
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Journal of Insect Physiology 54 (2008) 719–726

Magnetic compass orientation by larval Drosophila melanogaster

David H. Dommer�, Patrick J. Gazzolo, Michael S. Painter, John B. Phillips

Department of Biological Sciences, Virginia Polytechnic Institute and State University (Virginia Tech), 2119 Derring Hall, Blacksburg, VA 24061-0406, USA

Received 2 October 2007; received in revised form 4 February 2008; accepted 6 February 2008

Abstract

We report evidence for magnetic compass orientation by larval Drosophila melanogaster. Groups of larvae were exposed from the time

of hatching to directional ultraviolet (365 nm) light emanating from one of four magnetic directions. Larvae were then tested individually

on a circular agar plate under diffuse light in one of four magnetic field alignments. The larvae exhibited magnetic compass orientation in

a direction opposite that of the light source in training. Evidence for a well-developed magnetic compass in a larval insect that moves

over distances of at most a few tens of centimeters has important implications for understanding the adaptive significance of orientation

mechanisms like the magnetic compass. Moreover, the development of an assay for studying magnetic compass orientation in larval

D. melanogaster will make it possible to use a wide range of molecular genetic techniques to investigate the neurophysiological,

biophysical, and molecular mechanisms underlying the magnetic compass.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Use of the geomagnetic field for menotactic (‘‘compass’’)
orientation was first described in birds, and was once
thought to be a navigational aid used only in long distance
migration and homing. Subsequent research, however, has
shown that magnetoreception is far more widespread than
originally thought, having now been demonstrated in every
major class of vertebrates, as well as many classes of
invertebrates (Wiltschko and Wiltschko, 1995). Moreover,
magnetic compass cues have been shown to play a role in
the spatial behavior of animals that move over much
shorter distances (e.g., salamanders, rodents, ants; Burda
et al., 1990; Phillips and Borland, 1992; Banks and Srygley,
2003). Here we report the first evidence of magnetic compass
orientation by a larval insect, 2nd instar Drosophila

melanogaster.
Studies by our laboratory have demonstrated the use of

a magnetic compass by adult male Drosophila (Phillips and

Sayeed, 1993; Dommer et al., 2008). Magnetic compass
orientation by adult flies exhibits light-dependent properties
similar to those observed earlier in amphibians (e.g., Phillips
and Borland, 1992; Deutschlander et al., 1999; Freake and
Phillips, 2005) and consistent with theoretical models that
have implicated a light-dependent biochemical process
involving radical pair intermediates in magnetoreception
(Ritz et al., 2000). Magnetic compass orientation in birds has
been shown to be sensitive to both the wavelength and
intensity of light, as well as to low-level radio-frequency
fields, both of which are consistent with a radical pair
mechanism (Wiltschko and Wiltschko, 1995; Ritz et al.,
2000, 2004; Thalau et al., 2004; Muheim et al., 2002).
During the larval stage, Drosophila move over distances

of at most a few tens of centimeters. Female Drosophila

oviposit on or near media suitable for larval development,
usually fermenting plant material (Cadieu et al., 2000).
Once hatched, 1st instar larvae orient towards and burrow
into the media. This ‘‘foraging’’ behavior involves orienta-
tion to gradients of light intensity, chemical cues, and
humidity (referred to as phototaxis, chemotaxis, and
hygrotaxis, respectively; Hassan et al., 2000). Of these
cues, phototaxis has been studied most extensively (Sawin-
McCormack et al., 1995). In the 1st through mid-3rd
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instar, larvae respond photonegatively (i.e., orient away
from light; Grossfield, 1978). During the middle of the 3rd
instar, however, the larvae become photopositive, leaving
the media in search of pupation sites (Godoy-Herrera
et al., 1992). This change in behavior, which coincides with
a cessation in feeding, is referred to as ‘‘wandering
behavior’’ (Sokolowski et al., 1984).

