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Early detection of cancer is critical in medical sciences, as the sooner a cancer
is diagnosed, the higher are the chances of recovery. Tumour cells are charac-
terized by specific volatile organic compounds (VOCs) that can be used as
cancer biomarkers. Through olfactory associative learning, animals can be
trained to detect these VOCs. Insects such as ants have a refined sense of
smell, and can be easily and rapidly trained with olfactory conditioning.
Using urine from patient-derived xenograft mice as stimulus, we demon-
strate that individual ants can learn to discriminate the odour of healthy
mice from that of tumour-bearing mice and do so after only three condition-
ing trials. After training, they spend approximately 20% more time in the
vicinity of the learned odour than beside the other stimulus. Chemical
analyses confirmed that the presence of the tumour changed the urine
odour, supporting the behavioural results. Our study demonstrates that
ants reliably detect tumour cues in mice urine and have the potential to
act as efficient and inexpensive cancer bio-detectors.

1. Background

With 10 million deaths, and more than 19 million cases in 2020, cancer is a lead-
ing cause of mortality worldwide [1]. A way to increase cancer survival rate is
to improve diagnosis methods. The sooner the tumours are detected, the higher
are the chances of recovery for the patients. Current early detection methods are
often invasive (e.g. coloscopy) and/or expensive (e.g. magnetic resonance ima-
ging); therefore, relatively few people profit from available detection
techniques. For example, in France, the most prevalent cancer for women is
breast cancer. However, despite France being a relatively rich country, less
than half (48.6% in 2019) of the population at risk (women between 50 and
74) underwent screening for this cancer [2].

A promising method to increase early cancer detection rate is the use of
animal olfaction. Trained dogs can detect tumours in cell samples or body-
odour samples [3,4]. This method is based on the detection of volatile organic
compounds (VOCs) that are characteristic of tumours and linked to their altered
cell metabolism [5]. Dogs are not the only animal species used as bio-detectors
of cancer. Mice were trained to discriminate tumour-bearing mice from healthy
ones [6]. The nematode Caenorhabditis elegans showed attractive chemotaxis to
some cancer VOCs [7]. In fruit flies, by using in vivo calcium imaging, an
expensive technology, it was shown that olfactory neurons formed specific acti-
vation patterns when exposed to the volatiles from a given cancer cell line [8].
Using a well-known and simple paradigm for olfactory conditioning, based on
the proboscis extension response [9], honeybees were not able to associate a
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cancer odour with a reward [10]. It is worth noting, however,
that in this same study, dogs were also unable to learn the
association, despite the fact that the ability of dogs to detect
cancer odours is well documented [4]. Insects are promising
detection tools as they are relatively easy to handle, do not
require expensive rearing facilities, are available in large
numbers and can be trained to recognize an odour in very
few trials. Among insects, ants, and especially Formica fusca,
demonstrated remarkable learning abilities using ecologically
relevant odours. In this species, one training trial is enough to
form a genuine long-term memory lasting for days. Further-
more, these ants are highly resistant to memory extinction:
after training, they can be tested up to nine times without
reward before their responses start to decline [11]. Recently,
we tested the olfactory detection abilities of F. fusca towards
cultured human cancer cell lines. Using ovarian (IGROV-1)
and breast cell lines (MCF-7, MCF-10A and MDA-MD-231)
as stimuli, we showed that ants can correctly discriminate
between a cancerous cell line and a healthy one, and between
two cancerous cell lines [12]. Cell lines have the advantage of
being easily available and to provide reproducible odour
samples over time, but they do not represent the exact reality
of tumours, which are complex tissues composed of different
cell types. The use of tumour tissues or whole organisms is
therefore a critical step for testing ants as clinical detection
tools.

In this study, we used olfactory stimuli (urine samples)
from patient-derived xenograft (PDX) mice carrying human
tumours. Compared to cell lines that grow on a stable and
known environment (culture medium), PDX mice represent
a more realistic model, as the cancerous cells composing a
tumour are growing in a live organism with all its complex-
ity. Furthermore, tumours used in PDX are stable in time
and can be duplicated, which allows for a virtually infinite
number of drug tests and pre-clinical investigations, ensuring
that the patient at the origin of the grafted tumour receives
the optimal treatment [13,14].

