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the proposed checkpoint mechanism to coordinate transcription and pre-mRNA processing via
CTD phosphorylation (17) (fig. S8). Furthermore, modulation of the levels (25, 26) or activity (6) of these factors might regulate the
release of RNAPII into the elongation phase,
allowing transcription in yeast to be matched to
the environmental conditions and the availability of nutrients. An outstanding question is how,
in the absence of high-affinity binding sites and
a cooperative binding partner, the Fkh factors
associate with chromatin in coding regions. Like
Dst1p, the Fkh factors may directly associate
with elongating RNAPII (27). An alternative
possibility is that the Fkh factors are tethered to
specific domains of chromatin in coding regions
(28). It remains to be determined how the diverse activities of Fkh factors in metazoans will
relate to this demonstrated role in transcriptional
elongation.
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The Aerodynamics of Free-Flight
Maneuvers in Drosophila
Steven N. Fry,1 Rosalyn Sayaman,2 Michael H. Dickinson2*
Using three-dimensional infrared high-speed video, we captured the wing and
body kinematics of free-ﬂying fruit ﬂies as they performed rapid ﬂight maneuvers. We then “replayed” the wing kinematics on a dynamically scaled
robotic model to measure the aerodynamic forces produced by the wings. The
results show that a ﬂy generates rapid turns with surprisingly subtle modiﬁcations in wing motion, which nonetheless generate sufﬁcient torque for the
ﬂy to rotate its body through each turn. The magnitude and time course of the
torque and body motion during rapid turns indicate that inertia, not friction,
dominates the ﬂight dynamics of insects.
Brisk right-angle turns, termed body saccades, are characteristic of many flies (insects
of the order Diptera). Saccades are very fast:
A fly can change direction by 90° in less than
50 ms (1–3). To turn, a fly must generate
torque to overcome both the inertia of its
body and the viscous friction of the air. The

relative importance of these forces is largely
influenced by body size. Large animals must
overcome inertial forces when they accelerate
or turn, whereas small animals must overcome the viscous forces acting on their bodies. Current models of flight assume that
inertia plays a minor role in the dynamics of

Fig. 1. (A) Experimental setup used to ﬁlm ﬂight maneuvers. Flies were released into an enclosed
ﬂight chamber and imaged with three high-speed cameras at 5000 frames per second. (B)
Corresponding frames from which three-dimensional body and wing positions were extracted.
Wing models and measured ﬂight forces are superimposed. (C and D) Body kinematics during
saccadic turning maneuvers. Body orientation for every 25th position of the captured sequence is
shown in red, with corresponding orthogonal projections shown in black. In (C), the ﬂy approached
the target, performed a saccade, and then accelerated away in a different direction. In (D), the ﬂy
performed a saccade during a vertical ascent. Grid width, 5 mm. For details of this and other ﬁgures,
see (6) and movie S1.
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even large fly species (4, 5), setting most
insects apart from other flying animals such
as birds and bats. If friction dominates, a fly
would be required to produce torque continuously during a saccade to overcome the
viscous forces acting on its body. As the fly
stops producing torque, the angular velocity
declines to zero almost instantly. However,
the relative importance of body inertia and
friction has not been tested directly, and the

time course over which flies and other insects
modulate aerodynamic forces during active
maneuvers remains largely unknown.
To study the aerodynamics of active flight
maneuvers, we captured free-flight saccades
of the fruit fly, Drosophila melanogaster,
using infrared three-dimensional (3D) highspeed video (Fig. 1A) (6). Within the large
arena, flies were lured toward a dark vertical
cylinder laced with a drop of vinegar. Although many flies approached and landed on
the target, some performed collision avoidance saccades within the intersecting fields of
view of the three cameras, permitting measurement of wing and body position throughout the maneuver (Fig. 1B) (6). We analyzed
a total of six saccades, each of which was

