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Deficiency in essential omega-3 polyunsaturated fatty acids (PUFAs),
particularly the long-chain form of docosahexaenoic acid (DHA), has
been linked to health problems in mammals, including many mental
disorders and reduced cognitive performance. Insects have very low
long-chain PUFA concentrations, and the effect of omega-3 deficiency
on cognition in insects has not been studied. We show a low omega-
6:3 ratio of pollen collected by honey bee colonies in heterogenous
landscapes and in many hand-collected pollens that we analyzed. We
identified Eucalyptus as an important bee-forage plant particularly
poor in omega-3 and high in the omega-6:3 ratio. We tested the
effect of dietary omega-3 deficiency on olfactory and tactile associa-
tive learning of the economically highly valued honey bee. Bees fed
either of two omega-3–poor diets, or Eucalyptus pollen, showed
greatly reduced learning abilities in conditioned proboscis-extension
assays compared with those fed omega-3–rich diets, or omega-3–rich
pollen mixture. The effect on performance was not due to reduced
sucrose sensitivity. Omega-3 deficiency also led to smaller hypophar-
yngeal glands. Bee brains contained high omega-3 concentrations,
which were only slightly affected by diet, suggesting additional pe-
ripheral effects on learning. The shift from a low to high omega-6:3
ratio in the Western human diet is deemed a primary cause of many
diseases and reduced mental health. A similar shift seems to be oc-
curring in bee forage, possibly an important factor in colony declines.
Our study shows the detrimental effect on cognitive performance of
omega-3 deficiency in a nonmammal.

fatty acids | alpha-linolenic acid | Apis mellifera | associative conditioning |
proboscis extension response

Omega-3 and omega-6 fatty acids are two families of poly-
unsaturated fatty acids (PUFAs). Fatty acids (FAs) are

important in structuring membrane lipids, and, because these
PUFAs cannot be synthesized by higher animals, they must be
acquired in the diet (1). Alpha-linolenic acid (ALA) (C18:3n-3)
and linoleic acid (LA) (C18:2n-6) are the major omega-3 and
omega-6 FAs, respectively. ALA is found in seeds, oils, and
pollen. Some fish and other sea life also contain longer chain
omega-3 FAs, eicosapentaenoic acid (EPA) (C20:5n-3) and
docosahexaenoic acid (DHA) (C22:6n-3). Long-chain omega-3
PUFAs are major constituents of mammalian brain, and de-
ficiency in these PUFAs, coupled with a high omega-6:3 ratio, is
associated with many diseases and neurological disorders (2, 3).
Because long-chain PUFAs occur in very low concentrations in
insects (4), and Drosophila have been found to lack the necessary
enzymes to synthesize them (5), insects have not been considered
good models for studying the effect of omega-3 deficiency on
cognitive performance. Nevertheless, a few studies have addressed
this issue in insects, mainly inDrosophila, concluding that, although
human and fly brain differ in long-chain FAs, lipids and lipid sig-
naling are to a large extent conserved and important for the neu-
ronal health of Drosophila (6).
Bees provide crucial pollination services that support our food

security, enrich our diet’s nutritional value, and are highly valued
economically (7). These services are threatened worldwide by
declining populations of pollinators, including the all-important
honey bee. Malnutrition is emerging as one of the leading sus-
pected culprits for declining bee populations, and for the plight
of the honey bee in particular (7–10). Bees require nectar, their

main carbohydrate source, and pollen, which provides proteins,
lipids, vitamins, and minerals (11). Malnutrition may be due to
low pollen quantity, quality, or diversity, a condition that is ag-
gravated in agricultural monocultures (12–14), and in green-
houses (15). Malnourished bees have smaller hypopharyngeal
glands (HPGs) (a source of queen and worker jelly) (9, 16), are
more susceptible to deformed wing virus (16), are less tolerant to
parasitism by Nosema ceranae (9), are more vulnerable to pes-
ticides (17), have a compromised immune system (18), and have
a shorter lifespan (19). Whereas diet quality is affected by amino
acid content and composition, proteins alone cannot explain
some of the effects of diet on bee health and colony functioning
and deficits in additional nutritional factors: specifically, lipids
are suspected (9). ALA and LA are generally considered essential
fatty acids (eFAs) for most insects (20, 21), including bees (22).
Pollens of different plant species vary greatly in lipid con-

centration and in the composition of FAs, including ALA and
LA (23). In a diverse habitat, colonies tend to collect pollen from
a variety of sources (24). But in disturbed habitats and extensive
agricultural monocultures, the breadth of the diet is reduced
(25), and bees may suffer from a deficiency of eFAs. Proper
functioning of a honey bee colony relies on adequate production
of young bees and on integration of many behaviors requiring
sophisticated cognitive abilities.
In the present study, we tested the effect of omega-3 dietary

deficiency on the development of honey bee HPG and on the
performance of bees in olfactory and tactile learning. Colonies
were fed one of four artificial diets, two rich in omega-3 and two
poor in omega-3. We found that omega-3–poor diets mainly
reduced omega-3 levels in the body, and only slightly in the brain,
and reduced HPG size. Omega-3 dietary deficiency greatly reduced
performance in both olfactory and tactile associative learning as-
says. Our results show the influence of dietary omega-3 on cogni-
tive performance in a model insect. Furthermore, we show a low
omega-6:3 ratio of many wild flowers and of pollen collected by
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honey bee colonies, but a higher omega-6:3 ratio of some increasingly
dominant cultivated plants, specifically almond and Eucalyptus. In a
Petri dish experiment, olfactory associative learning of bees fed 1 wk
on Eucalyptus pollen was greatly reduced. The reduction in omega-3
in modern human diet is deemed the most important global factor
responsible for increased incidence of disease (2, 26). Likewise, our
findings suggest that omega-3 deficits in bee nutrition, due to the
limited diversity of pollen availability in transformed landscapes,
may play a major role in decreased bee health and colony collapse
disorder (CCD).

Materials and Methods
More detailed methods are provided in SI Materials and Methods.

