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Effects of nonprotein amino acids on survival
and locomotion of Osmia bicornis
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Introduction

Floral nectar is the most commonly used fuel for the

high energy demands of insect flight (Nicolson & Thor-

burg, 2007). Up to 70–80% (weight/weight) of floral nec-

tar consists of simple carbohydrates, mostly sucrose,

glucose and fructose (Nicolson & Thorburg, 2007).

Amino acids are generally much less abundant than

sugars, ranging from 1/100–1/1000 of nectar sugar con-

centrations (Heil, 2011; Nepi et al., 2012); however, they

contribute to the nutritional importance of nectar as all

the essential amino acids have been found in this secre-

tion (reviewed by Nicolson, 2007). Amino acids also con-

tribute to nectar taste, stimulating the labellar

chemoreceptors of insects (Nicolson, 2007). Specific

preferences for single or for a mixture of amino acids

have been reported for some insects (Gonz�alez-Teuber

& Heil, 2009; Bertazzini et al., 2010). Although their con-

centrations are much less than those of sugars, nectar

amino acids may have physiological effects in insects.

For example, it has been reported that non-essential

amino acids in nectar enhance butterfly fecundity and

appear to compensate butterflies after the poor food of

the larval phase (Mevi-Sch€utz & Erhardt, 2005). Amino

acids may also affect insect longevity, but the effect may

be positive or negative. For example, females of the

mosquito Culex quinquefasciatus fed diets containing

nectar carbohydrates and amino acids lived significantly

longer than females fed diets only containing sugar

(Vrzal et al., 2010). By contrast, honeybee survival is

negatively affected by diets rich in essential amino acids,

although the effect depends on the bee’s age (Paoli

et al., 2014). Other nutrients, such as lipids, vitamins

and minerals, may also affect bee health at individual

and colony levels (Haydak, 1970).

All these functions of nectar amino acids and most of

the many studies analysing nectar amino acids concern

protein amino acids, i.e. amino acids that can be used

for protein synthesis. A few nectar chemistry studies
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Abstract

To investigate the effects of two nectar nonprotein

amino acids, b-alanine and g-aminobutyric acid

(GABA), on Osmia bicornis survival and locomotion,

two groups of caged bees were fed with sugar syrup

enriched with b-alanine and GABA, respectively. A

further control group was fed with sugar syrup. Five

behavioural categories were chosen according to the

principle of parsimony and intrinsic unitary consis-

tency from start to end, and recorded by scan sam-

pling: two states (remaining under paper or in tubes)

and three events (walking on net, feeding from flower

and flying). We also analysed the amino acid content of

haemolymph sampled from an additional 45 bees fed

the same diets (15 per diet type). Bees fed with b-

alanine had a significantly shorter survival time than

those fed with the control and GABA diets. The GABA

diet induced higher levels of locomotion than b-alanine.

The former nonprotein amino acid was only detected in
the haemolymph of bees fed GABA. The results suggest

that insects consuming nonpro-tein amino-acid-rich

diets absorb and transfer these substances to the

haemolymph and that nonprotein amino acids affect

survival and locomotion. Ecologi-cal consequences are

discussed in the framework of plant reproductive

biology.
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simply report the presence of certain nonprotein amino

acids (NPAAs, i.e. amino acids that are not constituents

of proteins) without expressing any hypothesis about

their ecological role or effect on flower visitors. However,

NPAAs can be very abundant (Kaczorowski et al., 2005;

Rossi et al., 2014), sometimes accounting for 30–50%

of the total amino acids found in nectar (Nepi et al.,

2012; Nocentini et al., 2012).

