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Although the LCA was likely to have been a metabolically
sophisticated respiratory organism2,5,12, earlier more primitive
microorganisms might also have had the capacity to transfer
electrons to extracellular Fe(III). The evolution of this metabolic
capability would have provided organisms with an energetic advan-
tage over early fermentative microorganisms by greatly expanding
the range and extent of potential electron-donor oxidation. Once
reduced, iron can readily transfer electrons to other electron
acceptors, and this may have led to the intracellular incorporation
of Fe(III)/Fe(II) redox couples that are common in more complex,
modern electron-transport pathways. M
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Methods

Organisms were obtained from the Deutsche Sammlung von Mikroorganis-
men und Zellkulturen (DSMZ). For studies with cell suspensions, cells were
grown in the medium suggested by the DSMZ for their cultivation. Cells were
collected by centrifugation under N2–CO2 (80:20), and washed cell suspensions
were prepared in anaerobic bicarbonate buffer (30 mM; pH 6.8) to provide
,0.1 mg of cell protein in 5 ml bicarbonate buffer under N2–CO2. H2 (101 kPa)
was added as the electron donor and Fe(III) citrate (5 mM) was added as the
electron acceptor. For studies on the growth of P. islandicum with Fe(III), cells
were grown in DSMZ medium 390 in which thiosulphate and sodium sulphide
had been replaced by Fe(III) citrate (15 mM) as the electron acceptor and
0.25 mM cysteine as a sulphur source, with 0.02% yeast extract added. H2 was
provided at 101 kPa; the incubation was done at 90 8C. For studies on the
growth of T. maritima with Fe(III), cells were grown in TB medium25 modified
by substituting PIPES buffer with bicarbonate (30 mM), decreasing the cysteine
to 0.5 mM, adding 0.05% yeast extract, and supplying H2 (101 kPa) and Fe(III)
citrate (15 mM); incubation was at 80 8C. For growth on Fe(III) oxide, organ-
isms were grown on the media described but with Fe(III) citrate replaced with
100 mM Fe(III) oxide26. Cell numbers were monitored with acridine orange
staining and epifluorescent microscopy27. Production of Fe(II) was quantified
with ferrozine26.
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Birdsong is characterized by the modulation of sound properties
over a wide range of timescales1. Understanding the mechanisms
by which the brain organizes this complex temporal behaviour is a
central motivation in the study of the song control and learning
system2–8. Here we present evidence that, in addition to central
neural control, a further level of temporal organization is pro-
vided by nonlinear oscillatory dynamics that are intrinsic to the
avian vocal organ. A detailed temporal and spectral examination
of song of the zebra finch (Taeniopygia guttata) reveals a class of
rapid song modulations that are consistent with transitions in the
dynamical state of the syrinx. Furthermore, in vitro experiments
show that the syrinx can produce a sequence of oscillatory states
that are both spectrally and temporally complex in response to the
slow variation of respiratory or syringeal parameters. As a con-
sequence, simple variations in a small number of neural signals
can result in a complex acoustic sequence.

Zebra-finch songs are organized into short segments of sound,
referred to as syllables, that often contain rapid sequences of
whistled notes, harmonic stacks and aperiodic signals9,10. Sounds
within a syllable are produced contiguously with no silent interval
during the transitions between distinct signal types (Fig. 1a). This
continuity allows one to observe changes in the oscillatory state of
the syrinx during modulations of the acoustic signal. We recorded
the directed song of male zebra finches (n ¼ 12) in a sound-
isolation chamber. Close examination of the song spectra and
acoustic waveforms shows sudden transitions from periodic to
aperiodic or chaotic dynamics, period doubling, and mode-locking
transitions. We believe that these features arise because the syrinx
behaves as a low-dimensional nonlinear dynamical system.