Here we provide behavioral evidence for a robust
magnetic compass response in 2nd instar D. melanogaster

larvae. We show that larvae exposed for several days to a
directional source of ultraviolet (UV) (365 nm) light in the
presence of an earth-strength magnetic field, when subse-
quently tested under non-directional UV light, exhibit
magnetic compass orientation that coincides with the
direction away from the light source in training (photo-
negative direction).

2. Methods

2.1. Stocks

A hybrid of Oregon-R and Canton S. adult wild-type
D. melanogaster were reared in 250ml Pyrex bottles
containing 50ml of Instant Carolina Drosophila Media
(Formula 424 Blue). Dry active granulated yeast was
sprinkled onto the surface of the media (�30% coverage),
in combination with 2ml of 5% tegosept solution to inhibit
mold and bacterial growth within the rearing media. Two-
folded laboratory tissues (Kim wipesr) were partially
submerged in the media to provide a dry substrate for the
adult flies. Flies were reared at 2373 1C, relative humidity of
35710%, and maintained under incandescent light pro-
duced by two, 60W soft white bulbs, on a 12:12 light/dark
cycle. Every 5 days 75–100 adult flies were transferred into
bottles containing fresh media to maintain colony health.

2.2. Training/testing enclosure

Both training and testing took place in a light-tight radio-
frequency shielded enclosure (Lindgren Enclosures, Inc.
Model #12W-2/2-I). In the testing enclosure, a ‘‘floating’’
floor, supported at the edges of the experimental chamber,
helped to uncouple vibrations caused by the observer from
the experimental apparatus. The training apparatus and
testing apparatus (Figs. 1 and 2) were supported on separate
tables each sitting in a sand box containing a �40 cm deep
layer of sand. The equipment was further isolated from
vibrations by several layers of vibration dampening material
underneath the training and testing equipment. All power
supplies were located outside of the enclosure and lines were
filtered through the enclosure prior to directly powering
either light sources or magnetic coil elements.

2.3. Training vials

Training media was prepared following instructions
provided by the Bloomington Stock Center consisting of

266ml distilled water, 1.3 g Lab Scientific agar, 3.3 g dry
active granular yeast, 16.3 g Quakerr degerminated yellow
cornmeal, and 10ml unsulphured molasses. The media was
distributed into 35ml Pyrex vials (which transmit UV light
down to �320 nm) in 10ml aliquots. Training vials were
allowed to cool at room temperature for approximately 2 h
before being plugged with a cotton stopper and placed in
the refrigerator for a period of no longer than 7 days
(1370.05 1C). Prior to placing flies in training, vials were
removed from the refrigerator for 24 h and allowed to
acclimate to room temperature (2272 1C). The surface of
the media was scored with a probe to facilitate egg laying
by adults. Approximately 15–20, 5–7-day-old adult flies
were transferred into each vial. Vials were immediately
plugged with a fresh cotton stopper and cleaned to remove
fingerprints before being carried into the testing enclosure
(below).

2.4. Training

An incandescent headlamp equipped with a 665 nm long-
pass filter provided long-wavelength light for the experi-
menter (undetectable by the larvae) during movement
within the testing enclosure (Ashburner, 1989). Once inside
the experimental enclosure, individual vials were inserted
horizontally into holes drilled into the sides of a matte
black wood block in the center of the training apparatus
(‘‘training block’’; Fig. 1). The vials were aligned with the
larval media towards the inner (dark) end and the cotton
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Fig. 1. Training apparatus. (A) Top view of apparatus showing the

alignments of training vials inserted into holes in the sides of the training

block (gray square at center of diagram). Flies were exposed to directional

365 nm light (black arrows) from an overhead light source identical to that

used in testing (see Fig. 2) scattered toward the light end of the vials by 451

angle aluminum diffusers (gray diamond fill). Larval media provided a

dark refuge at the inner (dark) end of the vials. Vials were aligned in one of

four magnetic directions (dark end at 451, 1351, 2251, and 3151 magnetic).