1
Institute of Neuroinformatics, University/ETH Zürich, Winterthurerstr. 190, CH-8057 Zürich, Switzerland. 2Bioengineering and Biology, California Institute
of Technology, Pasadena, CA 91125, USA.
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characterized by a rapid rotation of the body
about the yaw axis. In the example shown in
Fig. 1C, the fly starts the saccade with a path
velocity of 0.19 m s⫺1, slows down to 0.08 m
s⫺1 as it changes heading, and then accelerates forward at the end of the turn. This
pattern of body motion is typical of visually
elicited free-flight saccades measured previously with lower spatial and temporal resolution (3). The improved resolution of the 3D
high-speed video indicates that, despite its
small size and slow speed, the animal performed a banked turn, similar to those observed in larger fly species (7, 8). In the
example shown in Fig. 1D, the fly generated
a saccade while ascending vertically at
0.13 m s⫺1. As indicated by the time course
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Fig. 2. Time series of ﬂight maneuver shown in Fig. 1D. A dorsal view
of the ﬂy at the top of the ﬁgure indicates the yaw throughout the
maneuver. (A) Yaw (red), pitch (black), and roll (blue) axis of the body.
Horizontal (green) and vertical (black) path velocity are shown below.
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(B) Stroke angle, deviation, and angle of attack of the right (red) and
left (blue) wing [for deﬁnitions see (12)]. (C) Horizontal (green) and
vertical (black) aerodynamic forces in a ﬁxed external reference
frame.
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of yaw, the animal then rotated by 90° within
50 ms, completing the maneuver within 10
wing beats.
To test whether the measured patterns of
wing motion were sufficient to explain the
saccades, we played the wing kinematics of
all complete sequences through a dynamically scaled robotic model to measure the timevarying aerodynamic forces (Figs. 2C and
3A) (6). Before the onset of the saccade, the
wings moved in almost perfect mirror symmetry with a nearly horizontal stroke plane
and a “U-shaped” tip trajectory (Fig. 3A). For
the example shown, the average vertical force
throughout the stroke was 13.4 N (Fig. 3B),
which is sufficient to support the weight of a
fruit fly (6). All of the six flies we analyzed
showed similar patterns of wing motion and
force production before the turn. During the
saccade, the stroke kinematics changed surprisingly little from the pre-saccade pattern
(Fig. 2B), indicating that rapid maneuvers are

caused by quite minor changes in wing motion. Despite this small modulation of wing
motion, changes in the pattern of forces are
quite large during the turn (Fig. 2C). This
apparent paradox is explained by the fact that
the mean forces generated by a fruit fly remain relatively fixed with respect to its body
axis (9, 10) and that changes in the horizontal
and vertical force components during the saccade are due to the changing orientation of
the body, just as a helicopter increases thrust
by pitching downward (11). Thus, determining how an insect controls body attitude during a maneuver is central to the understanding of flight control.
We focused our analysis on yaw, because
the fly must generate the greatest torque
around this axis as a result of its elongate
body shape and the 90° change in heading
(Fig. 2A). To turn, the fly must generate a
force moment (yaw torque) to overcome both
the inertia of its body and the frictional resis-

Fig. 3. (A) Wing motion and ﬂight forces before
a saccade, obtained by averaging the ﬁrst ﬁve
wing beat cycles shown in Fig. 2B. Black lines
indicate the position of the wing at 25 temporally equidistant points within a cycle. Small
circles mark the leading edge. The instantaneous ﬂight forces are shown as red arrows. (B)
Force balance during hovering. The mean ﬂight
force is computed from the data shown in (A).
(C) Dynamics of body motion during saccades
showing average torque (red), acceleration
(blue), and velocity (green) about the yaw axis
(N ⫽ 6, shaded areas denote ⫾1 SD). The ﬂight samples were aligned in
time with respect to the local torque maximum, denoted zero on the
abscissa. (D) Comparison of measured torque (red) with values estimated
from body motion and morphology (black). (E) Relationship between
changes in the wing tip trajectory and yaw torque produced by a wing.
(F) Difference in stroke amplitude (red) and stroke plane angle (green)

tance of the air’s viscosity. Mathematically,
this can be expressed as
T  ⫽ I 䡠 d 2/dt 2 ⫹ C 䡠 d/dt

(1)

where  is the angular position about the yaw
axis, I is the moment of inertia, C is a frictional
damping coefficient, and T is the yaw torque
created by the fly. The dynamics of the saccade
are determined by the ratio I/C, which represents the time constant of the system. A small
time constant relative to the duration of the
maneuver would imply that a fly would rapidly
reach a terminal angular velocity, proportional
in magnitude to the torque it creates. To stop
turning, the fly would only need to cease generating torque. Conversely, if inertia dominates
and the time constant is large, the fly must
accelerate to start the saccade and actively decelerate to stop. Inspection of Fig. 3C shows
that the time course of T is similar to that of
the fly’s angular acceleration, but not its angular velocity. This suggests that T ⬇ I 䡠 d 2/dt2,

