alls of Evolution

R E Goldstein
DAMTP

N l—

www.damtp.cam.ac.uk/user/gold
www.youtube.com/Goldsteinlab



The Size-Complexity Relation
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The Recent Literature

IV. Part of a Letter from Mr Antony Van Leeu- % .
wenhock, concerning the Worms in Sheeps

i . Phil. Trans. 22,
Livers, Gnats, and Animalcula in the Ex-

509-518 (1700)

crements of Frogs.

When I brought thefe particles before the Magnify-
ing-glafs, I did not only fee that they were round, bat
that the outward skin of them was duite {et over with
many protuberant parts, which did fecm to me to b
triangular, and pointed towards the end 5 fo that if
feemed to mie, that mr the great circle of ‘the round-
nefs, ftood fuch particles, all orderly and equally froth
each other 5 fo that on a fmall body did ftand about
two thoufand of the before-mentioned ¢onvex of pto-
tuberant particles.

This was to me a very pleafant fight, becaufe the
faid particles, as ofteny as I did 1dok on them, did qe-
ver Iye ftill, and that their motiott did proceed from
their turning round 5 and that che more, becanfe did
fancy at firft that they were (mall -animals, &dd che
{maller thefe particles were, :the’ greeher . wa$ their co-
lour 3 and on the contrary, in the greateft, that were
as big as a great corn of fand , there was no
green colout at-all to-be difcerned on theoutfide.

Thefe particles had each of . them within included
5, 6, 7, nay, fome to r2 {mall round- globules, of the
{ame {hape as the body was wherein they wére in-
sloded.

CAROLI LINNAI

Equitis DE StELLA PoLarI,

Arcmiatrl Recrr, Mep. & Boran. Proress. UpsaL.
Acap, Upsar. HoLMENS. PETROPOL. BEROL. IMPER,
Loxp, Monsper, Toros. FLORENT. Soc,

SYSTEMA
NATURAE

312, VOLVOX. Corpus liberum, gelatinofum, ro-
tundatum, artubus deftitu-
tum.

Proles {ubrotundi , nidulantes
{parfi.

Volvendo [eque rotando celeriter movens absgue artus
bm:l' v,-,z,-,';m'r':u Haits, nepatabuh prumpo:ilm.;, abue~
potibus confpicuis intra amimalculum minutsffimum,



Volvox In Its Own Frame

. » "o 4 -

Tracking microscope :
in vertical orientation A NP AT T,
Laser sheet illumination = * ’
of microscpheres ;

Drescher, Goldstein, Michel, Polin, and Tuval, preprint (2010)



Evolutionary Transition to Multicellularity

Chlamydomonas reinhardtii Volvox carteri

A somatic cells B

daughter
colonies




A Family Portrait
A Chlamydomonas BGomum pectorale C Eudorlna elegans

reinhardtii
- 3 ;
P ‘?(. | \
: A\ Dot
3 3 K3
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10um 10um 10um

D Pleodorina

- cmformca

F ¥
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E Volvox carteri F Volvox aureus
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i I
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|
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Germ-soma differentiation daughter colonies somatic cells

Altruism, apoptosis



Structure of Flagella & the Flagellation Constraint

Microtubule oD g fiagelym microtubule
Organising Centre 2 A doublet

i(/
\ Z\

flagellum 6@ ﬁ

logitudinal
A view

flagellum cross se__qt_lgp
{1 pm

microtubules .
Iriplets
.’l

Chromosomes

(a) s Em (c) body cross section

Basal bodies are microtubule organizing centres
..flagella are resorbed during cell division (no multi-tasking)
(Bell & Koufopanou, '85,’93)



Advection & Diffusion

If a fluid has a typical velocity U, varying on |_
a length scale L, with a molecular species of { L = —
e : advection
diffusion constant D. Then there are two times: U
We define the Péclet number as the ratio: L2
L i = —
diffusion
Pe — tdiffusion . UL D
€= — This is like the Reynolds
tadvection D number comparing UL
inertia to viscous dissipation: Re = —

| 4

If U=10 um/s, L=10 pum,

Re ~ 104, Pe ~ 101

At the scale of an individual cell,
diffusion dominates advection.

The opposite holds for
multicellularity...