(B) Overhead view of an individual vial showing light (black arrows)

reflecting towards the surface of the training media (dark gray fill) off of

the diffuser and the cotton stopper. (C) Side view of training vial showing

light (black arrows) scattered from the 451 angle aluminum diffuser and

the cotton plug.
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plug toward the outer (light) end. Vials were placed in
training between 16:00 and 18:00 h EST. Adult flies were
left in the training vials with the developing larvae for the

duration of training. The training room was maintained at
2172 1C (relative humidity 3575%) and flies were allowed
to develop to the late 2nd instar stage (�140 to 150 total h).
Larvae were trained under constant light (24L:0D) to avoid
any differences in access to magnetic cues while the larvae
were in training (e.g., if the magnetic compass does not
operate in the absence of light; Phillips and Sayeed (1993),
and see earlier discussion).
The training block was centered in the middle of a 72 cm2

table (Fig. 1A–C). Groups of larvae were trained to four
different directions relative to the geomagnetic field: with
the dark ends of the vials at magnetic northeast (451),
northwest (3151), southeast (1351), and southwest (2251).
The expected direction of orientation for each group was
toward the dark (photonegative) end of the vial.
Monochromatic UV light (365, 12nm bandwidth @ 50%

maximum) was supplied by four Nichia UV light-emitting
diodes (LEDs) (NSHU #550A) from a height of 95 cm.
Training and testing LEDs were wired in parallel and powered
by a voltage-regulated DC power supply (RSR-HY3005).
Light from the diodes passed through four diffusers separated
by 2.5 cm each (two made of Pyrex glass frosted on both sides,
and two made of frosted mylar sheets). The UV light was
reflected towards the sides of the training block by four 451
angled pieces of sand-blasted aluminum, located at the same
height as the training block (Gray diamond fill, Fig. 1A–C).
Cotton plugs were in place throughout the training regime, and
provided a diffuse surface to reflect the overhead light. Both
the angled diffusers and the cotton stopper reflected diffuse
light onto the surface of the media. Light intensity at the
surface of the media with a cotton stopper in place was
10.170.05 log quanta/cm2/s, measured using a Keithly RFA
486 picoammeter with a calibrated United Detector Technol-
ogy photodiode (UDT Sensors Inc. 10DP/SB).

2.5. Testing fields

Tests were conducted within a pair of perpendicularly
aligned cube surface coils (Merritt et al., 1983) using a
configuration described in Phillips (1986). A current-
regulated DC power supply (Lambda Electronics, Inc.)
was used to power both coils. Flies were tested with
magnetic north (mN) in one of four geographic directions
(mN at North, East, South, or West). The South (mN ¼ S),
East (mN ¼ E), and West (mN ¼W) fields were similar to
the ambient field (mN ¼ N) in intensity (71%) and
inclination (711). The two coils were connected in parallel
and powered by a single power supply, so the north field
was the only testing condition in which the connection to
the power supply was interrupted.1 A full testing series
consisted of 16 larvae, one individual from each trained
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Fig. 2. Testing apparatus. A single larva was placed at the center of a

fresh 150mm diameter Petri plate and immediately covered with an

opaque cap. The plate was then placed in a matte black plexiglas holder on

a platform at the center of the testing coil. (A) Overhead view of testing

apparatus (overhead light source removed) showing the position of the

testing plate in the center of the pair of orthogonally aligned cube-surface

coils (Merritt et al., 1983). Larvae were tested in the ambient field with

magnetic north at North (mN ¼ 01), or in one of three altered fields with

magnetic north at East (mN ¼ 901), South (mN ¼ 1801), or West

(mN ¼ 2701); see Phillips (1986) for explanation of how testing fields are

generated. (B) Side view of the testing apparatus showing the location of

the testing plate in the center of the coil system. The UV (365 nm) light

source, consisting of four light-emitting diodes (LEDs) and two 15 cm

diameter frosted Pyrex diffusers, was suspended approximately 10 cm

above two 76� 76 cm diffusers (each consisting of one layer of frosted

pyrex and one of frosted mylar) that were separated by 2.5 cm. The two

large diffusers rested on the top of the coil frame. The position and

alignment of the light source was adjusted so that the diffuse overhead

illumination reaching the surface of the testing plate was non-directional.

