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We ask “physicist’s questions” about the phenomena of life

How do living systems navigate parameter space?

Adaptation
Learning
Evolution

Theory uncovers 
hidden regularities: 
regimes in which 
evolution is predictable.

analyses implemented in TreeTime (Sagulenko et al., 2018), allow-

ing a full analysis of the entire Ebola epidemic (n¼1581 genomes)

in under 2 h on a modern laptop. These scripts separate generic

core functionality from a light pathogen-specific layer such that

they are easily adapted to different pathogens. Visualization is

available through nextstrain.org. This approach is similar in concept

to Nextflu (Neher and Bedford, 2015) however extended and

generalized to different viral pathogens. There is a growing need

for surveillance of non-influenza viruses (Tang et al., 2017),

and Nextstrain is able to be extended to most outbreaks with readily

accessible genomic data, although we note the potential for recom-

bination or low mutation rate to confound phylogenetic signal.

2 Joint temporal and spatial visualization

Conveying understanding of pathogen evolution through space and

time involves filtering large amounts of data into forms that can be

easily reasoned with. Multiple views into different facets of the data

are presented and remain in sync as one interacts with the data.

This allows simultaneous interrogation of phylogenetic and spatial

relationships, with additional data such as genotype or serotype

expressed through colourings (Fig. 1). This is coupled with an inter-

active time slider to see how the pathogen has evolved and spread

over the course of the epidemic. By animating the temporal dimen-

sion, a high level overview of how the entire outbreak unfolded is

quickly gained. This approach both communicates the geographical

spread of the epidemic alongside the underlying genomic data that

supports this geographic reconstruction.

Maximum likelihood ancestral state reconstruction of discrete

traits such as country or region of isolation allows identification of

probable transmission events given the sampled data, together with

inferred probability distributions of ancestral state at each node.

Internal node colours indicate ancestral state and shifts are drawn as

links between demes on the map. Confidence is conveyed by match-

ing colour saturation to the confidence of that trait, and by display-

ing all relevant information when one hovers over the corresponding

branch or isolate on the tree. Sampling bias and lack of data can ob-

scure transmission links, and in certain cases we have chosen not to

display the inferred states.

3 Monitoring of evolution and adaptation

Nextstrain tracks and reconstructs mutations across the tree and dis-

plays this information as a bar chart of entropy at each position in

the genome, as well as showing the mutations inferred to occur on

each branch by hovering over the tree. Selecting a position in the

genome with non-zero entropy reveals the distribution of the segre-

gating variant in the phylogeny and on the map. This allows interro-

gation of genetic change which may be adaptive or underlying a

change in disease dynamics.

For many pathogens, the emergence and spread of gain-of-

function variants is a grave concern. For instance, China has experi-

enced seasonal epidemics of influenza A/H7N9 over the past five

years. Despite no known human-to human-transmission events, the

high mortality rate of 30% (Li et al., 2014) makes the threat of

mutations which facilitate human-to-human transmission of ex-

treme concern. For example, mutations identified by de Vries et al.

(2017) are readily visible at nextstrain.org/avian/h7n9. Continual

monitoring of such putatively adaptive mutations is critical.

4 A model for public sharing of data

Nextstrain presents a single, continuously updated overview of both

endemic viral disease (seasonal influenza, dengue) as well as emergent

viral outbreaks (avian influenza, Zika, Ebola), all based upon the

same underlying bioinformatics architecture. This architecture is well

positioned to respond to future outbreaks, be they viral or bacterial.

Analysis of such outbreaks relies on public sharing of data, and

Nextstrain has the ability to automatically update as new sequences

from a range of public databases and repositories appear. Scientists

are justifiably hesitant to cede control of their data, and we try to

address these concerns by preventing access to the raw genome

sequences, and by clearly indicating the source of each sequence.

Derived data, such as phylogenetic trees, metadata and screenshots

are available, and one can append private metadata via CSV files.

We believe this strikes a compromise between keeping certain data

private and allowing the dissemination of results important to the

wider scientific community, thereby encouraging collaboration be-

tween scientists. Genomic epidemiology has the potential to inform

the public, health organisations and scientists alike, a potential

realized by sharing of data in real-time rather than retrospectively

(Croucher and Didelot, 2015).
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Fig. 1. Genomic epidemiology of Zika virus as of Oct 2017 (live display at

nextstrain.org/zika). The main interface consists of three linked panels—a

phylogenetic tree, geographic transmissions and the genetic diversity across

the genome
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Predicting evolution: Nextstrain tracks viral 
evolution and transmission (including covid); 
theory uses these data for prediction.

J Hadfield et al, Bioinformatics 34, 4124 (2018). 

Develop new experimental tools for rapid, efficient DNA sequencing … 

Theory and experiment come together in analyzing the evolution of viruses, 
including those that infect human populations. 

Practical consequences: input to the WHO 
decision about next seasons’ flu vaccine.

RA Neher et al,  eLife 3, e03568 (2014). 

All these tools were ready when covid-19 hit, and 
quickly became a crucial part of the global response.



A longer view: the phenomena of life have long provided challenges
to our understanding of the physical world

life, to give any description of his microscopical methods (‘for
reasons best known to himself’, said Hooke; though science
has hardly resolved the issue of intellectual property since
then). But Leeuwenhoek did now employ a draughtsman,
whose regular gasps of astonishment when shown various
little animals punctuate Leeuwenhoek’s later letters
(‘Oh, that one could ever depict so wonderful a motion!’).
Some of these limner’s drawings are shown in figure 3.
Leeuwenhoek also sent eight testimonies from gentlemen
of repute—a Lutheran minister, a notary and a barrister,
among others. It is striking to the modern reader that none
of these gentlemen were natural philosophers acquainted
with the methods of science; but according to the historian
Steven Shapin, it was the bond of the gentleman that
counted. The practice of signed testimonies from gentlemen
was common in the seventeenth century; the fact that Leeu-
wenhoek called upon eight such testimonies attests to the
unprecedented character of his findings, but also perhaps to
his lower social standing [18].

No doubt all this was helpful, but it was countered
by letters from others such as Christiaan Huygens (son of
Constanijn), then in Paris, who at that time remained scepti-
cal, as was his wont: ‘I should greatly like to know how much
credence our Mr Leeuwenhoek’s observations obtain among
you. He resolves everything into little globules; but for my
part, after vainly trying to see some of the things which he
sees, I much misdoubt me whether they be not illusions of
his sight’ [19]. The Royal Society tasked Nehemiah Grew,
the botanist, to reproduce Leeuwenhoek’s work, but Grew
failed; so in 1677, on succeeding Grew as Secretary, Hooke
himself turned his mind back to microscopy. Hooke too
initially failed, but on his third attempt to reproduce
Leeuwenhoek’s findings with pepper-water (and other
infusions), Hooke did succeed in seeing the animalcules—
‘some of these so exceeding small that millions of millions
might be contained in one drop of water’ [20] (actually far
less precise than Leeuwenhoek). He went on to write ‘It
seems very wonderful that there should be such an infinite

number of animalls in soe imperceptible quantity of matter.
That these animalls should be soe perfectly shaped and
indeed with such curious organs of motion as to be able
to move nimbly, to turne, stay, accelerate and retard their
progresse at pleasure. And it was not less surprising to
find that these were gygantick monsters [protozoa] in com-
parison of a lesser sort which almost filled the water
[bacteria]’ [21].

Unlike Leeuwenhoek, Hooke gave precise details of his
microscopical methods, and demonstrated them before the
gathered fellows, including Sir Christopher Wren, later pub-
lishing both his methods and observations in Microscopium
(1678) [20]. He even taught himself Dutch, so that he could
read the letters of the ‘ingenious Mr Leeuwenhoek’. As
noted by the microscopist Brian J. Ford [22] and microbiologist
Howard Gest [23], Hooke was a central and too-often over-
looked figure in the history of microbiology: his earlier book
Micrographia (1665) most likely inspired Leeuwenhoek to
begin his own microscopical studies. Without Hooke’s sup-
port and verification—a task beyond several of the best
microscopists of the age, including Grew—Leeuwenhoek
might easily have been dismissed as a charlatan. Instead,
through Hooke’s impressive demonstrations, and with
the direct support of the patron of the Royal Society, King
Charles II, Leeuwenhoek was elected a Fellow in 1680.
Others had independently changed their view of Leeuwen-
hoek in the interim, but that did little to alter the course of
events. Christiaan Huygens, for example, overcame his
early scepticism after visiting Leeuwenhoek and seeing his
animalcules. He went on to grind his own lenses, observing
various protists himself [24]. Indeed, Huygens made a
number of pioneering observations, but these remained in
manuscript and were unpublished until the turn of the
twentieth century [25].

Ironically, Hooke’s admirable comments on the construc-
tion of microscopes might have undermined Leeuwenhoek’s
later reputation. Hooke made various types of microscope.
He much preferred using larger instruments with two

(a) (b)

Figure 3. (a) Rotifers, hydra and vorticellids associated with a duckweed root, from a Delft canal. From Leeuwenhoek [16]. (b) Bacteria from Leeuwenhoek’s mouth;
the dotted line portrays movement. From Leeuwenhoek [17]. Copyright & The Royal Society.

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B
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17th century 18th century 19th century 20th century

BUT, these successful example of physics/biology interaction are codified as progress in biology. 

2000 ± 10: Growing appreciation that there is “real physics” in the physics of life.
               No longer just the application of known physics to problems outside the field.

What changed?  No single eureka moment.
Where are we now? How do we move forward? More history and context in 

Introduction and Overview.



The Physics decadal survey

e.g., the 2010 cycle:
Astronomy and astrophysics
Atomic, molecular, and optical physics
Condensed matter physics
Elementary particle physics
Nuclear physics
Plasma physics

Different fields use the survey differently

First effort in 1966 (!)

In the 2020 cycle, for the first time, biological physics stands 
alongside other fields of physics, with its own survey volume.

consensus reports
responding to task
community input
10 reviewers



What physics problems do 
organisms need to solve?

How do living systems represent 
and process information?

How do macroscopic functions of life emerge from 
interactions among microscopic constituents?

How do living systems navigate parameter space?

