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Biomechanics

Kinematic diversity suggests expanded
roles for fly halteres

Joshua M. Hall†, Dane P. McLoughlin†, Nicholas D. Kathman,
Alexandra M. Yarger, Shwetha Mureli and Jessica L. Fox

Department of Biology, Case Western Reserve University, Cleveland, OH 44106-7080, USA

The halteres of flies are mechanosensory organs that provide information

about body rotations during flight. We measured haltere movements in a

range of fly taxa during free walking and tethered flight. We find a diversity

of wing–haltere phase relationships in flight, with higher variability in more

ancient families and less in more derived families. Diverse haltere movements

were observed during free walking and were correlated with phylogeny. We

predicted that haltere removal might decrease behavioural performance in

those flies that move them during walking and provide evidence that this is

the case. Our comparative approach reveals previously unknown diversity

in haltere movements and opens the possibility of multiple functional roles

for halteres in different fly behaviours.
1. Introduction
Fly flight is enabled in part by halteres, mechanosensory organs that detect

body rotations [1,2]. Halteres are homologous to hindwings [3] and are oscil-

lated at wingbeat frequency during flight. Haltere neurons are sensitive to

small movements and not specialized for particular frequencies [4]; thus, any

movement of the haltere may be detected by the nervous system. Characteriz-

ing these movements is essential to understanding the information that halteres

provide to the fly’s nervous system.

In four-winged insects, hindwings are often coupled to front wings [5], but

in the small number of flies that have been observed, the halteres oscillate out of

phase with the wings [6]. The wings possess the same type of mechanosensory

afferents as the halteres [7,8], and the relative timing of wing and haltere nerve

activity may be essential to steering [9,10]. Many insects generate flight

manoeuvres by altering the phase of front and hindwing oscillations. It is poss-

ible that some fly groups retain this capability, with important consequences for

flight control, but this has not been measured.

Still less is known about haltere function when flies are on the ground. There

are reports of haltere movements during walking in some flies [11–13], but these

observations were not detailed, and were limited to only two families. What are

the kinematics of these movements, and are they relevant for fly behaviour?

Here, we observed haltere movements during flying and walking behaviour

across several fly families (figure 1a). Our observations show a large diversity of

haltere movements in flight and in walking, suggesting that halteres have a role

in fly behaviour beyond that known in flight.
2. Results and discussion
(a) During flight, the phase of the haltere stroke relative to the wing

stroke varies across species
We filmed 41 flies (26 families) in tethered flight (table 1). All flies in the brachy-

ceran (short-antennaed) suborder oscillated their halteres near 1808 with respect
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Figure 1. Diversity of haltere movement during flight and walking. (a) Phylogeny of Diptera after Wiegmann et al. [14]. Families are colour-coded according to
haltere movements during walking. (b) (i) Traces of haltere and wing elevations in flight for a nematoceran (top) and brachyceran fly (bottom). (ii) Haltere oscillation
phases relative to wingbeat for flies shown in table 1. The phase is represented by the angle of each line and the length of each line represents vector strength.
(c) Raw data traces from videos of walking flies. Top trace: haltere elevation angle. Bottom trace: horizontal body velocity. (d ) Phase relationships between the two
halteres are different during walking and flying. (i) The two halteres of flying flies are consistently in phase (08) with each other. Top: Phases of the left haltere
(bottom, red) relative to the right (bottom, blue). Circles denote elevation peaks. (ii) The oscillation phases can change rapidly during walking. A housefly
(Muscidae) shows a switch between in-phase haltere oscillations and out-of-phase haltere oscillations. Data were captured with a single camera and thus,
both haltere bases were not visible in all frames. Grey boxes designate walking bouts. (iii) A two-camera video capturing both halteres shows a gradual shift
in phase. (iv) Rose plot of the distribution of relative phases of one haltere to the other includes the entire oscillation cycle, n ¼ 7 trials in four flies.
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to the wings, but nematoceran (long-antennaed) flies showed a

variety of phase relationships (figure 1b). Mosquitoes and

midges oscillated their halteres nearly in phase with the

wings (table 1; figure 1b). The sensilla on both halteres and

wings fire phase-locked spikes in each oscillation [4,7]. If the

phases of haltere movement vary, relative phases of spiking

in wing and haltere sensilla will also vary, requiring different

decoding strategies in the central nervous system. Nemato-

ceran families are ancient relative to brachyceran families,

suggesting that mechanisms for wing–haltere coordination

evolved after the halteres themselves.

(b) Haltere movements during walking are correlated
with phylogeny

Patterns of haltere movement in walking flies were dependent

on phylogeny (figure 1a; [14]). In most families, halteres do not

move during standing or walking. These families include flies

that diverged from their ancestor over 200 Ma (Sciaridae) to

more recent families diverging less than 100 Ma (Drosophili-

dae). The absence of haltere movements suggests that for
diverse flies, the haltere nerve is silent during walking. In

sharp contrast, flies in the calyptrate families (Muscidae,

Anthomyiidae, Calliphoridae, Sarcophagidae and Tachinidae)

and one acalyptrate fly (Micropedizae) always oscillated their

halteres during walking (figure 1c). These walking oscillations

were similar in frequency and amplitude to the oscillations in

tethered flight in the same individuals.

