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PERSPECTIVES
Caffeine junkies of the wild? (A) Honeybees often
consume caffeinated drinks from discarded cans.
Wright et al. show that some plants manipulate the
memory of bees by adding caffeine to their nectar.
(B) Various antennal odorant receptor types, each
responsive to speciﬁc chemicals, send information
to the mushroom bodies via the antennal lobes (12).
A ventral unpaired neuron (VUMmx1) mediating the
sucrose reward signal also connects to mushroom
bodies (9). [Adapted from (6)] (C) In the odor-learning circuitry in the bee brain, projection neurons
connect to Kenyon cells in the mushroom bodies
(12). As Wright et al. show (2), simultaneous input
to Kenyon cells from olfactory and reward pathways
might strengthen synaptic connections between
Kenyon cells and output neurons and between projection neurons and Kenyon cells. Caffeine increases
transmission at the synapses between projection
neurons and Kenyon cells and also enhances Kenyon
cell excitability, facilitating the formation of longterm memories for ﬂoral scents (2).
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to acetylcholine receptors in Kenyon cell
dendrites (8). The mushroom bodies also
receive information about sugary rewards
from the bee’s mouthparts by way of the
VUMmx1 neuron, the single neuron that
constitutes the reward pathway in bee olfactory learning (9).
Wright et al. found that caffeine
increases the excitability of Kenyon cells.
Blocking the acetylcholine receptors of
Kenyon cells reverses the caffeine effect.
This makes it likely that the effects of caffeine are due to increased activity of projection neurons from the antennal lobes.
The authors propose that the increased
activation of Kenyon cells could be due to
the interaction of caffeine and adenosine
receptors in projection neurons. In mammals, adenosine acts as an inhibitory neuromodulator, and caffeine is a known antagonist of adenosine (5). The application of
DPCPX (an antagonist of adenosine receptors) to bee brains produces a similar excitation of Kenyon cells as caffeine, indicating that the observed effects of caffeine
on long-term memory could indeed be via
blocking of adenosine receptors (2).

It is thus conceivable that caffeine facilitates strengthening of synaptic connections between Kenyon cells and olfactory
projection neurons activated by a particular ﬂoral scent, especially under the modulatory inﬂuence of signals from the reward
pathway (see the ﬁgure, panel C) (7). Connections between Kenyon cells and other
neurons further downstream could also be
affected (2).
The discovery of the cognitive effects of
psychoactive drugs in ﬂoral nectar opens new
perspectives in the competitive race between
plant species to lure pollinators. Because
these substances occur in many plant tissues
(as deterrents to herbivores), they could be
added to nectar at little extra cost to the plant,
with profound effects on pollinator behavior. If as a result of caffeine ingestion, bees
remember the traits of the ﬂowers better, they
might be more likely to stay faithful to these
ﬂowers and disregard others. Further research
may show whether drugs in nectar not only
inﬂuence pollinator preference via enhanced
memory for ﬂoral traits but also might have
addictive effects. These would be recognizable by drug seeking despite known adverse
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Kenyon cells

some plant species appear to gain an unfair
advantage in this competitive market by
manipulating the memory of bees with psychoactive drugs.
Many plants contain alkaloids such as
caffeine and nicotine. Their bitter taste
deters herbivores; at high concentrations,
they are toxic. The nectars of some ﬂowers,
in addition to various sugars, also contain
such secondary compounds (3). This presents a puzzle, because pollinators typically
reject bitter nectar (4). However, at low concentrations, bees appear to prefer caffeinecontaining nectar (see the ﬁgure, panel A)
(3). Wright et al. show that caffeine concentrations in the nectar of various Coffea and
Citrus ﬂower species never exceed levels at
which they might deter bees. Hence, ﬂowers
are careful not to leak too much bitterness
into the sweetness of their nectar. But why
is there caffeine in nectar at all?
In mammals, caffeine is a cognitive
enhancer (5). Wright et al. show that caffeine also has a dramatic effect on the longterm memory of bees. The authors trained
bees to associate a ﬂoral scent with a sucrose
reward. If, during training, the reward droplet contained caffeine, twice as many bees
remembered the scent 3 days later.
The olfactory receptors of insects are
distributed along their antennae (see the ﬁgure, panel B). Receptor cell axons extend to
the primary olfactory centers, the antennal
lobes (6). From the antennal lobes, projection neurons connect to the mushroom bodies, which mediate sensory integration and
learning in insect brains (7). The mushroom
bodies of honeybees contain about 370,000
so-called Kenyon cells. The projection
neurons appear to release acetylcholine as
the primary neurotransmitter, which binds
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effects [such as predation risk at flowers
(10)], relapses after periods of abstinence, or
withdrawal symptoms (11).
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MATHEMATICS

An analytical approach to explosive dynamical
percolation yields general conditions for the
transition to be a continuous or discontinuous
process.