Gamma-aminobutyric acid (GABA) and b-alanine are

the nonprotein amino acids most frequently reported in

nectar (Nepi, 2014). It was recently postulated that nec-

tar NPAAs, and particularly GABA and b-alanine, could

be of ecological importance, affecting the foraging

behaviour of pollinators through effects on the insect

nervous system, regulating feeding rate and promoting

muscle activity (Nepi, 2014). GABA and b-alanine are

important neurotransmitters in insect nervous systems

(Nepi, 2014 and references therein). Insects have an

open body cavity, and all their organs and tissues,

including the brain, are immersed in haemolymph. Thus

brain and nervous system activity depend on the metab-

olites in haemolymph (Lu et al., 2014): these metabolites

vary in relation to diet and to developmental and physio-

logical state (Gillot, 2005). In invertebrates, GABA-

receptors are located peripherally in muscle and neuro-

muscular junctions, where they are bathed in haemo-

lymph (Bown et al., 2006). Thus, insects are presumably

sensitive to changes in NPAAs having neural and mus-

cular activity whose concentration in haemolymph may

increase with consumption of nectar. These new hypoth-

eses prompted us to study the effect of diets enriched

with the two major nectar NPAAs, i.e. GABA and b-

alanine, on Osmia bicornis, a univoltine bee. Its imago

flying season extends from February to April. The imago

only feeds on nectar and collects pollen to provision the

nest with food for the larvae once they hatch (Tasei &

Picart, 1973; Krunić et al., 2005). Owing to its solitary

life cycle and tolerance to caging, O. bicornis is a suita-

ble species for observing and measuring behaviours.

Our study aimed at acquiring new information on: (1) the

effects of an NPAA-enriched diet on survival and loco-

motion of O. bicornis and (2) the presence of dietary

NPAAs in haemolymph.

Results

Survival and behavioural observations

The maximum survival times of bees in the b-alanine,

GABA and control groups were 42, 52 and 63 days,

respectively (Fig. 1). A significant difference was only

found between the control and b-alanine groups; no sig-

nificant difference was found between the GABA and b-

alanine groups or the control and GABA groups (Fig. 1).

The behavioural parameters were significantly affected

by diet (Fig. 2). The number of bees ‘walking on net’

was significantly higher in the GABA than in the b-

alanine group, and neither was significantly different

from the control (Fig. 2A). No significant difference was

found between treatment groups for ‘flying’ (Fig. 2B).

The only significant difference for ‘visiting flower’ was

between the control and GABA groups (Fig. 2C).

Amongst the state parameters, the number of bees

‘remaining under paper’ was not significantly different

between groups (Fig. 2D). The number of bees ‘remain-

ing in tube’ was fewer in the GABA and b-alanine

groups than in the control group (Fig. 2E).

Haemolymph amino acids

The most abundant protein amino acids in the haemo-

lymph of newly emerged O. bicornis (time 0) were the

non-essential proline and alanine (53 and 7%, respec-

tively), and the essential arginine and histidine (22 and

4%, respectively) (Table 1). All other protein amino acids

were generally less than 2%. Amongst the NPAAs con-

sidered, we only found b-alanine (2.4%). Both diets

induced detectable variations in the amino acid composi-

tion of haemolymph. Those of arginine and proline were

the most evident. Proline showed a decreasing trend in

both diet groups and arginine an increasing trend (Fig.

3A–C). The relative percentage of b-alanine increased

in both diet groups, more sharply in that supplemented

with b-alanine (Fig. 3D–F). GABA was only detectable

(up to 5.06%) after 24 h in bees fed with the GABA-

enriched diet and decreased to 0 at 96 h (Fig. 3F).

Discussion

Diet and insect survival

The high concentration of GABA in the feeding solution

did not affect the lifespan of newly emerged female

Figure 1. Survival curves of the three experimental groups of Osmia

bicornis. The b alanine enriched diet was associated with shorter survival

times. Values of v2 and P are reported in the inset. GABA, g aminobutyric

acid.



imagoes of O. bicornis, whereas lifespan decreased in

those fed b-alanine.

To the best of our knowledge, no similar studies have

been reported for this species or genus. The only other

study reporting the effect of consumption of a NPAA was

performed on a very different insect, the oblique-banded

leafroller larva (Bown et al., 2006). These caterpillars

show a significant reduction in survival if fed with

11.6 mM GABA (Bown et al., 2006). We used a similar

concentration of GABA (15 mM) and although there was

a slight reduction in bee survival, it was not significantly

different from the control (52 vs. 62 days).