Most (10 of 12) of the songs we recorded contained syllables
exhibiting rapid (,10 ms) transitions from periodic to chaotic, or
noisy, signals. Figure 1b shows two examples of this behaviour at an
expanded timescale. These transitions sometimes occur in less than
1 ms, and often appear to jump back and forth between the periodic
and chaotic oscillation. Another characteristic of nonlinear dyna-
mical systems, period doubling, is characterized by a change in
oscillation frequency such that spectral components appear at half
the original frequency spacing. An example of period doubling in
zebra-finch song is shown in Fig. 1c; at the time marked with the
asterisk (*), note the rapid onset of interspersed harmonic compo-
nents as described above. Period-doubling transitions were seen in
three of the zebra-finch songs examined.

Zebra-finch song syllables can also exhibit modulations that
suggest the presence of mode locking in the syringeal dynamics.
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Mode locking occurs when two components of a system are
constrained by some nonlinear interaction to maintain a small
integer ratio of oscillation frequencies. If the characteristic fre-
quency of one component of the system is changed relative to the
other, mode-locking transitions may occur as the oscillation fre-
quency suddenly jumps to achieve a new stable integer ratio with the

fixed frequency11,12. In zebra-finch song, for example, syllables often
exhibit10 an overall downward sweep in fundamental frequency.
However, this downward frequency sweep may be punctuated by
steps, or rapid transitions in fundamental frequency (Fig. 1c). In the
example shown, the mode-locking transitions occur such that the
oscillation frequency maintains a ratio of two, three and four with
respect to a common frequency at ,3 kHz. Similar features were
observed in 9 of the 12 zebra-finch songs studied.

We suggest two hypotheses for the origin of the song features
described above: direct muscular manipulation during singing of
the syringeal parameters by the song control system, or alternatively,
intrinsic dynamics of the syrinx. To distinguish between these
hypotheses, we examined the acoustic signals generated by an in
vitro preparation of the zebra finch syrinx (n ¼ 6). The excised
syrinx was induced to oscillate by applying suction at the trachea
and pressure at the bronchial inlet. In vitro oscillations of the zebra-
finch syrinx were quite similar in oscillation frequency and ampli-
tude to normal zebra-finch song and occurred over a range of
pressures and flow rates that was physiologically reasonable13.
Spectra of the sound signals measured outside the syrinx (Fig. 2a)
show an enhancement of lower harmonics compared with normal
song spectra. The high harmonic components in song are thought
to be produced by the rapid pressure fluctuations associated with
closure of the bronchial lumen during syringeal oscillation; we
expect that such rapid fluctuations would be relatively suppressed in
the sound signal measured outside the syrinx.

A smooth ramp-down and ramp-up of air pressure applied at the
tracheal outlet produced a sequence of oscillatory states, typically
with jumps in oscillation frequency and, at higher pressures,
transitions from periodic to aperiodic oscillation (Fig. 2a). The
precise sequence of acoustic signals produced during this manip-
ulation was different for each preparation. The acoustic sequence
was also sensitive to small changes in various experimental para-
meters, such as tension on the bronchus. Intrinsic differences in
syringes and sensitivity to parameters may partly account for some
variations across individuals and variability within individuals,
respectively. Another feature that was commonly observed was
hysteresis in the acoustic signal; the sequence of acoustic signals
generated as the pressure was ramped up usually differed in a
repeatable manner from the sequence as the pressure was ramped
down. The transitions observed during this manipulation were
usually abrupt, often occurring in approximately one period of
the acoustic signal (Fig. 2b).

Further evidence for nonlinear dynamics of the syrinx was seen
during simple manipulations of syringeal configuration. Deflection
of the labium externum (LE) (Fig. 3) into the bronchial lumen
constricts the flow of air through the syrinx, and is thought to be a
normal articulation during song production14. In all of the syringes
tested (n ¼ 3), this constriction resulted in a large increase in the
fundamental oscillation frequency during in vitro oscillation. How-
ever, in two syringes the frequency was not a smooth function of LE
displacement; rather the frequency exhibited sudden jumps at
certain discrete displacements (Fig. 2c). Furthermore, the oscilla-
tion seems to be constrained to frequencies that are close to a small-
integer sub-harmonic of a common (higher) frequency. In the
example shown, the frequency jumps from ,700 Hz to
,1,100 Hz to ,2,200 Hz, which have periods, approximately, of
three, two and one times the period of the common 2,200-Hz
component, respectively.