Here, PDXs were established using a ‘triple-negative’
human breast tumour. Triple-negative tumours are extremely
aggressive and patients with this subtype of tumours show
poor survival [15]. Urine was chosen as a body-odour stimu-
lus, as it can easily be collected and stored [16]. Ant workers
of the species F. fusca were used as bio-detector since they
are able to learn and detect cancer-related odours stemming
from standardized cancer cell lines [12]. Using a simple
conditioning paradigm, we tested whether ants could dis-
criminate the urine of mice carrying a tumour from that of
healthy mice. To characterize changes in VOC composition
due to the presence of cancer, urine odour samples were ana-
lysed using solid-phase micro-extraction (SPME) and gas
chromatography coupled with mass spectrometry (GC-MS).

2. Methods
(a) Insects and origin of colonies

Formica fusca is a relatively common ant species in the Northern
Hemisphere. Colonies may contain several hundred individuals
and are headed by one queen (monogynous) or several queens
(polygynous). Three queenright colonies were collected in the
forest of Ermenonville (France, 49°09'51.5” N, 2°36'49.2” E) and
kept under laboratory conditions (25+2°C, 50+10% relative
humidity, 12 h/12 h day/night) at the Laboratory of Experimental

Table 1. Size of the tumour of each mouse seven weeks after the initial n

graft. The estimated volume of tumour (V) was calculated as V = a xb%/2,
with a being the largest side of the tumour and b the smallest side of the

tumour.

largest
side of smallest
identity the side of the estimated
of the tumour tumour volume
mouse (mm) (mm) (mm®)
#1-6 (Sham)
M 10 9 405
#12 12 n 726
Mmoo 1 n 665.5
#14 13 n 786.5
#15 9 7 196
#16 n 10 550
mean size N 9.83 554.83

and Comparative Ethology (LEEC, University Sorbonne Paris
Nord). Tested ants were foragers (ants that leave the nest to
search for food) and were individually marked with a dot of oil-
based paint (Mitsubishi Pencil) on the abdomen and/or thorax
1 day prior to the conditioning. In all cases, each individual ant
was used only for one conditioning and test experiment.

(b) Mice and odour source

Female immunodeficient mice (Swiss nude mice from Charles
River Laboratories) were maintained under specific pathogen-
free conditions at the Laboratory of pre-clinical investigation
(LI, Institut Curie, Paris, France). The housing facility was
kept at 22°C (+ 2°C) with a relative humidity of 30-70%. The
light/dark cycle was 12 h light/12 h dark. PDXs from a triple-
negative breast cancer (HBCx-11, mesenchymal subtype [17])
were established with consent of the patient. Twelve mice were
used in our study: half (1 =6) were graft with tumour at nine-
week-old into their interscapular fat pad, the other half (2 =6)
underwent the same surgical procedure but without the graft
of the tumour (healthy sham group). Mice were kept for seven
weeks and were euthanized at the end of the experiment
before the PDX had a critical size of 15/15 mm. Tumour size
was measured with a manual calliper, and the total volume of
a tumour was calculated as V = a x b?/2, a being the largest diam-
eter and b the smallest (table 1 gives details about the size of each
tumour).

Urine of mice was used as olfactory stimuli and was collected
seven weeks after the graft. Mice were placed individually in a
cage (43 cm x 27 cm, height =16 cm) without food and water
for 3h. The floor of the cage was covered with filter paper,
which was collected at the end of the 3 h soaked with urine.
Samples of 1cm? of urine-imbibed filter paper were inserted
individually in an Eppendorf tube and stored at —20°C.