Solari, Ganguly, Michod, Kessler, Goldstein, PNAS (2006)
Short, Solari, Ganguly, Powers, Kessler & Goldstein, PNAS (2006)



Life Cycles of the Green and Famous

. division
?33 iInversion

maturation
of gonidia

hatching () @
of juveniles

cytodifferentiation
and expansion




Volvox as a Model Organism for Biological Physics

400 ——T—— T 0.4 —T _
Upswimming| I e gpinning | AS the colonies grow they
ggoo— speed 1= I ,.',é frequency - maore SyStematlcally through
= = “ 1 the parameter space of
o1 @8 1 swimming, sinking, spinning,
ok - i & Q)_) @O q . .
A T B K — ' and self-righting.
— ' T : T d
wl Setling ~ #91 .f  © | <
. d J o8 | 7l - o -
2 a0 Spee & | s ol 2P .
=1 ‘ | N ?6’023’ ]
; ' , SR o";&‘ ® “ Q ol
200} - - - 1
- 1  °[ Reorientation time’
A | A | A | A | A | 1
OO 200 400 600 00 200 400 600
R (um) R (um)

As an example, Volvox can exhibit
“hydrodynamic bound states” which
can be explained quantitatively

using mutually advected force
singularities. ‘

Drescher, Leptos, Tuval, Ishikawa, Pedley, Goldstein, PRL 102, 168101 (2009)




Microscopy & Micromanipulation

W\
' | A

mampu?ator

‘O




Pseudo-darkfield (4x objective, Ph4 ring)

Stirring by Volvox carteri

Tools of the trade — micropipette preparation



A Closer View
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Flagella Beating/Symmetry

-3
(2000 frames/s 3 *
background

subtraction)

Polin, Tuval,
Drescher
& Goldstein (2009)




Metachronal Waves in Volvox (Side View)

Polin, Tuval, Pesci, Goldstein (2010)



Metachronal Waves in Volvox (Top View)

Polin, Tuval, Pesci, Goldstein (2010)



Flagellar Coordination in Eukaryotes

Paramecium Opalina Frog respiratory
(protozoan) (protozoa) mucosa

Brennen and Winet (1977)



Huygens’ Clock Synchronization (1665)

T 3

Pendulum clocks hung on a common

V.?
I_)u?geus ’ s dﬂ [[{5 wall synchronize out of phase!
b

[Pig. 75%)
22 febr, 1665.

i horologi 1 : ’
L_s.___ Dmbm' 4 aut 5 horo (:;\;:rilm dlmrmln I ge arm )
novorum in quibus catenule [Fig. 75], mi- g - P AR v
{ .

(] _ ram concordiam obfervaveram, ita ut ne

fuperarerur. fed confonarent femper recipro-

_r‘]__ cationes utriusque perpendiculi. unde cum
_’] parvo [padio inter fe horologia diftarent,

M (&
'} fympathiz quandam *) quasi alterum ab al-
i \ 1 tero afficeretur fufpican ceepi. ur experimen-
‘ | = tum caperem turbavi alcerius penduli reditus

minimo quidem exceffu alterum ab altero

ne fimul incederent fed quadrante hore poft
vel femihora rurfus concordare inveni,

Modern version of experiment confirms
that vibrations in the wall cause the
synchronization.

Schatz, et al. (Georgia Tech)



Coupled Metronomes (Lancaster University)




G. I. Taylor’s Waving Sheets

Analysis of the swimming of microscopic organisms

By Sir Georrrey Tavror, F.R.S.

energy dissipatio n rate in phase
energy dissipatio n rate out of phase

(Received 25 June 1951)

M a
@\/\/ i
; 06~
o ~— A
T E,
@/\/\—/ i
o T~—" Y
Sheets at various phase 0 0-2 0-4 06 0-8 10 12
relative phase shifts upper scale, ki lower scalo, 2h/A

Scaled separation between sheets

Minimization of dissipation is not (in general) a principle
from which to deduce dynamical behaviour...