To understand the origin of the apparent strong nonlinearity in
the syrinx, we used a stroboscopic imaging technique to visualize in
vitro oscillations of the zebra-finch syrinx (n ¼ 5) (Fig. 3). In vitro,
there was a threshold flow rate (,0.5 standard litres per minute) at
which the labium internum (LI) and the medial tympaniform
membrane (MTM) began to oscillate with large amplitude
motion (,0.5 mm). The motion of these membranes was phase-
locked to each other and to the generated sound, suggesting that
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Figure 1 Spectral and temporal characteristics of zebra-finch song. a, The

spectrogramof a syllable displaying the wide variety of spectral features common

in zebra-finch song, such as a high-frequency nearly sinusoidal signal, broad-

band aperiodic signals, and periodic signals characterized by harmonic stacks.

The pressure waveform is shown at the top. b, The rapid transitions between

these signals are seen by expanding the pressure waveform around the regions

marked 1 and 2 in a. In both cases, note that the transition from a nearly periodic

signal to a noisy signal occurs in roughly 1ms. c, Spectrogram and harmonic

analysis of a syllable recorded from a different bird. The spectrogram is shown

superimposed with the result of a harmonic analysis in which sinusoids are fit to

the signal in the same time window on which the spectra were computed. Note

the rapid frequency-doubling transition at the time marked with the asterisk. The

overall downward sweep in the fundamental frequency of this syllable is marked

by a series of jumps, or sudden transitions. A rapid transition in oscillation

frequency occurs at the point marked (2–3) such that the third harmonic after the

transition has approximately the same frequency as the second harmonic before

the transition. Approximately 15 ms later, another transition occurs such that the

fourth harmonic is suddenly shifted down to the frequency of the third harmonic.

The second, third and fourth harmonic in this sequence are all roughly aligned

with the bright spectra band at 3,200Hz, indicated by the horizontal bar and arrow.
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these membranes are in fact the source of the sound. In all syringes
studied, the anatomical structure exhibiting the largest motion
amplitude was the LI, rather than the much lighter MTM, which
agrees with recent evidence that the LI plays a central role in syrinx

function15. Close examination of the strobed oscillation under a
microscope indicated that the bronchial lumen is probably closed
briefly by contact of the LI with the LE during part of the oscillatory
cycle; however, the wave-like motion of the medial membranes
made it difficult to determine quantitatively the fraction of time
during the oscillation that the bronchial lumen was closed. Because
the excursions of these membranes are comparable to the size of the
bronchial lumen, the Bernoulli forces driving the oscillation16 are a
highly nonlinear function of membrane displacement.

To determine if our stroboscopic and acoustic observations of in
vitro syringeal oscillations are consistent with a view of the syrinx as
a nonlinear dynamical system, we developed a biophysical model of
the syrinx. We followed previous work on both human17 and avian16

vocalizations, as well as models of fluid flow through collapsible
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oscillation fundamental to three, two and one period(s) of the high-frequency

component. The three waveform segments are shown at different scales, as

indicated. The sound was recorded inside the trachea with a probe microphone.
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tubes18. The model is formed by a set of ordinary differential
equations describing the mechanical motion of the syringeal mem-
branes in the presence of airflow through the bronchial tube. The
essential nonlinearity in the model is the nonlinear pressure-flow
relation associated with the Bernoulli force. The membranes were
modelled as a two-mass system. Membrane parameters were based
on estimates of the resonant mode structure of the LI and the MTM
(M.S.F. and P.P.M., unpublished results). The essential result is that
the model exhibits qualitatively similar behaviour to in vivo zebra-
finch song as well as the in vitro syringeal oscillations. The model
shows period doubling and transitions from periodic to chaotic
dynamics (Fig. 4), as well as mode-locking transitions (not shown).
Our model results suggest a mechanism for the observed mode
locking, namely coupling of the basic Bernoulli oscillation to a
higher vibrational mode in the membranes. An additional mechan-
ism that might underlie mode locking is the coupling of the
oscillatory mechanism to tracheal resonances.