Energy conversion
Mechanics, movement,

and the physics of behavior
Sensing the environment
Structures in space and time

Fuel for most of life produced by nano-scale rotary engine. New experimental 
tools to observe rotation directly, new theory for thermodynamics of small systems.
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 3446 
FIGURE 2.5: There is considerable interest from both the biological physics community and the biology community in 3447 
understanding information flow through networks that control transcription of  genes. Toward this end, methods have been 3448 
developed for counting individual  transcripts, i.e., messenger RNA (mRNA) molecules from multiple genes in single bacteria. 3449 
Short DNA molecules complementary to mRNA sequences are labeled in different colors and applied sequentially to the same 3450 
sample. In each cycle, a new set of secondary readout probes are introduced. Raw fluorescence data is shown on the right and the 3451 
detected local spot maxima are shown in the spot detection image. Merged spots for many genes shown in shuffled colors. D Dar , 3452 
N Dar, L Cai, and DK Newman, In situ single-cell activities of microbial populations revealed by spatial transcriptomics. bioRxiv 3453 
2021.02.24.432972 (2021). 3454 
 3455 

Positional Information 3456 

It has long been appreciated that developing embryos are a system in which ideas about 3457 
information and the control of gene expression come together. Embryos begin as one fertilized 3458 
egg cell, and then go through many rounds of cell division. For several cycles, the cells are 3459 
IXQcWLRQaOO\ eTXLYaOeQW, aQd cRXOd LQ SULQcLSOe JURZ WR becRPe aQ\ SaUW RI WKe RUJaQLVP¶V bRd\. 3460 
But at some time in the course of development, cells need to adopt distinct identities. Cellular 3461 
identities are defined, in part, by their patterns of gene expression, and these need to be matched 3462 
to their spatial location in the body. In this sense, cells Qeed WR ³NQRZ´ WKeLU SRVLWLRQV. 3463 
 3464 

Develop new physics-based measurements: 
localization microscopy to identify and count 
every single mRNA molecule in a cell

Information encoded in DNA sequence
Information in molecular concentrations
Information in the brain
Communication and language

Protein folding, structure, and function
Chromosome architecture and dynamics
Phases and phase separation
Cellular mechanics and active matter
Networks of neurons
Collective behavior
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Gharakhani, F Jülicher, and AA Hyman, Germline P granules are liquid droplets that localize by controlled 4472 
dissolution/condensation. Science 324, 1729 (2009). 4473 

 4474 
It came as a surprise that structurally disordered, non-membrane-bounded organelles 4475 

form by the process of liquid-liquid phase separation. Two key discoveries led to this idea. First 4476 
was the direct observation of fluid behavior in one particular organelle, the P granule, through 4477 
high-resolution microscope movies of living zygotes (Figure 3.8). The second was the discovery 4478 
that purified multi-valent proteins or repetitive RNAs that are made up of repeated, low affinity 4479 
interaction motifs undergo liquid-liquid phase separation into organelle-sized droplets in aqueous 4480 
solution in vitro (Figure 3.9). These observations were supported by a quantitative description of 4481 
the relationship between valency, affinity, concentration, and phase separation, which was 4482 
similar to transitions from small complexes to large, dynamic supramolecular polymers that had 4483 
been described in non-living systems. Subsequent demonstrations that phase separation actually 4484 
affects protein activity led to the notion that phase transitions may be used to spatially organize 4485 
and biochemically regulate information throughout biology. 4486 
 4487 

 4488 
FIGURE 3.9: The observation that purified multi-valent proteins made up of repeated, low affinity interaction motifs undergo 4489 
liquid-liquid phase separation into organele-sized droplets in aqueous solution in vitro was the other key discovery leading to the 4490 
finding that structurally disordered, non-membrane-bounded organelles form by the process of liquid-OLTXLd SKaVe VeSaUaWLRQ ³  4491 
for highlighted part. (FIGURE 3.10: Liquid droplets formed from solutions of weakly interacting proteins with repeating units.  4492 
Differential interference contrast microscopy (A) and wide-field fluorescence microscopy (B), with a small fraction of the SH3 4493 
proteins carrying a fluorescent label. Concentrations are well below the affinity measured between individual SH3 and PRRM4 4494 
domains, so this is a collective effect. Scale bars, 20µm. (C) T ime-lapse imaging of merging droplets that were formed as. Scale 4495 
bar, 10µm. P Li, S Banjade, H-Chun Cheng, S Kim, B Chen, L Guo, M Llaguno, JV Hollingsworth, DS King, SF Banani, PS 4496 
Russo, Q-Xi Jiang, BT Nixon, and MK Rosen, Phase transitions in the assembly of multivalent signalling proteins. Nature 483, 4497 
336 (2012). 4498 

(A) (B) 

(C) 

Phase separation of proteins in cells: 
experiments in vivo and (here) in vitro; 
theory for condensation, function.

Adaptation
Learning
Evolution

Connecting theory and 
experiment: physical 
principles relate learning in 
songbirds to statistics of 
variations in the song itself.

H Ueno et al, Proc Natl Acad Sci (USA) 102, 1333 (2005). 

P Li et al, Nature 483, 336 (2012). 

D Dar et al, bioRxiv 432792 (2021). 
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structure, each contributing a discrete unit of torque.  HC Berg, The rotary motor of bacterial flagella. Annual Reviews of 2277 
Biochemistry 72, 19 (2003). 2278 
 2279 

 2280 

 2281 
FIGURE 1.5: Many molecules that are not functioning primarily as motors generate forces and movements that allow them to be 2282 
studied using the same methods developed for studying single motor molecules. The F0F1 -ATP synthase, a membrane protein 2283 
that synthesizes much of the ATP in all eukaryotic cells, is an example of a non -motor molecule that rotates to carry out its 2284 
chemical function. At left , a schematic of the experiment showing the many protein subunits of the molecule assembled and 2285 
bound to a glass slide at one side and a plastic bead (not to scale) at the other. At right, the angular position of the bead (measured 2286 
by the number of rotations) vs time. It  is clear that movement pauses three times per full rotation. Insets show the distribution of 2287 
pause lengths and the distribution of bead positions. H Ueno, T  Suzuki, K Kinosita Jr, and M Yoshida, ATP-driven stepwise 2288 
rotation of F0F1-ATP synthase. Proceedings of the National Academy of Sciences (USA) 102, 1333 (2005). 2289 
 2290 

Perspective 2291 

The phenomena of energy conversion in living systems have inspired the development of 2292 
new physics for more than a century, dating back to the origins of thermodynamics, and this 2293 
continues to the present day. At one extreme, living systems have harnessed a subtle combination 2294 
of classical and quantum dynamics to achieve efficient energy conversion in 2295 
photosynthesis.  This runs counter to the common intuition that quantum mechanics connects to 2296 
the phenomena of life only by determining the rules of chemical bonding, highlights new physics 2297 
in regimes not commonly encountered in the inanimate world, and points to new opportunities 2298 
for engineered devices and molecular design (Chapter 7).  In a different regime, linear and rotary 2299 

(B) 
(A) 
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 5388 
FIGURE 4.4: [add image of bird with headphones?] Songbirds learning to shift  pitch in response to altered auditory feedback. 5389 
(A) The SLWch Rf a VLQgOe QRWe LV ³SXVhed´ b\ aOWeULQg Whe VRXQd Rf Whe bLUd¶V VRQg aV heaUd WhURXgh PLQLaWXUe headShRQeV. PL tch 5390 
shifts are 0.5 (brown), 1 (blue), 1.5 (green), or 2.0 (cyan) semitones. Small shifts are ∼ 50% compensated, while the largest shifts 5391 
are hardly compensated at all. (B) In contrast to (A), large shifts can be compensated if done in a series of smaller steps ( dotted 5392 
lines). (C) Distribution of pitch variations before altered feedback (brown), with much longer tails than a Gaussian distribution 5393 
(grey). Theory links the difference between (A) and (B) through (C), quantitatively, as shown by the smooth curves. B Zhou, D  5394 
Hofmann, I Pinkovievsky, SJ Sober, and I Nemenman, Chance, long tails, and inference in a non -Gaussian, Bayesian theory of 5395 
vocal learning in songbirds. Proceedings of the National Academy of Sciences (USA) 115, E8538 (2018). 5396 

 5397 
 5398 
Rather than using theory to understand macroscopic learning behaviors, other groups in 5399 

the biological physics community have tried to push down to the molecular events at real 5400 
synapses to understand how learning rules are implemented. Part of what was so exciting about 5401 
the very first symmetric models for neural networks is that they could learn a new memory by 5402 
changing the synaptic weight between two neurons in proportion to the correlation between their 5403 
activities. This is a mathematically precise version of an old idea in the biological and even 5404 
SV\chRORgLcaO OLWeUaWXUe, WhaW QeXURQV ZhLch ³fLUe WRgeWheU ZLUe WRgeWheU.´  5405 

B Zhou et al, Proc Natl Acad Sci (USA) 115, E8538 (2018). 

Exploring big questions
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Source: Doctorate Recipients from US Universities: 2019.
NSF 21-308 (National Science Foundation, Alexandria VA, 2020) 

Scale of the field: Physics PhDs with thesis in biological physics

• Biological physics today 
comparable to astrophysics or 
elementary particle physics in 
early 2000s.

• Growth of biological physics 
as part of physics in less than 
one generation

• Similar number of students in 
biophysics as part of biology.



Conclusion: Biological physics, or the physics of living systems, now has emerged fully as a field of physics, 
alongside more traditional fields of astrophysics and cosmology; atomic, molecular, and optical physics; 
condensed matter physics; nuclear physics; particle physics; and plasma physics.

General Recommendation: Realizing the promise of biological physics requires recognition that is 
distinct from, but synergistic with, related fields, both in physics and in biology.  In colleges and 
universities it should have a home in physics departments, even as its intellectual agenda connects 
profoundly to efforts in many other departments across schools of science, engineering, and medicine.
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 5957 

 5958 
FIGURE 5.4: Testing the principles of non-equilibrium statistical mechanics with single biological molecules. (A) A single RNA 5959 
PROecXOe WhaW caQ fROd iQWR a ³haiUSiQ´ VWUXcWXUe iV heOd beWZeeQ WZR beadV, Zhich iQ WXUQ aUe heOd b\ a dXaO beaP R ptical trap 5960 
(see also Figure 2.1). The distribution of work done in unfolding the molecule as the traps are moved apart ( B) and the negative 5961 
work done as the molecule refolds (left). Results are shown for four different molecules with the same sequence, each taken 5962 
through 50-100 folding/unfolding transitions. (C) Although these experiments are done under non-equilibrium conditions, the 5963 
(ORg) UaWiR Rf Whe diVWUibXWiRQV iQ (B) haV a ViPSOe deSeQdeQce RQ Whe ZRUk dRQe, aV SUedicWed b\ geQeUaO ³fOXcWXaWiRQ WheR UePV.´ 5964 
SOURCE: D Collin, F Ritort, C Jarzynski, SB Smith, I T inoco Jr, and C Bustamante, Verification of the Crooks fluctuation 5965 
theorem and recovery of RNA folding free energies. Nature 437, 231 (2005).  5966 
 5967 

Understanding animal movement depends on understanding the environment in which 5968 
this movement happens. For organisms that swim or fly, this leads to potentially challenging 5969 
problems in fluid mechanics, but these problems rest on a firm foundation. Many organisms, 5970 
however, move on or through granular environments such as sand and soil. These materials flow, 5971 
shift, and crack under stress, prototypes of the complex rheology that is a major theme in soft 5972 
matter physics. Granular materials are collections of particles that interact via repulsive frictional 5973 
contact forces; they remain solid below a yield stress, and flow frictionally above this stress. 5974 
Diverse organisms, from ants to camels, contend with and utilize the properties of these soft 5975 
materials. A newly hatched juvenile sea turtle, using its flippers to make its way to the ocean, 5976 
must not      drive the sand beyond its yield stress, and deadly sidewinder rattlesnakes climbing 5977 
sandy desert dunes face the same problem. In contrast, slithering snakes and sand-swimming 5978 
Oi]aUdV cUeaWe ORcaOi]ed ³fOXidV´ aQd SUopel themselves within these. In granular systems, 5979 
dissipation from frictional interactions dominates inertia, so that these quite macroscopic 5980 
creatures face some the same problems as bacteria, living at low Reynolds number (§1.2). In a 5981 
very different regime of soft material behavior, a snail takes advantage of shear thinning in 5982 
viscoelastic fluid as waves of muscle activity propagate along its foot. In all these examples, the 5983 
physics of soft materials and the physics of animal behavior in relation to these materials are 5984 
advancing together. 5985 
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( B ) ( C ) 

Best experimental tests of ideas in modern 
non-equilibrium statistical mechanics.