Early Study of Flagella Synchronisation in

Chlamydomonas
For different cells:
period | 8 5‘y | _
complete ~ 0 t
10 Al
S nChron 13- -f”.:"‘r"'u'“-w— o T g g gy e g™ Ty 1]
y y I a|1 I:,TI L-TH [:IL'. m-c.-l.‘:- tlme
] 177 1] Az . trans
sporadic t J 10% ‘ FaN L ® Cis
- . b fi":.,"._h __.4—|-—~:|-Flr'm n“'-.r"r““‘m._—.:"__{:;ui__ __.H“q ———ij -5l
asynchronies "=~ "~ T

'E—____'ﬂx__ P T N, S [+A\F/‘Vw30(%)

different et T e e
frequencies - i

T - 1
nl L (3 i 0t 5

Attributed to distinct sub-populations of cells ‘

Riffer and Nultsch, Cell Motility and the Cytoskeleton 7, 87 (1987)
See also: Josef, Saranak, Foster, Cell Motility and the Cytoskeleton 61, 83 (2005)



Historical Background

* R. Kamiya and E. Hasegawa [Exp. Cell. Res. (‘87)] ~
(cell models — demembranated)
intrinsically different frequencies of two flagella Key issue:

. U. Ruffer and W. Nultsch [Cell Motil. (87,/90,'91,98)] > control of

short observations (50-100 beats at a time, 1-2 sec.) phototaxis
truly heroic — hand drawing from videos
synchronization, small phase shift, occasional “slips”

“Phase oscillator” model used in e.g. circadian rhythms, etc.

strokes of L» S, (t) = A, cos[4, ()] 46, _ o,
flagella~ dt <+«—1_ natural
NS, (1) = 6\2 COS[Q2 (t)] do, «— frequencies
— =) _|_ coe
amplitudes / “phases” dt ’
or angles
Without coupling, the phase difference simply grows in time
6, -6 o
= _1 2 _ e So, is this seen?
A= > —(v1 vz)t+




Noisy Synchronization

Frame-subtraction
Experimental methods: |

e Micropipette manipulation
with a rotating stage
for precise alignment
e Up to 2000 frames/sec
e Long time series
(50,000 beats or more)
e Can impose external
fluid flow

Cellbody —

Micropipette

Polin, Tuval, Drescher, Gollub, Goldstein, Science 325, 487 (2009)



2 M i f FahAams A\ ARNANANE S |
& *\ JUY Y / | \, 1\ | /i., \ / /\N‘m‘m"m\/ \.’ U\ | U\ 11T | “
g5 5 e T % =L

time (s)
Goldstein, Polin, Tuval, Phys. Rev. Lett. 103, 168103 (2009)



A Single Cell Displays All Three Regimes (!)

8 I l I

1 ol

At s

il synchrany

10 A 3 4 il ol 10
t(sec)

Polin, Tuval, Drescher, Gollub, Goldstein, Science 325, 487 (2009)

beating frequency (Hz)



Model for Phase Evolution

Spheres forced in circular
orbits by an azimuthal force,

~ orbit radius, and sphere-sphere
- hydrodynamic interactions
(deterministic)

Niedermayer, Eckhardt, and Lenz, Chaos (2008)
See also: Guirao and Joanny, Biophys. J. (2007)
Vilfan and Julicher, PRL (2006)

We see clear evidence of stochasticity ...
which suggests the stochastic Adler equation:

A=Ov— 27 sin(278) + & (1)

/
+
i
-
oo L
e

} T

=

Intrinsic coupling Quasi-universal biochemical noise

frequency Strength form for phase (£(t))=0

mismatch (hydrodynamics?)  oscillators
(Kuramoto) (E@)E(S)) = 2T, S(t—5)




Model for Phase Evolution

\ - diffusion

Veff(A)

Relative probability of +/- slips A(t,) At,)
Yields the frequency difference dév
Amplitude and autocorrelation
function of fluctuations in the
synchronised state yields T« and ¢



Model Parameters

ALE
N

Em/V

-
)

(00}

I

number of occurences
N (o))

o

A

0.01 0015 0.02

0.005
[ elv
estimate of ERTV Vg
hydro_dynamic 37nal?
coupling T, = -

0-01 RIS '+'.-u

-

lllll

7

m

Ll g aaaul f.. g e L
0.001 0.01 0.1
Ov/V /

expected value for intrinsic
frequency difference

Polin, et al., Science 325, 487 (2009)




Direct Demonstration of Chlamydomonas Diffusion

10¢

A 2] Q0

Flux @ (10 -3 cm/s)

Dy ~ (0.6820.11)x102 cm?/s

exp

: 2
Since ‘ D~u‘r ‘ and u~100 um/s, there must be a time T~10 s

Polin, Tuval, Drescher, Gollub, Goldstein, Science 325, 487 (2009)



Dual-View Apparatus Free of Thermal Convection

) 3
f— ﬁ‘_"" IJ.' F

White LED
& shutter

White LED
& shutter

Capable of imaging protists from 10 um
to 1 mm, with tracking precision of
~1 micron, @ 20 fps.