() Experimental protocol

The experimental protocol was similar to the one used in
Piqueret et al. [11]. This protocol was previously implemented
using cancer cell-related odours [12], and in addition to provid-
ing efficient discrimination between two stimuli, the protocol is
simple to teach to a naive experimenter (3 days) and could
thus be easily replicated.
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Figure 1. Schema of the experimental device (arenas). (a) Set-up used during the conditioning phase. The time to find the reward was noted. (b) Slightly modified
set-up used during the memory tests. The time spent by the ant in the vicinity of the odours (areas, in dashed lines) was recorded during 2 min. Each area
measured 35.5 cm”. The orientation of the arena in the experimental room was changed between trials so that ants could not learn visual cues.
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Figure 2. Schema of the procedure ants underwent during the behavioural experiments. Individual ants were trained to associate the odour (urine) of mice to the
reward (sugar solution) three times during the conditioning procedure and later tested with odours from other mice during the memory tests. Ants were trained either
with urine of mice from the sham group (sham as CS, above), or from the tumour group (tumour as CS, below). The red circles indicate that mice have a tumour. During
the memory tests, ants had to choose between urine of individuals from the two groups (tumour versus sham). Each ant encountered urine samples from nine different
mice during the full procedure. They never encountered the same stimulus more than once to exclude the possible use of individual identity cues.

In brief, we trained individual ants to associate an odour
(conditioned stimulus—CS, urine of mice) with a reward (uncon-
ditioned stimulus, 30% sugar solution) using a circular arena
(figure 1a). Three conditioning trials were performed by each
ant (figure 2). The time needed by the ant to find the reward
was the variable measured in each conditioning trial.

To test if ants had learned the CS, we performed memory
tests without reward using an arena similar to the one used for
the conditioning (figure 1b). In these memory tests, two odorant
stimuli were presented at the same time, on each side of the
arena. One was the CS, while the other one was a new stimulus
(N). When urine from a mouse with tumour was used as CS, we

used urine from a sham-mouse as N, and vice versa. Two
unscented stimuli were also present (empty Eppendorf tube) to
control for the potential learning of visual cues. Circular areas
were drawn around each stimulus, which allowed us to record
as variable the time spent by the ant in the vicinity of each odor-
ant. Each memory test lasted 2 min and the behaviour of the ant
was scored using a behavioural transcription tool (software
Ethoc v. 1.2, CRCA, Toulouse, France). All experiments were
video recorded with a camera (Canon, Legria HFR806) placed
above the experimental arena. Ants underwent three consecutive
unrewarded memory tests at 15, 20 and 25 min after the end of
the last conditioning trial (figure 2). We used different stimuli
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(urine from different mice) in the conditioning trials and in
the memory test. Therefore, ants could not rely on the possible
individual odour of a given mouse between the training and
the tests.

The same stimuli were used for a group of six ants, which is
one advantage of using urine stimuli [16]. However, we tested
whether significant differences in terms of memory abilities
were present when ants were tested with fresh samples (urine
never used in a test) or re-used one (used for at least another
test). Ants tested with re-used samples did not perform differently
from ants tested with fresh samples (linear mixed model—LMM:
stimulus x sequence: F=1.20, d.f. =2, p>0.1).

(d) Chemical analysis

Odour emitted by the urine of mice used in the behavioural
experiments were characterized using chemical analysis. A
filter paper (1 cm?) soaked with urine was inserted in a 15 ml
glass vial and placed at 37°C using a water bath. A SPME fibre
(50/30 DVB/CAR/PDMS, Supelco) was introduced through
the PTFE/silicone 9mm cap of the vial for 50 min [12,18].
After that, the fibre was immediately inserted into an Agilent
Technologies 7890A gas-chromatograph, equipped with a HP-
5MS GC column (30 m x 0.25 mm x 0.25 pm, Agilent Technol-
ogies, Les Ulis Cedex, France). The carrier gas was helium
(1 mlmin™!), and the injection was splitless (250°C). The oven
temperature was programmed at 40°C for 5 min, then increased
to 220°C at 7°C min ™" and to 300°C at 15°C min~" and was held
for 3 min. The GC was coupled with a 5975 C Inert XL mass-
spectrometer (Agilent Technologies). Mass spectra were recorded
with electron impact ionization at 70 eV. Peak areas were inte-
grated with MSD ChemStation software version E.02.01.1177
(Agilent Technologies). Peaks were identified by comparing
their ion spectrum to the NIST library (NIST v2.2, 2014) and to
standards injected with the same temperature program (benzyl
alcohol, acetophenone, nonanal, dodecane, decanal, all from
Sigma Aldrich, Saint-Louis, MO, USA).