between the outside and the inside wing during saccades (N ⫽ 6, shaded
areas denote ⫾1/4 SD). Average torque from (C) is plotted below for
comparison. (G) Aerodynamic basis of yaw control. To initiate a turn to
the left, the ﬂy creates a torque by increasing the stroke amplitude on
the outside wing (raising velocity) as well as by tilting the stroke plane
backward (increasing the aerodynamic angle of attack).
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indicating that the dynamics of the small fly are
dominated by body inertia and not friction.
This assertion was further tested in several
ways. First, we calculated I and C on the
basis of the animal’s body morphology (6).
The values (I ⫽ 5.2 ⫻ 10⫺13 N m s2, C ⫽
5.2 ⫻ 10⫺13 N m s) yield a time constant  ⫽
I/C ⫽ 1 s, about 20 times the duration of a
single saccade. Second, we replayed the measured wing kinematics during the saccades
through the robot to generate a time course of
yaw torque, T, throughout the maneuver.
We then derived I and C from a multilinear
regression of T on the measured body kinematics (6 ). This procedure yielded a value
of 5.9 ⫻ 10⫺13 ⫾ 3.3 ⫻ 10⫺14 N m s2 for
I, and a value of 1.1 ⫻ 10⫺12 ⫾ 2.3 ⫻
10⫺11 N m s for C (mean ⫾ SD, N ⫽ 6).
The corresponding time constant, 0.53 s,
although smaller than that derived from
body morphology, is still 10 times the duration of a saccade. Finally, we calculated
the torque required to generate the observed body kinematics according to Eq. 1,
using the morphologically based values of I
and C. Given the assumptions and potential
sources of error in our analysis, the time
course of the predicted torque based solely
on body motion and morphology matches
well the time course of torque measured
independently by playing the wing kinematics through the robot (Fig. 3D). It is not
surprising that the torque estimated from
body kinematics underestimates that measured from wing motion. The calculated
value of C is most likely an overestimate
because it is based on Stokes’ Law and
assumes a very low Reynolds number for
the rotation, whereas the calculation of I is
likely an underestimate because added
mass effects have been ignored. Collectively, the results strongly contradict previous
assumptions that the flight dynamics of
flies are dominated by friction (4, 5).
To determine how flies change wing motion to generate yaw torque, we sorted all
stroke cycles within the entire data set according to the magnitude of yaw torque created during each cycle (Fig. 3E). Two specific changes in wing motion correlate most
strongly with measured yaw torque: a backward tilt of the stroke plane and an increase in
stroke amplitude (Fig. 3, E and F). The backward tilt of the stroke plane accompanies an
increase in the aerodynamic angle of attack
that elevates flight force during the upstroke.
This augmentation at the start of the upstroke
has a particularly potent effect on yaw torque
because the force created by the wing is
roughly orthogonal to the fly’s yaw axis at
this point in the cycle (Fig. 3, A, B, and G).
The change in torque is further augmented by
an increase in stroke amplitude, which elevates wing velocity (Fig. 3G). Other parameters, such as subtle changes in angle of
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attack relative to the stroke path (Fig. 2B),
may also play a role. At the onset of a saccade, the outside wing tilts back and beats
with a greater stroke amplitude relative to the
inside wing (Fig. 3F). After 12.5 ms, the
conditions reverse, in accordance with the
need to generate countertorque to decelerate.
These experiments show how tiny insects
control aerodynamic forces to actively maneuver through their environment. Although
the analyses rely on several simplifying assumptions (6), these are not critical for the
main conclusions drawn. The internal consistency of the data further corroborates that the
measurements were performed with adequate
precision. The results indicate that even in
small insects the torques created by the wings
act primarily to overcome inertia, not friction.
Because of the minor importance of frictional
coupling, a countertorque is necessary to terminate the rotation of the body. The torques
required to turn are produced by remarkably
subtle changes in wing motion. A slight tilt of
the stroke plane angle and a minor change in
stroke amplitude are sufficient to accelerate
the animal around the yaw axis. Although
these experiments were performed on tiny
fruit flies, the results are relevant for nearly
all insects, because the relative importance of
rotational inertia over friction increases with
size. Collectively, these results provide an

important basis for future research on the
neural and mechanical basis of insect flight,
as well as insights for the design of biomimetic flying devices.
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Environmental Noise Retards
Auditory Cortical Development
Edward F. Chang* and Michael M. Merzenich
The mammalian auditory cortex normally undergoes rapid and progressive
functional maturation. Here we show that rearing infant rat pups in continuous,
moderate-level noise delayed the emergence of adultlike topographic representational order and the reﬁnement of response selectivity in the primary
auditory cortex (A1) long beyond normal developmental benchmarks. When
those noise-reared adult rats were subsequently exposed to a pulsed pure-tone
stimulus, A1 rapidly reorganized, demonstrating that exposure-driven plasticity
characteristic of the critical period was still ongoing. These results demonstrate
that A1 organization is shaped by a young animal’s exposure to salient, structured acoustic inputs—and implicate noise as a risk factor for abnormal child
development.
Soon after the onset of hearing in the rat
( postnatal day 12, or P12), a large auditory
cortical area dominated by broadly tuned,
high-frequency–selective neurons can be defined in the temporal cortex (1). Through a
subsequent ⬃2- to 3-week critical period, the
infant rat’s auditory cortex undergoes extensive refinement to acquire an adultlike orgaW. M. Keck Center for Integrative Neuroscience, University of California, San Francisco, CA, USA.
*To whom correspondence should be addressed. Email: echang@itsa.ucsf.edu

nization. Adult rats exhibit a compact, tonotopically ordered “primary auditory cortex”
(A1) that represents the full spectrum of
acoustic inputs with sound frequency–selective neural responses (1, 2). A1 organization
is easily distorted within this early postnatal
period by exposure to specific acoustic inputs, indicating that the normal development
of the auditory cortex is substantially influenced (and potentially strongly biased) by the
structure of environmental acoustic inputs in
early life (1, 3). In the human infant, the
emergent selective representation of the pho-
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