Drescher, Leptos, Goldstein,
Review of Scientific Instruments 80, 014301 (2009)



Reconstructing a Trajectory

A 4 e

0 10 20 30 40
time (s)



Chlamydomonas Tracking in Detail — A Sharp Turn

Q (rad/s)




Statistics of Sharp Turns: Origin of Diffusion
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Turns and drifts have identical statistics,

much longer than slips.

"free-flight" time 7 (s)

80



Geometry of Turning

Chlamy w/single flagellum,
rotating near a surface

Probability (angle)

27 rad

~y

®= ~U.4 ——
Angle per beat - = - 16 peats beat

Frequency difference - Aw ~5-10 @

S

Ty =25 —50 beats
“Drift” duration-
~0.5-1s

Angular velocity

Q~Aw-©=2-4rad/s

Angular change

¥=QT,.. ~1-2rad ~90]

* Turning"amnngle (degrees)
90
u‘r
D =
3(1—cos)

est ~ (0.47£0.05)x103 cm?/s



Run-and-Tumble Locomotion of Bacteria

(a)

Turner, Ryu, and Berg (2000)

10-20 gm

Macnab and Ornstein (1977)



A Phototurn (V. barberi) With Bottom-Heaviness

speed (mm/s)

A 0.60

. \ 0.55
Eluad “l" 0.50
%0.5* | 0.45
07 0.40

0 T 9 WMo 3s

180

angle (deg)
® o =»
o o (@)

N
o
1

Drescher, Leptos, Goldstein, Rev. Sci. Instrum. (2009)
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Adaptive Flagellar Dynamics and the Fidelity
of Multicellular Phototaxis
(B) ey

4/ 1) s

® 4.

T )
&

~ micropipette

- . -
) . . o\i &
antérior e
dium
\ ‘ / / me

\\ \

Drescher, Goldstein, Tuval, preprint (2010)



Dynamic PIV Measurements — Step Response

4.5 : - Adaptive, two-variable model
N al TFESp Tadapt |
o Ho :
S35 - -_(S_h)_p
p —

29 T
B 25} "
O 2 h _ S —
L 15} T
v a
z
= 05 light on p=“photoresponse” amplitude

0 : : : : 1 h="hidden” biochemistry

0 2 4 6 8 10 12

t (s)
Adaptive dynamics also play U= UO (1— /8 p)

a role in sperm chemotaxis:

Friedrich and Jalicher (2007,09) Simple modulation of flow



Angular Dependence of the Transient Response

—t = () ms
400r ——+t =200 ms
—1=1000 ms
t = 2000 ms
0 300} t = 3500 ms
= ——1 = 5500 ms
-
=
D
-

—1t=7000 ms
 ===model input

anterior Is sensitive
posterior is not

100}

u(,t) =u, (O)[1- BO) p(6,1)]

0 135 180

6 (deg)




Frequency-Dependent Response

Two-variable model

08 F

06 F

04 F

02F

normalized photoresponse
O
2
QD

0 : 2 " ......|- 2 " ......|0 - a2 a2l
10 10 10 10
Wg(rad/s)



B

Peak of frequency-response
coincides accurately with the
range of rotational frequencies
within which accurate phototaxis
occurs: TUNING

0

100




Multicellular Phototaxis as Dynamic Phototropism

ﬂ

t= 15s‘%

t= 55s\; =855 Ry

Initial: illuminated anterior
region has strongly
diminished flagellar
beating, colony rotates
toward the light

K. Drescher, R.E. Goldstein & I. Tuval, preprint (2010)

Done: no more
modulation of
flagellar beating,
axis aligned

Midway: modulation
amplitude decreases
as colony axis tilts
toward light



Phototaxis: The Movie

t=22475s

reduced_model_wtime_comp.AYI




A Test of the Theory
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