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Recent studies of the iconic fall migration of monarch
butterflies have illuminated the mechanisms behind
their southward navigation while using a time-compen-
sated sun compass. Skylight cues, such as the sun itself
and polarized light, are processed through both eyes and
are probably integrated in the brain’s central complex,
the presumed site of the sun compass. Time compen-
sation is provided by circadian clocks that have a dis-
tinctive molecular mechanism and that reside in the
antennae. Monarchs might also use a magnetic compass
because they possess two cryptochromes that have the
molecular capability for light-dependent magnetorecep-
tion. Multiple genomic approaches are now being used
with the aim of identifying navigation genes. Monarch
butterflies are thus emerging as an excellent model
organism in which to study the molecular and neural
basis of long-distance migration.

Monarch butterfly migration

‘Before I sink/Into the big sleep/I want to hear/I want to
hear/The scream of the butterfly’ (from When The Music’s
Over — The Doors, 1967).

Of course butterflies don’t scream (at least at a frequency
that humans can hear). But the biology behind the
awe-inspiring fall migration of the eastern North American
monarch butterfly (Danaus plexippus) does scream out to be
understood. Each fall, like clockwork, millions of monarch
butterflies from the eastern United States and southeastern
Canada make their remarkable journey to overwinter in
roosts in a small area (~800 square kilometers) in central
Mexico, with some having traveled distances approaching
4000 kilometers [1] (Figure 1A,B). The overwintering sites
are clustered atop the mountains of Michoacan in central
Mexico in a handful of oyamel fir groves.

Due to the long distances traveled and the predictable,
repetitive nature of the annual migration cycle, the eastern
North American migration is unparalleled among insects
[2] and rivals that of birds [3]. The butterfly’s relatively
simple nervous system, in the face of the same behavioral
complexity as manifested by migrating vertebrates, makes
monarch migration a revealing case-study of long-distance
navigation among animals [4]. Moreover, the remarkable
navigational abilities of monarch butterflies are part of a
genetic program that is initiated in migrants — it is not
learned, because the butterflies migrating are always on
their virgin journey, and those that migrate south are at
least two generations removed from the previous gener-
ation of migrants [5].
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Great strides have been made recently in understanding
the navigational aspects of the migration. Most of this work
has focused on the mechanisms underlying the butterfly’s
ability to orient in the southerly direction over the course of
the migration, using a time-compensated sun compass.
Important discoveries include the nature of the circadian
clocks that provide time compensation (their unique mol-
ecular mechanism and unusual cellular location), the
potential role of a magnetic compass in the migration,
and the development of genetic tools that set the monarch
apart from other species that undergo long-distance
migrations. We highlight these findings, their implica-
tions, and the next wave of exciting questions they prompt.

The annual migration cycle
In the fall, decreasing daylength, cooler temperatures, and
aging milkweed (genus Asclepias; the obligate larval food
plant) contribute to the environmental events that trigger
the migratory generation [6] and the annual migration
south begins. However, the precise environmental signals
that initiate the migratory state are poorly understood.
This area is of crucial importance because understanding
the initiating factors would allow for the creation of
migrants throughout the year for study of navigation in
the laboratory under simulated skylight conditions.
Migrants remain at their overwintering sites in
Mexico until the early spring, when the same butterflies
reproduce and disperse northward to lay fertilized eggs on
newly emerged milkweed plants in the southern United
States (Figure 1C). The annual migration cycle is
multigenerational because it takes at least another two
generations of spring and summer butterflies that are
thought to follow the progressive, northward emergence
of milkweed to gradually repopulate their home range and
thus complete the migration cycle [7]. In the fall, the
migration is triggered once again, and the long journey
south recommences.

