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Visual associative learning in wood ants
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ABSTRACT

Wood ants are a model system for studying visual learning and
navigation. They can forage for food and navigate to their nests
effectively by forming memories of visual features in their surrounding
environment. Previous studies of freely behaving ants have revealed
many of the behavioural strategies and environmental features
necessary for successful navigation. However, little is known about
the exact visual properties of the environment that animals learn or
the neural mechanisms that allow them to achieve this. As a first step
towards addressing this, we developed a classical conditioning
paradigm for visual learning in harnessed wood ants that allows us to
control precisely the learned visual cues. In this paradigm, ants are
fixed and presented with a visual cue paired with an appetitive sugar
reward. Using this paradigm, we found that visual cues learnt by wood
ants through Pavlovian conditioning are retained for at least 1 h.
Furthermore, we found that memory retention is dependent upon the
ants’ performance during training. Our study provides the first
evidence that wood ants can form visual associative memories
when restrained. This classical conditioning paradigm has the
potential to permit detailed analysis of the dynamics of memory
formation and retention, and the neural basis of learning in wood ants.

KEY WORDS: Classical conditioning, Appetitive conditioning, Visual
cues, Memory, Formica rufa

INTRODUCTION
Learning and memory formation in insects has been studied
extensively, most typically in foraging individuals from colonies of
eusocial Hymenoptera (bees or ants) or adult fruit flies (Giurfa, 2007,
Davis, 2005). Learning associations between appetitive or aversive
stimuli and the characteristics of the environment in which they occur
enhances foraging efficacy (Dukas and Bernays, 2000; Simdes et al.,
2013). Indeed, foraging insects display learning abilities that include
the categorization of visual stimuli (Zhang et al., 2004), contextual
(Dale et al., 2005) and sequence learning (Collett et al., 1993),
interval timing (Boisvert and Sherry, 2006) and sameness—difference
rules (Giurfa et al., 2001), amongst others (Chittka and Niven, 2009).
Visual memories are of particular importance to foraging insects
including honey bees (Apis mellifera; e.g. Cartwright and Collett,
1983), desert ants (Cataglyphis spp.; e.g. Collett et al., 1992), wood
ants (Formica rufa; e.g. Nicholson et al., 1999) and bumble bees
(Bombus terrestris; e.g. Gumbert, 2000), which use them to
navigate towards a feeder. In wood ants, visual memories of
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landmarks can enable ants to locate the position of a food source or
the nest but can also provide directional cues along the entirety of
the route (Collett and Collett, 2002; Durier et al., 2003; Graham
et al., 2004; Harris et al., 2005, 2007).

Although experimental paradigms with freely moving animals
can allow them to reproduce behaviours they naturally display in the
wild, experimenters typically lack control over the specific cues
being learnt. Furthermore, for species in which optogenetic
techniques are lacking, it is not possible to investigate the neural
circuits underpinning learning and memory in detail unless the
animals are fixed to permit electrophysiology. These issues can be
overcome to some extent by the development of classical
conditioning paradigms for appetitive learning in restrained
insects (e.g. Takeda, 1961; Bitterman et al., 1983) that reproduce
an experimental paradigm for studying learning and memory
developed more than 100 years ago by Pavlov (1897).

In appetitive classical conditioning, a conditioned stimulus (CS) is
paired with an unconditioned stimulus (US), such as food or water,
which evokes a strong, unconditioned response (UR). The majority of
these studies in insects are based upon a paradigm developed
originally for honey bees (Takeda, 1961; Bitterman et al., 1983). In
this paradigm, the honey bee performs the proboscis extension reflex
(PER) when presented with sucrose (US) paired with a CS, typically
an odour. After only three trials, bees learn to associate the CS with
the US, responding to the CS alone with a PER, and can form a long-
term memory of this association (Wittstock et al., 1993). Other
species of bees (Bombus terrestris, Melipona quadrifasciata,
Scaptotrigona depilis) and flies (Musca domestica, Drosophila
melanogaster) also perform the PER to a CS after pairing it with an
appetitive US (Fukushi, 1976; Fukushi, 1979; Laloi et al., 1999;
Chabaud et al., 2006; McCabe et al., 2007). In insects that lack a
proboscis, a similar paradigm can be used, though the response
involves other mouthparts. For example, ants (Camponotus aethiops
and Camponotus fellah) perform the maxilla—labium extension reflex
(MaLER) (Guerrieri and d’Ettorre, 2010; Guerrieri et al., 2011), and
locusts (Schistocherca gregaria) perform the palp opening response
(POR) (Simdes et al., 2011, 2012, 2013).

Most of these studies on associative memories using classical
conditioning approaches on restrained insects use an odour as the
CS, with only a few exceptions in flies (Fukushi, 1976) and honey
bees (Hori et al., 2007; Niggebriigge et al., 2009; Balamurali et al.,
2015; Avargues-Weber and Mota, 2016) using a visual cue as the
CS. Although visual plus olfactory cues and olfactory cues alone
produce comparable learning rates, using visual cues alone as the
CS seems to produce weaker learning (Gerber and Smith, 1998).

