fiberoptic paths. Also, the nonlinearity in
the fiberoptic loops means that photons can
interact. Thus, photons can jump from one
pulse to another through nonlinear interac-
tions and redistribute into different modes.
The photons can thereby thermalize just
like a gas. The result is a highly control-
lable thermodynamic testbed for designing
a negative-temperature heat engine that
uses a photon gas as a working substance.
For instance, the total size of the lattice can
be increased or decreased with the variable
coupler, thus increasing or decreasing the
number of modes. The internal energy of
the system can also be changed while keep-
ing the number of modes constant.

The time-synthetic lattice is described by
lattice band theory, which is analogous to the
energy bands of a crystal lattice. The upper
energy bound within each band is necessary
to realize negative temperatures. In this sys-
tem, negative temperatures are created just
by adding more energy. For example, by in-
creasing the intensity of the laser light that
is injected to the loop system of Marques
Muniz et al., the energy of the system can be
increased, which leads to a negative temper-
ature. The variable coupler allows the abrupt
doubling of the number of occupied modes
to realize a sudden expansion of a photon
gas. By contrast, if the lattice time difference
between modes is resized slowly, then isen-
tropic compression and expansion can be
implemented, which are the building blocks
of a heat engine. Throughout these processes,
the negative temperature is stable, thus con-
futing the notion that negative temperatures
are not practically useful (14).

As negative temperatures become real-
izable in accessible experimental contexts
such as nonlinear optics, a rapid exploration
of their impact can be expected, from the
design of nanoscale superefficient engines
(8) to quantum transport devices (14) to the
generalization of the many-temperature dis-
tributions found in quantum simulators and
computing (6).

REFERENCES AND NOTES

. A.L.Marques Munizetal., Science 379,1019 (2023).

. E.M.Purcell,R.V.Pound, Phys. Rev. 81,279 (1951).

. P.Medley, D.M.Weld, H. Miyake, D. E. Pritchard, W.

Ketterle, Phys. Rev. Lett. 106,195301 (2011).

. S.Braunetal., Science 339,52 (2013).

M.T.Reevesetal., Phys. Rev. X12,011031 (2022).

. T.Langenetal., Science 348,207 (2015).

S.Toyabe, T. Sagawa, M. Ueda, E. Muneyuki, M. Sano, Nat.

Phys. 6,988 (2010).

R.J.deAssisetal., Phys. Rev. Lett.122, 240602 (2019).

. H.Pourbeyramet al., Nat. Phys.18,685 (2022).

. F.Manginietal.,Opt. Express 30,10850 (2022).

. M.Parto, F.0.Wu, P.S.Jung, K. Makris, D.N.
Christodoulides, Opt. Lett. 44,3936 (2019).

12. C.Shi, T.Kottos, B. Shapiro, Phys. Rev. Res. 3,033219

(2021).

13. E.V.Podivilovetal., Phys. Rev. Lett.128, 243901 (2022).

14. M.Baldovin, S. lubini, R. Livi,A. Vulpiani, Phys. Rep.923,1

(2021).

WO W

—
2o wo

10.1126/science.adg7317

SCIENCE science.org
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Bees learn to dance

Experience yields precision in the waggle dance

of honey bees

By Lars Chittka' and Natacha Rossi?

any animals can guide or call other

members of their group to a rich

foraging site (I-3). By contrast,

honey bees have a distinctive form

of communication that allows them

to send nestmates to the location of
a food source by using symbols. The coordi-
nates are encoded by intricate movements
(the “dance”) on the vertical wax comb in the
hive, using gravity and time as references.
The motions are followed by recruits in the
darkness of the hive, who subsequently de-
code the extracted flight vector information
and follow the dancer’s instructions once out-
side (4). Like many of the elaborate behaviors
of social insects, this communication system
was thought to be innate. However, on page
1015 of this issue, Dong et al. (5) reveal that
honey bees only deliver precise spatial infor-
mation in their dances if they previously had
the opportunity to attend dances by experi-
enced role models—the communication sys-
tem must in part be learnt socially.