D Collin et al, Nature 437, 231 (2005). 

Ideas, methods, and results flow 
between biological physics and 

other parts of physics – both ways.

Biological physics connects with 
many areas of biology, drawing 
inspiration and driving progress
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FIGURE I.2 A new family of imaging methods lets researchers track a single molecule inside the cell with near-811 
nanometer precision using fluorescence microscopy. The position of the fluorescent molecule is computed from the 812 
spatially structured excitation light whose location is continually adjusted so that the molecule is only minimally 813 
excited. In this way the fluorescent molecule can be precisely localized in space even while it is kept in the dark. (A) 814 
Trajectories of 77 individual fluorescently labelled ribosomes in a single bacterial cell, shown superposed on a  815 
transmission image of the whole bacterium. (B ) A short (0.3 second) segment of one of the ribosome trajectories in 816 
(A), showing significant variations in mobility. At bottom, a two millisecond (ms) segment of the trajectory is 817 
expanded, with grey circles showing that ribosomes are localized to better than 50 nm even with time steps as small 818 
as 0.125 ms. F Balzarotti, Y Eilers, KC Gwosch, AH Gynnå, V Westphal, FD Stefani, J Elf, and SW Hell, 819 
Nanometer resolution imaging and tracking of fluorescent molecules with minimal photon fluxes. Science 355, 606 820 
(2017). 821 
 822 
 823 

 824 
 825 
 826 
 827 
 828 
 829 

(B) 

Breaking the diffraction limit: Tracking individual 
ribosomes in living cells with near-nanometer resolution.

F Balzarotti et al, Science 355, 606 (2017). 



Tools for discovery
New microscopes, probes, …

Molecular and structural biology
Cryogenic electron microscopy

Genes, genomes, and evolution
Physics-based tools at the heart of the sequencing revolution

Cell and developmental biology
Condensates

From neuroscience to psychology
Functional magnetic resonance imaging

Imaging, diagnostics, and treatment
No more X-ray film (!)

Molecular design
New proteins for new functions

Synthetic biology
Network principles to practice

Predicting and controlling evolution
Next year’s flu vaccine

Biomechanics and robotics
Gauge theories to robophysics

Neural networks and AI
Deep roots of deep learning

This discussion only scratches the surface of the 
deep connections between biological physics and 

other areas of science, technology, and society

These connections are detailed in Part II: Chapters 5, 6, and 7.



To realize the promise of the field, strengthen the core of 
education and its integration with research

This was the biggest topic in 
community input!

Emergence of a new field is a 
chance to rethink how we 

teach, more generally.

Physics students, even at well resourced institutions, can emerge with a 
degree and not know that biological physics exists as a field.

This matters not just for our field, but for the students’ view of how physics 
connects to the world.

Within physics departments, this is entangled with other ways in which our 
curricula lag behind our modern understanding.

Meanwhile, substantial resources are being devoted to educating more 
quantitative biologists, bioengineers, etc. 

General agreement that engagement in research is good for students, but 
this is disconnected from the core curriculum.



Some problems can be solved by physics departments alone

General Recommendation: All universities and colleges should integrate biological physics into the 
mainstream physics curriculum, at all levels. 

This is unpacked with specific recommendations in Chapter 8.

Some problems need university-wide attention

General Recommendation: University and college administrators should allocate resources to physics 
departments as part of their growing educational and research initiatives in quantitative biology and 
biological engineering, acknowledging the central role of biological physics in these fields. 

And sometimes we need more help

Specific Recommendation: Federal funding agencies should establish grant program(s) for the direct, 
institutional support of graduate education in biological physics.  



To maintain leadership in biological physics, and in 
other areas of science, the US must recover its 

privileged position on the world stage
Finding: Science in the United States has long benefited from the influx of talented students and scientists from 
elsewhere in the world. 

Finding: Applications to U.S. physics graduate programs from international students have decreased since 2016.  

Finding: Discussions of U.S. policy toward international students and scientists are being driven by concerns about 
national and economic security. 

General Recommendation: All branches of the U.S. government should support the open exchange of 
people and ideas. The scientific community should support this openness by maintaining the highest 
ethical standards. 

Specific Recommendation: Federal agencies and private foundations should establish programs for the 
support of international students in US PhD programs, in biological physics and more generally.



How do we support a field that is defined by its 
intellectual style rather the objects of study?

 

Conclusion: Biological physics is supported by multiple agencies and foundations, but this support is 
fragmented, obscuring the breadth and coherence of the field. It is dangerously close to the minimum needed 
for the health of the field. 

General Recommendation: Funding agencies, including NIH, NSF, DOE, and DoD, as well as private 
foundations, should develop and expand programs that match the breadth of biological physics as a 
coherent field.

This is unpacked with specific recommendations in Chapter 9.



Finding: The United States has had a longstanding role as a leader in the area of biological physics at the 
molecular scale.  Crucial support for this effort comes from Department of Energy (DOE) investment in 
programs and user facilities. 

Finding: DOE has become a major sponsor of research in biological physics, especially through facilities, 
without acknowledging the field’s supporting contribution to the DOE mission. 

Specific Recommendation: Congress should expand the Department of Energy mission to partner 
with the National Institutes of Health and the National Science Foundation to construct and manage 
user facilities and infrastructure in order to advance the field of biological physics more broadly. 



To build an inclusive community, resources should be targeted 
to core activities in underserved groups.  

Finding: Physics education is layered, with one layer building strongly on the one below. Inequality of 
access or resources is compounded. 

General Recommendation: Federal agencies should make new resources available to support core 
undergraduate physics education for under-represented and historically excluded groups, and the 
integration of research into their education. 

Specific Recommendation: Recognizing the historical impact of HBCUs, MSIs, and TCUs, faculty 
from these institutions should play a central role in shaping and implementing new federal 
programs aimed at recruiting and retaining students from under-represented and historically 
excluded groups.

Chapter 10 provides details on building an inclusive community, along many dimensions.



•  

Finding: The fraction of women who take a high school physics course is almost equal to the fraction of men, 
but women comprise only ∼ 25% of students in the most advanced  high school courses.  
Finding: After steady growth for a generation, the fraction of bachelor’s degrees in  Physics earned by women 
plateaued in 2007 at ~20%. The fraction of PhDs in Physics  earned by women has continued to grow, now 
matching the fraction of bachelor’s degrees.  
Specific Recommendation: In implementing this report’s recommendations on introductory 
undergraduate education and its integration with research, special attention should be paid to the 
experience of women students. 

Women continue to be dramatically under-represented 
in the physics community.  

Perhaps the field has a special role to play:  female physics students twice as 
likely to do thesis research in astrophysics or biological physics.
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 2034 
 2035 

 2036 
FIGURE 1.1: Photon-driven electron transfer in the photosynthetic reaction center. (A) Schematic of photon absorption by a 2037 
dimer of bacteriochlorophyll [(BChl)2] followed by electron transfer to a bacteriopheophytin (BPh) and then quinones (QA,B), 2038 
with reaction time scales indicated; when the reaction center is isolated the electron eventually returns to (BChl)2, but slowly. (B) 2039 
The electron donor and acceptors in the three dimensional structure of the reaction center. DA and DB form (BChl) 2; B is 2040 
bacteriochlorophyll that acts as a virtual intermediate in the transfer to BPh (ĳ). The symmetry in arrangement of these 2041 
components is broken by the dielectric properties of the protein, channeling electron transfer to one side. G Feher, JP Allen , MY 2042 
Okamura, and DC Rees, Structure and function of bacterial photosynthetic reaction centres. Nature 339, 111 (1989).  2043 
 2044 

Careful investigation of the photon-driven electron transfer events in the photosynthetic 2045 
reaction center revealed that these reactions not only happen at low temperatures, but the rates of 2046 
these reactions are in many cases nearly independent of temperature. In the first example, a 2047 
microsecond reaction time slowed to milliseconds as the system was cooled, but then the time 2048 
became temperature independent below an absolute temperature of around 100 K. To begin, it is 2049 
aVWRQLVKLQg WKaW WKe PecKaQLVPV Rf OLfe ³ZRUN´ aW WKeVe ORZ WePSeUaWXUeV. AV WKe faVWeU UeacWLRQV 2050 
were resolved, it was found that these are nearly temperature independent at room temperature, 2051 
in some cases even becoming slightly faster as the system is cooled. These results are in marked 2052 
contrast to typical chemical reactions, where rates are exponentially sensitive to temperature 2053 
changes, following the Arrhenius law. This is a sign that quantum mechanical effects are 2054 
important, and through the 1970s and 1980s the biological physics community reached a 2055 
relatively complete understanding of this. 2056 

In the classical picture of chemical reactions, molecules have two possible structures, 2057 
each of which is locally stable, being at a minimum of the energy, and there is an energy barrier 2058 
between them. Thermal fluctuations cause random motions around these minima, and with some 2059 
small probability these fluctuations have a large enough amplitude to allow escape over the 2060 
barrier. The typical energy of the thermal fluctuations is kBT, and the height of the barrier is 2061 
called the activation energy Eact; the rate of the chemical reaction is k ׽ Ae−Eact/kBT, where the 2062 
factor A is related to the time scales of random vibration around the local minima. But quantum 2063 
mechanics has the possibility of systems visiting states which would be forbidden by classical 2064 
physics, such as positions under the barrier when the molecule does not have enough energy to 2065 
go over the barrier.  This is called tunneling through the barrier, and will be the dominant 2066 
reaction mechanism at sufficiently low temperatures. In another view, as the temperature is 2067 
lowered the random thermal motion is frozen out, and all that remains is the quantum zero-point 2068 
motion that is required by the uncertainty principle.  2069 

(B) (A) 

 

DRAFT²DO NOT CITE, COPY, OR DISTRIBUTE 
1-21 

 2518 
 2519 

 2520 

 2521 
FIGURE 1.9: The worm Caenorhabditis elegans is a widely used model organism, shown at bottom.  Recent work has uncovered 2522 
cKaRV aQd KLddHQ V\PPHWULHV LQ WKH ZRUP¶V cUaZOLQJ PRYHPHQWV.  (A) MHaVXUHPHQW RI WKH ZRUP¶s shape can be projected into 2523 
lower dimensional spaces. As the worm crawls forward a wave passes along its body, and this oscillation corresponds to the 2524 
counterclockwise rotations in the two dimensional projection at left . Two trajectories (red and blue) which begin close toget her 2525 
both correspond to forward crawling, but gradually diverge. This can be seen in the full images of the worm, evolving in time at 2526 
right: although starting in almost identical configurations, the red and blue worm go their separate ways. (B) Embedded in 2527 
slightly higher dimensional space, one can find all the trajectories that start within a ball B0 and then follow the stretching or 2528 
compression of this ball along different dimensions, defining the Lyapunov exponents Ȝ i. (C) The distribution of Lyapunov 2529 
exponents from multiple experiments, illustrating the near symmetry around a central negative value. T  Ahamed, AC Costa, and 2530 
GJ Stephens, Capturing the continuous complexity of behaviour in Caenorhabditis elegans. Nature Physics 17, 275 (2020). 2531 