The navigational process

To navigate across thousands of miles to a precise over-
wintering location the butterflies are likely to need a map
and a compass, as used by other long-distance migrants [8].
The aspects of a map-sense that are in place in migrants
include which direction to fly (southwest) and where to stop
(fir groves in central Mexico). However, it is unclear
whether migrating monarchs use a ‘complete’ map because
of equivocal findings from longitudinal displacement stu-
dies [9,10]. Moreover, there is no firm evidence that during
the migration the butterflies know where they are relative
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Figure 1. Fall migration of North American monarch butterflies. (a) A migrating
monarch in flight. Reproduced, with permission, from Monarch Watch
(www.monarchwatch.org). (b) Migration south. Eastern North American
monarch butterflies undergo a long-distance fall migration (red arrows east of
the Rocky Mountains) to a restricted destination in central Mexico (yellow oval).
The population of monarch butterflies west of the Rocky Mountains also undergo a
fall migration, overwintering in protected roosts along the Pacific Coast (red
arrows west of the Rocky Mountains), but the distances traveled are far less than
those of the eastern population. In addition, the western range of overwintering
areas is not as concentrated as that in the east. Because of the distances traveled
and the nature of the focal stopping point, most navigational research has centered
on the eastern North American migration. (¢) Journey north. The Eastern North
American migrants remain at the overwintering areas in Mexico until spring, when
the same butterflies reproduce and disperse northward to lay fertilized eggs on
newly emerged milkweed in the southern United States (red arrows). Successive
generations of spring and summer monarchs in the east and the west repopulate
the home range (black arrows).
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to their destination, at least until they are south of Texas
(see below). More is known about the compass sense that
migrants use to orient in the southerly direction through-
out the day over the course of their migration [11].

It is now commonly thought that the primary compass
sense used by migrants is a sun compass [11]. But it is not
as simple as just following the sun. As the Earth rotates
about its axis the sun appears to move across the sky from
east to west; the sun is thus a moving target, but the
butterfly’s destination is a fixed point. To compensate for
the sun’s predictable daily motion, monarchs use a circa-
dian clock, discussed in detail below. Together, the orien-
tation process that uses the sun compass and the circadian
clock is more properly known as a time-compensated sun
compass — a compass that adjusts itself over the course of
the day [12,13].

The use of a time-compensated sun compass by
migrating monarchs was first shown by releasing migrants
housed under shifted light-dark conditions outdoors (see
below) and observing their disappearance bearing [14]; a
similar approach was used in neotropical migrant butter-
flies [15]. More recently, precise measurements of flight
trajectories from tethered monarch butterflies have been
followed during a sustained period of flight outdoors using
a flight simulator [16-18] (Figure 2). In contrast to
migrants, summer butterflies do not show oriented flight
behavior at either the individual or group level [10,18,19].

Could this difference in flight orientation between
migratory and summer butterflies be hormonally
regulated? One major difference between migrants and
summer monarchs is that migrants are juvenile hormone
(JH)-deficient [20], and it is this deficiency that induces
reproductive diapause (quiescence) and increases lifespan
—two prerequisites for a long-distance migration. However,
JH deficiency is not necessary for persistent time-compen-
sated sun compass orientation in migrants; migrants trea-
ted with a JH analog that induces full reproductive
function still orient southward over the course of the
day [18,19]. Although it remains possible that JH
deficiency is involved in the induction of directed flight
for sun compass orientation, it is clear that persistent JH
deficiency is not required for the maintenance of time-
compensated sun compass orientation and that sun com-
pass orientation is mediated by a separate mechanism.

The ability of migratory monarchs to navigate success-
fully requires recalibration of the time-compensated sun
compass program by environmental factors [4]. For
example, the circadian clock is standardized to local time
by dawn and dusk, whereas the sun compass could be
calibrated by geomagnetic forces (see below), and motor
output directly influenced by visualizing and thereby
avoiding certain landmarks, such as mountains and the
ocean.