All surfaces surrounding the testing plate were painted flat black to

minimize reflection.
1The north field was the only testing condition in which the power was

disrupted to both coils at the same time. The resulting open circuit may

have increased the electrical noise level and contributed to the scatter of

bearings in this testing condition. Extremely weak AC fields in the low

MHz range have been shown to disrupt magnetic compass orientation in

migratory birds (Ritz et al., 2004).
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direction tested in each alignment of the testing field
(4 trained directions � 4 magnetic field alignments). Two
test series were carried out, resulting in 32 total bearings
from individual larvae, eight bearings from larvae trained
in each of the four directions (i.e., 451, 1351, 2251, or 3151).

2.6. Testing

The directional responses of larvae were observed on
150mm Petri plates filled with 60ml grape juice agar (17.5 g
agar, 750ml distilled water, 12.5 g sucrose, and 250ml
grape juice made from concentrate). Plates were covered
and allowed to cool to room temperature prior to testing.
A new plate was used for each trial to eliminate the
possibility that a larva could follow chemical cues left by
the larva tested in the previous trial. The concentration of
agar in the testing plate media prevented larvae from
burrowing into the surface, and facilitated horizontal
movement of larvae along the surface of the media.

For testing, a training vial was removed from the
training block using the 665 nm headlamp. A non-magnetic
stainless-steel probe was used to remove larval substrate
from the dark end of the training vials, which was then
placed into a 40% sucrose solution to separate larvae from
the training media. The solution was agitated by using fine
bristle paint brushes. Larvae are less dense than the sucrose
solution, and floating larvae were removed individually
from the sugar bath using the paint brush. Isolated larvae
were cleaned of residual media in a distilled water bath and
placed near the center of an acclimation plate identical to
the testing plates. Once 10–12 larvae had been isolated and
placed onto the acclimation plate, the plate was covered
with an opaque lid and placed in a light-tight black felt
bag to minimize light exposure from the UV testing light.
The larvae remained on the acclimation plate until they
were tested, not to exceed 40min of total time on the
acclimation plate.

Prior to testing, a fresh testing plate was aligned on a
circular template (visible through the agar). One of the
larvae from the acclimation plate was transferred to the
center of the testing plate. The larva was immediately
covered with an opaque 3 cm high� 1.5 cm inside diameter
plastic cap, and the testing plate was lowered into a level
holder centered inside the testing coils (Fig. 2A and B), and
aligned with a reference mark at geomagnetic north ( ¼ 01
topographic). The testing plate holder was illuminated by a
diffuse, non-directional 365 nm monochromatic light
source directed downward onto the testing plate with a
light intensity (10.1 log quanta/cm2/s at the surface of the
testing plate) equal to that in training (Fig. 2A and B).
After 60 s, the opaque cap covering the larva was removed,
and the larva was allowed to move freely on the surface of
the plate. In all trials, the larva was observed from a fixed
position at approximately 1351 and at a distance 0.5m
from the center of the testing coil. A directional response
was recorded where the larvae crossed a 60mm radius
circle, 15mm in from the edge of the plate. Once the larva

had scored, the plate was immediately removed from the
holder, and positioned so that the 01 indicator on the plate
was aligned with a paper template. The position where the
larvae contacted the criterion circle was then transferred to
the paper template to create a permanent record of the
larvae’s topographic directional response. After comple-
tion of the entire test, the directional responses of the
larvae (‘‘topographic bearings’’) were measured with a
protractor to the nearest degree. The alignment of the test
field was changed between trials to avoid the same expected
direction within the testing arena in successive trials (see
below). If the investigator had difficulty removing a larva
from the holding plate for testing, that larva was not tested.
In addition, larvae that climbed inside the opaque cap,
failed to reach the 60mm boundary within 15min, or
burrowed down into the testing media were not scored, i.e.,
the trial was terminated, and no bearing was recorded for
that larva (approximately 20% of the larvae tested).