Flies in the families Tephritidae and Sepsidae moved their

halteres while walking and standing. These movements are

much slower than wingbeat frequency, and not sinusoidal

(figure 1c). Tephritid flies have patterned wings that they wave

slowly in communication to conspecifics and predators [15].

We find that the halteres move in similarly non-rhythmic ways,

probably providing unique patterns of sensory information.

(c) Flies change the phase relationship between the
two halteres during walking

In flight, halteres always oscillate in phase with each other,

even at high wingbeat frequencies (figure 1d(i)). However,

in walking, calyptrate flies can change the phase of the two



Table 1. Measurements of various parameters of flight motion for 41 flies in 26 families. Each row represents a unique individual fly performing a single bout
of flight.

suborder family
phase of haltere relative to
wing (deg)

vector
strength

wingbeat frequency
(Hz)

no. wingbeats
analysed

Brachycera Asilidae 157 0.99 137+ 0.8 22

Brachycera Calliphoridae 141 0.99 185.6+ 1.1 21

Brachycera Calliphoridae 146 1 160.6+ 1.6 21

Brachycera Calliphoridae 159 0.98 199.3+ 1.5 21

Brachycera Calliphoridae 130 0.98 200.8+ 1.8 21

Brachycera Chamaemyidae 160 0.96 262.9+ 2.6 24

Brachycera Chloropidae 175 0.98 202.8+ 2.1 22

Brachycera Dolichopodidae 127 0.98 167.8+ 1.2 22

Brachycera Dolichopodidae 148 0.95 152.3+ 1.4 23

Brachycera Dolichopodidae 154 0.97 244.2+ 3 21

Brachycera Dolichopodidae 115 0.99 166.8+ 1.9 22

Brachycera Drosophilidae 152 0.99 207.7+ 0.9 26

Brachycera Heleomyzidae 180 0.99 92.5+ 0.8 21

Brachycera Heleomyzidae 159 0.98 185.8+ 1.2 22

Brachycera Lauxaniidae 168 0.96 170.5+ 1.8 23

Brachycera Lonchopteridae 163 0.99 102.3+ 0.9 21

Brachycera Muscidae 132 0.99 177+ 1.6 22

Brachycera Phoridae 160 0.98 90.1+ 0.9 21

Brachycera Pipunculidae 171 0.98 269.6+ 2.3 21

Brachycera Sarcophagidae 168 0.98 168.9+ 2.1 21

Brachycera Sciomyzidae 167 0.96 151.5+ 2.4 21

Brachycera Sepsidae 174 0.99 215.1+ 2.1 22

Brachycera Stratiomyidae 182 0.99 109.7+ 0.9 22

Brachycera Stratiomyidae 157 0.99 131.6+ 1 21

Brachycera Stratiomyidae 157 0.99 136.7+ 0.8 21

Brachycera Syrphidae 164 0.98 185.3+ 1.6 24

Brachycera Syrphidae 141 0.96 202.8+ 3 22

Brachycera Tabanidae 187 0.99 148.9+ 1.2 21

Brachycera Tabanidae 129 0.99 102.7+ 0.9 21

Brachycera Tachinidae 156 0.97 179.5+ 2.3 22

Brachycera Tephritidae 163 0.99 157.9+ 1.5 21

Brachycera Therevidae 138 0.99 106.3+ 0.7 17

Nematocera Chironomidae 351 0.94 218.4+ 1.8 47

Nematocera Chironomidae 0 0.97 445.4+ 4.5 51

Nematocera Culicidae 24 0.98 286.1+ 2.3 22

Nematocera Culicidae 18 0.97 298.4+ 3.9 27

Nematocera Culicidae 26 0.98 339.1+ 2.7 21

Nematocera Psychodidae 152 0.99 114.3+ 0.8 21

Nematocera Sciaridae 211 0.97 161.7+ 1.1 21

Nematocera Tipulidae 58 0.99 57+ 0.4 20

Nematocera Tipulidae 62 0.98 48.3+ 0.5 18
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halteres rapidly from stroke to stroke (figure 1d(ii,iii)). We

show the distribution of relative haltere phases for 545 oscil-

lations in calyptrate flies (figure 1d(iv)). The relative phases

between the two halteres span the entire cycle, showing
that they can take on all possible phase relationships and

are not limited to in-phase or out-of-phase oscillations.