 2532 
Beyond observing complex movements and trying to infer the underlying dynamics, it is 2533 

possible to perturb these movements and study how the system responds. In thermal equilibrium, 2534 
spontaneous fluctuations are related precisely to the respond functions, but of course this is not 2535 
true in actively moving systems. Indeed perturbation experiments connect to very different 2536 
points of view on animal movement, notably ideas from control theory. An example that brings 2537 
physics and control together is the response of fly flight to mechanical perturbations (Figure 2538 
1.10). By attaching small ferromagnetic pins to the fly, one can apply forces during free flight 2539 
and observe the responses with multiple high-speed cameras to allow three-dimensional 2540 
reconstruction of body and wing movements. These measurements reveal highly stereotyped 2541 
responses on time scales of tens of milliseconds, which can be understood in terms of feedback 2542 
from gyroscopic sensors called halteres. 2543 
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 2982 
FIGURE 1.15:L] IQ PaQ\ baFWHULa, a VHW RI ³PLQ´ SURWHLQV aUH HVVHQWLaO IRU FHOO GLYLVLRQ.  TKH FRQFentrations of these proteins 2983 
oscillate, accumulating first at one end of the cell then the other.  Min protein oscillations, in cells and in a reconstituted system. 2984 
(A) T ime lapse images of MinD protein, fused with green fluorescent protein (GFP), in live Escherichia coli cells. T ime is noted 2985 
in seconds and scale bar is 1 µm. DM Raskin and PAJ de Boer, Rapid pole-to-pole oscillation of a protein required for directing 2986 
division to the middle of Escherichia coli. Proceedings of the National Academy of Sciences (USA) 96, 4971 (1999). (B) MinD 2987 
oscillations in a purified system containing only two proteins, MinD and MinE, with a supply of ATP. The solution containing 2988 
the proteins is confined in a chamber (C) that is lined with lipids to mimic the cell membrane. SOURCE: B Ramm, P Glock, and 2989 
P Schwille, In vitro reconstitution of self-organizing protein patterns on supported lipid bilayers. Journal of Visualized 2990 
Experiments 37, e58139 (2018). 2991 
 2992 
 

BOX 1.4       Reaction, Diffusion, and Turing 
 

The idea that patterns form in a developing embryo due to the interplay of biochemical reactions and diffusion 
goes back to remarkable paper* by a remarkable historical figure, Alan Turing.** In 1952, he presented a strikingly 
modern analysis of how instabilities in such a system could lead an initially homogeneous tissue to develop 
spatially varying structures on scale relevant for real embryos. 

The exploration of reaction-diffusion models was a major theme in the interface of mathematics and biology 
for a generation. WKLOH WKHUH ZHUH HIIRUWV WR PaNH TXULQJ¶V PRGHO PRUH UHaOLVWLF, a GHHSHU TXHVWLRQ LV ZKHWKHU WKH 
embryo really faces the problem of making patterns from a homogeneous initial condition. In many cases the 
mother breaks the symmetry of the egg during its construction, and in other cases fertilization plays this symmetry-
breaking role. But Turing patterns clearly are relevant to a wide variety of living systems, notably the diverse 
patterns of animal coloring (Figure 1.16). It is striking that this range of phenomena can be captured in a single 
mathematical framework. 

In presenting his work, Turing also gave voice to an approach that resonates strongly with many members of 
biological physics community even today: 

 
³... a PaWKHPaWLFaO PRGHO RI WKH JURZLQJ HPbU\R will be described. This model will be a simplification 
and an idealization, and consequently a falsification. It is to be hoped that the features retained for 
GLVFXVVLRQ aUH WKRVH RI JUHaWHVW LPSRUWaQFH LQ WKH SUHVHQW VWaWH RI NQRZOHGJH.´  

 
1  A.M. Turing, The chemical basis of morphogenesis, Philosophical Transactions of the Royal Society of London B 237: 37, 
1952.  
2  A. Hodges, Alan Turing: The Enigma, Burnett Books, 1983. 
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 3226 
FIGURE 2.2: How much information, in bits, do DNA sequences provide about gene expression? A transcription factor protein 3227 
(CRP) binds to a specific site along DNA where it  can interact with the RNA polymerase (RNAP) and influence transcription and 3228 
hence the level of gene expression. As described in the text, experiments probe many DNA sequences and estimate the 3229 
information that each letter (A, C, T , G) provides about the resulting level of gene expression, shown in the bottom two panels. 3230 
TKLV ³ LQIRUPaWLRQ IRRWSULQW´ mirrors the known structural contacts between the proteins and DNA. Zooming in shows that the 3231 
information is really zero at sites where there is no contact. SOURCE: JB Kinney, A Murugan, CG Callan, Jr, and EC Cox, Using 3232 
deep sequencing to characterize the biophysical mechanism of a transcriptional regulatory sequence. Proceedings of the National 3233 
Academy of Sciences (USA) 107, 9158 (2010). 3234 

 3235 
TKe ³LQIRUPaWLRQ IRRWSULQW´ LQ FLJXUe 2.2 corresponds directly with what is known about 3236 

the contacts between these proteins and DNA from their molecular structures. The RNAP and 3237 
the transcription factor (here called CRP) bind at particular positions along the DNA, measured 3238 
from the point at which RNAP starts to transcribe messenger RNA (position 0). Strikingly, there 3239 
are positions where the DNA base carries zero information, and thus can be chosen at random 3240 
without changing the level of transcription. Although the contribution of any single base is small, 3241 
combinations of bases carry much more information. This can be captured by a model in which 3242 
every base makes an additive contribution to two numbers, one of which defines the interaction 3243 
of CRP with DNA and one of which defines the interaction of RNAP with DNA. This is exactly 3244 
what is expected from the equilibrium statistical mechanics models²these two numbers are the 3245 
free energy for binding of CRP and RNAP to DNA. But statistical mechanics predicts that the 3246 
numbers combine in a very specific way, with one more parameter describing the interaction 3247 
energy between the two proteins when they are both bound. This combination captures all the 3248 
available information, and the inferred value of the CRP/RNAP interaction agrees with 3249 
independent measurements. 3250 

The information footprinting experiments provide strong support for relatively simple 3251 
statistical physics models of protein/DNA interaction and the regulation of transcription, at least 3252 
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community over the last decade.  A different strategy, based again on optical methods, is to fix 3415 
the cell so that one can look for longer times, perhaps at many genes in sequence. An example of 3416 
this is in Figure 2.5, where bacteria are fixed and then labelled by fluorescently tagged DNA 3417 
molecules that are complementary to the mRNA molecules of different genes. With modern 3418 
microscopy methods one can count these molecules, one by one, and do this for each of many 3419 
genes to build up a snapshot of the state of a single cell. 3420 

The comparison of Figures 2.4 and 2.5 highlights an important point about experimental 3421 
methods.  In one case (Fig 2.4), genetic engineering turns the concentration of a handful of 3422 
proteins into fluorescence signals with different colors, and this allows measuring molecular 3423 
concentrations over time in live cells.  While there are many technical issues, in favorable cases 3424 
this really provides a readout of the information at several nodes of a genetic network, in a live, 3425 
functioning cell.   A basic limitation of these methods is that absorption and emission spectra of 3426 
fluorescent proteins are broad, so that if we try to monitor too many nodes simultaneously the 3427 
signals will be corrupted by crosstalk.  In the other case (Fig 2.5), the action is stopped, 3428 
providing time for multiple measurements that eventually probe the concentrations of several 3429 
thousand different molecular species, with single molecule precision.  While these observations 3430 
on fixed cells cannot provide dynamical information, we can sample the distribution of signals 3431 
across large populations of cells.  Both approaches still are developing rapidly, and we expect to 3432 
see deeper insights emerging from the analysis of these measurements in the coming years.  3433 

 3434 
 3435 
 3436 

 3437 
FIGURE 2.4. Measurements of correlations and dynamics in a synthetic gene circuit provide detailed tests for models of 3438 
regulatory interactions.  T ime-lapse images of a bacterial colony growing from a single cell, in the red/green (top) and blue/green 3439 
(bottom) channels. As the green protein rises, the red protein declines, while green and blue are weakly correlated. This pat tern of 3440 
temporal correlation reflects the underlying architecture of the circuit. SOURCE: MJ Dunlop, RS Cox III, JH Levine, RM 3441 
Murray, and MB Elowitz, Regulatory activity revealed by dynamic correlations in gene expression noise. Nature Genetics 40, 3442 
1493 (2008). 3443 
 3444 
 3445 
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than the diameter of an atom. Several different mechanical sensors are embedded in the bones 2799 
behind the human ear²the cochlea, which responds to sounds that move the eardrum; the 2800 
semicircular canals, which respond to fluid motions caused by the rotation of our head; and 2801 
otoliths, which respond to movements of tiny calcium carbonate crystals caused by linear 2802 
accelerations, including gravity. At the heart of all these organs are the hair cells, which generate 2803 
elecWUical VigQalV iQ UeVSRQVe WR diVSlacemeQW Rf WheiU ³haiUV´ RU VWeUeRcilia  (Figure 1.13).  To be 2804 
cleaU, WheVe ³haiUV´ aUe TXiWe diffeUeQW fURm Whe haiUV RQ RXU head aW Whe mRlecXlaU Vcale, bXW eaUl\ 2805 
microscopists were struck by the appearance of these cells, and the name persists. Mechanical 2806 
sense organs with hair cells are found in all animals with backbones, including the lateral line in 2807 
fish, which senses motion of the water as the fish swims, and the frog sacculus, which senses 2808 
ground vibration. In one species of tropical frog, ground vibrations of just 10 trillionths of a 2809 
meter are sufficient to trigger responses. 2810 

 2811 
FIGURE 1.13: The hair cells of the inner ear geQeUaWe elecWUical VigQalV iQ UeVSRQVe WR diVSlacemeQW Rf WheiU ³haiUV´ RU VWeUeRcilia.  2812 
 (A) Schematic of a hair cell surrounded by supporting cells. A ribbon synapse at the base of the cell releases vesicles that drive 2813 
electrical activity of the afferent neuron, which carries information to the brain. The efferent neuron carries signals from the brain 2814 
that modulate the sensitivity of the hair cell. Stereocilia vary systematically in length across each hair bundle and are connected 2815 
b\ ³WiS liQkV´ WhaW WUaQVmiW fRUceV WR iRQ chaQQelV iQ Whe membUaQe. IQ maQ\ haiU cellV WheUe iV a WUXe ciliXm, Whe kiQRciliXm, 2816 
which has a role in organizing and orienting the bundle. (B) A scanning electron micrograph shows an individual hair bundle 2817 
fURm Whe fURg¶V VaccXlXV, aQ RUgaQ WhaW deWecWV gUaYiW\ aQd gURXQd-borne vibration. (C) A scanning electron micrograph shows the 2818 
VSeciali]ed haiU bXQdle Rf aQ RXWeU haiU cell fURm Whe baW¶V cRchlea, which is V-shaped and has only three ranks of stereocilia. 2819 
SOURCE: AJ Hudspeth, Integrating the active process of hair cells with cochlear function. Nature Reviews Neuroscience 15, 600 2820 
(2014). 2821 
 2822 