3. Results

The distribution of absolute or ‘‘topographic’’ bearings
at the 60mm criterion boundary, ignoring both magnetic
field alignment and trained direction, was indistinguishable
from random (a ¼ 2311, r ¼ 0.09, p40.10, Rayleigh test;
Fig. 3A, Table 1), indicating that the larvae were not
orienting relative to a fixed directional cue present in the
testing arena. The distribution of magnetic bearings
(bearings relative to magnetic north, ignoring trained
direction) was also indistinguishable from random
(a ¼ 2991, r ¼ 0.22, p40.10), indicating that the larvae
did not show a consistent directional response relative to
the magnetic field independent of the trained direction
(Fig. 3B, Table 1). The distribution of topographic
bearings plotted as deviations from the trained topographic
direction (ignoring magnetic field alignment) was also
indistinguishable from random (a ¼ 3331, r ¼ 0.07,
p40.10), indicating that the larvae were not orienting in
the trained direction using a non-magnetic directional cue
(Figs. 3C and 5A–D, Table 1). In contrast, the clustering in
the distribution of bearings plotted relative to the trained
magnetic direction, taking into account both the testing
field and trained direction, was highly significant (a ¼ 71,
r ¼ 0.56, p ¼ 0.001, n ¼ 32), and the 95% confidence
interval for the mean vector bearing included the trained
magnetic direction (Fig. 3D, Table 1).
Fig. 4 shows the distribution of magnetic bearings

obtained from larvae trained to the four different direc-
tions (Fig. 4; Table 2A, and see Section 2); the distribution
for each trained direction includes two bearings from
larvae tested in each of the four field alignments (mN ¼ N,
E, S, and W; see Section 2). Fig. 5 shows the distribution of
bearings plotted as deviations from the trained topographic
direction for each of the four magnetic field alignments
used in testing; the distribution for each testing field align-
ment includes two bearings from larvae in each of the four
trained directions (451, 1351, 2251, and 3151; see Section 2).
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Fig. 3. Orientation of 2nd instar Drosophila melanogaster larvae tested under diffuse 365 nm light. Each point represents the bearing of a larva tested

individually on a fresh testing plate. (A) The distribution of absolute or topographic bearings (topographic N ¼ 01) is indistinguishable from random

(a ¼ 2311, r ¼ 0.09, n ¼ 32, p40.10; Rayleigh test; Batschelet, 1981). (B) When the same bearings are plotted relative to the alignment of the testing field

(mN ¼ 01), the distribution of magnetic bearings is also randomly distributed (a ¼ 299o, r ¼ 0.22, n ¼ 32, p40.10). (C) Bearings of larvae plotted as

deviations from the trained topographic direction (ignoring magnetic field alignment) was also indistinguishable from random (a ¼ 333o, r ¼ 0.07,

p40.10), indicating that the larvae were not orienting in the trained direction using a non-magnetic directional cue (see also Fig. 5). In contrast, (D) when

the bearings are plotted relative to the trained magnetic direction (trained direction ¼ 01), the bearings are non-randomly distributed and the 95%

confidence interval includes the expected direction (a ¼ 717231, r ¼ 0.56, n ¼ 32, po0.001). Arrows at the center of circular diagrams indicate the mean

vector bearings (a), with the length of the arrow proportional to the mean vector length (‘‘r’’; radius of the circle corresponds to r ¼ 1). Dashed lines show

the 95% confidence intervals for mean vectors that are significant by the Rayleigh test (po0.05). Open symbols are bearings of larvae tested in the north

field; solid symbols are bearings of larvae tested in east, west, or south fields.

Table 1

Directional responses of Drosophila melanogaster larvae

Date of test

(Mo/Day/Yr)

Direction of

magnetic north

Trained direction

(direction away

from light in

training)