After the discovery of a rich food source,
honey bee (genus Apis) foragers can re-
cruit nestmates by performing a figure-
of-eight-shaped dance (consisting of a
central “waggle run” followed by alter-
nating left and right semicircles) on the
vertical wax combs inside the hive, with
followers touching the dancer’s abdomen
with their antennae. The duration of the
straight waggle run informs the others
about the distance to the bounty. Direction
of the target relative to the Sun is encoded
in the angle of the waggle run, so that a
waggle run straight up means “fly toward
the Sun’s azimuth” and a waggle run at an
angle 20° to the right of the vertical means
“fly 20° to the right of the Sun’s azimuth”
(4). The full dance circuit is repeated many
times over to allow dance followers to aver-
age out variation of the display. There are
indications that dance behavior is at least
in part genetically encoded: All species
of honey bees exhibit a form of this com-
munication, and no other bee species do.
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Moreover, subtle variations of the dance
code within the genus are species specific,
and the information contents are largely
preprogrammed in that they are limited
to information about location and quality
and cannot easily incorporate new “words”
(new symbols with new meanings) in the
same way that human language can (6).

However, if the waggle dance was fully
innate, young bees would display the
dance correctly even if they had never wit-
nessed the behavior. Dong et al. created
bee colonies composed exclusively of newly
emerged bees; without any guidance from
tutors, these bees began displaying waggle
dances at the typical age of 1 to 2 weeks
after emergence from the pupae (7). But
the location indications from such inexpe-
rienced bees were highly variable from one
dance circuit to the next and consistently
indicated distances longer than the bees
had actually traveled. Recruits would have
struggled to find the indicated location.
As the immature bees gained experience
over the coming 20 days, the variation of
their location codes gradually reached nor-
mal levels. However, distance indications
remained abnormally high for life, indi-
cating that after a critical time window,
adjustments through social learning are no
longer possible (8). Bees from control colo-
nies, which had exposure to dances of sea-
soned foragers before initiating their own,
displayed none of these shortcomings.

Why does any element of the dance lan-
guage have to be learnt if the end point
of the learning is always a dance of the
same pattern and precision? There are two
possible scenarios—one is similar to hu-
man locomotion, whereby everyone has
to learn to walk, but the outcome is pre-
dictable. The alternative scenario is that
there might be flexibility in the outcome of
learning (the dance patterns displayed) de-
pending on the environmental conditions
encountered by bees. This indicates the
exciting possibility that the link between
symbol and meaning could be learnt, as in
human communication.

Could it be that what is socially learnt is
not just the precise choreography, but the
translation of the information provided
by other bees’ dances into the actual co-
ordinates of food sources subsequently
encountered by the dance attendees? In

10 MARCH 2023 « VOL 379 ISSUE 6636 985



INSIGHTS | PERSPECTIVES

support of this possibility, one species of
honey bee was found to learn to read the dis-
tance code of another species, even though
these two species normally encode distance
differently (9). Bees’ flight distance estima-
tion is in part determined by the amount
of contrast in the environment and thus
differs between, for example, forests and
steppes. Therefore, it is at least plausible that
there might be subtly different, socially ac-
quired local “cultures” of the dance language
that depend on visual characteristics of the
landscape or the spatial distribution of food
sources (10).

The study of Dong et al. adds to the grow-
ing evidence that complex behaviors are sel-
dom entirely innate. For example, although
the regularity and optimality of the honey
bee comb construction were regarded by
Darwin as “the most wonderful of all known
instincts” [(Z1), p. 235], it turns out that how
workers build comb is affected by the comb
structures that they experienced when young
(12). Even specialist bee species, supposedly
innately tied to certain species of flowers,
must learn to manipulate these flowers (13).