A dramatic development in our understanding of mechanical sensing in living systems is 2823 
the realization that hair cells are not just sensors, but active sensors, so that the inner ear²and 2824 
presumably most other systems based on hair cells²are mechanically active. Dramatic 2825 
qualitative evidence for this comes from the fact that ears can emit sound. These acoustic 2826 
emissions are very pure tones, unique to each individual, and quite common. Presumably these 2827 
result from minor pathologies that allow too much of the mechanical activity to couple back into 2828 
the macroscopic mechanics of the ear, much as in the instability of a microphone pointed at a 2829 
loudspeaker. Quantitative evidence is based on interferometric measurements of the spontaneous 2830 
hair bundle movements, and the demonstration that these violate the fluctuation-dissipation 2831 
theorem. 2832 

 

DRAFT²DO NOT CITE, COPY, OR DISTRIBUTE 
3-11 

 
 

MH EOOLVPaQ, aQG CC O¶SKHa, CKURPEMT: VLVXaOL]LQJ 3D cKURPaWLQ VWUXcWXUH aQG cRPSacWLRQ LQ LQWHUSKaVH aQG PLWRWLc cHOOV. 4300 
Science 357, 370 (2017). 4301 

  4302 
FIGURE 3.5: Super-resolution tracing optical microscopy makes it  possible to map the three-dimensional distances between 4303 
small segments of DNA along a chromosome, one cell at a time. (top) Many rounds of hybridization label 30 kilobase segments 4304 
of human chromosome 21, and the labels are then located with super-resolution fluorescence microscopy. (left) The pseudocolor 4305 
images of the positions of individual chromatin segments in single cells and the corresponding matrices of intersegment dista nces 4306 
reveal domain-like structures with a globular conformation. (right) The population-average matrix reveals domains at the 4307 
ensemble level. SOURCE: B Bintu, LJ Mateo, J-H Su, NA Sinnott -Armstrong, M Parker, S Kinrot, K Yamaya, AN Boettiger, 4308 
and X Zhuang, Superresolution chromat in tracing reveals domains and cooperative interactions in single cells Science 362, 419 4309 
(2018). 4310 
 4311 

Dynamics 4312 

Chromosomes are not static occupants of the nucleus; they constantly wiggle around, and 4313 
therefore their spatial organization changes over time. Recent developments in microscopy make 4314 
it possible to follow these movements of individual chromatin regions on sub-second timescales, 4315 
in live cells and in real time. As chromosomal organization becomes susceptible to these sorts of 4316 
quantitative experiments, it has become conventional to analyze and interpret these experiments 4317 
with reference to sophisticated models from physics. More profoundly, these physics approaches 4318 
to chromosomal organization in specific systems are beginning to reveal general theoretical 4319 
principles across different systems. Chromosomes have been found to exhibit a highly nontrivial 4320 
dynamical behavior, whose properties are similar across different species (Figure 3.6). Ideas 4321 
from statistical physics have been used to identify the origin of these dynamics and to 4322 

(B) 

(A) 

(C) 
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 6697 
 6698 
 6699 
FIGURE 6.3: The discovery that fate determination could be controlled by the physical cue of tissue stiffness has revolutionized 6700 
stem cell biology.  T issue elasticity and differentiation of mesenchymal stem cells (MSCs). (A) Solid tissues exhibit a range of 6701 
stiffness, as measured by the elastic modulus, E. (B) Substrates with varying stiffness can be synthesized by manipulating the 6702 
level of crosslinking, controlling of cell adhesion by covalent attachment of collagen -I, and controlling the thickness h. Stem cells 6703 
of a standard type are initially small and round but develop increasingly branched, spindle, or polygonal shapes when grown on 6704 
matrices respectively in the range typical of brain (E ∼ 0.1í1 NPa), PXVFOH (E ∼ 8í17 NPa), RU VWLII FURVVOLQNHG-collagen matrices 6705 
(E ∼ 25í40 NPa). SFaOH baU LV 20 µm. Inset graphs quantify the morphological changes versus stiffness: (i) cell branching per 6706 
length of primary mouse neurons, MSCs, and blebbistatin-treated MSCs and (ii) spindle morphology of MSCs, blebbistatin-6707 
treated MSCs, and mitomycin-C treated MSCs (open squares) compared to C2C12 myoblasts (dashed line). SOURCE: AJ 6708 
Engler, S Sen, HL Sweeney, and DE Discher, Matrix elasticity directs stem cell lineage specification. Cell 126, 677 (2006).  6709 
 6710 

Another recent and major breakthrough in cell biology that came from the biological 6711 
physics community was based on understanding of the principles of phase separation (§3.3). For 6712 
nearly 150 years, cell biologists had thought the only way to spatially sequester biochemical 6713 
reactions to subcellular compartments is to encapsulate them inside a membrane or immobilize 6714 
them on a scaffold. The notion that specific biomolecules could coalesce into discrete, non-6715 
membrane-bounded droplets within the cell cytoplasm or nucleoplasm by phase separation 6716 
amounted to the first discovery of a novel principle of subcellular protein organization in over a 6717 
century. This has revolutionized thinking in cell biology about the organization and function of 6718 
signal transduction, the genome, and protein processing. The therapeutic potential for this 6719 
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 4577 
 4578 

 4579 
(D) 4580 

 4581 
FIGURE 3.11 Protein filaments such as microtubules can organize in ways similar to what happens in liquid crystals, including 4582 
forming defects with characteristic geometries.  Here we see such self-organization in a mixture of microtubules with the motor 4583 
protein kinesin. (A) Disordered array of microtubules. (B) Addition of modest amounts of the motor kinesin generates a spiral 4584 
organization of the microtubules. (C) Higher concentrat ion of motors generates asters. (D) Phase diagram for the hydrodynamics 4585 
of an active polar medium. Axes are the elastic anisotrpy įK and the motor activity ȗ∆ µ. MC Marchetti, JF Joanny, S 4586 
Ramaswamy, TB Liverpool, J Prost, M Rao, and RA Simha, Hydrodynamics of soft active matter. Reviews of Modern Physics 4587 
85, 1143 (2013). 4588 
 4589 

Connecting to the World 4590 

The cytoskeletal networks of filaments and motors inside the cell are linked to the 4591 
environment outside the cell through integrin protein assemblies (Figure 3.12). These have the 4592 
unusual property of catch bonds²unlike most bonds, which weaken and detach more quickly 4593 
when they are pulled apart, catch bonds strengthen and detach more slowly. Such bonds allow 4594 
the cells to sense and respond to applied stresses and to the mechanical stiffness of their 4595 
environments. The extracellular matrix that surrounds cells was long considered a simple passive 4596 
scaffolding that simply houses and supports cells. The discovery of cell mechanosensing and 4597 

(A) (B) (C) 
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 4537 
FIGURE 3.10: Observing fundamental signatures of irreversible, non-equilibrium behavior in simplified mixtures of motor 4538 
proteins.  Spontaneous movements of small beads are characterize by their power spectrum C(Ȧ), which measures the amplitude 4539 
of motion at  each frequency Ȧ. Displacements in response to applied forces also can be measured as a function of frequency, to 4540 
give the response function Į(Ȧ). The response function has an elastic component Įƍ(Ȧ) and a viscous components Įƍƍ(Ȧ); the 4541 
fluctuation-dissipation theorem (FDT) connects C(Ȧ) to Įƍƍ(Ȧ) and the thermal energy kBT if the system is in equilibrium. (A) In 4542 
the absence of myosin, or in the first  few hours after myosin is added, the FDT is obeyed. (B) After a few hours, the activit y of 4543 
myosin molecules leads to a large violation of the FDT at low frequencies. SOURCE: D Mizuno, C Tardin, CF Schmidt, and FC 4544 
MacKintosh, Nonequilibrium mechanics of active cytoskeletal networks. Science 315, 370 (2007). 4545 

 4546 
 4547 
Figure 3.10 shows tests of the FDT in a simple reconstituted system of actin and myosin. 4548 

Remarkably, motors do not change the response of the medium to applied forces, but the 4549 
spontaneous motions are an order of magnitude larger than thermal motions predicted by the 4550 
FDT. On one hand, this is unambiguous evidence of non-equilibrium behavior. On the other 4551 
hand, this shows that the active motions are not enormously larger than thermal motions, at least 4552 
on micron length scales. 4553 

If the microscopic behavior of motors and filaments is understood, one can try to build a 4554 
theory that averages over these details and describes the densities and flows of molecules on a 4555 
scale of microns and larger. This is the same spirit as the derivation of fluid mechanics from 4556 
molecular dynamics, with the difference that now the constituent particles are active. Pioneering 4557 
effRUWV WR deULYe WheVe VRUWV Rf h\dURd\QaPLc WheRULeV fRU ³acWLYe PaWWeU´ ZeUe PRWLYaWed b\ 4558 
flocks and swarms (§3.6), but in the same way that fluid mechanics is the same for many 4559 
different kinds of molecules, the hydrodynamics of active matter should be the same for all 4560 
constituents that have the same symmetry properties. As discussed in Chapter 5, active matter 4561 
now is a lively field of physics independent of its origins in the physics of living systems. 4562 

An important feature of filaments such as actin and tubulin is that they are polar: 4563 
Particular species of motor molecules move primarily in one direction along the filament, and 4564 
even the polymerization of the filament itself is directional. Early theoretical work showed that 4565 
active polar fluids have defects analogous to those in liquid crystals, including asters and spirals 4566 
or vortices. This is provocative because such organization of microtubules happens in cells, 4567 
especially during the complex process of segregating newly copied chromosomes during cell 4568 
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of learning and adaption in the brain being applied to artificial systems and conversely the 7490 
success of different learning rules driving re-examination of what is known about brains. More 7491 
abstractly, the perceptron provided an important testing ground for theories of learning, 7492 
especially for approaches grounded in statistical mechanics. 7493 

The push to develop truly deep networks was driven by classical theoretical results on the 7494 
limitations of single layers, by experimental discoveries about the hierarchy of processing in the 7495 
visual system, and by intuition. For image processing, there is an additional physics-     based 7496 
intuition that computations should be translation invariant, so that a small patch of the image will 7497 
undergo the same transformations no matter where it appears. Taken together these ideas lead to 7498 
convolutional networks, as in Figure 7.7C, which provided some of the first examples of human-7499 
level performance at classification and recognition of complex, real world images. 7500 

The influx of ideas from statistical physics to neural networks emphasizes that signal 7501 
processing often involves an implicit model for the probability distribution of the incoming 7502 
signals. This idea has been central to thinking about coding in real brains (§2.3) and the 7503 
adaptation strategies that maintain the efficiency of these codes in varying environment (§4.1). In 7504 
deep networks it can be made concrete, (roughly) running the network backwards to generate 7505 
rather than process images. This has led to strikingly beautiful images, sparking the imagination. 7506 
BXW iW alVR haV led WR ³deeS fakeV,́  Zhich caQ be difficXlW WR diVWiQgXiVh fURP Ueal iPageV, eYeQ Rf 7507 
current events. 7508 
 7509 