In this study, we developed a visual appetitive learning paradigm
through classical conditioning in the wood ant, Formica rufa. Wood
ants have been shown to form visual memories while navigating and
rely upon them while foraging (Collett and Collett, 2002; Durier
et al., 2003; Graham et al., 2004; Harris et al., 2005, 2007). We
show for the first time that ants can acquire and retain short- and
mid-term visual memories when harnessed, demonstrating visual
learning through classical conditioning.
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MATERIALS AND METHODS

Animals

Experiments were performed using wood ants (Formica rufa L.)
from two different colonies. Colonies were collected from Ashdown
Forest, Sussex, UK (N 51 4.680, E 0 1.800) in June and August
2016 and maintained indoors for 5 months prior to training, during
which they were kept at 21°C, undera 12 h light:12 h dark cycle and
fed with sucrose (33.3%). These conditions were maintained
throughout our experiments except that the colonies were starved for
at least 2 days before the start of training. On the day of training, ants
were selected from the surface of the colony and placed in a box
with a glass slide upon which was a drop of sucrose solution (20%).
Only those ants that started to feed were selected for subsequent
training, thereby ensuring that ants chosen were motivated to feed.
To prevent ants becoming satiated, potentially reducing their
motivation to learn during training, they were removed from the box
as soon as they started to feed.

Harnessing

Ants were placed in the freezer for 1-2 min and then harnessed
individually at the back of their head to an insect pin (Austerlitz
Insect Pin®) with low melting point wax. The insect pin was then
fixed in modelling clay (Plasticine®). The ant was allowed to stand
on a custom-made plastic holder embedded in the same modelling
clay, thereby ensuring it maintained a typical standing posture and
that the legs were free to move (Fig. 1A). Ants were left fixed in a
dark room for at least 2 h prior to training.

Training and testing
Experiments were conducted in a transparent Perspex box
(50%50%x50 cm) covered in white paper, open to the front to
permit experimenter access (Fig. 1A). A camera (eo-13122 mol 17},
Edmund Optics Inc., Barrington, NJ, USA) with a macro lens (EF
100 mm /2.8 L Macro IS USM, Canon, Surrey, UK) was placed
directly above the ant, viewing it through a hole in the upper surface
of the box. This ensured that the ant’s head stayed within the
camera’s field of view throughout the whole experiment. To reduce
extraneous visual input, the box was back-lit by two 26 W light
sources, and the rest of the room was kept in darkness. The camera
was attached to a computer and recordings were performed using
uEye64 software (IDS Imaging Development Systems GmbH,
Obersulm, Germany). The visual cue (CS) was a bright blue
cardboard rectangle (60%45 mm) attached to the syringe in which
the US (sucrose 20%) was manually delivered to the ant (Fig. 1A).
Ants were subjected to paired (N=51) or unpaired (N=29)
training. These two types of training were conducted in parallel, in a
randomized order. During paired training, the syringe plus
cardboard was held a few millimetres in front of the ant for about
10 s. The syringe with a drop of sucrose was then moved next to the
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mouthparts so ants could detect its presence and feed on it for about
5 s. Therefore, ants were presented with the CS for 15 s, of which
the last 5 s overlapped with the sucrose reward. Ants were subjected
to 10 trials, separated by 5 min (Fig. 1B). During unpaired training,
the CS (cardboard plus syringe) and the US (drop of sucrose from
the syringe) were presented to the ants but temporally dissociated
from each other. Between the presentation of either the US or the
CS, ants rested for 2.5 min. This training consisted of 10 CS
presentations and 10 sucrose deliveries, which ensured that ants in
the paired and unpaired training groups were subjected to the CS
and US the same number of times. The duration of each US and CS
presentation was the same as in the paired training: 5 and 10 s,
respectively (Fig. 1C). Ants were tested for memory retention either
10 min (paired: N=15; unpaired: N=15) or 1 h (paired: N=15;
unpaired: N=14) after the last trial. In these tests, the visual cue
(cardboard plus syringe) was presented to the ant for about 10 s, and
their response recorded. The US (drop of sucrose) was then delivered
to ensure ants were still motivated to feed and respond. The ants’
response was recorded in every trial and test. For all the cases, the
duration of the CS and US presentations varied slightly because they
depended on how long ants took to start feeding. Ants that did not
feed on every trial (33 paired and 7 unpaired) were discarded.

MaLER scores

Ants’ responses during the presentation of the visual cue in training
trials and tests were recorded and separated into three types of
behaviour: full extension with movement (FEM), as if feeding; full
extension without movement (FE); or partial extension (PE) of the
maxilla—labium or maxillary palps (Fig. 2; Movie 1) (Paul et al., 2002).
A positive response was counted every time an ant performed any type
of MaLER (Guerrieri and d’Ettorre, 2010) during the CS presentation
(data available from figshare: https:/doi.org/10.25377/sussex.
5794386). If ants were extending or moving their mouthparts
spontaneously just prior to a trial, we postponed training or testing for
a few seconds. Ants that continuously moved their mouthparts were
excluded from our analysis.