Bees and General Procedure—Experiments 1 and 2. Honey bee colonies were
placed separately in netted enclosures. The hives were placed inside the
enclosures for a week without additional food to finish their pollen reserves.
Then, each hive foraged from a dish in the enclosure that contained 30 g of a
specific diet every day, and leftover food from the day before was removed
and weighed. Each hive had inside the enclosure ad libitum access to 50%
sucrose solution and fresh water.

Diets. We used four powder diets based on toasted soy flour, which is rich in
proteins and poor in omega-3 fatty acids (Tables S1 and S2). The omega-3–poor
diets included corn or sesame oil, which are poor in omega-3. One of the
omega-3–rich diets included an oil mixture, with also sage and flax oils, which
are rich in omega-3. Another omega-3–rich diet included a pollen mixture in-
stead of vegetable oils. All diets included some pollen as phagostimulant.

Experiment 1. We used 19 hives, five replicates for treatments corn, sesame,
and pollen, and four replicates for the oil mixture treatment.

Olfactory Proboscis Extension Response Conditioning. Associative learning
experiments were performed according to our standard proboscis extension
response (PER) protocols (27–29). Thirty-five bees were taken from every hive
each day of the experiment, 6 wk after the beginning of diet feeding. Bees
were strapped into sectioned hollow plastic straws. After 45 min, bees were
fed 1 μL of a 50% wt/wt sucrose solution. After one more hour, we tested
the appetitive motivation of the bees. We touched the antenna of each bee
with a cotton swab soaked in a 51.3% (wt/wt) (1.5 M) sucrose solution (but
without feeding the bees). Bees that did not respond with proboscis ex-
tension were removed from the experiment; 79% of bees were motivated,
regardless of treatment (χ23,889 = 3.9, P = 0.27). The experiment continued
with 20 motivated bees, 5 from each treatment.

Bees were moved one at a time into position in front of an odor source. The
odor was delivered for 4 s over the bee’s antennae, followed by a reward for 3 s
together with another 3 s of odor. Each bee was exposed to two odors in 12
conditioning trials, six to each odor, with an intertrial interval of 8 min. One
odor was associated with a positive reward (odor A), and the other odor with a
negative reward (odor B), in a pseudorandom sequence ABBABAABABBA. The
two odors were benzyl acetate and geranyl acetate, and their role as odor A or
B was balanced across subjects. In trial A, bees received 0.4 μL of a 51.3% su-
crose solution as a positive reward (US+), administered by a Gilmont micro-
syringe. In trial B, the negative reward consisted of touching the antennae with
a cotton swab dipped in a 2-M NaCl solution.

Memory of conditioned stimuli (CS) was tested after 24 h in two trials. Each
beewas presented on the first and second trials, respectively, with the positively
or negatively associated CS. A correct response was defined as extending the
proboscis in the first trial and not extending it in the second trial. After the
second trial, the bee was fed sucrose solution as a test of appetitive motivation,
and only bees that responded with proboscis extension were included in the
statistical analysis.

Experiment 2. After the large effects we observed in experiment 1, we
conducted a second experiment in which we controlled additional factors. In
experiment 2, we tested marked bees of known age, we assessed the sucrose
sensitivity of subjects before conditioning, and we tested both olfactory and
tactile learning. We tested a total of eight colonies, two replicates per diet
treatment.

Marked Bees. In experiment 1, we collected unmarked bees from the brood
area, presumably nurse bees. To control for a potential effect of diet on the
age of nurses, in experiment 2, we placed combs with sealed brood in an
incubator and marked emerging bees up to 1 d old. We took combs from

outdoor colonies so that the bees developed in well-nourished colonies. We
could thus assess the effect of diet in experiment 2 specifically on adult bees.
We added marked bees to each of the experimental hives and collected them
from middle combs after 4 wk for the olfactory learning test, and after two
more weeks for the tactile learning test; no marked bees were seen foraging.

Sucrose Sensitivity in Learning Performance. When sucrose is the reward,
learning performance is correlated with the sucrose sensitivity of subjects
(30). To control for a possible effect of diet on sucrose sensitivity, which
would only indirectly affect learning, in experiment 2, we first assessed the
sucrose responsiveness of every subject. In place of the motivation test with
51.3% sucrose solution, we tested the response to being touched in the
antennae by an ascending concentration of sucrose solution: 0%, 0.1%, 0.3%,
1%, 3%, 10%, and 30%. Each bee received a sucrose response score between
0 and 7, representing the total number of trials in which the bee extended
the proboscis to the sucrose stimuli. Modifying the technique of Scheiner et al.
(30), based on this score, we determined the sucrose concentration of the
positive reward in the subsequent olfactory and tactile PER assays (Table S3).

Olfactory PER Conditioning. The olfactory PER conditioning test in experiment
2 was the same as that in experiment 1, except that we tested bees of known
age (4 wk old) and bees were rewarded with sucrose solution concentrations
according to their sucrose responsiveness.

Tactile PER Conditioning. The tactile PER conditioning test was similar to the
olfactory PER conditioning one and was conducted 2 wk after the olfactory test.
We first determined the sucrose responsiveness of 6-wk-old marked bees, from
which the sucrose concentration of the reward for each subject during sub-
sequent tactile PER conditioningwas determined. In this test, beeswere exposed
to a positively reinforced tactile stimulus for six trials; there was no CS associated
with a negative reinforcement. The CSwas touching the bee’s antennae with a
4 × 4-mm-square piece of black sandpaper connected to the tip of an iron
rod. We touched both antennae of each bee for 5 s, followed with a reward
of 0.4 μL of the appropriate sucrose solution. We noted whether the bee ex-
tended its proboscis during the 5-s presentation of the CS.

