has a much smaller genome, is
ecologically distinct, and has a separate
evolutionary frajectory — heading to
extinction: a ‘species within a species’?
(Hanage et al. 2006)

Glass et al.
2009




Gevers et al. 2005
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\\\‘__. CFT.O73
1523+ uropathogenic
21.2% \

MG1655 (K-12)
non-pathogenic

1346

17.6%
Total proteins = 7638
2996 (39.2%) in all 3 ;

811 (11.9%)in 2out of 3 EDL933 (01 57‘H7).
3554 (46.5%) in 1 out of 3 enterohaemorrhagic

Genomic (and phenotypic) variation within
one ‘species’. E. coli (Welch et al., 2002)




Number
of gene
families

15000

10000

5000

== Core genome
S Pan genome

ﬂ New gene families

61 E. coli genomes

r’

Typical genome:

| Variable genes > 80%
| Core genes < 20%
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. Eschenchia coll 0167:H7 sti. EC4186
: Eschanchia coli 01567:H7 str, EC4113
: Eschenchia coli 0167:H7 str, EC508

: Eschenchia coli M67:H7 str. EC4501
: Eschernchia coli 0M67:H7 str, ECA4076
: Escharnchia coli 01567:H7 str. EC4115
Eschernchia coll 0167:H7 stii. EC4042
Eschenchia coll 0167:H7 sti. EC4486
. Eschenchia coli 0167:H7 sti. ECB69

. Eschenchia coli 0167:H7 sti. EC4206
. Eschenchia coli 0167:H7 sti. EC4401
: Escharnchia coli 0167:H7 str. EDLS33
: Escharnchia coli 0157:H7 str. TW14588
: Eschaenchia coli 05 7:H7 str, Sakai

: Escharnchia coli 0157:H7 ECA045

: Escharnchia coli 0167:H7 str. LANL ECF
. Eschenchia coli 0167:H7 str. LANL ECA
. Eschernchia coli K12 str. DH10B

. Eschenchia coli K12 str. MG1656

. Eschenchia coli K12 str. W3110

. Eschenchia coli K12 stir. DHA

: Escharnchia coli BW2a52

: Escharchia coli ATCCB/734

: Escharchia coli B RELGOS

. Escharichia coli BL21 (DE3 Korea)

: Escharichia coli BL21 (DE3 AU)

: Eschenchia coli BL21 (DE3 DOE)

. Eschenchia coli HS

: Eschenchia coli SE11

o Eschenchia coli 1A

: Eschenchia coli 56989

: Escharchia coli E24377A

. Escherichia coli O26:H11 str. 11368

. Escherichia coli 0127:H6 str. E2348/64
. Escherchia coli O103:H2 str. 12009

. Escherchia coli O111:H- str. 11128

; Eschenchia coli 0103 Oslo

; Eschenchia coli SMS=3-6

: Eschenchia coli UNNO26

: Eschanchia coli 63638

: Escharichia coli IAKA9

. Escherchia coli UTI89

. Escherchia coli S88

. Escherchia coli CFTo73

. Escherchia coli SE16

. Escherchia coli 536

; Eschenchia coli ED1a

: Eschanchia coli F11

: Eschanchia coli APECON

; Eschanchia coli E110019

: Escharichia coli E22

. Eschenchia coll B7A

. Eschenchia coll 101

. Shigela flexnearl 2a 2457T

. Shigela flexner 2a 301
. Shigelia flexneri 5 8401

: Shigella boyds COC 3083-84

: Shigella boyds Sh227

: Shé sonnei Ss46

: E ichia fergusona ATCC 356464

: Escharnchia albertii TWO7627
Salmonella entarica Typhimusem LT2
197



E. coli pan-genome 10,131 genes

Average E. coli genome has 4,721 genes

ne 2,167 genes

One speciese

The core
genome is less
than 50% of the
genes of any
‘'strain’ (not
considered to
be a species) of
E. coli
(Hendrickson
2009)

23



) i
’ C)
Y/ /
0.1 \ 0.05
N
A% o
(4‘ :? ;\% ‘# : ! o

0.05 g ‘ 0.02

DO A4 494 ¢ ¢ >R o

N. meningitidis
N. lactamica

N. gonorrhoeae
N. cinerea

N. polysaccharae
N. flava

N. perflava

N. subflava

N. flavescens
N. sicca

N. mucosa

Different genes,
different histories:
fuzzy species

‘Species clusters are
not ideal enfities with
sharp and
unambiguous
boundaries; instead
they come in multiple
forms and ... may be
fuzzy and indistinct’
(Hanage et al. 2005,

P. 6)
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The Units of Evolution

Essays on the Nature of Species
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Pluralism re species concepts

What are the ramifications of
accepting species concept
pluralism?