Statistical analysis
The distribution of the number of responses from each type of
MaLER was analysed using a G-test for replicated goodness-of-fit
with a prior expectation of one-third of the responses from each
type. This was performed with grouped classes (one, two and three
or more responses) to avoid classes with a low number of responses
and adjusted with a William’s correction (Sokal and Rohlf, 1995).
The influence of the type of training (paired or unpaired) and of
trial number in the ant’s response to the CS during training was
analysed using logistic regression with mixed effects (Bates, 2010).
To compare the proportion of ants responding in each training trial
and in each retention test between paired and unpaired types, we

Fig. 1. Experimental set up and training scheme. (A) The
ant was placed inside a Perspex box illuminated by two light
sources, directly underneath the camera. It was fixed to an
insect pin attached to a Plasticine cylinder (orange) supported
by a holder, ensuring that it retained a naturalistic stance (see
Materials and methods). The conditioned stimulus (CS) and
unconditioned stimulus (US) are represented by the blue
square (CS) attached to the syringe with the sugar reward (UC).
Inset: a close-up view of an ant in the holder. The ant’s head is
fixed with wax. Ants were subjected to two types of training,
(B) paired or (C) unpaired. Vertical black lines represent the US
and CS, which were temporally dissociated in unpaired training
(see Materials and methods).
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Fig. 2. The maxilla—labium extension response (MaLER) of
wood ants. Individual frames from video recordings show
ants’ mouthpart movements during training. (A) No response;
(B) full extension of the maxilla—labium that terminate in the
glossa; (C) partial extension with only the maxillary palpus
visible; and (D) partial extension of the maxilla—labium
structures.
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performed G-tests of independence, adjusted with William’s
correction, except for the first trial, which was analysed using
Fisher’s exact test because of the low number of responses (Sokal
and Rohlf, 1995). The responses on the first trial were included in all
statistical analysis, to account for spontaneous responses to the CS.

The correlation between the proportion of ants that responded to
the CS in the retention tests and the number of times they responded
during training was analysed using Spearman’s rank correlation.
Logistic regression was also performed to determine the number of
trials in which ants needed to show a response during training to
predict whether they would respond in the test (Bates, 2010).

G-tests of independence were performed in Excel, using bespoke
code (Sokal and Rohlf, 1995). All other statistical analysis was
performed using R (RStudio v1.0.143). For the logistic regression,
the ‘lme4’ package was used (Bates, 2010).

RESULTS

The wood ant MaLER can be conditioned to a visual stimulus
During each paired training trial, ants were presented with a visual
stimulus (CS) and sucrose (US). On those training trials in which
paired ants responded, they did so with one of three different types
of response that varied in the degree to which the mouthparts were
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Y

extended and moved: FEM, FE or PE of the maxilla—labium or
maxillary palps (see Materials and methods). Typically, ants
performed FEM or PE more often than they performed FE. In
most cases, ants showed little consistency among trials in the type of
MaLER, though a few ants did consistently perform FEM or PE
(Fig. 3). The distribution of the occurrence of each of the three
MaLER types across the 10 training trials differed significantly (G-
test of independence, N=51, d.f=6, G,gjusca=17.3, P<0.01).
Consequently, we display the three types of MaLER separately in
subsequent figures, though we considered the MaLER as a single
response when analysing responses to the CS. Statistical analysis
and learning curves for each type of MaLER are included in the
supplementary information (Fig. S1, Table S1).

Ants were exposed to 10 paired (N=51) or unpaired (N=29)
training trials. Naive ants showed a low tendency to perform
MaLER when presented with the visual stimulus (Fig. 4); on the
first paired or unpaired trial, prior to training, just 3—4% of the ants
performed MaLER. There was no significant difference in the
spontaneous MaLER rate between paired and unpaired naive ants
(Table 1). Increasing the number of training trials led to a significant
increase in the occurrence of MaLER in the paired ants, which
plateaued at around 50% from the third trial onward (Fig. 4A;

B Fev Fig. 3. Consistency in the MaLER to the CS during paired
o e training. Ants (N=51) performed full extension with movement
PE (FEM; dark blue), full extension (FE; mid-blue) or partial extension

< 80 (PE; light blue).
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Fig. 4. Wood ants learn to associate a visual cue with a paired sugar reward. (A) The percentage of ants (N=51) performing the MaLER following the CS
presentation significantly increased throughout paired training. (B) The percentage of ants performing the MaLER did not increase significantly throughout
unpaired training (N=29). (C) Individual performance of paired ants, and (D) unpaired ants during training. The three types of MaLER are represented in dark

(FEM), medium (FE) and light (PE) blue or grey.

logistic regression, N=51, d.f.=507, z=5.949, P<0.01). Conversely,
there was no increase during training for unpaired ants (Fig. 4B;
logistic regression, N=29, d.f.=287, z=0.758, P=0.45). Individual
ants showed substantial variation in the number and type of MaLER
that they displayed during training (Fig. 4C,D). Considering all
trials together, the proportion of ants that responded to the visual cue
was significantly higher during paired than during unpaired training
(logistic regression, N=80, d.f.=796, z=—5.306, P<0.01). After the
first trial, each subsequent trial differed significantly between paired
and unpaired ants (Table 1). Taken together, these results suggest
that ants associated the visual cue with the sucrose reward
contingent upon the timing of presentation of the CS and US (i.e.
whether paired or unpaired).