 7510 
FIGURE 7.7: The ³SeUceSWURQ´ PRdel for neural network architecture, focused on layered structures inspired by the brain itself, 7511 
first appeared around 1960 and now is the foundation for the first  machines to achieve human level performance . Feed-forward 7512 
networks, from the early perceptron to deep networks.  (A) Inputs from the many pixels of a retina are summed with positive and 7513 
QegaWiYe ZeighWV b\ ³aVVRciaWRUV,´ aQd UeVSRQVeV aUe QRQliQeaU fXQcWiRQV Rf WheVe VXPPed iQSXWV.  HD Block, The perceptron: A 7514 
model for brain functioning. I. Reviews of Modern Physics 34, 123 (1962). (B) Generalization of (A) to multiple layers, making 7515 
explicit  the weights wij  and nonlinearity f(z). (C) A modern deep network classifying an image. Weights are organized in a 7516 
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 4884 
FIGURE 3.14: [add image of actual larval zebrafish!] 16: Electron microscopy to reconstruct the connections between neurons. 4885 
(A) The anterior quarter of a larval zebrafish was captured at 56.4 × 56.4 × 60 nm 3 per voxel resolution from 16,000 sections. (B) 4886 
The Mauthner cell (M), axon cap (AC), and axon (Ax) illustrate features visible in the 56.4 × 56.4 × 60 nm 3 per voxel image 4887 
volume. (C) Posterior Mauthner axon extension. (D) Targeted re-acquisition of brain tissue at 18.8 18.8 60 nm3 per voxel 4888 
(dashed) from 12,546 sections was completed after 56.4 × 56.4 × 60 nm 3 per voxel full cross-sections (solid). (E, F) Peripheral 4889 
myelinated axons (arrowheads) recognized from 56.4 × 56.4 × 60 nm3 per voxel imaging of nerves (E) and the ear (F). (G, H) 4890 
Neuronal processes including myelinated fibers can be segmented at 18.8 ×18.8 × 60 nm 3 per voxel resolution. (I±K) Targeted 4891 
re-imaging to distinguish finer neuronal structures and their connections. Scale bars: (B, C) 10 µm; (D) 50 µm; (E, F) (D) 5 µm; 4892 
(G, H) 1 µm; (I±K) 0.5 µm. DGC Hildebrand, M Cicconet, RM Torres, W Choi, TM Quan, J Moon, AW Wetzel, AS Champion, 4893 
BJ Graham, O Randlett , GS Plummer, R Portugues, IH Bianco, S Saalfeld, AD Baden, K Lillaney, R Burns, JT  Vogelstein, AF 4894 
Schier, W-CA Lee, W-K Jeong, JW Lichtman, and F Engert, Whole-brain serial-section electron microscopy in larval zebrafish. 4895 
Nature 545, 345 (2017). 4896 
 4897 

3.6 COLLECTIVE BEHAVIOR 4898 

Collective behaviors in animal groups provide some of the most familiar examples of 4899 
emergent phenomena in living systems. Most of us have seen the ordered patterns of geese flying 4900 
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 5986 

 5987 
FIGURE 5.5: Although far from thermal equilibrium the ordering that we see in active matter can support the same kinds of 5988 
topological defects that arise in equlibirum systems. Here we see a population of neural progenitor cells  organizing themselves 5989 
on a surface. (A) Individual cells in a two-dimensional culture. Top panels show cells at low density (1100 cells/mm 2), observed 5990 
in phase contrast (left) and fluorescent channel (right, nuclei are marked in pseudocolor); lines trace the trajectories of single 5991 
cells. Bottom panels show cells at high density (3000 cells/mm2); lines again trace the trajectories of single cells, now ordered. 5992 
White arrows (right bottom panel) mark reversals of the tracked cells. Scale bar 100 µm. (B) Color (top) indicates the angle of 5993 
the local alignment of cells, calculated from the phase contrast image (bottom). Singular points where all colors meet in the  top 5994 
figure are the topological defects, as shown explicitly in the bottom image with the winding numbers +1/2 (red) and -1/2 (blue) 5995 
indicated. Scale bar 1mm. (c) Types of topological defects characterized by their winding numbers. SOURCE: K Kawaguchi, R 5996 
Kageyama, and M Sano, Topological defects control collective dynamics in neural progenitor cell cultures. Nature 545, 327 5997 
(2017).  5998 
 5999 

As emphasized above, a distinguishing feature of soft matter physics is that it is 6000 
essentially classical rather than quantum mechanical. A related but distinct set of questions is 6001 
addressed by the nonlinear dynamics community. The problems of nonlinear dynamics have a 6002 
venerable history, reaching back to the three-body problem in celestial mechanics. Many of the 6003 
issues of stability and ergodicity, despite obvious physical consequences, became the province of 6004 
pure mathematics for much of the 20th century, while fluid turbulence drifted out of physics into 6005 
engineering. But there was a resurgence of interest from the physics community in the 1970s and 6006 
80s19, driven by a combination of theoretical and experimental developments. There has been a 6007 
productive interplay between nonlinear dynamics and biological physics ever since. 6008 

Perhaps the most dramatic development in the resurgence of nonlinear dynamics as part 6009 
of physics was the demonstrationthat there are a limited number of ways in which systems with 6010 
small numbers of variables could make the transition from regular to irregular or chaotic motion. 6011 
This work resulted in a complete analysis of these transitions using the renormalization group, 6012 
and the verification of the theory in experiments on fluids and other systems. While the 6013 
motivation for this work clearly came from the search for a more manageable version of the 6014 
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 5682 
Out of 658 people, how many share a sequence? 5683 

 5684 
FIGURE 4.8: The biological physics community pioneered DNA sequencing experiments that revolutionized the exploration of 5685 
antibody diversity. Statistical physics models provide a framework for inferring the parameters of recombination, deletion, and 5686 
insertion events. (A) Schematic showing how particular V (pink), D (blue), and J (green) segments chosen from the genome are 5687 
spliced together, with insertions and deletions, to generate the observed antibody sequence (grey). To be fully realistic, the 5688 
observed sequence includes measurement (sequencing) errors. (B) As in (A), but showing that the same sequence could be 5689 
explained as having been constructed from a different set of V and D regions. A rigorous probabilistic model expresses the 5690 
probability of seeing any particular sequence as a sum over all these possibilit ies.  SOURCE: A Murugan, T  Mora, AM Walczak, 5691 
and CG Callan, Statistical inference of the generation probability of T -cell receptors from sequence repertoires. Proceedings of 5692 
the National Academy of Sciences (USA) 109, 16161 (2012). (C) In sampling T -cell receptor sequences from 658 humans, the 5693 
number of sequences that are shared among exactly K individuals. Theory and experiment agree with no free parameters. 5694 
SOURCE: Y Elhanati, Z Sethna, CG Callan, T  Mora, and AM Walczak, Predicting the spectrum of TCR repertoire sharing with 5695 
a data-driven model of recombination. Immunological Reviews 284, 167 (2018). 5696 
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Reactions, Diffusion, Scaling, and Size Regulation 2993 

Despite open questions, the Min system illustrates the power of coupling reactions and 2994 
diffusion to generate patterns. The general mathematical structure of such systems allows for 2995 
different kinds of patterns that can be fully classified. These patterns have been recognized in 2996 
many different living systems (e.g., Figure 1.16), even if it can be difficult to identify the 2997 
particular molecular components that implement these dynamics. The study of reaction±diffusion 2998 
systems has a remarkable history (Box 1.4). 2999 

In coupled reaction±diffusion systems, there are characteristic length scales that 3000 
correspond, roughly, to the distance that a molecule can diffuse before it reacts. These length 3001 
scales are intrinsic to the dynamics, and set the size of pattern elements, such as the width of 3002 
stripes or the distance between spots. In a larger system, there would be more stripes or spots. 3003 
While this happens, there also are systems where the patterns scale to the size of the organism. 3004 
An example is the segmented body plan of a caterpillar or maggot, where individuals of different 3005 
size have the same number of segments and the segment size or spacing changes in proportion to 3006 
overall body size; in maggots (larval flies) this can be traced to scaling in the patterns of gene 3007 
expression that drive these patterns (as in Figure 2.7). It seems fair to say that there is no general 3008 
understanding of how this scaling is achieved. While the inanimate world provides many 3009 
examples of pattern formation, some of which may remind us of patterns in living systems, these 3010 
patterns do not scale. Perhaps this is one more example of life finding new physics. 3011 

Related to the problem of scaling is the problem of size regulation. What sets the size of 3012 
an organism? What sets the size of an organ, or a single cell? Which of these are tightly 3013 
regulated, and which are fluctuating widely across individuals? Within a single cell, what sets the 3014 
size of organelles? There is a classical example of size regulation in the algal cell 3015 
Chlamydomonas reinhardtii, which has two flagella of equal length, and this is crucial for its 3016 
swimming. If one flagellum is broken or removed, the other will shorten, and the two flagella 3017 
will lengthen together only once they are of equal length. This problem has come back into focus 3018 
because of a new generation of quantitative experiments and mathematical analyses that exclude 3019 
many classical models. The problems of size regulation and scaling are simple to state, but may 3020 
provide hints of deeper principles. 3021 
 3022 

 3023 
FIGURE 1.16: Patterns in reaction-diffusion models and in animal skin coloration. (A) Two molecular species diffuse and react. 3024 
Increased concentrations of the activator promote its own (auto-catalytic) synthesis, and the synthesis of an inhibitor. (B) Patterns 3025 
formed with different parameter settings of the model in (A). (C) Patterns in nature, left  to right: hybrid fish (Salvelinus 3026 
leucomaenis x Oncorhynchus masou masou); marine beta (Calloplesiops altivelis); cheetah (Acinonyx jubatus); bengal cat (Felis 3027 
catus); and giraffe (Giraffa camelopardalis reticulate).  HC Metz, M Manceau, and HE Hoekstra, Turing patterns: how the fish 3028 
got its spots.  Pigment Cell and Melanoma Research 24, 12 (2010). 3029 
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these behaviors. Methods range from the renormalization group analysis of a wider range of 4964 
microscopic theories to direct inference of statistical descriptions from the data using maximum 4965 
entropy methods. This last approach connects the study of collective animal behaviors to the 4966 
study of sequence variation in protein families (§3.1) and patterns of activity in networks of 4967 
neurons (§3.5). 4968 
 4969 

 4970 
FIGURE 3.16: Swarms of midges exhibit scale invariant fluctuations in velocity. (A) A system of three synchronized high-speed 4971 
cameras is used to collect video sequences of midge swarms in their natural environment. (B) A swarm of approximately 300 4972 
midges. (C) Two trajectories within the swarm. (D) Spatiotemporal correlation functions of the velocity, as a function of time t 4973 
(seconds) and the Fourier variable k conjugate to distance. Upper panel: normalized correlation function in one natural swarm at 4974 
various values of k. Bottom panels: correlation as a function of the rescaled time , t/Ĳk, in various attempts to rescale the data. 4975 
(left) Rescaling by a k-dependent time for all k in one swarm. (center) Comparing many swarms at the same k. (right) Measuring 4976 
the static correlation length ȟ for each swarm, and choosing kȟ ∼ 1, then rescaling time. This is evidence for dynamic scaling, 4977 
Ƙ(k,t) = Ƙ(t/Ĳk,kȟ), with Ĳc = k −  zg(kȟ); further analysis shows that z = 1.12 ±0.16. A Cavagna, D Conti, C Creato, L Del 4978 
Castello, I Giardina, TS Grigera, S Melillo, L Parisi, and M Viale, Dynamic scaling in natural swarms. Nature Physics 13, 914 4979 
(2017). 4980 
 4981 