Some scholars assume that instinct is by
default the ancestral (or primitive) state and
that learning is more advanced. The oppo-
site is more rarely considered: Individual
learning might be at the root of some behav-
ior innovations that are now partly innate.
Bees can learn even relatively arbitrary be-
haviors, such as string pulling or ball rolling,
by observing skilled conspecifics (14). It is
therefore plausible that some of their most
advanced behavioral innovations (includ-
ing elements of the dance language) might
have emerged at least in part by individual
innovation and subsequent social learning,
becoming instinctual later in evolutionary
time (14, 15). Therefore, the observed flexibil-
ity of species-specific behavior might simply
reflect the ancestral condition.
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Watching biomolecules
stride in real time

A noninvasive imaging technique tracks the motion
of single biomolecules in live cells

By Jinyu Fei and Ruobo Zhou

long-sought goal for scientists is to
directly watch motions and interac-
tions of all individual biomolecules
within a cell, which would substan-
tially increase our understanding of
life processes at the molecular level.
On pages 1004 and 1010 of this issue, Wolff
et al. (I) and Deguchi et al. (2), respectively,
take us one step closer to this goal. They re-
port an improved version of MINFLUX, a
nanoscope concept introduced 6 years ago
(3), that increases the spatiotemporal resolu-
tions of light microscopy to nanometer and
millisecond scales. They apply this technique
to study the molecular mechanisms of kine-
sin walking on microtubules under unprec-
edented physiologically relevant conditions.

In the journey to view objects inside cells
with light microscopes, great successes
have been made for visualizing cell organ-
elles, which are typically 1 to 10 um across.
However, visualizing the crowded, single
proteins inside cells with light microscopy is
challenged by the diffraction limit of visible
light (4). Light microscopes can distinguish
between two fluorescent objects divided by
a lateral distance of approximately half the
wavelength of light used to image the objects,
and hence the smallest feature size that light
microscopes can resolve is ~250 nm, whereas
proteins are only ~5 nm. A group of superres-
olution imaging methods, collectively called
fluorescence nanoscopy, have recently been
developed that circumvent the diffraction
limit and have pushed the spatial resolution
down to 10 to 30 nm (4).

There are two main categories of fluores-
cence nanoscopy approaches. The first cat-
egory, such as stimulated emission depletion
microscopy (STED), surpassed the light dif-
fraction limit with patterned illumination,
in which an additional coaxial donut-shaped
depletion laser beam is added to the point-
scanning confocal excitation laser beam to
inhibit fluorescence emission everywhere
other than at the very center of the diffrac-
tion-limited illumination region. This allows
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the center region, which is much smaller
than the diffraction-limited region, to emit
fluorescence. The second category, such as
stochastic optical reconstruction microscopy
(STORM) and photo-activated localization
microscopy (PALM), is based on single-mol-
ecule localization, in which a superresolution
image is constructed from a camera-recorded
series of time-separated image frames, each
of which contains only a sparse set of fluores-
cent molecules so that the centroid positions
of these molecules can be individually local-
ized by using two-dimensional (2D) Gaussian
fitting to find the peak position of each mol-
ecule’s fluorescence intensity profile. The
precision of this peak finding (localization) is
inversely proportional to the square root of
the photon number collected for building the
single-molecule fluorescence intensity pro-
file (5). The spatial resolution of these tradi-
tional camera-based localization nanoscopy
approaches is also limited to the maximum
photon number that a fluorophore can emit
per localization, which is an intrinsic prop-
erty of fluorophores.

In 2017, MINFLUX was introduced to push
the spatial resolution down to 2 to 3 nm, en-
abling true molecular-scale fluorescence im-
aging (3). In contrast to traditional camera-
based localization that uses the fluorescence
intensity maximum, MINFLUX shifted a do-
nut-shaped illumination spot over an area of
a few hundred nanometers around each fluo-
rescent molecule to localize these molecules
by using the fluorescence intensity minima.
This requires 10 to 100 times fewer photons
compared with that of camera-based local-
ization to achieve the same localization pre-
cision. The unprecedented spatial resolution
of MINFLUX is achieved by combining the
strengths from both categories of nanoscopy
approaches: Using photo-switchable dyes to
excite only a small subset of dyes at a time
for single-molecule localization, as used in
STORM and PALM, while using a point-scan-
ning donut-shaped beam as used in STED
to localize the fluorescence intensity mini-
mum. MINFLUX has been successfully used
to visualize cellular ultrastructures—such as
the multiprotein mitochondrial contact site
and cristae organizing system (MICOS) (6),
the nuclear pore complex (7), and neuro-
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