Paired training evokes short- and mid-term appetitive
memories

To assess whether wood ants had formed a memory following
training, we tested them by presenting the CS alone. Each ant was
tested either 10 min or 1 h after the last training trial, which is
indicative of a short-term or a mid-term form of memory,
respectively (Guerrieri et al., 2011). After 10 min, 53.3% of ants
that had received paired training responded during testing compared
with just 13.3% of ants that had received unpaired training
(Fig. 5A). Likewise, after 1h, 40% of ants that had received
paired training responded during testing compared with 7.48% of
ants that had received unpaired training (Fig. 5B). In both tests, the
proportion of ants responding to the CS was significantly higher if
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Table 1. Comparison of the frequency of ants showing the maxilla—
labium extension response (MaLER) between paired and unpaired ants
for each trial

Table 2. The probability of ants responding during memory tests is
predicted by the number of training trials on which they responded to
the CS

Trial N d.f G (adjusted) P No. of responses in training N d.f. z P

1 80 n.a. n.a. >0.1 1 or more 31 30 0.008 0.994
2 80 1 3.86 <0.05 2 ormore 31 30 0.007 0.994
3 80 1 8.41 <0.01 3 or more 31 30 0.009 0.993
4 80 1 6.63 <0.01 4 or more 31 30 2.752 0.006**
5 80 1 8.41 <0.01 5 ormore 31 30 2.774 0.006**
6 80 1 7.5 <0.01 6 or more 31 30 2.392 0.017*
7 80 1 10.69 <0.01 7 or more 31 30 2.554 0.011*
8 80 1 11.76 <0.01 8 or more 31 30 2.29 0.022*
9 80 1 17.13 <0.01 9 ormore 31 30 0.008 0.994
10 80 1 17.13 <0.01

The number of ants (N), degrees of freedom (d.f.), G-test of independence (G)
and P-value are shown. The first trial was analysed with Fisher’s exact test.

they had undergone paired rather than unpaired training (Fig. 5;
G-test of independence, 10 min test: N=30, d.f.=1, Ggjusica=5.5,
P<0.05; 1 h test: N=29, d.f.=1, G,gjustea=4-42, P<0.05). Each test
was followed by the US (sucrose) to ensure that the ants were still
motivated to feed. For both tests, every ant fed. Thus, following
paired but not unpaired training, ants acquired short-term and
mid-term visual associative memories.

We assessed whether those ants that responded to the presentation
of the visual stimulus (CS) with MaLER during training were the
same subset of ants that subsequently responded during testing. We
pooled the 10 min and 1h tests, separated ants that responded
during testing from those that did not, and determined whether they
had responded during training (Fig. 6A,B); 64.3% of the paired ants
that responded during testing also responded during training in at
least half of the trials, whereas only 18.8% of the ants that failed to
respond during testing responded in at least half of the trials during
training (Fig. 6A). Indeed, ants that responded during testing also
responded significantly more during training compared with ants
that did not (logistic regression, N=30, d.f.=306, z=3.775, P<0.01).
In contrast, only three ants of the 29 ants that had undergone
unpaired training responded during testing, and just one of those
three ants had performed MaLER on at least half the trials during
training. Therefore, ants’ behaviour during training was similar to
that during testing; however, there was a higher number of responses
during paired training and testing than during unpaired training and
testing.

Next, we analysed whether the number of trials on which an ant
responded during paired training was correlated with their response
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The number of ants (N), degrees of freedom (d.f.), logistic regression (z) and P-
value are shown (*P<0.05, **P<0.01).

during testing. Combining the two tests together, we observed that
the percentage of ants that responded during testing correlated with
the number of trials on which they responded during training
(Fig. 6C; Spearman’s rank correlation, N=10, d.f=9, p=0.812,
P<0.01). We also examined whether the number of trials on which an
individual ant responded during training could predict its response
during testing. The probability of performing MaLLER during testing
increased significantly with the number of trials in which ants
responded during training (Fig. 6D; logistic regression, N=31,
d.f.=29, z=2.79, P<0.01). Furthermore, ants that responded on four
or more trials during training were significantly more likely to
respond during testing than those that did not (logistic regression,
N=30, d.£=29, z=2.725, P<0.01; Table 2), which is indicative of a
threshold during training for short- and mid-term memory formation.

DISCUSSION

Our aim was to develop a classical conditioning paradigm to analyse
the acquisition and retention of visual associative memories in
restrained wood ants. Here, we have shown that this is possible by
making use of the MaLER, using a paradigm modified from earlier
ones designed for appetitive olfactory classical conditioning
(Guerrieri and d’Ettorre, 2010; Guerrieri et al., 2011). We showed
that in wood ants, MaLER can be used as the UR in classical
conditioning experiments. This response to a visual CS is initially
low but increases when paired with an appetitive US, sucrose. After
three or more training trials, 50% of the ants respond to the CS
before sucrose was given. To ensure ants learnt the intended CS and
not any other feature, we used an unpaired control in which all the

B Paired FEM Fig. 5. Wood ants retain appetitive

Paired FE memories for at least 1 h. Ants were
Paired PE P i - N=15-
¢ tested (A) 10 min (paired: N=15;
[ FEM
Unbareqpe unpaired: N=15) or (B) 1 h (paired: N=15;

unpaired: N=14) after the last training
trial. The percentage of ants responding
to the CS alone after paired training is
shown in blue, and the percentage
responding to the CS alone after
unpaired training is shown in grey. The
three types of MaLER are represented in
dark (FEM), medium (FE) and light (PE)
blue or grey.
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Fig. 6. Wood ants’ responses during memory tests are predicted by their behaviour during training. (A) Responses of individual ants during paired training
(N=30). Those that did not respond during subsequent testing are shown in blue, whereas those that responded are shown in orange. (B) As in A but for
unpaired training (N=29). Ants that did not respond are shown in grey whereas those that did respond are shown in red. (C) The percentage of paired ants that
performed MaLER following the CS in the tests correlates significantly with the number of times they responded to the CS during training. (D) The more trials on
which an ant responded during paired training, the higher the probability (P) of responding in the test (black line). Ants that did not respond during testing
(blue) cluster around lower numbers of responses during training, while ants that did respond (orange) cluster around higher numbers of responses.