This behaviour is very different from the in-phase oscil-

lations observed in all flying flies (figure 1d(i)). Because
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Figure 2. Haltere movements while walking and standing on unstable surfaces are similar, and they do not require direct flight muscle activity. (a) Haltere move-
ments during perturbations. Top: Sarcophaga shows large haltere oscillations during perturbations; Drosophila does not. Bottom: movement of the substrate.
(b) Behaviour and dorsal longitudinal muscle/dorsal – ventral muscle (DLM/DVM) activity in a Sarcophaga fly during flying (red-shaded box, first) and walking
(grey-shaded box, second). Top trace: the wing is oscillated during flight and stationary during walking. Second trace: the haltere moves during both walking
and flying, with similar amplitude in each. Third trace: the front leg makes large movements only during walking. Bottom trace: DLM/DVM are only active
during flight. (c) Halteres influence the proportion of flies climbing a vertical wall and falling from the wall after a perturbation, but only in species that oscillate
their halteres while walking. Left: Drosophila does not oscillate its halteres while walking, and haltere ablation has no effect on the proportion of flies climbing or
falling. Right: Sarcophaga oscillates its halteres during walking. Haltere ablation decreases the proportion of flies climbing and increases the proportion falling.
(Online version in colour.)
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haltere afferent neurons are exquisitely sensitive to phase

[16], the change in phase indicates that spike arrival times

will be more variable during walking than during flight.

(d) Haltere movements during perturbations are similar
to haltere movements during walking

To determine if flies actively oscillate their halteres when the

substrate becomes unstable, we gently vibrated the surface on

which they stood. We tested one species that does not move

its halteres while walking (Drosophila melanogaster) and one

species that does (Sarcophaga bullata). When challenged with a

vibrating substrate, Sarcophaga oscillated its halteres, at approxi-

mately the same frequency as in flight, in eight of 12 trials.

Drosophila never moved its halteres (5 of 5 trials; figure 2a).

(e) Haltere movements do not require activation
of indirect flight muscles

Are haltere movements in wing-clipped, walking flies the

result of a frustrated take-off attempt? We show that they are
not. First, we observed no thoracic movement during haltere

movements in walking. Second, recordings of indirect flight

muscles (dorsal longitudinal muscle and dorsal–ventral

muscle) showed that they are active during wing movement

only, and that haltere movements during walking occur with-

out this activation (figure 2b). The halteres of walking flies are

thus not moved by thoracic movements, as in flight [6,9], but

rather by muscles of the halteres themselves [9,17].
( f ) Haltere input aids vertical walking behaviour
Do haltere movements during walking provide useful input to

the nervous system, or are they an epiphenomenon associated

with locomotion? We ablated both halteres of Sarcophaga and

Drosophila and observed walking behaviour. We did not

observe any differences in walking on a horizontal surface,

but noted that haltere-ablated Sarcophaga were less likely

to exhibit the negative geotaxis (climbing a vertical wall)

observed in their intact counterparts (figure 2c; Fisher’s exact

test, p� 0:001). Similarly, a significantly higher proportion

of haltere-ablated Sarcophaga fell off of the wall when gently
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perturbed as compared to intact flies (Fisher’s exact test,

p� 0:001). No differences were observed between intact and

haltere-ablated Drosophila (which only moves the halteres in

flight) in climbing or falling (figure 2c). These results suggest

that haltere input is behaviourally relevant in behavioural

contexts experienced during the fly’s natural life.
 ypublishing.org
Biol.Lett.11:20150845
3. Material and methods
(a) Animals
Flies were collected in Ohio, USA. D. melanogaster and S. bullata
were taken from laboratory colonies. All flies were identified to

family level using a dichotomous key [18].

(b) Flying flies
Flies were glued to pins and filmed in flight at 4000 frames s21

(Fastec Imaging, San Diego, CA). The positions of the leading

edge of the wing and haltere tip, as well as wing and haltere

bases, were digitized using DLTDataViewer [19]. We calculated

phase of each haltere stroke relative to the wing stroke, as well

as vector strength (see the electronic supplementary material).

(c) Walking flies
Flies walked freely in front of a camera capturing 2000 frames s21.

Wings were removed to prevent flight and ensure haltere visibility.

Positions of the haltere tip and base were digitized. In some trials,

we observed both halteres using two synchronized cameras. We

surveyed 23 fly families (figure 1a).

(d) Perturbation experiments
We glued a glass slide to a small vibration motor and applied a thin

layer of Tanglefoot (Contech Inc., Vancouver, Canada) to the
slide. We placed all tarsi of a cold-anesthetized fly (Sarcophaga or

Drosophila) onto the slide. When the fly assumed a normal posture,

the platform was gently vibrated for 0.5 s via microcontroller

(Arduino Uno, Sparkfun Electronics, Niwot, CO, USA). Responses

were filmed and digitized as above.
(e) Electrophysiological recordings from indirect flight
muscles during walking and flight

Sarcophaga bullata were tethered to a pin and implanted with silver

wires (one recording and one ground) in the indirect flight

muscles. See the electronic supplementary material for details.
( f ) Vertical walking behaviour
Six individuals of Sarcophaga or Drosophila were simultaneously

placed in a small plastic cup (Reditainer, 5.5 oz) and permitted

to walk freely. The number of flies that climbed the wall of the

cup was scored. The cup was then manually lifted a small dis-

tance (6.35 mm for Sarcophaga, 2 mm for Drosophila) and gently

dropped. The number of flies that fell off the wall was scored

for 22 repetitions of the experiment.
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