Fatty Acid Analysis: Body, Brains, and Pollen. All bees were frozen at −20 °C
immediately after the learning experiment ended. Pollen was collected fresh
from flowers and similarly frozen. Before analysis, samples were freeze-
dried in a lyophilizer and then transmethylated in methanol with 1% HCl
and with C17 as internal standard. Fatty acid methyl esters (FAMEs) were
extracted in organic phase with hexane and injected into an FID Agilent
7890A GC. Each bee body was analyzed individually, including the brain for
the first experiment, and excluding the brain for the second experiment. Bee
brains were dissected and pooled; each sample included 20 brains in the first
experiment and 12 brains in the second.

Hypopharyngeal Gland Measurements.Wemeasured HPGs only in experiment 1;
we analyzed twobeesper colony. HPGswere removed fromeach bee and gently
placed on a microscope slide in a drop of distilled water. We measured the
perimeter and the length of their minor axis length, which we refer to as di-
ameter, of five neighboring acini per bee.

Experiment 3.After the effects we observed with artificial diets, we tested the
effect on olfactory PER conditioning of feeding on Eucalyptus pollens. Due to
the limited availability of pollen, we developed a Petri-dish protocol. Five 1-d-old
bees were placed inside 9-cm-diameter Petri dishes with filter paper on the
bottom to absorb excrements. Each dish contained three 1-mL Eppendorf tubes
that supplied ad libitum diet, honey, or water, respectively. Dishes were kept in
an incubator (34 °C, 50–60% humidity) for 1 wk, and then bees were tested in
olfactory PER conditioning as in experiment 1 (but without the 24-h memory
test). To test the validity of this protocol, we first ran an experiment in which we
compared the four diets tested in experiments 1 and 2 (Table S4). We then ran
an experiment in which diets consisted of powdered bee-collected pollen pellets
of Eucalyptus ficifolia or Eucalyptus camaldulensis, which are poor in omega-3,
and mixed pollen pellets, rich in omega-3 (Table S5).

Statistical Analyses. The effect of diet on FAs in bee brains and bodies was
tested by ANOVA on arcsin square root-transformed proportions, to meet
ANOVA requirements. The effect of diet onHPG sizewas tested by ANOVAon
themean size of five acini per bee. The effect of diet on learning performance
was tested by ANOVA onΔPE index (29), consisting of the difference between the
sum of responses during the last three trials to the CS+ and to the CS−, when
learning curves reach asymptotic values. ANOVA also compared responses during

15762 | www.pnas.org/cgi/doi/10.1073/pnas.1517375112 Arien et al.
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the last three US+ trials. Differences in correct responses during the memory
phase were analyzed by χ2 (likelihood ratio) test. Distribution of sucrose sensitivity
scores did not meet requirements of parametric tests and were therefore tested
by the Kruskal–Wallis test. All statistics were done using JMP v. 10 (SAS Institute).

Results
Diet Collection and Effect on Hypopharyngeal Glands. There was no
difference between diets in the amount collected by foragers
(F3,23 = 0.95, P = 0.43) (Fig. S1), with colonies collecting a mean
6.2 g of diet per day. We measured HPG size mainly as an in-
dependent physiological measure of an effect of our diets. Di-
etary treatment affected gland diameter (Fig. 1A) (F3,34 = 4.58,
P = 0.009) and perimeter (F3,34 = 5.65, P = 0.003). In particular,
glands of bees fed an omega-3–rich diet were larger (diameter,
F1,34 = 11.1, P = 0.0021; perimeter, F1,34 = 15.5, P = 0.0004) than
those fed an omega-3–poor diet. None of our treatments sup-
ported much development of sealed brood, possibly due to high
levels of soy flour in all diets, or other factors related to the
conditions in the enclosures. Nevertheless, because reduced
HPGs affect the ability of nurse bees to raise brood, with det-
rimental effects for colony development, our results suggest that
omega-3 deficiency would hinder colony development.

Total Fatty Acids in Brain and Body. Total fatty acid (TFA) percent
of sample dry weight was greater in bee brain than body in ex-
periment 2 (Fig. 1B) (F1,102 = 124.5, P < 0.0001); in experiment 1,
we lost some brain fat tissue during lyophilization and thus
could not calculate this measure. However, honey bee brains
were less rich in FAs compared with mammalian brains, with
FAs constituting about 50% of dry matter (31, 32). TFA percent
was not affected by diet treatment in either body (experiment 1,
F3,36 = 2.46, P = 0.078; experiment 2, F3,92= 0.44, P = 0.72) or
brain (experiment 1, F3,15 = 0.13, P = 0.94; experiment 2, F3,4=
0.21, P = 0.88). The main FAs in bees were the saturated pal-
mitic acid (PA) (16:0) and stearic acid (SA) (18:0), the mono-
unsaturated oleic acid (OA) (18:1n-9), and the two essential
PUFAs, LA and ALA (Table S6). Concentrations of these FAs,
as well as of many lesser ones, differed between brain and body
tissue (Table S6). These main FAs in bee bodies constituted
89.2% of TFA, averaged over all treatments, and were similar to
those reported by Haddad et al. (33), averaged over three older
age-classes of worker bees, for bee thorax (94.0%) and abdomen
(90.8%), which constitute most of the weight of the bee. In bee
head, Haddad et al. (33) found that gamma-linolenic acid (GLA)
(18:3n-6) constituted 12.8% of TFA. Interestingly, Drosophila
lack GLA in their heads (6, 34). We found only 0.24% GLA in
bee brains, suggesting that most GLA in bee heads is in nonbrain
tissue. GLA was more rare in the thorax (0.17%) and abdomen
(1.5%) in that study (33), and we did not detect it in bee bodies.
We found low concentrations of eicosatrienoic acid (ETrA)

(C20:3n-3 cis) in bee brains and bodies (Table S6). The consistency
of this finding between the many samples and the tendency for
greater concentrations in brains than in bodies increase our con-
fidence in the presence of this omega-3 FA in bees. This finding
also supports the hypothesis that C20 polyunsaturated FAs are
present in most insects, but in very low concentrations, sometimes
just around detection level (4, 35).