CS and US presentations were temporally dissociated from each
other. Because ants in the unpaired training group did not increase
their responsiveness to the CS, we conclude that the key visual
feature learnt by paired ants was the intended CS.

In classical conditioning experiments, it is important to have a
detailed description of the behaviour we consider to be the UR
because this directly affects how learning and memory are
quantified. Our analysis identified different degrees of MaLER
expression, in contrast with previous studies that have reported a
single type of response (Bitterman et al., 1983; Guerrieri and
d’Ettorre, 2010), but is similar to the palp opening reflex of desert
locusts, which also includes flicking, palpation or outward opening
of the maxillary palps (Simdes et al., 2011).

Our experiments also showed that wood ants can form a memory
of the association between the visual CS and the US, and retain it for

at least 1 h. This memory was contingent upon the timing of the CS
and US presentations; ants that were trained with unpaired
presentations of CS and US did not show memory formation.
Furthermore, the propensity of an individual ant to retain a memory
of the CS/US association for 10 min or 1 h after training depended
upon the number of training trials on which they responded.
Previous studies have interpreted these times as short- and early
mid-term memory, respectively (Guerrieri et al., 2011). Assessing
mid-term retention of memories up to 24 h was not possible because
restrained ants did not survive long enough for testing. This may
indicate that restrained animals are subjected to high levels of stress,
which is known to negatively influence learning (Bateson et al.,
2011). However, our method of restraint allows ants to adopt a
natural stance and to move their limbs and antennae freely (Fig. 1A),
whilst ensuring that the CS and US presentations as well as the
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number of trials and the inter-trial interval are controlled, and that
associative memories are acquired only by Pavlovian association.
Thus, it seems unlikely that restraint adversely affects the rates of
learning we report.

Despite differences in methodology, our training paradigm
produced similar rates of learning (~50%) to previous studies
using classical conditioning of a visual cue performed with honey
bees (Hori et al., 2007; Balamurali et al., 2015; Niggebriigge et al.,
2009). Hori et al. (2007) and Balamurali et al. (2015) achieved a
learning rate of ~40-50% in restrained honey bees. Niggebriigge
et al. (2009) achieved higher response rates of ~60-80% with a
visual cue in restrained honey bees but ablated the bees’ antennae, in
contrast to our methodology and that of Balamurali et al. (2015) in
which the antennae were intact (Avargues-Weber and Mota, 2016).
It is possible that higher rates of learning could be achieved in wood
ants with the antennae ablated. Yet, despite the different paradigms
for producing visual classical conditioning, wood ants, like honey
bees, can form associative memories. This ability of wood ants,
despite their relatively small compound eyes and visual systems
compared with those of honey bees (Perl and Niven, 2016; Jander
and Jander, 2002), emphasises that this is not restricted to insects
with a substantial investment in vision, but is more widespread
among the Hymenoptera.

Previous studies of learning in wood ants have employed freely
moving animals (e.g. Collett and Collett, 2002; Graham et al., 2004,
Harris et al., 2005, 2007). In these experiments, ants move in a
specific direction to acquire sucrose, which reflects their natural
foraging strategy; ants leave the nest and walk to locate aphids,
which are a source of honeydew, a sugar-rich secretion upon which
they feed. To feed directly on aphid honeydew, wood ants forage
through cluttered environments along foraging trails that can extend
for 100 m (for a review, see Robinson, 2005). Whether searching for
sucrose rewards in reduced experimental paradigms or foraging in
the natural environment for honeydew, ants are exposed to
numerous visual cues, but how the sequences of visual cues
encountered upon a foraging route are associated with the final
reward from the feeder or an aphid remains unclear. It is unlikely
that our learning paradigm, in which a single visual cue is presented
briefly prior to obtaining a reward, captures the process of learning
and memory formation along foraging routes fully. Instead, it is
more akin to the final moments of foraging immediately before the
reward is received. Whether sequences of visual cues with increased
duration between the cues and the reward that more closely resemble
natural foraging can be learnt within our experimental paradigm
remains unclear. Nevertheless, our study provides the first evidence
that wood ants can form visual associative memories even when
restrained and lacking the context of navigating through the
environment.

Wood ants have been used extensively as a model system for
studying navigation and visual learning in insects, producing many
insights into mechanisms underpinning these behaviours (Collett
and Collett, 2002; Graham et al., 2004; Harris et al., 2005, 2007).
However, these studies have used freely moving ants, so insights
into the neural circuits underlying the formation of memories in
wood ants are restricted to insights that can be inferred from
behavioural tests (e.g. Fernandes et al., 2015). Our study provides a
method for analysing visual learning in restrained ants, which opens
up new experimental possibilities for determining the neural basis of
navigation and visual learning in wood ants. Although removed
from wood ants’ natural foraging strategies, our paradigm permits
control over the timing and duration of learnt cues and rewards, as
well as the number of trials individual ants are subjected to, allowing

a more detailed understanding of how precisely wood ants form the
visual memories upon which their foraging depends.