llluminating the time-compensated sun compass

The sun is the most prominent feature of the sky used for
sun compass navigation. Scattered sunlight induces the
polarization pattern and spectral gradient of skylight, and
these can also be used as sources of directional information
[21,22]. In migratory monarchs, flight simulator exper-
iments have shown that seeing the sun is sufficient for
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Figure 2. Essential role for a functioning circadian clock in sun compass orientation. (a) Cutaway of flight simulator. An individual monarch butterfly is affixed to a
directional recording device using a short length of wire. It can fly and rotate freely, but cannot move vertically or horizontally. The tethered butterfly is suspended in a
plastic barrel, excluding buildings and trees from view. During flight, a video recorder monitors the butterfly and the directional recording device sends orientation
information to a computer. Adapted, with permission, from Ref. [23]. (b) Flight orientation of migrants housed under different lighting conditions. Large circles represent
the 360° of possible direction (0° is north); small filled circles represent flight orientations of individual migrants. The arrows indicate the mean vector, and the length of the
arrow represents strength (rvalue). The butterflies in the top graph were housed under normal light/dark conditions in the lab, with simulated sunup at 7 AM and simulated
sundown at 7 PM. Another group of butterflies (bottom graph) were clock-shifted by 6 h, with simulated sunup at 1 AM and simulated sundown at 1 PM. When tested in the
flight simulator at ~10 AM the normal housed butterflies perceived it to be 10 AM and appropriately oriented to the southwest, with a mean vector (a) of 233°, whereas the
clock-shifted butterflies perceived it to be 4 PM and thereby shifted their orientation counterclockwise by 115° to the southeast; the sun’s azimuth varied from 16° to 22° per
hour over the course of study, and this would result in a 6 h shift of between 96° and 132°. This clock-shift experiment shows the importance of the timing of the circadian

clock for proper flight orientation. Each butterfly used flew continuously for 10 min. Adapted, with permission, from Ref. [17].

proper flight orientation [16,17,23,24]. Less clear is the
evidence regarding the relevance of skylight polarization
for monarch navigation because two behavioral studies
show its use (M.B. Hyatt, PhD thesis, University of
Pittsburgh, 1993; [23]) whereas one study failed to do so
[24]. Sensing the polarization pattern is not necessary for
proper orientation as long as the sun is visible while flying
in the simulator [24], consistent with polarized light orien-
tation occurring during cloudy days with some blue sky
visible. There is agreement that the detection of polarized
light relevant for proper flight orientation is mediated
through ultraviolet opsin-expressing photoreceptors in
the dorsal rim area of the monarch eye [23,25-27]; the
dorsal rim is a small area of the compound eye whose
photoreceptors are anatomically specialized for detecting
the angle of plane-polarized skylight (the electric [E]-vec-
tor) and that shows high polarization sensitivity.

Evidence is growing about the neuronal processing of
skylight cues beyond monarch photoreceptors. In locusts
and crickets, neuronal responses to polarized light show
processing of compass information at several brain levels
[28,29]. Ultimately, information from both eyes is integrated
in the central complex [30], a region also well developed in
the monarch brain (S. Heinze and S.M.R., unpublished).
Here, an array of neurons possesses E-vector tunings that
provide a topographical representation of the solar azimuth
[28]. It is very likely that this representation is the neuronal
correlate of the insect’s internal sun compass.

Recordings in locusts have revealed neurons along the
polarization input pathway to the central complex that also
respond to unpolarized light in a wavelength-dependent
manner, making it likely that skylight spectral gradients
can generate a robust compass cue for navigation [31,32].
Similar recordings in the monarch, currently underway,
show both polarized and unpolarized light responses (S.
Heinze and S.M.R., unpublished).

Because any sun compass used for long-distance flight
has to compensate for the daily changes in sun position, the
circadian clock is the other essential component of the
monarch’s navigation system. The importance of the cir-
cadian clock in regulating the time-compensated com-
ponent of flight orientation has been shown in two ways.
First, as alluded to above, clock-shift experiments, in which
the timing of the daily light-dark cycle is either advanced
or delayed, cause predictable alterations in the direction
the butterflies fly [14,16,17] (Figure 2). Second, removing
the time-compensation clocks (see below) disrupts flight
orientation [33].