Anything goese
Human created, not created by
nature/evolutione Non sequitur

Is it a disaster for biology/medicine
to have a plurality of conceptse

Different explanatory aims:
epidemiological, ecological,
evolutionary, tfaxonomic

Lots of philosophical questions ...

25



Tree of Life (TOL)

From species to frees
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Darwin and the tree of life

‘The affinifies of all the beings of
the same class have sometimes
been represented by a great tree.
believe this simile largely speaks
the fruth. The green and budding
twigs may represent existing
species; and those produced
during each former year may
represent the long succession of
extinct species’ (1859, p 129).

27



‘As limbs give rise by
growth fo fresh buds,
and these, if vigorous,
branch out and overtop
on all sides many a
feebler branch, so by
generation | believe it
has been with the great
Tree of Life, which fills
with itfs dead and broken ¢+ 7+ A

branches the crust of the 77—/ 7t
earth, and covers the EET  reame g
surface with its ever Tl D R P e
branching and beautiful —S7—FV— S 35111 "
ramifications’ WG -
(1872, pp. 171-2) T e I LS SR



Universal molecular TOL

2

4 ‘The Tree of Life represents the
_:‘._é 09 | phylogeny of all organisms, i.e.,
{:L: ) the history of organismal lineages
s\ /' as they change through fime. It
), implies that different species arise
from previous forms via descent,
and that all organisms, from the
L smallest microbe to the largest
A\ ; @ plants and vertebrates, are
Y , = connected by the passage of
genes along the branches of the
phylogenetic tfree that links all of
Life' (www.tolweb.org)




e ] I |
Bacteria Archaea Eucarya

Phylogeny and A
gene frees \\‘ Q'/
Salvation for 7 =
microbiology! — =

Oris ite 3?‘

Incongruence due fo promiscuous, rampant gene
transfer. The demise of the tree of life¢

Seems nof.
What's going one

30



Wijayawardena et al. 2013

IOrganismal treel | Gene tree —l

Incongruence due to LGT
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Placing Thermotoga maritima in the tree of life

a = according to ‘concordant’ genes
b = according to ribosomal genes and genome data
Cc = according to ‘phylogenetically discordant’ genes

Bacteria High GC ~ Other Eukaryotes Archaea *’
Low GC Gl > teria | f
Gram-positive ,ﬁ' | Crenarchaeota L

. Other euryarchae: 4
Deep branching v
bacteria

Gophna et al. 2005; Gogarten and Townsend 2005



Tree of genomes

Lateral gene transfer
Is widespread and
evolutionarily
significant

The closer you ook,
the worse it gefs!

Single coloured line:
prokaryotic genome

Different colours: different
classification groups

Thin lines: transfer events

(Martin 1999)
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Different processes and paftterns for prokaryotes

Major differences in mechanisms of genetic variation
e Lateral gene transfer is not sexual reproduction

e Unidirectional (non-reciprocal recombination)

e Partial recombination of genomes

Patterns in prokaryofic evolution

e Noft structured exclusively by bifurcations
e Often extensively reficulated

* Multiple patterns o

Bacteria Eukarya Archaes Eukarya Archaea

/



Bacteria Archaea Eukarya

Common ancestral community of primitive celis

Response 1: LGTis ‘just a complication that leaves the
basic free structure intact’ (e.g., Smets and Barkay
20095, p. 676, paraphrased).

35



Doolittle 2005

Tree of Organisms

last common ancestral cell

'Web of Genomes

Response 2:

LGT destroys all hope
of reconstructing the
tree of life (e.q.,
Doolittle 2005)

But it opens the door
to another view ...

36
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2 Net of li
= el ol lifTe
N

‘ :,': Branches & vines:
' representing
vertical and
norizontal

fransmission

Trees are special
networks; not all
networks are frees

Kunin et al. 2005
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What scientific role is the tree
of life (TOL) playing?

Not in regard to what it represents
(evolution of species, genes,
genomes, cells etc) but what it
does in scientific practice

e AN axiom z
* A hypothesis

-+

e A heuristic
e A mode

—_

e
i

¢ ] 7 -
S D S
g |
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The TOL as an axiom

‘For there is, after all, one
true tree of life, the unique
patftern of evolutionary
branching that actually
happened. It exists. It is In
principle knowable’
(Dawkins 2003, p. 112)
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TOL-axiom problems

A major assumption: can it
be justified?

Circularity of justification
and assumption

Is that really how the TOL
has been used?