Acknowledgements
We thank Paul Graham, Elizabeth Nicholls and Patricio Simdes for reading and
commenting on an earlier version of the paper.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: A.S.D.F., C.L.B., J.E.N.; Methodology: A.S.D.F., J.E.N.;
Validation: A.S.D.F.; Formal analysis: A.S.D.F., J.E.N.; Investigation: A.S.D.F.;
Resources: A.S.D.F.; Data curation: A.S.D.F.; Writing - original draft: A.S.D.F,;
Writing - review & editing: C.L.B., J.E.N.; Visualization: A.S.D.F., J.E.N,;
Supervision: C.L.B., J.E.N.; Project administration: C.L.B., J.E.N.; Funding
acquisition: A.S.D.F.

Funding

Financial support came from a Sussex Neuroscience 4-year programme
studentship (A.S.D.F.), a University of Sussex Research Development Fund Award
and a Royal Society University Research Fellowship (J.E.N.).

Data availability
MaLER data are available from figshare: https://doi.org/10.25377/sussex.5794386.

Supplementary information
Supplementary information available online at
http:/jeb.biologists.org/lookup/doi/10.1242/jeb.173260.supplemental

References

Avargués-Weber, A. and Mota, T. (2016). Advances and limitations of visual
conditioning protocols in harnessed bees. J. Physiol. Paris 110, 107-118.

Balamurali, G. S., Somanathan, H. and De Ibarra, N. H. (2015). Motion cues
improve the performance of harnessed bees in a colour learning task. J Comp.
Physiol. A 201, 505-511.

Bates, D. M. (2010). Ime4: Mixed-Effects Modeling with R. New York: Springer.

Bateson, M., Desire, S., Gartside, S. E. and Wright, G. A. (2011). Agitated
honeybees exhibit pessimistic cognitive biases. Curr. Biol. 21, 1070-1073.

Bitterman, M. E., Menzel, R., Fietz, A. and Schifer, S. (1983). Classical
conditioning of proboscis extension in honeybees (Apis mellifera). J. Comp.
Psychol. 97, 107.

Boisvert, M. J. and Sherry, D. F. (2006). Interval timing by an invertebrate, the
bumble bee Bombus impatiens. Curr. Biol. 16, 1636-1640.

Cartwright, B. A. and Collett, T. S. (1983). Landmark learning in bees. J. Comp.
Physiol. A 151, 521-543.

Chabaud, M.-A., Devaud, J.-M., Pham-Delégue, M.-H., Preat, T. and Kaiser, L.
(2006). Olfactory conditioning of proboscis activity in Drosophila melanogaster.
J. Comp. Physiol. A 192, 1335-1348.

Chittka, L. and Niven, J. (2009). Are bigger brains better? Curr. Biol. 19,
R995-R1008.

Collett, T. S. and Collett, M. (2002). Memory use in insect visual navigation. Nat.
Rev. Neurosci. 3, 542-552.

Collett, T. S., Dillmann, E., Giger, A. and Wehner, R. (1992). Visual landmarks and
route following in desert ants. J. Comp. Physiol. A 170, 435-442.

Collett, T. S., Fry, S. N. and Wehner, R. (1993). Sequence learning by honeybees.
J. Comp. Physiol. A 172, 693-706.

Dale, K., Harland, D. P., Manning-Jones, A. and Collett, T. S. (2005). Weak and
strong priming cues in bumblebee contextual learning. J. Exp. Biol. 208, 65-74.
Davis, R. L. (2005). Olfactory memory formation in Drosophila: from molecular to

systems neuroscience. Ann. Rev. Neurosci. 28, 275-302.

Dukas, R. and Bernays, E. A. (2000). Learning improves growth rate in
grasshoppers. Proc. Natl. Acad. Sci. USA 97, 2637-2640.

Durier, V., Graham, P. and Collett, T. S. (2003). Snapshot memories and landmark
guidance in wood ants. Curr. Biol. 13, 1614-1618.

Fernandes, A. S. D., Philippides, A., Collett, T. S. and Niven, J. E. (2015).
Acquisition and expression of memories of distance and direction in navigating
wood ants. J. Exp. Biol. 218, 3580-3588.

Fukushi, T. (1976). Classical conditioning to visual stimuli in the housefly, Musca
domestica. J. Insect Physiol. 22, 361-364.

Fukushi, T. (1979). Properties of olfactory conditioning in the housefly, Musca
domestica. J. Insect Physiol. 25, 155-159.

Gerber, B. and Smith, B. H. (1998). Visual modulation of olfactory learning in
honeybees. J. Exp. Biol. 201, 2213-2217.

Giurfa, M. (2007). Behavioral and neural analysis of associative learning in the
honeybee: a taste from the magic well. J. Comp. Physiol. A 193, 801-824.