Brain and Body Essential Fatty Acid Composition. The percentages of
omega-3 and omega-6 of total FAs in bee bodies and brains were
similar in the two experiments (Fig. 1 C–F and Table S6). Di-
etary treatment affected percent omega-3 in bee bodies (Fig. 1C)
(experiment 1, F3,36 = 4.58, P = 0.0081; experiment 2, F3,92 =
88.8, P < 0.0001). In particular, omega-3 levels were greater in
bodies of bees fed an omega-3–rich diet (oil mixture or pollen)
relative to those fed an omega-3–poor diet (corn or sesame)
(experiment 1, F1,38 = 12.3, P = 0.0012; experiment 2, F1,94 =
110.9, P < 0.0001). Omega-3 levels in bee brains (∼30%) were
much greater than in bee bodies (∼4–9%), and stable; ANOVA
showed no difference between dietary treatments (Fig. 1D)
(experiment 1, F3,15 = 0.50, P = 0.69; experiment 2, F3,4 = 1.36,

P = 0.37). However, in both experiments, omega-3 levels in
brains were slightly greater in both omega-3–rich diets than in
the omega-3–poor diets. Permutation analysis showed that the
chance of such a pattern occurring by chance is 0.028. This
finding suggests that the honey bee brain is a primary sink for
omega-3, maintaining a high proportion of this eFA, which may
be only slightly affected by diet.
Dietary treatment also affected percent omega-6 in bee bodies, but

to a lesser degree than omega-3 (Fig. 1E). There was no significant
difference between the four treatments in experiment 1 (F3,36 = 2.59,
P = 0.068), but omega-6 levels were lower in bodies of bees fed an
omega-3–rich diet relative to those fed an omega-3–poor diet (F1,38 =
7.83, P = 0.008). In experiment 2, there was a significant treatment
effect (F3,92 = 3.95, P = 0.011), specifically with corn having higher
levels than sesame and oil mixture. There was no consistent effect
between the omega-3–rich and omega-3–poor diets (F1,94 = 0.0914,
P = 0.76). Opposite to the pattern of omega-3, omega-6 levels in bee
brains (∼5%) were lower than in bee bodies (∼17–27%) and did not
differ between treatments (Fig. 1F) (experiment 1, F3,15 = 1.15, P =
0.36; experiment 2, F3,4 = 0.62, P = 0.64).

Olfactory PER Conditioning. In experiment 1, bees quickly learned
to respond to the CS+ and not to the CS− (Fig. 2A). Learning
performance differed between the diet treatments (F3,392 = 91.0,
P < 0.0001), with bees fed the omega-3–poor diets responding
less to the CS+ relative to those fed the omega-3–rich diets
(F1,394 = 282, P < 0.0001). Bees from all diet treatments
responded to the US+ in almost all trials, yet performance dif-
fered statistically between treatments (Fig. 2B) (F3,392 = 4.69,
P = 0.003), with lesser response for bees fed the omega-3–poor
diets relative to those fed the omega-3–rich diets (F1,394 = 13.6,
P = 0.0003). The following day, treatments differed in how well
they discriminated between the CS+ and the CS− (Fig. 2C)
(χ23,312 = 76.6, P < 0.0001), with bees from the omega-3–rich
treatments scoring higher than those from the omega-3–poor
treatments (χ21,312 = 76.4, P < 0.0001).
To control for a possible effect of diet on sucrose sensitivity, in

experiment 2, we assessed the sucrose responsiveness of subjects

A C E

B D F

Fig. 1. (A) Hypopharyngeal gland perimeter and diameter (short axis) of
bees fed four treatment diets. Horizontal lines compare between diets rich
(Om, oil mixture; Pn, pollen) or poor (Cn, corn; Se, sesame) in omega-3.
Sample sizes were 10 (8 for Om diet) bees per treatment. (B) Total fatty acid
(TFA) percent of sample dry weight of bee body and brain. Numbers at
bottom of bars are sample size; for brains, each sample is a pool of 12 bee
brains. Data not available for TFA% of brains in experiment 1. (C and E)
Percent essential fatty acids of total fatty acids (TFAs) in bee bodies and
(D and F) brains. Sample sizes were 10 or 24 bees per treatment for body
analyses, and five (four for Om diet) samples of 20 bees each or two samples
of 12 bees each for brain analyses, in experiments 1 and 2, respectively.
Different letters represent statistically significant differences between
treatments (Tukey’s test, P < 0.05). **P < 0.01, ***P < 0.001. Error bars
represent SE.
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before PER conditioning. Treatments did not differ in sucrose
sensitivity (Fig. S2A) (χ2 = 1.57, df = 3, P = 0.67), nor did the
omega-3–rich treatments differ from the omega-3–poor ones (χ2 =
0.87, df = 1, P = 0.35). As in experiment 1, performance differed
between the diet treatments (Fig. 2D) (F3,221 = 17.9, P < 0.0001),
with lesser performance for bees fed the omega-3–poor diets rel-
ative to those fed the omega-3–rich diets (F1,223 = 49.9,
P < 0.0001). In experiment 2, subjects were of known age, 4 wk old,
thus showing that these differences cannot be attributed to dif-
ferences in the age of the tested bees. In experiment 1, all subjects
were rewarded with a 50% sucrose solution whereas, in experiment 2,
subjects were rewarded with sucrose solutions of between 0.3%
and 30%, according to their sucrose sensitivity. Learning as-
ymptotes were correspondingly lower, as they are related to the
level of reward (27–29, 36). Response to US+ was similar in the
four treatments (Fig. 2E) (F3,221 = 2.19, P = 0.090), yet bees fed
the omega-3–poor diets responded less relative to those fed the
omega-3–rich diets (F1,223 = 6.30, P = 0.013). The following day,
the four treatments discriminated similarly between the CS+ and
the CS− (Fig. 2F) (χ23,150 = 6.80, P = 0.079), but bees from the
omega-3–rich treatments scored higher than those from the
omega-3–poor treatments (χ21,150 = 4.23, P = 0.040).
In experiment 3, bees fed on the soy-based diets for a week in

Petri dishes, and learning performance was affected as in experi-
ments 1 and 2 (Fig. 3A) (F3,115 = 9.7, P < 0.0001). Bees fed on
omega-3–poor Eucalyptus pollens had poor learning performance
compared with those feeding on omega-3–rich pollen (Fig. 3B)
(F2,194 = 10.9, P < 0.0001). Response to the US+ did not differ
between treatments (soy-based diets, F3,115 = 1.65, P = 0.18; pol-
lens, F2,194 = 1.15, P = 0.32).