Flocks of birds, swarms of insects, and schools of fish function in unconfined 4982 
environments. In contrast, communities of ants and termites that construct tunnels and structures 4983 
in soft materials such as soil must move collectively in their confined and crowded nests. Such 4984 
densely packed and disordered conditions in non-living systems lead to a breakdown of flow, 4985 
through glassiness and jamming (see Chapter 5). Physicists studying the traffic of confined fire 4986 
ant colonies have revealed that they routinely move through foraging tunnels which are 4987 
comparable in dimension to the individual ants. Movement is hindered not only by the spatial 4988 
restrictions, but by social interactions when ants moving in opposite directions encounter one 4989 
aQRWheU aQd SaXVe WR WRXch aQWeQQae (³aWWeQaWiRQ´), SUeVXPabl\ WR e[chaQge iQfRUPaWiRQ. MRdelV 4990 
that incorporate these interactions exhibit a phase transition as a function of the attenation time, 4991 
similar to the fragile glass or jamming transition. Longer attenation times presumably allow for 4992 
more effective information flow through the colony, but this is useless if the colony is jammed. 4993 
Real colonies appear to function close to the transition. 4994 

 4995 
 4996 

Social Insects and Superorganisms 4997 
 4998 
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are inserted into the bacterial DNA by the enzyme Cas9 (Figure 2.3). The CRISPR/Cas9 3296 
apparatus has been adapted into a tool for modifying the genomes of other organisms, and this 3297 
has had a revolutionary impact on biology, on many areas of biological physics, and on prospects 3298 
for gene therapy. This work was recognized with a Nobel Prize in 2020. In the life of the 3299 
bacterium, however, CRISPR/Cas9 serves as a kind of immune system, carrying a memory of 3300 
previous infection and allowing more rapid recognition and response to future infections. Our 3301 
immune system also carries a memory, but humans do not pass this information on to their 3302 
offspring. Theorists in the biological physics community have tried to understand how the 3303 
different dynamics of environmental challenges drives the emergence of these different strategies 3304 
in different classes of organisms, as in Figure I.5. 3305 

 3306 

 3307 
FIGURE 2.3 Bacteria can edit their own DNA into clustered regularly interspaced short palindromic repeats ( CRISPR), which 3308 
include segments that are extracted from bacteriophages that infect the bacterium. A bacterium with CRISPR machinery 3309 
encounters a diverse set of phages (colors). The CRISPR-Cas locus is transcribed and then processed to bind Cas proteins (gray 3310 
ovals) with distinct spacers (colors), thus producing CRISPR-Cas complexes. The complex with a spacer that is specific to the 3311 
injected phage DNA (same color) can degrade the viral material and protect the bacterium from infection. S Bradde, A 3312 
Nourmohammad, S Goyal, and V Balasubramanian, The size of the immune repertoire of bacteria. Proceedings of the National 3313 
Academy of Sciences (USA) 117, 5144 (2020). 3314 
 3315 

Bacteria have limited resources that can be devoted to the CRISPR system. If the cell 3316 
tries to keep a memory of too many different phages in the environment, then there simply will 3317 
not be enough copies of the Cas proteins to do the job. On the other hand, in an environment 3318 
with diverse challenges, keeping track of too few phages can leave the cell vulnerable. With 3319 
reasonable assumptions one can calculate the probability of survival as a function of the number 3320 
of stored memories and the number of different phages in the environment, and the result is that 3321 
the optimal number of memories is close to the size of the CRISPR systems in real cells. This is 3322 
just the start of an ambitious program to understand features of this remarkable system as 3323 
responses to the environment, quantitatively. 3324 

Perspective 3325 

Information encoded in DNA has been the source of deep questions about the physics of 3326 
life for nearly 70 years. This section highlights some of the major results and points to several 3327 
frontiers where progress is expected in the coming decade. A common theme is a shift from 3328 
thinking about isolated bits of information to seeing this information in context, particularly 3329 
important since DNA forms the substrate on which evolution takes place (§4.3).  This  context 3330 
may be provided by the whole population of tRNA molecules that embody the genetic codebook, 3331 
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 5294 
FIGURE 4.3: Sloppy models. (A) Contours show the (mean-square) difference in the behavior of a model as a function of two 5295 
parameters ș1 and ș2. TKHUH aUH ³VWLII´ aQd ³VORSS\´ dLUHcWLRQV, cRPbLQaWLRQV RI WKH RULJLQaO SaUaPHWHUV. TKH W\SLcaO dLVWaQcH LQ 5296 
parameter space needed to cause a small change in behavior is determined by the eigenvalues Ȝ  of an appropriate matrix. (B) The 5297 
spectrum of eigenvalues in a wide range of models for biochemical reaction networks, ranging from embryonic development to 5298 
hormonal signaling to circadian rhythms. (C) A model for growth factor signaling, corresponding to column (i) in (B); this mo del 5299 
has 48 parameters. RN Gutenkunst, JJ Waterfall, FP Casey, KS Brown, CR Myers, and JP Sethna, Universally sloppy parameter 5300 
sensitivities in systems biology models. PLoS Computational Biology 3, e189 (2007). 5301 
 5302 

The theory of dynamical systems provides us with settings in which behaviors become 5303 
universal, and thus explicitly independent of most underlying parameters. If we think, for 5304 
example, about models for genetic networks that can describe a developing cell making choices 5305 
among alternative fates, then in the neighborhood of the decision point the dynamics takes a 5306 
stereotyped form.  Building outward from these decision points allows construction of a 5307 
geometrical model for the dynamics more globally, in which coordinates are abstract 5308 
combinations of gene expression levels.  As it becomes possible to follow gene expression levels 5309 
through the steps of cellular differentiation, this approach makes it possible to search for the 5310 
simplified collective coordinates and to classify the impacts of perturbations, with almost no free 5311 
parameters. 5312 

Perspective 5313 

Some form of adaptation occurs in almost every living system, matching its behavior to 5314 
relatively short-term variations in the demands of the environment. The phenomena range from 5315 
the gradual fading of constant sensory inputs to the intricate control of gene expression, and 5316 

 

( A ) ( B ) 

( C ) 

For the biological physics community,
this is a moment to celebrate.

More broadly, it is exciting to reclaim as part of 
physics the beautiful phenomena of life, rekindling 

the dreams of our intellectual ancestors.

 

DRAFT²DO NOT CITE, COPY, OR DISTRIBUTE 
2-20 

Over the last two decades these seemingly abstract models have been connected, at increasing 3733 
levels of detail, to experiments on real brains. 3734 

A more subtle possibility is that the set of attractors is continuous rather than discrete. 3735 
Such states in a network of neurons could then represent the orientation of an object, the position 3736 
of an animal in space, the direction in which an animal is looking or moving. It is known that 3737 
QeXURQV LQ SaUWLcXOaU bUaLQ UegLRQV SURYLde aQLPaOV ZLWh a ³PaS´ Rf Whe ZRUOd LQ ZhLch Whe\ aUe 3738 
moving; this discovery was recognized by a Nobel Prize in 2014. Some of the most successful 3739 
models for the origin of these maps rely on the ideas of a continuous underlying symmetry in the 3740 
network dynamics. As in other statistical physics problems, signatures of the interactions that 3741 
allow the emergence of these collective states are found not in the mean behavior of the 3742 
individual neurons but in the correlations among fluctuations in their behavior, and this has 3743 
opened new directions for the analysis of these networks. Correlations also can limit or enhance 3744 
the transmission of information by neurons, and this has been a central theme in experiments that 3745 
probe the relation of activity in populations of neurons to the reliability of decisions. 3746 

The patterns of correlation among activity in large populations of neurons also provides 3747 
hints of more general collective behaviors in the network, as discussed in §3.5.  Theories of 3748 
collective behavior make predictions for the structure of measurable correlations, but one can 3749 
also turn the argument around and ask for the simplest collective states that are consistent with 3750 
the measured correlations.  These ideas are deeply grounded in statistical physics, and have 3751 
connections to other examples of emergent behaviors of living systems, as discussed in Chapter 3752 
3.  Throughout these developments, the example of neural networks has been a touchstone, 3753 
providing some of the earliest and deepest examples of new physics.  3754 
 3755 

 3756 
 3757 

FIGURE 2.8:  The stable states of activity maps to a ring, making a network of neurons that represent orientation or direction of 3758 
special interest. An example of a ring of neural states exists in the brains of flies. The fly experiences virtual reality wh ile 3759 
electrical activity of neurons in the ellipsoid body is monitored through calcium-sensitive fluorescent proteins (§3.5). Snapshots 3760 
Rf Whe YLUWXaO aUeQa (WRS), aQd Whe fOXRUeVceQce LPageV (bRWWRP) RYeU Whe cRXUVe Rf a PLQXWe.  TheUe LV a ORcaOL]ed ³bORb´(B)  3761 
Fluorescence signals averaged over the angular sectors at left  in (A), vs. t ime. Arrows mark times of activity that rotates around 3762 
Whe ULQg aV Whe fO\¶V RULeQWaWLRQ UeOaWLYe WR Whe aUeQa URWaWeV.  WLWh LPSURYed daWa aQd PRUe TXaQWLWaWLYe aQaO\VLV, RQe caQ 3763 
UecRQVWUXcW Whe fO\¶V RULeQWaWLRQ fURP Whe SaWWeUQ Rf acWLYLW\, PRPeQW b\ PRPeQW,  with high precison.  JD Seelig and VV 3764 
Jayaraman, Neural dynamics for landmark orientation and angular path integration. Nature 521, 186 (2015). 3765 
 3766 

A network of neurons that represents orientation or direction would be very special, 3767 
because the stable states of activity must map to a closed circle or ring. This structure could be 3768 
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experiments in Figure 3.13. These methods are undergoing continual development, with steady 4741 
progress in the number of individual neurons that can be resolved and the quality of the 4742 
recordings. There are also fluorescent proteins that insert into the membrane and respond directly 4743 
to voltage. These methods are on the threshold of general use, which will realize a 50-year-old 4744 
dream of directly visualizing electrical activity in the brain. 4745 
 4746 

 4747 
FIGURE 3.13: [dashed box in B?] Genetically encoded fluorescent proteins allow us to monitor electrical activity in many 4748 
neurons simultaneously, at high signal-to-noise ratio. (A) Image of neurons in the CA1 region of a mouse hippocampus (left). 4749 
The cells express a protein whose fluorescence is sensitive to the calcium concentration, which changes in response to electrical 4750 
activity. Cell bodies appear outlined because the protein is excluded from the nucleus. Fluorescence images are collected by 4751 
scanning two-photon microscopy. Selected cells are out lined (right). (B) Fluorescence signals from four cells as the mouse runs 4752 
along a (virtual) linear track, receiving rewards at the ends. Note the low level of background noise.  SOURCE:  DA Dombeck, 4753 
CD Harvey, L T ian, LL Looger, and DW Tank, Functional imaging of hippocampal place cells at cellular resolution during 4754 
virtual navigation Nature Neuroscience 13, 1433 (2010). 4755 