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


https://doi.org/10.25377/sussex.5794386
http://jeb.biologists.org/lookup/doi/10.1242/jeb.173260.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.173260.supplemental
http://dx.doi.org/10.1016/j.jphysparis.2016.12.006
http://dx.doi.org/10.1016/j.jphysparis.2016.12.006
http://dx.doi.org/10.1007/s00359-015-0994-7
http://dx.doi.org/10.1007/s00359-015-0994-7
http://dx.doi.org/10.1007/s00359-015-0994-7
http://dx.doi.org/10.1016/j.cub.2011.05.017
http://dx.doi.org/10.1016/j.cub.2011.05.017
http://dx.doi.org/10.1037/0735-7036.97.2.107
http://dx.doi.org/10.1037/0735-7036.97.2.107
http://dx.doi.org/10.1037/0735-7036.97.2.107
http://dx.doi.org/10.1016/j.cub.2006.06.064
http://dx.doi.org/10.1016/j.cub.2006.06.064
http://dx.doi.org/10.1007/BF00605469
http://dx.doi.org/10.1007/BF00605469
http://dx.doi.org/10.1007/s00359-006-0160-3
http://dx.doi.org/10.1007/s00359-006-0160-3
http://dx.doi.org/10.1007/s00359-006-0160-3
http://dx.doi.org/10.1016/j.cub.2009.08.023
http://dx.doi.org/10.1016/j.cub.2009.08.023
http://dx.doi.org/10.1038/nrn872
http://dx.doi.org/10.1038/nrn872
http://dx.doi.org/10.1007/BF00191460
http://dx.doi.org/10.1007/BF00191460
http://dx.doi.org/10.1007/BF00195395
http://dx.doi.org/10.1007/BF00195395
http://dx.doi.org/10.1242/jeb.01370
http://dx.doi.org/10.1242/jeb.01370
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135651
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135651
http://dx.doi.org/10.1073/pnas.050461497
http://dx.doi.org/10.1073/pnas.050461497
http://dx.doi.org/10.1016/j.cub.2003.08.024
http://dx.doi.org/10.1016/j.cub.2003.08.024
http://dx.doi.org/10.1242/jeb.125443
http://dx.doi.org/10.1242/jeb.125443
http://dx.doi.org/10.1242/jeb.125443
http://dx.doi.org/10.1016/0022-1910(76)90002-0
http://dx.doi.org/10.1016/0022-1910(76)90002-0
http://dx.doi.org/10.1016/0022-1910(79)90094-5
http://dx.doi.org/10.1016/0022-1910(79)90094-5
http://dx.doi.org/10.1007/s00359-007-0235-9
http://dx.doi.org/10.1007/s00359-007-0235-9

RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb173260. doi:10.1242/jeb.173260

Giurfa, M., Zhang, S., Jenett, A., Menzel, R. and Srinivasan, M. V. (2001). The
concepts of ‘'sameness’ and ‘difference’ in an insect. Nature 410, 930-933.

Graham, P., Durier, V. and Collett, T. S. (2004). The binding and recall of snapshot
memories in wood ants (Formica rufa L.). J. Exp. Biol. 207, 393-398.

Guerrieri, F. J. and d’Ettorre, P. (2010). Associative learning in ants: conditioning of
the maxilla-labium extension response in Camponotus aethiops. J. Insect Physiol.
56, 88-92.

Guerrieri, F. J., d’Ettorre, P., Devaud, J. M. and Giurfa, M. (2011). Long-term
olfactory memories are stabilised via protein synthesis in Camponotus fellah ants.
J. Exp. Biol. 214, 3300-3304.

Gumbert, A. (2000). Color choices by bumble bees (Bombus terrestris): innate
preferences and generalization after learning. Behav. Ecol. Sociobiol. 48, 36-43.

Harris, R. A., De Ibarra, N. H., Graham, P. and Collett, T. S. (2005). Ant navigation:
priming of visual route memories. Nature 438, 302-302.

Harris, R. A., Graham, P. and Collett, T. S. (2007). Visual cues for the retrieval of
landmark memories by navigating wood ants. Curr. Biol. 17, 93-102.

Hori, S., Takeuchi, H. and Kubo, T. (2007). Associative learning and discrimination
of motion cues in the harnessed honeybee Apis mellifera L. J. Comp. Physiol. A
193, 825-833.

Jander, U. and Jander, R. (2002). Allometry and resolution of bee eyes (Apoidea).
Arthropod Struct. Dev. 30, 179-193.

Laloi, D., Sandoz, J. C., Picard-Nizou, A. L., Marchesi, A., Pouvreau, A., Taséi,
J. N. and Pham-delégue, M. H. (1999). Olfactory conditioning of the proboscis
extension in bumble bees. Entomol. Exp. Appl. 90, 123-129.

McCabe, S. |., Hartfelder, K., Santana, W. C. and Farina, W. M. (2007). Odor
discrimination in classical conditioning of proboscis extension in two stingless bee
species in comparison to Africanized honeybees. J. Comp. Physiol. A 193,
1089-1099.

Nicholson, D. J., Judd, S. P., Cartwright, B. A. and Collett, T. S. (1999). Learning
walks and landmark guidance in wood ants (Formica rufa). J. Exp. Biol. 202,
1831-1838.

Niggebriigge, C., Leboulle, G., Menzel, R., Komischke, B. and de Ibarra, N. H.
(2009). Fast learning but coarse discrimination of colours in restrained
honeybees. J. Exp. Biol. 212, 1344-1350.

Paul, J., Roces, F. and Hélldobler, B. (2002). How do ants stick out their tongues?
J. Morphol. 254, 39-52.

Pavlov, I. (1897). The work on digestive glands (WH Tromso Trans). London: Griffin.

Perl, C. D. and Niven, J. E. (2016). Differential scaling within an insect compound
eye. Biol. lett. 12, 20160042.

Robinson, W. H. (2005). Urban Insects and Arachnids: A Handbook of Urban
Entomology. Cambridge University Press: Cambridge, UK.