Topographic

bearing

Magnetic bearing Bearing relative to

trained

topographic

direction

Bearing relative

to trained

magnetic direction

3/8/2005 0 45 289 28 244 244

3/23/2005 0 45 40 40 355 355

3/21/2005 90 45 165 75 120 30

3/23/2005 90 45 80 350 35 305

3/8/2005 180 45 191 11 146 326

3/23/2005 180 45 102 282 57 237

3/8/2005 270 45 310 40 265 355

3/23/2005 270 45 336 66 291 21

3/6/2005 0 135 188 188 53 53

3/23/2005 0 135 137 137 2 2

3/6/2005 90 135 214 124 79 351

3/23/2005 90 135 238 148 103 13

3/21/2005 180 135 14 194 239 59

3/23/2005 180 135 322 142 187 7

3/21/2005 270 135 98 188 323 53

3/23/2005 270 135 234 324 99 189

3/9/2005 0 225 84 84 219 219

4/4/2005 0 225 343 343 118 118

3/29/2005 90 225 298 208 73 343

4/4/2005 90 225 330 240 105 15

3/29/2005 180 225 120 300 255 75

4/4/2005 180 225 89 269 224 44

3/9/2005 270 225 221 311 356 86

4/5/2005 270 225 144 234 279 9

3/20/2005 0 315 306 306 351 351

3/25/2005 0 315 318 318 3 3

3/20/2005 90 315 299 209 344 254

3/25/2005 90 315 12 282 57 327

3/10/2005 180 315 157 337 202 22

3/20/2005 180 315 181 1 226 46

3/10/2005 270 315 217 307 262 352

3/20/2005 270 315 211 301 256 346

‘Topographic’, ‘magnetic’, ‘relative to trained topographic direction’, and ‘relative to trained magnetic direction’ bearings obtained from Drosophila

larvae; each larva tested only once in one of the 16 experimental conditions (4 trained directions � 4 magnetic field alignments).

D.H. Dommer et al. / Journal of Insect Physiology 54 (2008) 719–726 723
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In both Figs. 4 and 5, one of the four distributions was not
significant relative to the trained direction (p40.05;
Rayleigh test); when the bearings were grouped by trained
direction the distribution of larvae trained to 2251 was
indistinguishable from random (Table 2A, Fig. 4B), and
when the bearings were grouped by testing field the same
was true for the distribution of larvae tested in the north
field (Table 2B, Fig. 5A). In neither case, however, were the
distributions of bearings plotted as deviations from the

trained magnetic directions (open triangles) significantly
different from those obtained in any of the other ex-
perimental conditions, or from that of the three other
experimental conditions combined (p40.10; Watson U2

test).
Although there were no significant differences between

any of the experimental conditions in Figs. 4 and 5, the
absence of significant orientation in the north testing field
is noteworthy because in this condition both coils were
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Fig. 4. Distribution of individual magnetic bearings obtained from groups

of larvae trained to different magnetic directions; each distribution

contains two bearings from larvae tested in each of the four testing fields

(mN ¼ 01, 901, 1801, and 2701). Circular diagrams show the distribution of

magnetic bearings obtained from larvae trained with the dark end of their

training vial at: (A) 1351, (B) 2251, (C) 451, and (D) 3151. Symbols as in

Fig. 3. Open triangles outside of each circular diagram indicate expected

direction of orientation relative to the magnetic field.

Table 2

MVB r p n

(A) Orientation of larvae plotted as deviations from magnetic north ( ¼ 01)

Trained direction

451 (Northeast) 141 0.61 0.05 8

1351 (Southeast) 1631 0.66 0.025 8

2251 (Southwest) 2731 0.51 n.s. 8

3151 (Northwest) 3061 0.77 0.01 8

(B) Orientation of larvae plotted as deviations from trained topographic directions

Magnetic field alignment

Magnetic north at 01 3591 0.36 n.s. 8

Magnetic north at 901 731 0.77 0.01 8

Magnetic north at 1801 2081 0.62 0.05 8

Magnetic north at 2701 2901 0.61 0.05 8

Fig. 5. Distribution of bearings plotted as deviations from the trained

topographic direction for each of the four magnetic field alignments used

in testing [mN at topographic (A) North, (B) East, (C) South, or (D)

West]. The distribution for each testing field (A–D) includes two bearings

from larvae trained in each of the four directions (451, 1351, 2251, and

3151; see Section 2). Symbols as in Fig. 3. Solid triangles outside of each

diagram indicate the trained topographic direction; open triangles indicate

the trained magnetic direction for each distribution.