Focusing on a distinctive circadian clock

How does the monarch clock work at the molecular level? As
in Drosophila and mammals [34-36], the core mechanism
relies on a negative transcriptional feedback loop that drives
self-sustaining rhythms in the mRNA and protein levels of a
distinctive set of core clock components (Figure 3A). The
monarch clockwork mechanism is unique because it utilizes
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Figure 3. Monarch clockwork model, brain clocks and circuits. (a) Molecular clockwork model. The main gear of the clock mechanism is an autoregulatory transcription
feedback loop in which CLOCK (CLK) and CYCLE (CYC) heterodimers drive the transcription of the period (per), timeless (tim), and cryptochrome2 (cry2) genes through E
box enhancer elements. TIM (T), PER (P), and CRY2 (C2) are translated and form complexes in the cytoplasm; 24 h later CRY2 is shuttled into the nucleus to inhibit CLK:CYC-
mediated transcription. PER is progressively phosphorylated and probably helps to translocate CRY2 into the nucleus. CRYPTOCHROME1 (CRY1, C1) is a circadian
photoreceptor which, upon light exposure (lightning bolt), causes TIM degradation, allowing light to gain access to the central clock mechanism for photic entrainment. The
monarch clockwork, which has both Drosophila-like and mammalian-like aspects, was formulated from a combination of in vitro and in vivo approaches, including the use
of the monarch DpN1 cell line, which contains a light-driven diurnal clock, and the use of Drosophila transgenesis, to augment the differential clockwork functions of the
monarch CRY proteins [37]. Adapted, with permission, from Ref. [37]. (b) Schematic frontal view of brain clocks and circuits in the monarch butterfly brain. Cells expressing
TIM, PER, CRY1 or CRY2 are highlighted in blue [26,37]. In these areas the clock proteins partially colocalize. All four clock proteins are colocalized in two of the four cells in
the pars lateralis (PL) on each side of the brain; these four cells in total are the bona fide circadian clock cells in brain [26,37]. CRY1-positive cell bodies and projections are
represented by green dots and green lines, respectively. Projections from the dorsal rim area photoreceptors are indicated by the dotted gold lines. Neurons and fibers
expressing exclusively CRY2 are represented in red and within the central body are shown as red circles and red hatching. P, pars intercerebralis; PL, pars lateralis; CC,

central complex; LA, lamina; ME, medulla; LO, lobula. Adapted, with permission, from Ref. [40].

two distinct CRYPTOCHROME (CRY) proteins; monarchs
have both a type 1 Drosophila-like CRY (designated CRY1)
that functions as a circadian photoreceptor and a type 2
vertebrate-like CRY (designated CRY2) that functions as
the major transcriptional repressor of the clockwork feed-
back loop [37]. The discovery of type 2 vertebrate-like CRYs
in insects, which emerged from the initial finding of CRY2 in
monarch butterflies [38], has changed our view of how
circadian clocks of non-drosophilid insects work and has
redefined our understanding of the evolution of animal
CRYs [11,39]. Four cells in the dorsolateral region of the
central brain (the pars lateralis; PL) house the major circa-
dian clocks in the butterfly brain (Figure 3B); these are the
only brain cells in which the transcriptional repressor CRY2
cycles into the nucleus at the appropriate time to regulate
the molecular clock feedback loop [37].
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The monarch butterfly could also use the CRY proteins
as output molecules that define clock circuits in the brain
(Figure 3B). Indeed, CRY1-staining fibers extend from the
clock cells in the PL to the optic medulla, in which axons of
the dorsal rim photoreceptors terminate, suggesting a
brain clock modulation of polarized light input [26]
(Figure 3B). Other CRY1-expressing fibers connect the
PL with neurons of the pars intercerebralis (PI), another
clock gene/protein-expressing region that could regulate
diapause and aging [26]. CRY2-expressing neuronal fibers
that could arise from the PI and/or the PL are also found in
the central complex, where CRY2 shows circadian oscil-
lations in its expression [37] (Figure 3B).

Based on all the evidence, it was assumed that the
circadian clocks necessary for time-compensation of sun
compass orientation reside in the PL [11]. However, this



was found not to be the case, as discussed in the following
section. Thus, much of the brain clock-CRY circuitry is
likely involved in aspects of migration (e.g. reproductive
diapause and longevity) that are regulated separately from
navigation [18,40] and in the circadian regulation of
additional activities, including the daily timing of adult
eclosion, the sleep-wake cycle and metabolic rhythms. The
brain clock circuit might also be involved in sensing the
decreasing day length in the fall, presumably important for
triggering the migration south.