(e) Statistics

(i) Behaviour analysis

Data were analysed using R software (v. 4.0.0) [19]. Significance
was fixed at a=5%. All data were analysed using LMMs (Imer
function from the package Ime4) [20]. Normality of dataset was
obtained either with log function (for the conditioning dataset)
or with square root transformation (for the memory tests data-
set). The identity of the ants and the colony were included as
nested random factors.

Acquisition. We analysed the effect of the number of con-
ditioning trials (factor trials) on the dependent variable time
(continuous variable, the time to find the reward). We analysed
the effect of the conditioning odorant (factor with two levels,
tumour-bearing mice or sham mice). We also looked at the inter-
action conditioning odorant x trials to detect possible differences in
ants’ responses depending on the odorant used.

Memory tests. First, we checked whether ants spent more time
near the tubes with odours than near the control unscented tubes
by analysing the effect of the independent variable presence of
odour (factor with two levels, yes or no) on the dependent vari-
able time (continuous variable, the time spent near the odorant
vials or the unscented ones). Then, in all experiments, we ana-
lysed the effect of the independent variable stimulus (factor
with two levels, CS or N) on the dependent variable time (con-
tinuous variable, the time spent in the vicinity of a stimulus)
during the three memory tests. Finally, we analysed the
memory tests separately for each stimulus origin (tumour or
sham stimulus).

(i) Chemical analysis

The areas of 49 regularly occurring peaks were standardized by
calculating the In (P;/g(P)) [21], where P; is the area of a peak and
g(P) is the geometric mean of all the peak areas of the individual.
On these variables, we run a principal component analysis (PCA)
(electronic supplementary material, table S3) and compared the
scores of the first two principal components (PCs) (PC1, explain-
ing 45.57% of the total variance, and PC2 that account for
29.90%) between groups (urine of tumour mice versus sham
mice) using Wilcoxon’s rank sum test.

We then calculated the chemical distance of each tumour
sample from the centroid of the sham group and we tested
whether this distance could be correlated to the size of the
tumour.

3. Results

(a) Ants can associate the odour of mice urine with a

food reward

We conditioned half of the ants (N =35, Ny =70) with the
urine of tumour-bearing mice and the other half with urine
of healthy, sham-treated mice. During the acquisition phase,
the ants learned the two different stimuli (urine from
tumour mice and from sham mice) in a similar way, as
shown by the absence of any significant conditioning odorant x
trial interaction (p > 0.1). The time spent by the ants to find
the reward decreased significantly across the three training
trials (p<0.001, electronic supplementary material, table
S1). This suggests that ants learned that the urine odour
(CS) predicted the sucrose reward (figure 34). Memory tests
without reward were then performed to assess if ants could
recognize the learned urine type (tumour or healthy).

(b) Ants can differentiate tumour-bearing mice from
healthy ones after a rapid learning phase

Ants spent more time near the odorant tubes than near the
unscented ones (p <0.001), indicating that ants were not con-
ditioned to the presence of a tube (visual cue), but to the
odour. When focusing on the time spent near the tubes
with odours, ants conditioned with the urine of tumour
mice as CS and ants conditioned with the urine of healthy
mice as CS behave similarly, as shown by the absence of sig-
nificant stimulus x conditioning odorant interaction (p>0.1,
f*=0.02). During the memory tests, ants spent more time
near the CS odour than near the N odour independently of
the odour used during conditioning (p<0.001, f*=0.49,
figure 3b). Analysing the two different subsets of data separ-
ately gives similar results (ants conditioned with tumour
odour: N=35, p=0.001; ants conditioned with healthy
odour: N=35, p=0.006, electronic supplementary material,
table S2). These results indicate that ants are able to detect
whether mice were sick (presence of a tumour) or healthy
based solely on the odour of their urine. In our study, we
used a total of 70 ants. As shown above, however, 35 ants
are enough to reveal a significant difference between the
tumour and tumour-free samples. Based on our results, the
minimal number of ants needed is even lower. Indeed, 24
(exact number 23.473) appears to be the minimal number of
ants required (power analysis with the following parameters:
power =0.9, Cohen’s f2 =049, d.f. =1, significant level = 0.05).
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Figure 3. Ants’ performances during acquisition and memory tests in an appetitive conditioning experiment with urine of mice as odour stimulus. (a) Ants were
conditioned to associate the odour of mice urine (N = 70) either from the tumour group (N = 35) or from the sham group (N = 35) with a reward (sugar solution
309%). The graph shows the time needed by the ants to find the reward in the circular arena (figure 1). Three conditioning trials were done with an inter-trial interval of
3 min. Significant differences between conditioning trials are indicated with different letters. (b) Time spent by individual ants in the vicinity of each stimulus during the
memory tests (circle: conditioned stimulus, CS area; square: novel odour, N area). Circles and squares represent the mean while error bars show confidence intervals
(95%). Significant differences between stimuli are noted with asterisks (***: p < 0.001). See also the electronic supplementary material, figure S2.