Theory 4756 

Recording the electrical activity of thousands of neurons creates the opportunity to search 4757 
for collective, emergent behaviors in these connected networks. But such high dimensional data 4758 
cannot be explored without some guidance from theory. Theories of neural network dynamics 4759 
date back to the 1940s, with the first efforts to understand what neurons could compute. This 4760 
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 3853 
FIGURE 2.10 Bacteria communicate through quorum sensing to organize their growth in a community. (A) Cross-sectional 3854 
images of the bottom cell layer at 1 hour, (B) 7 hours, (C) 12 hours, (D) 18 hours; scale bars 3 µm. (E) Segmenting the three-3855 
dimensional cluster in (D) into 7,199 cells, color-FRGHG DFFRUGLQJ WR ] SRVLWLRQ (0í21 �P). J YDQ, AG SKDUR, HA SWRQH, NS 3856 
Wingreen, and BL Bassler, Vibrio cholerae biofilm growth program and architecture revealed by single-cell live imaging. 3857 
Proceedings of the National Academy of Sciences (USA) 112, E5337 (2016). 3858 

Searching for Sources 3859 

Chemical communication is central not only in the lives of bacteria, but also in the lives 3860 
of insects. In particular, many species of insects find their mates by following the odor of 3861 
pheromones over extraordinary distances, up to 30 miles in the case of silkworm moths. In some 3862 
ways this is similar to the ability of bacteria to swim toward sources of nutrients by sensing the 3863 
concentration of the relevant molecules along the way (chemotaxis, §1.3), but the physics in 3864 
these two cases is very different. On the micron scale of bacterial life, molecules move through 3865 
water by diffusion, and as a result concentrations become smooth functions of position. For 3866 
insects, molecules move through the air carried by the wind, which is turbulent. 3867 

In a turbulent flow, odors are carried by plumes. Standing in one place, the odors are 3868 
intermittent, as plumes pass by, providing only very limited cues about the direction of the 3869 
VRXUFH. CODVVLF H[SHULPHQWV, KRZHYHU, VKRZ WKDW PRWKV ³NQRZ´ DERXW WKLV FKDOOHQJLQJ SK\VLFV 3870 
problem, and actually fail to find the source of odors when turbulent flows are replaced by 3871 
smooth (laminar) patterns of air flow in a wind tunnel. In the wild, insects searching for a source 3872 
fly into the wind, occasionally casting sideways, and these sideways motion become more 3873 
frequent when they lose track of the odor plumes (Figure 2.12 A). 3874 

The full problem of insect flight control involves synthesizing many different cues²from 3875 
wind, odors, and vision²and connecting to the aerodynamics of flight itself. But the strategy 3876 
behind this control might be simpler. In order to fly toward the source of an odor, the insect must 3877 
make some inference about the location of that source from the limited data it has collected. 3878 
AOWKRXJK ³LQIRUPDWLRQ´ FDQ DSSHDU DV DQ DEVWUDFWLRQ, WKH PLQLPXP VHDUFK WLPH LV UHODWHG GLUHFWO\ 3879 
to the amount of information, in bits, that the insect has about the location of the source. In 3880 
moving through the world, it might thus make sense to use a strategy that collects as much 3881 
information as possible. By analogy with chemotaxis, this strategy has been called infotaxis. 3882 
Infotaxis generates flight trajectories that are quite similar to the trajectories of real insects 3883 
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the PDB holds more than 170,000 structures,15 and has provided a model for open science. This 4040 
exponential expansion of structural data was enabled in large part by the advent of synchrotron 4041 
light sources.16 4042 
 4043 

 4044 
FIGURE 3.1:  The analysis of X-ray diffraction patterns began in the mid-20th century, and has been developing ever since to 4045 
allow us a clearer view of protein structures. (A) Early X-ray diffraction pattern from a hemoglobin crystal. The pattern fades out 4046 
near the rim of the picture, which corresponds to a spacing of 1.8 Å. (B) Reconstruction of the protein structure from data i n (A), 4047 
with heme groups shown as grey discs with oxygen bound. MF Perutz, X-ray analysis of hemoglobin. Science 140, 863 (1963). 4048 
(C) Modern high-resolution structure of one hemoglobin subunit, focusing on the heme and nearby amino acids. Carbon 4049 
monoxide (CO) was bound to the heme, and the bond was broken with a flash of light, but at low temperatures in the crystal the 4050 
CO remains trapped inside the protein. S Adachi, S-Y Park, JRH Tame, Y Shiro, and N Shibayama, Direct observation of 4051 
photolysis-induced tertiary structural changes in hemoglobin. Proceedings of the National Academy of Sciences (USA) 100, 7039 4052 
(2003). 4053 
 4054 

The analysis of protein structures by X-ray crystallography had a revolutionary impact on 4055 
our understanding of many processes in living cells, providing a literal scaffolding on which to 4056 
build explanations of mechanism, but the constraint of crystallizing the proteins remained 4057 
significant. Not long after the discovery of nuclear magnetic resonance (NMR) it was realized 4058 
that resonances are sensitive to the structural and chemical environment and thus NMR spectra 4059 
have a fingerprint of structure, but this is hard to extract. But when the magnetic moment of one 4060 
QXcOeXV LV e[cLWed b\ UadLR ZaYeV, LW ³UeOa[eV´ b\ WUaQVfeUULQJ eQeUJ\ WR QeaUb\ QXcOeL, aQd WKLV 4061 
transfer is very sensitive to the distances between atoms. Thirty-five years after the first 4062 
theoretical and experimental explorations of these relaxation dynamics, understanding had 4063 
developed to the point where they were used to determine the structure of a small protein free in 4064 
solution. An important aspect of this analysis is that, from the start, it provided not a single 4065 
structure but an ensemble of structures, focusing attention on the flexibility of proteins. 4066 

Most recently electron microscopy has taken its place alongside X-ray diffraction and 4067 
NMR as a method for protein structure determination. Electron microscopes have their roots in 4068 
the early days of quantum mechanics, with the realization that electrons have wavelike 4069 
properties. There were steady improvements in resolution throughout the 20th century, and many 4070 
important discoveries about the internal structures of cells. In the early days, viewing biological 4071 
samples under an electron microscope involved using heavy metal stains to improve the contrast 4072 

                                              
15 See https://www.rcsb.org. 
16 Support for these facilities is an important part of the funding landscape for biological physics, and is 

discussed in Chapter 9, §9.3. 
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formalism that quantifies the funnel picture and provides a candidate principle for the dynamics 4145 
of folding and, importantly, makes detailed predictions, in quantitative agreement with 4146 
experiments. While X-ray crystallography, NMR, and cryo-EM are the methods needed to 4147 
determine the final folded structures of proteins, probing the dynamics of folding requires a 4148 
wider variety of methods involving single molecule experiments and microfluidic devices, 4149 
atomic force microscopy, several optical spectroscopies including fluorescence resonance energy 4150 
transfer (FRET) and circular dichroism, and a variety of imaging approaches. 4151 

This discussion has emphasized the conceptual problems of protein folding, how and why 4152 
well defined structures emerge from interactions among amino acids. But there also are practical 4153 
versions of these problems. If a new protein is discovered and we its amino acid sequence is 4154 
determined, is it possible to predict Whe VWUXcWXUe? ThLV LV Whe XVXaO fRUPXOaWLRQ Rf Whe ³SURWeLQ 4155 
fROdLQg SURbOeP.´ CRQYeUVeO\, Lf WheUe LV a fXQcWLRQ WhaW ZRXOd be XVefXO WR LPSOePeQW, LV LW 4156 
SRVVLbOe WR deVLgQ a VeTXeQce WhaW ZLOO UeaOL]e Whe UeTXLUed SURWeLQ VWUXcWXUe? ThLV LV Whe ³SURWeLQ 4157 
deVLgQ SURbOeP.´ TheVe TXeVWLRQV aUe dLVcXVVed LQ �6.2, Zhich describes the connections among 4158 
biological physics and molecular and structural biology. Applications of these ideas in the search 4159 
for proteins with engineered functions are discussed in §7.2.  As will be emphasized in Part II, 4160 
these more practical formulations of the folding problem have had recent and dramatic input 4161 
from artificial intelligence.  This seems a good place to note the continuing importance of 4162 
experiments on protein structure, both to explore uncharted territory in the universe of possible 4163 
structures and to probe structural fluctuations and their dynamics, especially as we gain more 4164 
appreciation for the functional importance of partially disordered proteins.  4165 

 4166 
 4167 

 4168 
FIGURE 3.3: If proteins are to be functional, only a tiny fraction of amino acid sequences are allowed.  Schematic energy 4169 
OaQdVcaSe fRU SURWeLQ fROdLQg, VhRZLQg hRZ Whe eQVePbOe Rf XQfROded VWUXcWXUeV LV ³fXQQeOed´ WR Whe XQLTXe QaWLYe VWUXcWXUe. 4170 
Importantly, the molecule never visits states in which large numbers of amino acLdV fRUP LQcRUUecWO\, aV RSSRVed WR ³QaWLYe´ 4171 
contacts. This behavior is atypical of polymers, and correspondingly only a tiny fraction of all possible amino acid sequence s can 4172 
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 6343 
FIGURE 6.2: An atomic model of an entire bacterial flagellar motor determined using cryoEM. This supramolecular protein 6344 
machine provides motility and determines pathogenicity. The overall structure includes 175 subunits with a combined molecular  6345 
mass of more than 6,000,000 Daltons, and represents a tour de force of structural biology.  Shown here is a cross-section through 6346 
the structure. J Tan, X Zhang, X Wang, C Xu, S Chang, H Wu, T  Wang, H Liang, H Gao, Y Zhou, and Y Zhu, Structural basis of 6347 
assembly and torque transmission of the bacterial flagella motor. Cell 184, 1 (2021). 6348 
 6349 
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demonstrate that the robust scaling laws observed for chromosomal motion in vivo can arise 4323 
from physical principles rather than system-specific biological mechanisms. In particular, 4324 
trajectories followed by a point along the genome are consistent with anomalous diffusion, 4325 
governed by the viscoelastic nature of the cellular environment and strongly influenced by the 4326 
spatial confinement imposed by the hierarchical folding of chromosomal DNA. Evidence is 4327 
accumulating that these dynamics control crucial processes such as the editing of the genome in 4328 
the generation of antibody diversity. 4329 

While geneticists have known for decades that the genome forms loops, and that the 4330 
loops bring regulatory elements into close proximity with genes that they control, it was unclear 4331 
how these loops formed. A scenario of loop extrusion executed by molecular motors, 4332 
mathematically described by physicists nearly two decades ago, recently began to gain 4333 
experimental evidence as one of the governing mechanisms of chromosomal compaction. 4334 
 4335 

 4336 
FIGURE 3.6: The dynamics of chromosomes.  (A) Snapshot of chromosome ends (telomeres) in a mammalian cell nucleus, 4337 
shown in a two-dimensional projection. (B) Three-dimensional motion of a single telomere. SOURCE: I. Bronstein, Y Israel, E 4338 
Kepten, S Mai, Y Shav-Tal, E Barkai, and Y Garini, Transient anomalous diffusion of telomeres in the nucleus of mammalian 4339 
cells. Physical Review Letters 103, 018102 (2009). (C) Mean-square displacement vs. t ime, averaged over an ensemble of 4340 
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