Dietary enrichment with essential protein amino acids

instead of NPAAs was tested on another bee species

Figure 2. Box plot diagrams of behavioural data in relation to the three experimental diets. (A) Event ‘walking on net’: the number of bees performing this

behaviour was significantly higher in the g aminobutyric acid (GABA) than in the b alanine diet group. (B) Event ‘flying’: there were no significant differences

between groups. (C) Event ‘visiting flower’: the number of bees performing this behaviour was high in the GABA group with respect to the control. (D) State

‘remaining under paper’: no significant differences were recorded between groups. (E) Event ‘remaining in tube’: the number of bees performing this behav

iour was low in GABA and b alanine groups with respect to the control. Values of the Kruskal Wallis test and P values from Bonferroni corrected Mann Whit

ney pairwise comparison are reported in the inset of each diagram. n over bars indicates the total number of recordings of each behavioural parameter for all

observation sessions (33 days for each diet). Different letters indicate significant differences between diet groups (P< 0.05).



First, GABA could increase the attraction of bees. Con-

sequently, bees may consume more sugar-based syrup

and therefore show greater motor activity. GABA is

reported to stimulate feeding in some herbivorous

insects. In these insects GABA stimulates taste chemo-

receptors sensitive to sugars, and this results in

increased feeding behaviour (Shoonhoven et al., 2005).

These receptors appeared to be sensitive to a GABA

concentration (0.01 M, Mitchell & Harrison, 1984) similar

to that used in our experiments (0.015 M). Second,

Figure 3. Amino acid percentages over time in haemolymph of Osmia bicornis females bees fed experimental diets. (A C) arginine and proline in control,

b alanine (BAla) and g aminobutyric acid (GABA) groups, respectively. (D F) b alanine and GABA in control, b alanine and GABA groups, respectively.

Under our experimental conditions, GABA was only detected in haemolymph of bees fed the GABA enriched diet.

(Apis mellifera) by Paoli et al. (2014). A significant

reduction in longevity associated with the essential

amino acid-rich diet was observed in young as well as

forager honeybees.

Diet and insect behaviour

Bees fed the GABA-enriched diet showed higher motor

activity than controls. As we did not measure food con-

sumption, there are two main hypotheses for this result.



GABA could stimulate the motor activity of bees through

its neurotransmitter function. This is apparently in con-

trast with the inhibitory function of GABA in central and

peripheral neurotransmission in insects (Breer & Heil-

genberg, 1985; Schnee et al., 1997; Bown et al., 2006),

suggesting two hypotheses: (1) the action of GABA may

be not univocal as it can switch from inhibitory to excita-

tory as reported in some vertebrates (Ben-Ari et al.,

2012); however, it is not clear whether this excitatory

role exists in insects; (2) high concentrations of GABA in

haemolymph and the pure sugar diet could play a pivotal

role in the GABA shunt (Olsen & DeLorey, 1999). In this

metabolic pathway, GABA is converted into glutamate

via succinic acid and a-ketoglutarate. Glutamate has an

excitatory function at honeybee neuromuscular junctions

(Gauthier & Gr€unewald, 2011). With regard to locomo-

tion, the GABA-enriched diet affected ‘walking on net’ as

well as ‘visiting flower’, whereas ‘flying’ was not signifi-

cantly affected. Its lack of effect on flying needs to be

verified using a tool specifically conceived and set up to

examine this behavioural event.

Diet and haemolymph composition

Proline was the most abundant amino acid in the hae-

molymph of newly emerged O. bicornis (53%). This find-

ing is in line with the percentage (50%) reported by

Crailsheim and Leonhard (1997) in newly emerged

worker honeybees. Proline is involved in the flight

metabolism of forager honeybees (Micheu et al., 2000;

Table 1. Relative percentages of amino acids in haemolymph of Osmia bicornis females fed different diets [sugar syrup, sugar syrup with b alanine (b ala)

and sugar syrup with c aminobutyric acid (GABA)].