Good science is about
testing hypotheses, isn't ite

!
| KNOW THE THETOL TELLS
TOL EXISTS ME So

. — ||

e

FAITH-BASED TREE LoGIC

40



) MAKE AN

I OBSERVATION
ASK A
QUESTION

|

FORM A
é HYPOTHESIS €
(i ) Y
CONDUCT AN
= EXPERIMENT

\
ACCEPT
HYPOTHESIS

HYPOTHESIS

The TOL as a hypothesis

'If LGT repeatedly confradicts
Darwin’s hypothesis about the
TOL, then the hypothesis has to
be rejected. Continuing to use
the TOL means that testability,
verification and falsification
have all been violated’
(Doolittle and Bapteste 2007,
paraphrased).
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But abandoning the TOL means

abandoning phylogeny, doesn’t
ite

Problems of ‘falsification’: that's
not how science works.

Why do the TOL and phylogeny
persiste

Just a bad metaphor?e Or
something more constructivee




The TOL as heuristic

For gaining broad knowledge, not
testing narrow hypotheses

Carl Woese (1994, 1996).' A phylogenetic
articulating framework’;
‘Darwin’s dream’ of a unified phylogeny

Nicolas Galfier (2009): ‘The TOL is a
conceptual tool ... irrespective of its
existence in the real world'’

Ford Doolittle (2009): The TOL has @
‘useful organizing function’

43



Williom Whewell (1794-1866)

Early use of heuristic in English:

‘If you will not let me freat the Art of

Discovery as a kind of Logic, | must take a
new name for it, Heuristic’ (1860 letter, in
Todhunter ]876, o. 4] 8) INDUCTIVE SCIENCES,

HISTORY

By WILLIAM \)m‘\HH‘D D.,
A heuristic is a ‘bond of unity by which the
phenomena are held together’ so that the | -

IN¥ THEES VOLUMES,

fopic may be examined more closely and | g%
formally. B e

JOHN W. PARKER AND SOX, WEST STRAND.
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HOW TO SOLVE IT

A NEW ASPECT OF
MATHEMATICAL METHOD

by G. POLYA

George Polya on heuristics

Heuristic reasoning is ‘provisional and
plausible only’, aimed at discovering
the solution to particular problems.

Heuristics, on the basis of induction or
analogy, produce a partial solution
that may become more complete.

By understanding heuristics, the
mathematician will understand the
methods of discovery (Polya 1957;
Romanycia and Pelletier 1985).
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The Tree of Life in Darwin : Aid = heuristic?e

‘As it is difficult fo show the blood-
relationship between the numerous
kindred of any ancient and noble
family, even by the aid of @
genealogical free, and almost
impossible to do this without this aid,
we can understand the extraordinary
difficulty which naturalists have
experienced in describing, without the
aid of a diagram, the various affinifies
which they perceive between the
many living and extinct members of
the same great natural class’” (Darwin
1859, p. 431 — emphases added).

46



Only for discoverye Move
beyond the heuristic once
you've got the correct theorye

That doesn’t seem to be
happening with the tree of life.
It is a goal, an end point, for
many evolutionary analyses.

More trees and trees of life
now than ever before.

And lots of optimism about
reconciliation of incongruent
branches and resolution of
unknown branching paftterns.
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The TOL as a model

mgsin@

What do models do?

One well known characteristic of models is

Idealization: frictionless planes, infinite populations +
random mating, efc

-

S
S

genotype frequencies
o
N

P Andrews 2010 48



ldealizations in free-building

« Bifurcation only
 Monophyly
« Vertical descent

Phylogenetic frees are basically mathematical structures
from graph theory (i.e., rooted binary trees).
Do they truly represent evolutionary historye




Model idealization

A philosophical account of the tree of life and
microbial phylogeny helps make sense of
phylogeny continues despite ‘falsification’, and why
tree-building flourishes and continues to be useful.

] o
Plus, tThe ideadlizations of 1

graph theory allow the &5
construction of
sophisficated networks

of evolutionary history.

But there’'s more to
microbes and models
than phylogeny. T4
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Microbes as model systems
Astounding history of microbes modelling
evolution, ecology, molecular biology,
development, decision making (!)

How do they work as ‘model’ systems?e

Some historical ideas




‘By using as experimental material these microorganisms,
which are easy to handle, biologists and biochemists are
trying to unravel two of the most infricate puzzles of all
Iving maftter; namely, the mechanism of heredity, and
the reproduction of living substances.’

‘Since the fundamental laws of nature are general,
discoveries made by working with these minute
organisms help us to understand the life processes of
higher living beings' (Demerec 1946, p. 217).