(c) Discrimination based on urine volatile organic
compounds

To investigate the cues used by ants to differentiate the tumour
mice from the healthy ones, we analysed the urine composition
with SPME coupled with GC-MS. The two groups of mice
(tumour-bearing and healthy) can be discriminated using
PCA. Six PCs with eigenvalues greater than 1, explaining
together more than 90% of the total variance (electronic sup-
plementary material, table S3) were used for discrimination.
The first two PCs accounted for 75.46% of the total variance
(electronic supplementary material, table S3). The two
groups (tumour and sham group) are statistically different for
the scores of the PC2 (Wilcoxon’s test, p <0.05), but not for
PC1 (Wilcoxon’s test, p > 0.1). Indeed, in the plot of the first
two PCs, the confidence ellipses are partially overlapping
each other (electronic supplementary material, figure S1). In
particular, the samples from two tumour individuals (#11 and
#15) are similar to those from the sham group. We thus inves-
tigated whether this could be linked to the size of the tumour.

In fact, mice #11 and #15 were the individuals with the
smallest tumours (respectively, 405mm’® and 196 mm?,
mean tumour size 554.83 mm?>; table 1). We then reanalysed
the data considering a group of mice with small tumour
(below the mean size), and a group with big tumours
(above the mean size, table 1). With these new categories,
the samples of mice with the big tumours are very well sep-
arated from those of the sham individuals (figure 4a;
Wilcoxon’s test, PC2: p <0.01).

Using the first six PCs (greater than 90% of the total
variance, electronic supplementary material, table S3), we
calculated the chemical distance (Euclidean distance) of
each sample of tumour-bearing mice from the mean
coordinates (centroid) of the samples of the sham group
(figure 4b). We found a strong link between the size of the
tumour and chemical distance from the sham group: the
larger the size of tumour, the greater the distance from the
sham group (r=0.73, p<0.1), although the p-value shows
only a tendency given to the sample size (N=6).

Identification of the detected peaks can be seen in the elec-
tronic supplementary material, table 54.

4. Discussion

We demonstrate that ants are able to learn to associate a
complex blend of odours with a reward, after only three con-
ditioning trials. This simple and fast conditioning protocol
allowed Formica fusca ants to discriminate tumour-bearing
PDX mice from tumour-free PDX mice in unrewarded tests.
This discrimination is based on the odour of the urine of
mice altered by the presence of a tumour. Using chemical
analysis, we also demonstrate that the larger a tumour is,
the more different the odour of the bearing individual is
from that of the control.

Formica fusca ants are fast learners and show impressive
memory abilities after only three associations between an
odour and a reward. Such learning abilities were already
described in this species [11], but also in other ant species, like
Lasius niger [22], Camponotus spp. [23-25] and Linepithema
humile [26,27]. Odours used in these studies were pure com-
pounds (e.g. hexanal) or odour blends (e.g. food flavouring),
which could be ecologically relevant for ants, as they were
based on floral or fruit odours. In our previous study focused
on learning of cancer-related odours by ants [12], F. fusca ants
were able to associate the odour of cultured human cancer
cells (IGROV-1, MCF-7, MCF-10A or MDA-MD-231) with a
reward. Obviously, cancer cells are not ecologically relevant
for ants, but many animals are known to be able to learn olfac-
tory stimuli that are not present in their natural environment,
such as drugs or explosives, given the right incentive [28]. In
our previous study on cancer odours, we showed that ants are
able to discriminate a cancerous cell line from a healthy one,
and a cancerous cell line from a different cancerous cell line.