Tactile PER Conditioning. To control for the possibility that diet may
have affected olfactory sensitivity, rather than learning ability, we
conducted a tactile PER conditioning test (30). We again assessed
sucrose sensitivity before conditioning and found no effect of
treatment on sucrose sensitivity (Fig. S2B) (χ23 = 1.51, P = 0.68),
nor did the omega-3–rich treatments differ from the omega-3–poor
ones (χ21 = 1.14, P = 0.29).
Tactile PER conditioning results were similar to those of ol-

factory PER conditioning. Performance differed between the diet
treatments (Fig. 2G) (F3,233 = 16.4, P < 0.0001), with lesser per-
formance for bees fed the omega-3–poor diets relative to those fed
the omega-3–rich diets (F1,235 = 42.8, P < 0.0001). Response to
US+ did not differ between the four treatments (Fig. 2H) (F3,233 =
1.74, P = 0.16), but bees fed the omega-3–poor diets responded less
relative to those fed the omega-3–rich diets (F1,235 = 4.42, P =
0.037). The following day, the four treatments did not differ in their
response to the CS+ (Fig. 2I) (χ23,158 = 2.68, P = 0.44), nor did the
omega-3–rich treatments differ from the omega-3–poor treatments
(χ21,158 = 2.31, P = 0.13).

FA Composition of Pollen. Pollens varied in composition of eFAs
(Table 1 and Table S7). We found the highest omega-6:3 ratio in
hand-collected Eucalyptus pollen, similar to that in bee-collected
Eucalyptus pollen (Table S5). FA composition is generally similar
between bee- and hand-collected pollen (37, 38). The Eucalyptus
values are in the range of our corn and sesame treatments. Pollen
of Rosaceae fruit trees was also relatively high in omega-6:3 ratio
(Table 1 and Table S7).

Discussion
FA Composition of Bee Brain and Body Differ. We found a striking
difference between brain and body eFA composition, with high
ALA levels in the brain, possibly slightly dependent on diet.
Whereas, in Drosophila heads, Yoshioka et al. (34) did not find
ALA, Stark et al. (39) found up to about 15% ALA, attributing
the difference between the two studies to differences in diet. In
our study, LA levels in the body depended on diet and ranged
between about 17% and 27%, in agreement with the general
pattern in insects of changing FA composition in response to
changing levels of dietary PUFAs (40). LA levels were around
only 5% in the brain, regardless of diet. The greater variation
around mean values of brain LA levels compared with ALA
levels suggests that brain LA levels may be somewhat less tightly
regulated. Overall, eFA composition in the brain is conserved
relative to the body across taxa and diets (31, 41). In rats, even
extreme omega-3 dietary deficiency results in small (∼5–20%)
changes in brain PUFA composition, in specific brain regions (42).
Bees, like Drosophila, may lack the delta-6/delta-5 desaturases

of the common pathway of elongation of omega-3 FAs, widely
spread throughout eukaryotes (5). However, we found low con-
centrations of ETrA, which is part of the alternative delta-8
pathway, found in some algae and protists, requiring a specific

A B C

FED

G H I

Fig. 2. Performance in olfactory (A–C, experiment 1; D–F, experiment 2)
and tactile (G–I) PER conditioning of bees fed four treatment diets. The first
figure in each row shows learning curves to a positively rewarded condi-
tioned stimulus (CS+; full lines). Different letters represent statistically sig-
nificant differences between treatments (Tukey’s test, P < 0.05). The
olfactory assay included a negatively rewarded conditioned stimulus (CS−;
dashed lines). Bees quickly learned to respond to the CS+ and not to the CS−.
In all three experiments, bees fed omega-3–rich diets (oil mixture and pollen)
learned better than those fed omega-3–poor diets (corn and sesame). The
second figure in each row shows the response to the sucrose reward (US+;
dotted lines). Response percentages were high in all treatments but were
statistically significantly lower in the omega-3–poor treatments. The third
figure in each row shows performance in a memory test 24 h after condi-
tioning; numbers in bars are sample sizes. *P < 0.05, ***P < 0.001.

A B

Fig. 3. Performance in olfactory PER conditioning of bees in experiment 3
fed four treatment diets as in experiments 1 and 2 (A) or pollen pellets of
Eucalyptus or of a bee-collected mixture (B). Lines coded as in Fig. 2.
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delta-9 elongase (43). Possibly, ETrA is produced, not by the
bees themselves, but through their symbionts (44–46).
Associative Learning Affected by Omega-3 Deficiency. The artificial
diets of experiments 1 and 2 allowed us to specifically manipulate
FA composition by using different oils in the sesame, corn, and
oil mixture treatments, while keeping all other ingredients the
same. Experiment 3 extended our study to pollen that is especially
poor in omega-3, but we cannot rule out additional effects of other
nutritional differences, such as low isoleucine in Eucalyptus (11).
We did not find an effect of diet on sucrose sensitivity. Bees from
the omega-3–poor treatments in experiments 1 and 2 (but not in
experiment 3) showed small reduction in response to the US
during PER conditioning, which cannot explain the large reduction
in learning that we found. In the PER assay, large differences in
reward values between the US are necessary for achieving such
large differences in performance (27–29, 36). Mice pups fed an
omega-3–deficient diet, and whose mothers were also fed the same
diet, had reduced sensitivity to sucrose (47). Such an effect is hy-
pothesized to be due to reduced central dopaminergic function,
leading to anhedonia, rather than reduced sensory perception (47,
48). Omega-3 deficiency did not affect synapse density in rat frontal
cortex but greatly reduced dopaminergic vesicle compartments (49).
Dietary omega-3 supplementation restored dopaminergic activity, in
compromised mice that suffered from reduced activity (50), and in-
creased dopamine and serotonin levels in rat brains (51). In insects,
octopamine is the main chemically related biogenic amine that me-
diates the reward pathway of appetitive associative conditioning (52),
specifically by activity of the ventral unpaired median (VUMmx1)
neuron (53). It remains to be tested whether this pathway is com-
promised by omega-3 deficiency in bees and whether other forms of
learning, other than appetitive conditioning, are similarly affected.
Interestingly, as in mammals (31, 42), despite the clear effect of