The generic signatures of nonlinear dynamics described here have
also been described in models of human vocalizations19, and in
patients with vocal disorders20. A distinction with human vocaliza-
tions demonstrated by our model and the in vitro results is that
detailed spectral shaping in zebra-finch song arises in large part
from syringeal dynamics1, as opposed to filtering effects of the vocal
tract.

We have demonstrated that the isolated syrinx behaves as a classic
nonlinear dynamical system, often exhibiting rapid transitions
between distinct oscillatory states. The nonlinear behaviour of the
zebra-finch syrinx results from the large amplitude motion of the
vibrating membranes and the involvement of the relatively heavy LI.
As a consequence, simple trajectories in a small number of control
parameters can result in a complex sequence of acoustic signals.
Thus, in addition to the central song control system, the syrinx must
also be viewed as an important component in the hierarchy of
structures determining the temporal organization of birdsong.
Furthermore, the resulting complexity of the mapping from articu-

lators to acoustic output suggests that song learning may require a
sophisticated internal model of syringeal dynamics. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Isolated syrinx. Adult male zebra finches (Canary Bird Farm, Old Bridge, New
Jersey) were anaesthetized and killed by decapitation. The syrinx was removed,
cleaned of excess connective tissue, and mounted in the experimental chamber.
The trachea was connected to an adjustable vacuum source, and one bronchial
tube was connected to a source of humid air with adjustable pressure. The other
bronchial tube was pinched closed and sealed with cyanoacrylate. The trachea
and anterior portion of the syrinx was embedded in 3% agarose in 10 mM
phosphate-buffered saline. Tracheal and bronchial pressures were recorded
with electronic pressure sensors (Sensym). Above a threshold flow rate (,0.5
standard litres per minute), the LI and the MTM oscillated spontaneously over
a wide range of flow rates (0.5–2.5 standard litres per minute) and pressure
differentials between the trachea and bronchus (0.1–2.0 kPa). Oscillation at
pressures or flow rates higher than this physiological range resulted in rupture
of the medial membranes. Acoustic signals generated by the syrinx were
recorded using either an electret microphone placed ,2 cm from the syrinx, or
with a probe microphone (Etymotic Research) placed into the trachea.
Syrinx response to parameter changes. Dependence of the oscillatory state
of the excised syrinx on parameters was examined for variations in both
tracheal pressure and membrane tension. To study pressure variations, the
bronchial inlet was held at a constant pressure (0–0.5 kPa) while the tracheal
outlet pressure was smoothly ramped down 1–2 kPa below atmospheric
pressure, and then ramped back to atmospheric pressure. The control pressures
were measured ,50 cm from the syrinx to reduce the sensitivity of the pressure
measurement to changes in syringeal resistance. The dependence of oscillatory
state on the position of the LE was examined during sustained syringeal
oscillation at a constant tracheal pressure. By using forceps, the LE was forced
manually into the bronchial lumen until the oscillation ceased. Simultaneous
video recording of the preparation and the acoustic signal enabled later
quantification of LE displacement and the associated acoustic modulations.
Displacement of the LE produced no apparent displacement or tensioning of
the LI or MTM, so the frequency changes were probably a result purely of
constriction of the bronchial lumen, rather than tension changes.
Stroboscopic imaging. Stroboscopic images of the oscillating syrinx were
obtained in vitro to examine in detail the motion of the LI and the MTM. The
syrinx was induced to oscillate as described above. Pulsed illumination (10 ms
duration) from a cluster of four bright light-emitting diodes (LEDs) was
synchronized with the fundamental oscillation period of the membrane as
follows. The measured acoustic signal was rectified, band-pass filtered around
the oscillation frequency (typically 500–1,000 Hz), and used to trigger a
variable-delay pulse generator. The pulse generator triggered the LEDs at a
known time relative to the acoustic signal. The delay was slowly swept through
several milliseconds to sample all phases of the oscillation; the images were
recorded with a CCD camera and video-recorded with a Sony Betacam recorder
for later analysis.
Spectral analysis. Spectrograms were computed with direct multitaper
spectral estimates21. In Fig. 1c, superimposed on the spectrogram is the F-
spectrum21. This quantity measures the goodness-of-fit to a sinusoid at any
given frequency. The F-spectrum was computed with a moving window, and
the spectral components exceeding a fixed confidence level were superimposed
on the displayed spectrogram.
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We conceive of time as a sequential order of real-world events, one
event following another from past to present to future. This
conception colours the way we speak of time (‘‘we look forward
to the time’’) and, as we show here, the way we process written
statements referring to the temporal order of events, in real
time. Terms such as ‘before’ and ‘after’ give us the linguistic
freedom to express a series of events (real or imaginary) in any