Y ) -
¢ 4 " .
g /i
5' I
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Not just mechanistic
genetics, however

Also bacterial population bioclogy
(evolutionary)

Bacteria are useful because they
are not sexual: mutations = obvious

‘[In] non-sexual bacteria ... the
Immediate source of genetic
variability resides in the capacity of
the existing genotype to mutate,
and not in the emergence of
recombinant types’

(Atwood et al. 1951, p. 345).
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The discovery of clonal or
periodic selection

The phenomenon in which selection at
one locus entails selection at all loci
because of the absence of
recombination.

Periodically, therefore, one clone in @
population replaces all other variation
INn a selective sweep (Atwood et al.
19510, 1951b)

Notable also for being genetic
‘experimental evolution’:
lab-based research demonsirafing
Darwinian evolutionary theory



Microbiological modern synthesis

Experimental evolution tracking
genotypic as well as phenotypic
change: 1960s+

Environmental manipulations to see if -
new metabolic capacities could evolve 8
(e.g., Clarke, Lin, Mortlock, Levins, etc)

Insight intfo molecular mechanisms of
evolution, and the ‘optimality’ of
evolution

Aim: to make evolutionary theory not
only testable but also predictive (Hall
1980; Levin and Lenski 1985).



Experimental ecology

Georgy Gause's 1934 principle of competitive exclusion

high Paramecium aurelia
e
W
[ ‘ y
@ aramecium caudatum
U
=
O
®©
= )
Q. N,
O .
el v 4
® o
B Grown Separately
QD
lowy O

highz
Z
QD
e
S
®
THE STRUGGLE o
FOR a
EXISTENCE z
5
G. F. GAUSE \ low ¢
Zaslogival Institate of the Uiversity of Mowsse 0 2 4 8 10 12 14 16 18

Days (Gause, 1934)



Microbes as model systems for development

What? But they don’t develop! They're only
unicellular, aren’t they?

l. Feeding amoebas

H. Spore A
germination s ¥ ’..;‘ ks oo
G. Fruiting body . A. Starvation
Lower cup CAMP waves \

Basal
/ disc

F. Fruiting body
formation

Schaap 2011 57



Microbes as decision-making model systems

Physarum polycephalum: preference valuation
strategies, heuristics, speed-accuracy trade-offs
(Latty and Beekman, 2011a, 2011b, 2015)
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o7 HOA0D

What do we learn about microbial model
systems from these examples?

Tractable: they stand in for more complex, less
manipulable systems

Representative: they are able to represent indirectly
target features of other systems

59



Model simplification

‘Laboratory model systems are not intended to be
miniature versions of field systems, and laboratory
ecologists do not intend to reproduce nature in a
laboratory model system. Rather, the purpose of
laboratory model systems is to simplify nature so that it can
be more easily understood’ (Jessup et al. 2004, pp. 190-191)




‘Experimental evolution does not seek 1o mimic
specific systems in all their complexity. Instead, the
microcosms are biological models in which
researchers attempt to capture the essence of
evolving systems in order to shed light on general
processes that are expected to occur in all life’
(Buckling et al. 2009, p. 827)
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Relationship to mathematical modelse

Microbial model systems have properties
similar to those of mathematical models:
both are heuristics ‘to show what is possible’

Microbial systems function as ‘an
Infermediate between mathematical theory
and field observations’ (Dykhuizen & Davies
1980, p. 1213)

U\p dt k+n - bb
5 dn ) ﬂb mv(

— = D n —n

Q P
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But microbes aren’t really
models, are theye

Philosophy of modelling:
Material models, model
organisms, model systems

Material models are noft fully
worked out in philosophy of
modelling: attention to
microbial model systems will
help.

Doing so is part of my current
research focus at Bordeaux.
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Plus philosophy of
microbiota research

From correlation to
causation

What does it take to
establish explanations in
microbiota research?¢

THE

Are they causal E)l(llTs—BRAIN

explanationse

Are there non-causal
explanatfions?

What do correlations do@¢

3. BACTERIAL
MOLECULES
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Some philosophical conclusions
| about microbiology

Microbiology has deep philosophical
{ Issues running through it, for all of its
history.

These philosophical issues are about
the nature of things, and how
knowledge about those things is
produced and evaluated.

It's hard to get away from philosophy

at basic levels of scientific assumption,

and when scientific debates are
occurring.
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Some microbiological implications for
philosophy

Traditionally, philosophy of biology has not paid much
affention to microbiology.

Worth remedying in what might be the microbiological
era of the life sciences.

In the same way
sclentists do,
philosophers might
learn more about the
world in general by
focusing on microbes
and microbiology.