D.H. Dommer et al. / Journal of Insect Physiology 54 (2008) 719–726724
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turned off leaving the horizontal component of the ambient
magnetic field unaltered (see Section 2). However, as
shown in Fig. 3, the distribution of bearings of larvae
tested in the north field (open symbols) was indistinguish-
able from those of larvae tested in the three other fields
(solid symbols) when the data are plotted as absolute
or topographic bearings (Fig. 3A), as magnetic bearings
(Fig. 3B), as deviations from the trained topographic
direction (Fig. 3C), or as deviations from the trained
magnetic direction (Fig. 3D). Moreover, only the distribu-
tion of bearings plotted relative to the trained magnetic
directions exhibited significant orientation (Fig. 3D).

Furthermore, the evidence for a learned magnetic
compass response does not depend on a comparison of
the north field (coils off) and east, west, and south fields
(coils on). If the north field bearings are excluded,
significant orientation is evident when the bearings are
plotted as deviations from the trained magnetic directions,
both in the distributions of bearings from each of the three
remaining testing fields (Fig. 5B–D), and in the distribution
of bearings pooled from all three fields (Fig. 3, solid
symbols; a ¼ 91, r ¼ 0.63, p ¼ 0.001, n ¼ 24). Moreover,
the three distributions of bearings plotted as deviations
from the trained topographic directions (Fig. 5B–D), each
differ significantly from the other two distributions (B vs.
C; C vs. D; B vs. D; po0.05, Watson U2 test), and in each
case the 95% confidence interval includes the trained
magnetic direction (open triangle) but not the trained
topographic direction (solid triangle). [Note in Fig. 5, the
bearings of larvae trained to the four different directions
(451, 1351, 2251, and 3151) are rotated so that the
topographic trained direction is as the top of each
distribution. Consequently, the orientation in Fig. 5B–D
reflects both the trained directions and the alignments of
the testing fields.]

4. Discussion

The findings presented here (Figs. 3–5) show that 2nd
instar larvae of D. melanogaster have a well-developed
magnetic compass response and are capable of learning the
alignment(s) of important environmental gradient(s) (i.e.,
light, food, and/or humidity) with respect to the geomag-
netic field. Although magnetic orientation has been
demonstrated previously in tadpoles of the bullfrog Rana

catesbeiana (Freake and Phillips, 2005) and the Iberian
green frog Rana perezi (Diego-Rasilla and Phillips,
submitted), this is the first demonstration of magnetic
compass orientation by a larval invertebrate.

Further research is needed to determine if there is, in
fact, greater scatter in the north testing field. It is important
to emphasize, however, that the response of larval flies was
not simply an effect of the coils being off (north field) or on
(east, south, west fields); see Section 3. Indeed, the case for
a learned magnetic compass response is even more
compelling if data obtained in the north testing field are
excluded.

Evidence for magnetic compass orientation in these
larval insects suggests that the use of magnetic compass
cues may be adaptive for extremely short distance move-
ments. Movement by limbless arthropods is among the
most costly per stride length in the animal kingdom due to
friction between the ventral surface of the animal and the
substrate. Immersion of larvae in their food source adds
additional resistance to movement, placing further ener-
getic demands on the organism (Berringam and Lighton,
1993). The high cost of larval locomotion is likely to have
increased selection for orientation mechanisms, such as the
magnetic compass, that facilitate straight line movement
and thus, minimize path length between locations. Regard-
less of the type of behavior a reliable compass cue would
decrease the cost of movement for the larvae of this and
many other species of insects.
Larval Drosophila have a relatively simple nervous

system that lacks many of the sophisticated sensory
mechanisms present in adults, and exhibit a correspond-
ingly less complex array of behavioral responses (Ashbur-
ner, 1989). Consequently, the magnetic compass response
of these larvae (Figs. 3–5) provides an opportunity to study
a magnetoreception system in which the numbers and types
of neurons are likely to approach the minimum necessary
for the implementation of this type of sensory system.
Characterizing the functional properties of magnetic
compass orientation in such an organism may help to
distinguish fundamental properties of the underlying
biophysical process from those arising as a consequence
of secondary processing of sensory input, which has proven
difficult in other systems, e.g., (Phillips et al., 2001; Freake
and Phillips, 2005). Moreover, the magnetic compass
response of larval Drosophila is well-suited for behavioral
genetic analysis. Use of molecular genetic techniques to
‘‘dissect’’ the molecular mechanisms and neural pathways
underlying the magnetic compass will be especially power-
ful when applied in an organism with such a simple
behavioral repertoire.