order. However, sentences that present events out of chronological
order require additional discourse-level computation. Here we
examine how and when these computations are carried out by
contrasting brain potentials across two sentence types that
differ only in their initial word (‘After’ X, Y versus ‘Before’ X, Y).
At sites on the left frontal scalp, the responses to ‘before’ and
‘after’ sentences diverge within 300 ms; the size of this difference
increases over the course of the sentences and is correlated with
individual working-memory spans. Thus, we show that there
are immediate and lasting consequences for neural processing
of the discourse implications of a single word on sentence
comprehension.

There is no common agreement of how conceptual knowledge in
long-term memory (LTM) is used to create a mental representation
of a sentence during online comprehension. However, there is a
consensus that we create a temporary representation of a sentence
and the situation it refers to1–3. In addition, words must activate
world knowledge, although when this occurs remains controver-
sial1–3. To examine this, we contrasted event-related brain potentials
(ERPs) during the reading of two sentence types whose processing
we expected to differ based on the linguistic and conceptual
knowledge activated by their initial words (‘before/after’).

Both sentence types consist of an initial subordinate clause and a
subsequent main clause, each describing a distinct event that is
neither logically nor causally related to the other (for example,
‘Before/After’ the psychologist submitted the article, the journal
changed its policy). In other words, the event in each clause could
easily be understood without reference to the other. However, we
believe that the first word leads readers to expect some non-
arbitrary relationship between the two events. This expectation is
based on real-world knowledge of time, and linguistic knowledge of
how these notions map onto expressions of time. Our experiences in
the real world suggest to us that time unfolds sequentially, with
current events sometimes causing future events. Our linguistic
knowledge tells us that temporal conjunctions often draw attention
to the sequence of events in a discourse4,5. Moreover, ‘before’ and
‘after’ access such a sequence from different starting points: ‘after’

0 1 2 3 4 5s 0 1 2 3 4 5s

'After'

'Before'
the scientist submitted the paper, the journal changed its policy

5 µV

1st clause 2nd clause 1st clause 2nd clause Figure 1 Grand average (n ¼ 24) cross-sen-

tence ERPs from prefrontal, frontal and occipi-

tal scalp sites (open circles on schematic

head) of the left and right hemispheres (left

and right sides of the figure, respectively) time-

locked to ‘before’ or ‘after’. ‘Before’ sentences

are more negative than ‘after’ sentences

throughout (main effect of sentence type:

clause 1, F1;23 ¼ 9:98, P , 0:005; clause 2,

F1;23 ¼ 11:23, P , 0:003), especially over the

left compared with the right hemisphere sites

(sentence type by site by hemisphere interac-

tion: clause 1, F10;230 ¼ 4:63, P , 0:001; clause 2,

F10;230 ¼ 5:65, P , 0:001). The difference

between sentence types is reliably larger

during the second than the first clause (main

effect of clause for ‘before/after’ difference:

F1;23 ¼ 4:78, P , 0:04).