PDX mice established with human breast tumours are a
step forward in clinical cancer detection and represent an
even more complex task for bio-detection as (i) the odour
used as stimulus is not directly extracted from the cancer
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Figure 4. Chemical differences induced by the tumour presence in mice. (a) Visualization of the categorization of the urine samples using the first two PCs,
explaining 75.46% of the total variance. Ellipses represent the confidence interval (0.95). The individuals with large tumour (red) are very well separated from
the sham individuals (black). The ones with small tumour (green) are between the two other groups. (b) Relationship between tumour size of mice and chemical
distance of their urine samples from those of the sham group. Estimated tumour sizes (x-axis) are plotted against the chemical distance of each tumour sample from
the centroid of the sham group (y-axis). Data are highly correlated (Pearson correlation test, r=0.73, p < 0.1).

cells, (ii) tumours are not composed of a single cell type and are
therefore heterogeneous and (iii) cancer cell odours might be
overshadowed by the body odours of individuals or altered
when passing from the local micro-environment of the
tumour tissue to the body fluids used as conditioning stimulus
(e.g. blood, exhaled breath, faeces, sweat or urine). Despite all
this complexity, ants reliably discriminated tumour-free urine
samples (Sham group) from tumour-carrying ones (Tumour
group) independently of the odour used during conditioning.

Our chemical analysis based on the volatiles emitted by
urine, showed that odour samples from the tumour group
are chemically different from those of the sham group, and
that this difference is correlated to the size of the tumour
(the larger the tumour, the more dissimilar the odour of the
mouse is from the control). In this study, we used urine from
mice with a well-developed tumour (few days before the ethi-
cal sacrifice) as odour stimuli. We noted that the level of
alteration of the mice odour was linked to the development
of the tumour. Based on our chemical analysis, we found
that some tumour-bearing individuals were similar to the
sham ones. This does not mean that ants were not able to

discriminate the small tumour individuals from the sham
ones, as ants are able to detect compounds at a very low con-
centrations [29]. During our behaviour tests, we randomly
assigned each ant to the odour of three different mice during
the conditioning, and six other mice during the memory
tests (three from the conditioned group and three from the
other group). In this way, ants could not rely on the possible
individual odour of a given mouse. However, this experimen-
tal plan was not designed to quantify the impact of a weak
stimulus (a small tumour) on the ant performances. It would
be interesting to test the olfactory abilities of ants using only
small and similar sized tumours, in order to find their detec-
tion threshold. From a clinical point of view, the optimal
conditioning protocol would have the shorter delay possible
between the screening and the result. As a first approach for
this question, we analysed separately the results of the tests
involving only the small tumours and the tests involving
only the large tumours. Independently of the order of presen-
tation, among the 210 tests performed (70 ants x 3 tests), 74
tests involved the smallest tumours (mice #11 and #15, respect-
ively, 405 mm°® and 196 mm?®; table 1), and 136 tests involved
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the largest tumours (mice #12, #13, #14 and #16). No significant
stimulus*size interaction was found (LMM: p=0.5179, F=
0.4189), indicating that the response of the ants was similar
between the two groups. We also performed post hoc tests
and found that, both for the memory tests involving small
tumours and for those involving large tumours, ants
were able to discriminate the smell of tumours from the con-
trol (LMM: p=0.0048, F=8.17 and p=0.0018, F=9.85,
respectively; electronic supplementary material, figure S3).