dietary omega-3 deficiency on learning, diet affected body eFA
composition more than that of the brain. The emerging field of
honey bee nutrigenomics is finding important peripheral (in the
abdomen, not the brain) pathways that are influenced by pollen
diet, such as the insulin/TOR (target of rapamycin) pathway and
the insulin receptor substrate gene, which is associated with for-
aging behavior (54, 55). The nutrigenomics of dietary eFAs effects
on learning remain to be revealed.

Reduced performance in an olfactory appetitive conditioning assay
could be attributed to reduced sensitivity of the antennae, which are
the main chemosensory organ (56). However, we found similar re-
duction in performance in a tactile appetitive conditioning assay (30).
Thus, omega-3 deficiency could not have specifically damaged che-
mosensory receptors. The tactile assay also involved stimulating the
antennae, which include mechanoreceptors on the flagellum and
base of the antennae (56). General damage to antennal sensitivity can
be precluded, however, because the main gustatory receptors are also
found on the antennae (57). Thus, it seems that omega-3 deficiency
mostly affects higher level processing rather than sensory sensitivity.
Performance during memory retrieval of the conditioned ol-

factory stimuli after 24 h largely resembled performance during
conditioning. In tactile conditioning, performance of the control
groups tended to decline. We conclude that omega-3 deficiency
hinders acquisition, but we do not find an effect on early long-
term memory retention (58).

Is the Omega-6:3 Ratio Landscape Changing? Humans have evolved
on a diet consisting of an omega-6:3 ratio of about 1:1. The shift
in the modern Western diet to a ratio of greater than 15:1 is
deemed the most important global factor responsible for in-
creased incidence of disease (2, 26, 59). In heterogeneous
habitat, the omega-6:3 ratio in mixtures of pollen collected by
honey bee colonies has been reported to be usually less than
one, with a mean of 0.32 for 27 samples from three sites, one
each in Poland, South Korea, and China (60), a mean of 0.76
for 16 samples from three sites in Romania (61), 0.77 in a
sample from Florida (62), a mean of 0.87 for 54 samples from
four sites in Israel (22), and 0.08 and 0.41 in the European
pollen batches we used (Table S4). Pollens of most plants vis-
ited by bees have low omega-6:3 ratios (23) (Table 1). However,
areas of diverse natural habitat have generally declined due to
urbanization and expansion of agricultural landscapes, and
these areas have become less heterogeneous (12–14). In mod-
ern beekeeping, colonies are often transported to vast agri-
cultural monocultures for pollination or to exploit honey flows.
For example, colonies are transported for honey production to
forage on Eucalyptus, which is an attractive nectar source (63).
Cultivated Eucalyptus forests have surpassed 20 million hect-
ares worldwide (64), and it is a dominant pollen source for
bees, also where it is an exotic plant (65). However, its pollen is
extremely rich in LA and poor in ALA, with an omega-6:3 ratio
ranging between 5 and 26 (66) (Table 1 and Table S5).
The Rosaceae include important monoculture crops (e.g., almond,

apple, pear), and they are relatively high in the omega-6:3 ratio (23)
(Table 1 and Table S7). In the United States, 60% of all honey bee
colonies are placed in California almond orchards during bloom (67,
68). Early flowering of almonds and the sparsity of alternative pollen
make it virtually the sole pollen source for the bee colonies, during
the main period of colony growth. The omega-6:3 ratio of the
Rosaceae is nevertheless similar to that of our oil mixture diet, which
supported high learning performance. The consequences of a sev-
eralfold increase in the omega-6:3 ratio in bee landscapes deserve
further attention.
Nutritional deficiencies probably contribute to the problems

associated with less heterogeneous habitats, which can be mitigated
by mixed-crops agriculture. As we gain knowledge of essential
nutrients, such as eFAs and amino acids (22, 69), we could op-
timally design nutritionally balanced agricultural landscapes. Of
the many stressors contributing to bee colony failure, Perry et al.
(70) recently showed that supplying adequate feeding can best
prevent vulnerable colonies from collapse.
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Table 1. Hand-collected pollens listed in order of increasing
omega-6:3 ratio
Genus Omega-6:3

Echinops 0.09
Lupinus 0.12
Raphanus 0.14
Oxalis 0.19 ± 0.05
Carthamus 0.20
Sinapis 0.22
Solanum 0.28
Passiflora 0.29
Lilium 0.35
Gossypium 0.37
Hylocereus 0.39 ± 0.12
Zea 0.39
Helianthus 0.47 ± 0.10
Capsicum 0.64 ± 0.05
Allium 0.82 ± 0.23
Anethum 1.24
Leucophyllum 1.52
Foeniculum 1.65
Rosaceae spp 1.74 +0.06
Pistacia 2.06
Phoenix 3.92
Eucalyptus 5.34

Where there were several independent samples, we provide means ± SE.
The Rosaceae include seven species; species names and FA composition are
shown in Table S7.