Those amazing antennae

So where do the time-compensation clocks reside?
Remarkably, they reside in the antennae [33]. Almost
50 years ago Fred Urquhart, one of the pioneers of
research on monarch migration, offered evidence that
the antennae might play a role in the flight orientation
of migratory monarchs [9]. It is now known that
the antennae do not just play a role but are required for
proper time-compensated sun compass orientation [33]
(Figure 4). Monarchs whose antennae have been removed
are disoriented, and when the antennae are painted black
to block light input, migrants do not orient properly. Clock
protein and mRNA levels in the antennae exhibit
oscillatory patterns just like those in brain clocks. Even
when explanted and examined in vitro, antennal clocks
continue to oscillate and can still be entrained by light.
This finding indicates that they could function indepen-
dently from the brain as time-compensation components
for sun compass orientation. Thus, antennae have
circadian clocks that are directly entrained by light,
independent from the brain, with molecular clockwork
identical to that found in brain clocks, and these clocks
actually provide the primary timing component of the sun
compass orientation mechanism [33].

These findings open a new line of investigation into
clock—compass connections that could extend widely to
other insects that use this orientation mechanism (e.g.
bees) [41]. They also suggest the existence of a crucial
but until now unknown neural circuit between the anten-
nae and the central complex system that is under inves-
tigation [33] (Figure 4).

A big question yet to be tackled is how the circadian
clock and the sun compass are coupled to ultimately direct
the motor system to produce directed flight behavior over
the course of the day — the basis behind time-compensated
sun compass orientation in any animal. Clearly, refined
electrophysiological analysis of the neuronal integration of
skylight information in the monarch central complex is
needed. Extending these studies to tethered butterflies
flying under the outdoor sky is crucial.

A magnetic compass?

Many long-distance migrants (e.g. sea turtles and birds)
use the Earth’s magnetic field for navigation [42,43].
Specifically, the polarity, intensity, and inclination angle
of the Earth’s field can provide a reliable source of naviga-
tional information. These components can be used to either
determine geographic position relative to destination (map
sense) or maintain a constant bearing in a particular
direction (compass sense) [42,44].
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Figure 4. Model of the components and potential circuitry involved in the time-
compensated sun compass mechanism. (Left) Skylight input to the eye: skylight
cues provide directional information that is sensed by the eye and ultimately
integrated into the central complex (CC), the presumed site of the sun compass.
The dorsal rim area of the eye senses the angle of plane-polarized, ultraviolet light
(small violet circle with crosshatches), whereas the main retina senses color
gradients (small filled violet circle, small blue circle, and small green circle) or
senses the sun itself (i.e. does not discriminate between the three colors).
Multicircuit pathways, yet to be defined, connect eye-sensed skylight information
to the central complex (dashed black and grey lines with question mark). (Right)
Clock entrainment: skylight in the blue range directly entrains (synchronizes)
circadian clocks in the antennae and brain to the 24 h day through direct light
action on CRYPTOCHROME1. An as yet unknown neural pathway connects
antennal clocks to the central complex (thick dashed red line with question mark);
this is a major pathway providing timing information to the central complex. A
neural pathway that connects clock cells in the pars lateralis (PL; blue spots) area of
the brain to the central complex (thin dashed red line) is likely to exist; this could
provide a minor pathway for timing sun compass orientation. (Below) Signal
integration: information from the sun compass and circadian clock is integrated in
the central complex itself or in its output pathways. Central complex output
pathways communicate with the motor system to ultimately control continuous
flight in the southwestly direction.

Migratory monarchs can maintain a constant south-
westerly direction under dense cloud cover [45,46], an
ability consistent with the use of a magnetic compass.
However, behavioral support for the use of geomagnetic
information by migratory monarchs is weak and contra-
dictory. Indeed, monarchs become disoriented upon
exposure to a strong experimentally generated magnetic
field [47], although strong magnetic fields can orient neo-
tropical migratory butterflies [48]. Even so, other studies
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with monarchs have found that they do not show oriented
flight behavior when flown under simulated overcast skies,
even in the presence of an externally applied magnetic field
[16,24]. However, these experiments were performed
either indoors or outdoors using Plexiglas coverings to
simulate overcast skies, potentially depriving butterflies
of wavelengths of light crucial for their magnetic compass
to function (see below).