Simées, P., Ott, S. R. and Niven, J. E. (2011). Associative olfactory learning in the
desert locust, Schistocerca gregaria. J. Exp. Biol. 214, 2495-2503.

Simoes, P. M., Ott, S. R. and Niven, J. E. (2012). A long-latency aversive learning
mechanism enables locusts to avoid odours associated with the consequences of
ingesting toxic food. J. Exp. Biol. 215, 1711-1719.

Simées, P. M., Niven, J. E. and Ott, S. R. (2013). Phenotypic transformation affects
associative learning in the desert locust. Curr. Biol. 23, 2407-2412.

Sokal, R. R. and Rohlf, F. J. (1995). Biometry, 3rd edn. New York: W.H. Freman and
Company.

Takeda, K. (1961). Classical conditioned response in the honey bee. J. Insect
Physiol. 6, 168-179.

Wittstock, S., Kaatz, H. H. and Menzel, R. (1993). Inhibition of brain protein
synthesis by cycloheximide does not affect formation of long-term memory in
honeybees after olfactory conditioning. J. Neurosci. 13, 1379-1386.

Zhang, S., Srinivasan, M. V., Zhu, H. and Wong, J. (2004). Grouping of visual
objects by honeybees. J. Exp. Biol. 207, 3289-3298.

>
(@)}
i
je
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


http://dx.doi.org/10.1038/35073582
http://dx.doi.org/10.1038/35073582
http://dx.doi.org/10.1242/jeb.00771
http://dx.doi.org/10.1242/jeb.00771
http://dx.doi.org/10.1016/j.jinsphys.2009.09.007
http://dx.doi.org/10.1016/j.jinsphys.2009.09.007
http://dx.doi.org/10.1016/j.jinsphys.2009.09.007
http://dx.doi.org/10.1242/jeb.059170
http://dx.doi.org/10.1242/jeb.059170
http://dx.doi.org/10.1242/jeb.059170
http://dx.doi.org/10.1007/s002650000213
http://dx.doi.org/10.1007/s002650000213
http://dx.doi.org/10.1038/438302a
http://dx.doi.org/10.1038/438302a
http://dx.doi.org/10.1016/j.cub.2006.10.068
http://dx.doi.org/10.1016/j.cub.2006.10.068
http://dx.doi.org/10.1007/s00359-007-0234-x
http://dx.doi.org/10.1007/s00359-007-0234-x
http://dx.doi.org/10.1007/s00359-007-0234-x
http://dx.doi.org/10.1016/S1467-8039(01)00035-4
http://dx.doi.org/10.1016/S1467-8039(01)00035-4
http://dx.doi.org/10.1046/j.1570-7458.1999.00430.x
http://dx.doi.org/10.1046/j.1570-7458.1999.00430.x
http://dx.doi.org/10.1046/j.1570-7458.1999.00430.x
http://dx.doi.org/10.1007/s00359-007-0260-8
http://dx.doi.org/10.1007/s00359-007-0260-8
http://dx.doi.org/10.1007/s00359-007-0260-8
http://dx.doi.org/10.1007/s00359-007-0260-8
http://dx.doi.org/10.1242/jeb.021881
http://dx.doi.org/10.1242/jeb.021881
http://dx.doi.org/10.1242/jeb.021881
http://dx.doi.org/10.1002/jmor.10011
http://dx.doi.org/10.1002/jmor.10011
http://dx.doi.org/10.1098/rsbl.2016.0042
http://dx.doi.org/10.1098/rsbl.2016.0042
http://dx.doi.org/10.1242/jeb.055806
http://dx.doi.org/10.1242/jeb.055806
http://dx.doi.org/10.1242/jeb.068106
http://dx.doi.org/10.1242/jeb.068106
http://dx.doi.org/10.1242/jeb.068106
http://dx.doi.org/10.1016/j.cub.2013.10.016
http://dx.doi.org/10.1016/j.cub.2013.10.016
http://dx.doi.org/10.1016/0022-1910(61)90060-9
http://dx.doi.org/10.1016/0022-1910(61)90060-9
http://dx.doi.org/10.1242/jeb.01155
http://dx.doi.org/10.1242/jeb.01155

Journal of Experimental Biology 221: doi:10.1242/jeb.173260: Supplementary inforr

SUPPLEMENTARY INFORMATION

™ ant11.mp4d

Movie 1. Response to the CS from one ant during paired training, showing the three
types of MaLER.
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Fig. S1. Learning curves based on each type of MaLER. A) The percentage of paired ants
(N=51) performing FEM in response to the CS presentation increased throughout training, but
not for unpaired ants (N=29). B) The percentage of ants (paired: N=51; unpaired: N=29)
performing FE in response to the CS presentation didn’t increase during training for both
paired and unaired ants. C) The percentage of paired ants (N=51) performing PE in response
to the CS presentation increased throughout training, but not for unpaired ants (N=29).
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Type of training Type of N df z p
MaLER
Paired FEM 51 50 3.868 0.0001**
FE 51 50 0.835 0.404
PE 51 50 2.975 0.0029**
Unpaired FEM 29 28 0.129 0.8977
FE 29 28 0.349 0.7267
PE 29 28 0.839 0.402

Table S1. Influence of training in ants’ responses to the CS, for each type of MaLER.
The number of ants (N), degrees of freedom (df), Logistic regression (z) and p-value are

shown.
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