Getting the Jump on
Explosive Percolation
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than pc, P∞ behaves as P∞ ≈ (p – pc)β, where
β is a fractional power, such as 5/36 ≈ 0.139
in two dimensions (6), so the derivative dP∞ /
dp is inﬁnite at pc. Being continuous, the percolation transition can be considered to be a
kind of second-order phase transition.
Bonds can be added one at a time and
clusters merged as they are added, leading
to a dynamical percolation transition. Achlioptas et al. (4) introduced a new model of
percolation in which two candidate unoccupied bonds are simultaneously considered,
and only the one that joins the smaller cluster-size sum or product is added. Simulating
this model, they found that the percolation
transition is delayed to a higher value of p,
but then occurs in an explosive and seemingly discontinuous manner, more akin to a
ﬁrst-order phase transition. Similar behavior
is observed in many other systems, including
regular lattices, when a variety of bond-addition rules are used (7–10).
Distinguishing a discontinuity from a
sharp continuous transition in a ﬁnite system
can be tricky, however. In 2010, da Costa et
al. (11) showed theoretically that the randomgraph model was in fact continuous under a
modiﬁed product rule, but with a very small
β (~0.056), which makes it nearly indistinguishable from a discontinuous transition.
More investigation and proofs of the continuity followed for a variety of systems (12,
13), and it is now generally accepted that the
original two-choice product rule leads to a
continuous transition, but it wasn’t previously proven for a Euclidean lattice such as
the simple square lattice.
Still, there remain some undoubtedly discontinuous explosive transitions out there.
For example, a simple model of joining only
the bond that gives the smallest product over
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ercolation refers to the formation of
long-range connectedness or conductivity in random systems. Simple models for percolation were independently devised
in the areas of polymer science (1) and mathematics (2) in the 1940s and ’50s, and have been
both a persistent theoretical challenge and an
enduring practical paradigm ever since. In the
past decade, percolation has become a central
problem in probability theory, and has ﬁgured
in the work of two recent Fields medalists (3).
A recent and somewhat controversial development concerns looking at the dynamics of
percolation under various global bond selection rules and how percolating systems make
the transition from being disconnected (or
comprising a group of disconnected clusters)
to being fully connected. It had been shown
that the transition can proceed explosively, in
which the transition is discontinuous (4), but
that scenario was later challenged when it was
shown that for some speciﬁc systems, such a
transition is in fact continuous. On page 1185
of this issue, Cho et al. (5) show analytically
and numerically that the explosive percolation
transition can be either continuous or discontinuous, depending on the bias against certain
“bridging” bonds and the dimensionality of
the system.
In standard percolation, the probability
P∞ that a given point is part of a percolating
cluster is a continuous function of the bond
occupation probability p, the probability that
a bond is conducting or open. P∞ is zero for
cases where p < pc but rapidly grows for p >
pc, where pc is the percolation threshold that
signals the onset of long-range connectivity.
In an inﬁnite system and for p slightly greater
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Joining the dots. Schematic of the probability P∞
that a point belongs to the spanning cluster versus
the occupation probability t, for regular percolation
of m = 1 (solid line) and for a typical case with m >
1 (dashed line). A jump in P∞ for m > 1 is evident.
(Inset) A typical bond conﬁguration showing a later
stage where most of the sites belong to two distinct
clusters. The algorithm preferentially puts new bonds
along edges that do not connect the two clusters.

all bonds in the system is discontinuous—the
last bond joins two huge clusters together. A
hierarchical long-range model also shows a
discontinuity (14).
Cho et al. introduce a model of percolation with a new global constraint on a Euclidean lattice: If a candidate bond causes the
system to percolate from one side to another,
then the model biases against it. Speciﬁcally,
m candidate bonds are chosen simultaneously, and if any are nonbridging, then one
such bond is chosen randomly and occupied.
If they are all bridge bonds, then one of those
is chosen and occupied. Equivalently, just one
unoccupied bond can be chosen and occupied
(if it is a nonbridge bond) or occupied with an
appropriate probability (if it is a bridge bond).
Now, m = 1 corresponds to standard percolation with critical bond occupancy tc. For
m > 1, Cho et al. observe that percolation is
delayed until a later occupancy tm > tc, but
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