Magnetite, iron oxide particles that could be the sub-
strate for sensing magnetic fields, has been identified in
monarchs [49,50]. However, in many cases animal mag-
netic detection appears to depend on chemical reactions
initiated by specific wavelengths of light [51,52]. The most
popular chemical reaction model proposes that light-de-
pendent magnetoreception is mediated by radical-pair
reactions that are generated by CRY [53-55]. Recent
genetic and behavioral approaches have shown that
light-dependent magnetoreception in Drosophila is in fact
mediated by its CRY [56,57]. Furthermore, using a trans-
genic approach in Drosophila, the functional roles of the
two monarch butterfly CRYs in magnetosensitivity have
been evaluated [58]. Because monarch butterflies possess
both a Drosophila-like CRY and a vertebrate-like CRY,
they provide a unique opportunity to directly compare the
functional equivalency for magnetosensitivity of each CRY
type from the same species in vivo. In fact, each of the two
monarch CRYs (CRY1 and CRY2) can rescue magnetosen-
sitivity in CRY-deficient Drosophila and do so in a light-
dependent manner, with the critical wavelengths being
shorter than 420 nm [58]. This data indicates that both
types of monarch CRY proteins have the molecular
capacity to transduce magnetic information. The search
is now on for the appropriate light-sensitive behavioral
correlate of magnetosensitivity in migrating monarch but-
terflies.

Other navigational mechanisms

Both the prevailing wind direction (out of the northeast in
the fall) and changes in atmospheric pressure also have a
marked influence on proper navigation and the progression
of the migration [9,10,59]. In fact, migrants ride southward
on the warm air currents (thermals) that precede the
southerly moving cold fronts and the associated drop in
barometric pressure [9,10]. By surfing these upward air
convections it is felt that migrants can get a free ride and
conserve energy [59,60]. While riding high they also appear
to correct their orientation to compensate for wind drift
[46,59], as has been shown for neotropical and other but-
terflies [61,62]. Due to riding thermals, much of the actual
migration is probably not visible to the naked eye [63]. The
use of long-distance monitoring of microchip-implanted
free-flying monarchs is a crucial next step for accurate
assessment of monarch migration flight paths.

Steering southerly is sufficient for the bulk of the
migrating monarch’s travels. As millions of butterflies
begin to approach Texas they are funneled together by
two barriers — the Gulf of Mexico on their left and the Rocky
Mountains/Sierra Madre Orientals on their right [10]
(Figure 1B). However, once the butterflies continue to
approach their destination, how do they find their way
to the same grove in Michoacan year after year? We
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postulate that there is a ‘destination beacon’ that guides
the butterflies to this forest. The nature of the destination
beacon is not yet known but could involve olfactory cues
given off at the overwintering sites by the oyamel trees that
reside in the unique pine forest in which the butterflies
roost or magnetic cues from field anomalies that occur
there [64]. The precise nature of the destination signal
is a crucial piece of the migration puzzle that needs to be
solved.

The antennae are likely to play a major role in many of
the aforementioned aspects of the migration. Insect anten-
nae are now known to house multiple sensory modalities;
in addition to their well known chemosensory function they
can sense sound, wind and gravity [65-67]. It is thus
possible that, in addition to housing time-compensated
clocks, monarch antennae sense the changes in barometric
pressure and wind direction mentioned above. Their che-
mosensory function could be equally important for smel-
ling the butterflies’ destination as they funnel through
Texas.

There is an additional aspect of the monarch migration
that has been completely ignored — the influence of social
interactions [68]. In contrast to the solitary spring and
summer monarchs, fall migrants are gregarious. They
form overnight roosts during the journey south and are
surrounded by thousands of their mates as they fly from
Texas southward [1]. We propose that interactions among
the group are essential for a successful migration. For
example, there could be pheromonal or acoustic communi-
cation among the butterflies. Here, once again, the anten-
nae loom large in their olfactory and sound sensing
capacities.

Somewhere in the genes

The maiden voyage of migratory monarch butterflies
suggests that there is either a genetic basis to the
migration or an epigenetic one, because it is possible that
all generations of the migratory populations — spring and
summer — are capable of being migrants if exposed to the
appropriate environmental stimuli. Epigenetic events trig-
gered in migrants leading to the migratory state could
involve DNA methylation or histone modification. Genetic
or epigenetic mechanisms could both lead to differences in
gene expression levels between migratory and summer
butterflies.