A limitation of our study is that the odours we used may
not represent the wide diversity of cancer odours that exists
in nature. We trained ants using mice from the same lineage,
which were reared on the same controlled diet and received
the same PDXs. In a real-life situation, confounding factors
such as age, diet, condition or stress may contribute to the
inter-individual variability of individual body odours [30].
These factors have been used as criteria for the exclusion of
patients in VOCs studies [31]. Future work should thus
explore how resilient ants’ abilities to discriminate cancer
odours are, particularly when they are confronted with a
wider diversity of odours and higher levels of background
‘noise’, for instance using mice with varying genetic origins,
diets, etc. Furthermore, it would be interesting to investigate
if and how F. fusca ants generalize a learnt odour. These ants
are able to discriminate cancer cell lines (e.g. breast and ovar-
ies) from each other [12] and could potentially do the same
using urine as a source of odour. One could then have ants
specialized for the detection of breast cancer, and other ants
specialized for ovarian cancer (or in principle any other kind
of cancer). The exact composition of the biomarkers emitted
by cancer cells is still being investigated and, so far, a clear con-
sensus has not been reached [32], mostly due to the lack of
standardization during the sample collection process. Further
experiments will reveal whether ants can generalize to all
kinds of cancer once trained using a single cancer odour or not.

In this study, we demonstrated that ants can detect cancer
in a whole organism. How could this protocol be
implemented in a real-life screening situation? First, we can
note that the conditioning/testing method is simple to
implement and only requires about 3 days of training to be
correctly performed by a naive experimenter. Concerning
the conditioning time, on average, approximately 10 min
are required to condition a single ant. When adding the
three memory tests (performed 15 min after the condition-
ing), one ant can provide the first discriminating results
after approximately 37 min. As reported above, a minimum
of 24 ants is needed to reveal a statistical difference between
tumour and tumour-free samples. To condition and test these
ants, approximately 15 h of work are generally needed.

As the memory of ants can be updated with a rewarded
trial, the conditioning time needed between two patients
would be lower than 15 h. This total time could be further
reduced, as we previously demonstrated that F. fusca ants
have the ability to learn the association of a simple odour
stimulus with a reward after a single presentation [11]. We
aim at testing this single-trial ability using complex cancer-
related odours. Furthermore, more than three tests could
potentially be performed by the ants before they need an
update of their memory. Indeed, these ants proved to be
resistant to memory extinction: after a single conditioning
trial, they could be tested up to nine times [11].

Given that the presence / absence of the disease will be
unknown in a real screening test, two tests could be performed

for one patient. First, the patient sample (cancer state unknown
and to be determined) would be facing a well-known cancer
sample. If ants make the difference between the two samples,
it would suggest that the patient is cancer free. If the ants do
not make the difference, it would indicate that both samples
are similar, meaning that the patient might be bearing a
tumour. To confirm this result, a second test would be per-
formed, in which the patient sample would be facing a well-
known healthy sample. Here, if ants do not express a preference
for a sample over the other, it would confirm that the patient is
cancer free. If the ants make the difference during this second
test, it would suggest that the patient might be bearing a
tumour. The coherence of the results in both tests would be
an important criterion before proposing further medical diag-
nostic tests. If the results are not coherent, the two tests should
be repeated, up to three times.

Finally, would it be possible to train not a single ant at a
time, but hundreds of individuals at the same time? Social
insects (such as ants and honeybees) live in colonies, and
communication is essential for them [33]. It was demon-
strated that one trained honeybee could transfer a learned
association to a naive bee when their antennae were in
contact [34]. Studying how information are shared among
nest-mate ants could provide an exponentially faster con-
ditioning method if cancer-related odours are shown to be
successfully shared within the colony.

In this first study, combining olfactory abilities of ants and
the use of body fluids from human tumours in PDX mice, we
found that ants can be used as bio-detectors, as they reliably
discriminate healthy individuals from tumour-bearing ones,
and vice versa. It is worth noting that human tumours
retain their characteristics (heterogeneity, relative proportion
of cells and genomic architecture) when grafted on mice
[13]. Although promising, this study is a proof of concept.
Our method needs further validations using different
tumours/cancer types and, most crucially, samples of direct
human origins, before being considered suitable as a routine
test for cancer screening. All this considered, ants show
the potential to become a fast, efficient, inexpensive and
non-invasive tool for detection of human tumours.
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