Arien et al. PNAS | December 22, 2015 | vol. 112 | no. 51 | 15765

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 D

ia
ne

 S
ul

le
nb

er
ge

r 
on

 J
ul

y 
23

, 2
02

1 -

 " "

.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517375112/-/DCSupplemental/pnas.201517375SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517375112/-/DCSupplemental/pnas.201517375SI.pdf?targetid=nameddest=ST5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517375112/-/DCSupplemental/pnas.201517375SI.pdf?targetid=nameddest=ST7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517375112/-/DCSupplemental/pnas.201517375SI.pdf?targetid=nameddest=ST7
14011
Note
Marked set by 14011



www.manaraa.com

1. Hulbert AJ, Abbott SK (2012) Nutritional ecology of essential fatty acids: An evolu-
tionary perspective. Aust J Zool 59(6):369.

2. Watson RR, Meester FD, eds (2014) Omega-3 Fatty Acids in Brain and Neurological
Health (Elsevier, Amsterdam).

3. Brenna JT (2011) Animal studies of the functional consequences of suboptimal
polyunsaturated fatty acid status during pregnancy, lactation and early post-natal
life. Matern Child Nutr 7(Suppl 2):59–79.

4. Stanley-Samuelson DW, Pedibhotla VK (1996) What can we learn from prostaglandins
and related eicosanoids in insects? Insect Biochem Mol Biol 26(3):223–234.

5. Shen LR, et al. (2010) Drosophila lacks C20 and C22 PUFAs. J Lipid Res 51(10):2985–2992.
6. Cho KS, Bang SM, Toh A (2014) Lipids and lipid signaling in Drosophila models of

neurodegenerative diseases. Omega-3 Fatty Acids in Brain and Neurological Health,
eds Watson RR, DeMeester F (Academic, London), pp 327–336.

7. Vanbergen AJ; Insect Pollinators Initiative (2013) Threats to an ecosystem service:
Pressures on pollinators. Front Ecol Environ 11(5):251–259.

8. Naug D (2009) Nutritional stress due to habitat loss may explain recent honeybee
colony collapses. Biol Conserv 142(10):2369–2372.

9. Di Pasquale G, et al. (2013) Influence of pollen nutrition on honey bee health: Do
pollen quality and diversity matter? PLoS One 8(8):e72016.

10. Staveley JP, Law SA, Fairbrother A, Menzie CA (2014) A causal analysis of observed
declines in managed honey bees (Apis mellifera). Hum Ecol Risk Assess 20(2):566–591.

11. Nicolson SW (2011) Bee food: The chemistry and nutritional value of nectar, pollen
and mixtures of the two. Afr Zool 46(2):197–204.

12. Stoate C, et al. (2001) Ecological impacts of arable intensification in Europe. J Environ
Manage 63(4):337–365.

13. Kremen C, Williams NM, Thorp RW (2002) Crop pollination from native bees at risk
from agricultural intensification. Proc Natl Acad Sci USA 99(26):16812–16816.

14. Hendrickx F, et al. (2007) How landscape structure, land-use intensity and habitat
diversity affect components of total arthropod diversity in agricultural landscapes.
J Appl Ecol 44(2):340–351.

15. Kalev H, Dag A, Shafir S (2002) Feeding pollen supplements to honey bee colonies
during pollination of sweet pepper in enclosures. Am Bee J 142(9):675–679.

16. DeGrandi-Hoffman G, Chen Y, Huang E, Huang MH (2010) The effect of diet on
protein concentration, hypopharyngeal gland development and virus load in worker
honey bees (Apis mellifera L.). J Insect Physiol 56(9):1184–1191.

17. Wahl O, Ulm K (1983) Influence of pollen feeding and physiological condition on
pesticide sensitivity of the honey bee Apis mellifera carnica. Oecologia 59(1):106–128.

18. Alaux C, Ducloz F, Crauser D, Le Conte Y (2010) Diet effects on honeybee immuno-
competence. Biol Lett 6(4):562–565.

19. Wang H, Zhang SW, Zeng ZJ, Yan WY (2014) Nutrition affects longevity and gene
expression in honey bee (Apis mellifera) workers. Apidologie (Celle) 45(5):618–625.

20. Nation JL (2008) Insect Physiology and Biochemistry (CRC, Boca Raton, FL), 2nd Ed.
21. Kelly MA, et al. (2014) Diet fatty acid profile, membrane composition and lifespan: An

experimental study using the blowfly (Calliphora stygia). Mech Ageing Dev 138:15–25.
22. Avni D, Hendriksma HP, Dag A, Uni Z, Shafir S (2014) Nutritional aspects of honey bee-

collected pollen and constraints on colony development in the eastern Mediterra-
nean. J Insect Physiol 69:65–73.

23. Manning R (2001) Fatty acids in pollen: A review of their importance for honey bees.
Bee World 82(2):60–75.

24. Avni D, Dag A, Shafir S (2009) Pollen sources for honey bees in Israel: Source, periods
of shortage and influence on population growth. Isr J Plant Sci 57(3):263–275.

25. Scheper J, et al. (2014) Museum specimens reveal loss of pollen host plants as key
factor driving wild bee decline in The Netherlands. Proc Natl Acad Sci USA.

26. Simopoulos AP (2002) The importance of the ratio of omega-6/omega-3 essential
fatty acids. Biomed Pharmacother 56(8):365–379.

27. Shafir S, Menda G, Smith BH (2005) Caste-specific differences in risk sensitivity in
honeybees, Apis mellifera. Anim Behav 69:859–868.

28. Drezner-Levy T, Smith BH, Shafir S (2009) The effect of foraging specialization on various
learning tasks in the honey bee (Apis mellifera). Behav Ecol Sociobiol 64(1):135–148.

29. Shafir S, Yehonatan L (2014) Comparative evaluations of reward dimensions in honey
bees: Evidence from two-alternative forced choice proboscis-extension conditioning.
Anim Cogn 17(3):633–644.

30. Scheiner R, Kuritz-Kaiser A, Menzel R, Erber J (2005) Sensory responsiveness and the
effects of equal subjective rewards on tactile learning and memory of honeybees.
Learn Mem 12(6):626–635.

31. Crawford MA, Casperd NM, Sinclair AJ (1976) The long chain metabolites of linoleic
avid linolenic acids in liver and brain in herbivores and carnivores. Comp Biochem
Physiol B 54(3):395–401.