A monarch brain expressed sequence tag (EST) library
has been established and used as a basis for the initial
transcriptional profiling comparing migratory and sum-
mer butterflies [69]. By treating migrants with a JH analog
it has been possible to isolate genes involved in oriented
flight from those involved in other processes that charac-
terize migrants, such as the regulation of reproduction and
longevity; for example, by comparing gene expression
differences between analog-treated migrants (orientation
‘on’, JH ‘on’) and untreated summer monarchs (orientation
‘off, JH ‘on’). Indeed, using this approach a suite of 40
genes was identified whose differential expression in the
brain correlated with oriented flight behavior in individual
migrants, and independently of JH activity [18]. Further
evaluation of these genes will probably provide novel
insights into their individual and/or collective importance



in migration. In addition, sequencing and annotation of the
monarch genome will allow more extensive gene expres-
sion profiling.

The monarch genome is, in fact, currently being
sequenced and annotated (http://reppertlab.org/tools/mon-
arch-genome/), and once completed this resource will be
invaluable for experiments involving resequencing the
genomic material from migratory and non-migratory popu-
lations [70,71]. The idea is that there are genomic differ-
ences at the population level that would then help narrow
the search for gene expression changes between the sum-
mer and migratory states of the migratory populations.

Ultimately, it is essential to be able to alter gene expres-
sion in monarchs to evaluate the candidate genes involved in
migration. Experiments using RNAi knockdown, by inject-
ing larvae, pupae or adult monarch, have been disappoint-
ing (A. Casselman and S.M.R., unpublished). A more viable
approach is the application of zinc-finger nucleases for
targeting specific genes in the monarch genome (for review
see Refs [72-74]), because this method does not require
embryonic stem cells or cloning techniques. Zinc-finger
nuclease technology holds great promise for not only knock-
ing genes out but also for knocking reporter tags into specific
gene loci in monarchs [75].

Flying high

In summarizing the progress made in understanding mon-
arch navigation, the monarch butterfly emerges as a model
organism for the study of the molecular and neural basis of
long-distance migration. Several tools have already been
developed and are being exploited that give the monarch
an edge over other long-distance migrants (e.g. migratory
birds and sea turtles). These include the availability of the
monarch DpN1 cell line [76] that contains a light-driven
clock [37]; this can be used to assess signaling pathways
and novel protein interactions, and to test genomic strat-

Box 1. Outstanding questions in the field of monarch
butterfly migration

e What are the environmental cues that trigger migratory behavior?

e Do migrating monarchs have a complete sense of which direction

to fly and where to stop along the migration route (ie. a complete

‘map sense’)?

What is the nature of the neural processing of skylight cues in the

brain’s central complex, the presumed site of the sun compass?

How are the circadian clock and the sun compass coupled to

maintain a constant flight direction over the course of the day?

e Do migrating monarch butterflies also use a magnetic compass

for orientation?

How do social interactions influence the migration?

e How does the rich array of environmental cues (e.g. wind,
atmospheric pressure, and geomagnetic fields) work coordinately
with the sun compass for successful migration?

e Can the use of long-distance monitoring of microchip-implanted
free-flying monarchs provide important information about mon-
arch migration flight mechanisms?

e Why do migrants stop at the overwintering grounds in Mexico?

e Are there meaningful changes in gene expression between

migrant and summer butterflies that could reveal the genetic/

epigenetic nature of migration determinants?

Can multiple methods be developed to alter gene expression in

monarchs to provide mechanisms of action of candidate ‘migra-

tion’ genes?

Trends in Neurosciences Vol.33 No.9

egies. Furthermore, an EST library has already been
established, the monarch genome will soon be sequenced
and annotated, and approaches to manipulate the monarch
genome are rapidly moving forward.

Beyond further evaluation of time-compensated sun
compass mechanisms, the ways in which the rich array
of environmental influences (e.g. wind, atmospheric pres-
sure, and geomagnetic fields) work coordinately with the
sun compass are under investigation. It is astounding to
think that the monarch brain, no larger than the head of a
pin, holds a treasure-trove of navigational mechanisms
that keep screaming out to be understood (Box 1).
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