Acknowledgments

We would like to thank Richard Fell, Jeffrey Bloom-
quist, Edward Wojcik, and Jack Cranford for their
immense help during the preliminary stages of this
experiment. Many thanks to Rachel Muheim, Kelly Sloan,
and Kate Ballagh for critical feedback on earlier drafts of
this manuscript. This research was supported by the US
National Science Foundation (IBN04-25712 and IBN02-
16957), Virginia Tech Graduate Research Development
Project, and Sigma Xi.

References

Ashburner, M., 1989. Drosophila: A Laboratory Manual. Cold Spring

Harbor Laboratory Press, Cold Spring Harbor, NY.

ARTICLE IN PRESS
D.H. Dommer et al. / Journal of Insect Physiology 54 (2008) 719–726 725



Author's personal copy

Banks, A.N., Srygley, R.B., 2003. Orientation by magnetic field in leaf-

cutter ants, Atta colombica (Hymenoptera: Formicidae). Ethology 109,

835.

Batschelet, E., 1981. Circular Statistics in Biology. Academic Press,

New York.

Berringam, D., Lighton, J.R.B., 1993. Bioenergetic and kinematic

consequences of limblessness in larval Diptera. Journal of Experi-

mental Biology 179, 245–259.

Burda, H., Marhold, S., Westenberger, T., Wiltschko, R., Wiltschko, W.,

1990. Magnetic compass in the subterranean rodent Cryptomys

hottentotus (Bathyergidae). Experientia 46, 528–530.

Cadieu, N., Ghadraoui, L.E., Cadieu, J.C., 2000. Egg-laying preference

for ethanol involving learning has adaptive significance in Drosophila

melanogaster. Animal Learning & Behavior 28 (2), 187–194.

Deutschlander, M.E., Borland, S.C., Phillips, J.B., 1999. Extraocular

magnetic compass in newts. Nature 400, 324–325.

Diego-Rasilla, F.J., Phillips, J.B., 2007. Magnetic compass orientation in

larval Iberian green frogs, Rana perezi. Ethology 113, 474–479.

Dommer, D.H., Muheim, R.M., Gnirke, M.S., Tran, D.Q., Phillips, J.B.,

2008. The light dependent magnetic compass of Drosophila larvae:

Viewing a complex pattern with a simple detector, in preparation.

Freake, M.J., Phillips, J.B., 2005. Light-dependent shift in bullfrog

tadpole magnetic compasss orientation: evidence for a common

magnetoreception mechanism in anuran and urodele amphibians.

Ethology 111, 241–254.

Godoy-Herrera, R., Alareon, M., Caceres, H., Loyola, I., Navarrete, I.,

Vega, J.L., 1992. The development of photoresponse in Drosophila

melanogaster larvae. Revista Chilena de Historia Natural 65, 10t–91t.

Grossfield, J., 1978. Non sexual behavior in Drosophila. In: Ashburner,

M., Wright, T.R.F. (Eds.), The Genetics and Biology of Drosophila.

Academic Press, New York, pp. 1–126.

Hassan, J., Busto, M., Iyengar, B., Campos, A.R., 2000. Behavioral

characterization and genetic analysis of the Drosophila melanogaster

larval response to light as revealed by a novel individual assay.

Behavioral Genetics 30, 59–69.

Merritt, R., Purcell, C., Stroink, G., 1983. Uniform magnetic field

produced by three, four and five square coils. Review of Scientific

Instruments 54, 879–882.
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