32. Schuchardt JP, Hahn A (2013) Impact of long-chain polyunsaturated fatty acids on cognitive
and mental development. Omega-6/3 Fatty Acids: Functions, Sustainability Strategies and
Perspectives, eds Meester FD, Watson RR, Zibadi S (Springer, New York), pp 103–147.

33. Haddad LS, Kelbert L, Hulbert AJ (2007) Extended longevity of queen honey bees
compared to workers is associated with peroxidation-resistant membranes. Exp
Gerontol 42(7):601–609.

34. Yoshioka T, et al. (1985) Evidence that arachidonic acid is deficient in phosphatidy-
linositol of Drosophila heads. J Biochem 98(3):657–662.

35. Jeffries KA, Dempsey DR, Behari AL, Anderson RL, Merkler DJ (2014) Drosophila
melanogaster as a model system to study long-chain fatty acid amide metabolism.
FEBS Lett 588(9):1596–1602.

36. Paldi N, Zilber S, Shafir S (2003) Associative olfactory learning of honeybees to dif-
ferential rewards in multiple contexts: Effect of odor component and mixture simi-
larity. J Chem Ecol 29(11):2515–2538.

37. Nicolson SW, Human H (2012) Chemical composition of the ‘low quality’ pollen of
sunflower (Helianthus annuus, Asteraceae). Apidologie (Celle) 44(2):144–152.

38. Human H, Nicolson SW (2006) Nutritional content of fresh, bee-collected and stored pollen
of Aloe greatheadii var. davyana (Asphodelaceae). Phytochemistry 67(14):1486–1492.

39. Stark WS, Lin TN, Brackhahn D, Christianson JS, Sun GY (1993) Fatty acids in the lipids
of Drosophila heads: Effects of visual mutants, carotenoid deprivation and dietary
fatty acids. Lipids 28(4):345–350.

40. Stanley-Samuelson DW, Jurenka RA, Cripps C, Blomquist GJ, Derenobales M (1988)
Fatty acids in insects–composition, metabolism, and biological significance. Arch
Insect Biochem Physiol 9(1):1–33.

41. Williams G, Crawford MA, Perrin WF (1987) Comparison of the fatty-acid component
in structural lipids from dolphins, zebra and giragge–possible evolutionary implica-
tions. J Zool (Lond) 213:673–684.

42. Trevizol F, et al. (2013) Influence of lifelong dietary fats on the brain fatty acids and
amphetamine-induced behavioral responses in adult rat. Prog Neuropsychopharmacol
Biol Psychiatry 45:215–222.

43. Venegas-Calerón M, Sayanova O, Napier JA (2010) An alternative to fish oils: Meta-
bolic engineering of oil-seed crops to produce omega-3 long chain polyunsaturated
fatty acids. Prog Lipid Res 49(2):108–119.

44. Engel P, Martinson VG, Moran NA (2012) Functional diversity within the simple gut
microbiota of the honey bee. Proc Natl Acad Sci USA 109(27):11002–11007.

45. Douglas AE (2013) Microbial brokers of insect-plant interactions revisited. J Chem Ecol
39(7):952–961.

46. Hulbert AJ, Kelly MA, Abbott SK (2014) Polyunsaturated fats, membrane lipids and
animal longevity. J Comp Physiol B 184(2):149–166.

47. Francès H, et al. (2000) Nutritional (n-3) polyunsaturated fatty acids influence the
behavioral responses to positive events in mice. Neurosci Lett 285(3):223–227.

48. Delion S, Chalon S, Guilloteau D, Besnard JC, Durand G (1996) alpha-Linolenic acid
dietary deficiency alters age-related changes of dopaminergic and serotoninergic
neurotransmission in the rat frontal cortex. J Neurochem 66(4):1582–1591.

49. Zimmer L, et al. (2000) Chronic n-3 polyunsaturated fatty acid deficiency alters do-
pamine vesicle density in the rat frontal cortex. Neurosci Lett 284(1-2):25–28.

50. de Theije CG, et al. (2015) Dietary long chain n-3 polyunsaturated fatty acids prevent
impaired social behaviour and normalize brain dopamine levels in food allergic mice.
Neuropharmacology 90:15–22.

51. Sugasini D, Lokesh BR (2015) Rats given linseed oil in microemulsion forms enriches
the brain synaptic membrane with docosahexaenoic acid and enhances the neuro-
transmitter levels in the brain. Nutr Neurosci 18(2):87–96.

52. Barron AB, Søvik E, Cornish JL (2010) The roles of dopamine and related compounds
in reward-seeking behavior across animal phyla. Front Behav Neurosci 4:163.

53. Menzel R, Brembs B, Giurfa M (2007) Cognition in invertebrates. Evolution of Nervous
Systems in Invertebrates, Evolution of Nervous Systems, ed Kaas JH (Academic, Ox-
ford), Vol II, pp 403–442.

54. Wang Y, et al. (2010) Down-regulation of honey bee IRS gene biases behavior toward
food rich in protein. PLoS Genet 6(4):e1000896.

55. Alaux C, Dantec C, Parrinello H, Le Conte Y (2011) Nutrigenomics in honey bees:
Digital gene expression analysis of pollen’s nutritive effects on healthy and varroa-
parasitized bees. BMC Genomics 12:496.

56. Goodman L (2003) Form and Function in the Honey Bee (Westdale, Cardiff, Wales).
57. de Brito Sanchez MG (2011) Taste perception in honey bees. Chem Senses 36(8):675–692.
58. Marter K, et al. (2014) Duration of the unconditioned stimulus in appetitive condi-

tioning of honeybees differentially impacts learning, long-term memory strength,
and the underlying protein synthesis. Learn Mem 21(12):676–685.

59. Simopoulos AP (2008) The importance of the omega-6/omega-3 fatty acid ratio in car-
diovascular disease and other chronic diseases. Exp Biol Med (Maywood) 233(6):674–688.
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