Amino acid

Control

0

Control

24

Control

48

Control

72

Control

96

GABA

24

GABA

48

GABA

72

GABA

96

b ala

24

b ala

48

b ala

72

b ala

96

Ser 0.87 0.67 0.36 0.63 0.78 0.63 0.61 0.38 0.39 0.48 0.43 0.34 0.26

Glu 0.68 1.34 0.68 2.85 1.56 0.86 1.70 2.09 1.07 1.21 1.12 0.83 0.59

Gly 0.97 0.96 1.01 0.88 1.84 0.95 0.68 0.93 0.84 1.11 0.87 0.58 0.93

His 4.14 10.24 4.77 8.80 9.60 8.05 6.33 6.92 10.30 7.43 8.34 11.14 12.07

Arg 22.18 25.02 33.55 49.26 50.62 28.52 43.98 49.98 39.45 30.35 42.47 34.98 40.80

Ala 7.04 6.34 4.07 5.57 3.80 9.05 4.22 4.87 4.69 5.19 3.71 3.29 2.96

Pro 52.87 41.65 40.68 20.30 17.91 33.98 26.99 22.04 30.39 37.38 24.01 21.67 13.34

Tyr 0.12 1.10 1.80 1.07 0.81 1.55 0.99 1.10 1.07 0.91 1.28 1.14 0.67

Val 2.17 1.71 1.37 0.52 0.37 0.95 0.68 0.58 0.65 1.13 0.52 0.63 0.39

Met 1.83 2.03 1.50 1.04 0.84 1.65 0.92 0.93 0.90 1.54 1.28 1.01 0.42

Lys 1.18 1.06 0.49 1.23 0.69 1.93 0.54 0.58 0.62 1.18 1.41 0.47 0.65

Ile 0.97 0.73 0.53 0.27 0.16 0.56 0.27 0.27 0.36 0.45 0.25 0.22 0.28

Leu 1.23 0.77 0.30 0.14 0.06 0.49 0.10 0.21 0.25 0.40 0.18 0.09 0.10

Phe 0.92 0.97 1.09 0.47 0.44 1.00 0.51 0.51 0.59 0.63 0.62 0.40 0.29

b Ala 2.43 3.57 7.79 6.72 10.53 4.36 10.18 7.44 8.14 10.30 13.51 23.20 26.08

GABA 5.06 1.29 1.17 0.00

% Essential protein amino acids 34.62 44.10 43.61 61.74 62.77 43.14 53.34 59.99 53.11 43.12 55.07 48.95 55.01

% Non essential protein

amino acids

62.56 52.04 48.60 31.29 26.70 47.02 35.19 31.40 38.44 46.27 31.42 27.86 18.75

% Nonprotein amino acids 2.82 3.86 7.79 6.97 10.53 9.84 11.47 8.60 8.45 10.60 13.51 23.20 26.25

The numbers after ‘Control’, ‘GABA’ and ‘b alanine’ in the column headings refer to the times (in h) at which the haemolymph was sampled.

Essential amino acids reported by de Groot (1953) for honeybees are in bold.

Figure 4. Details of cage: (A) rearing cage and (B) plastic tubes, paper and artificial flower connected to Eppendorf tubes containing the feeding solution.



ecological context. Nonetheless, our results could be an

initial basis for monitoring GABA and b-alanine in the

haemolymph of free-ranging O. bicornis individuals in

order to investigate the possible link between NPAAs in

nectars and the foraging activity of insects. Insect forag-

ing of flowers is responsible for pollen transport and

gene flow within and between plant populations, which

in turn affects their genetic structure.

Experimental procedures

Survival rate and behavioural observations

O. bicornis females were obtained from an established population

in the garden of the Veterinary Science Department of Pisa Univer-

sity (43842024.9800N, 10824046.6900E). Since 2001, a yearly release

and rearing campaign (Felicioli, 2000) has been conducted using

artificial nests in a bee hotel. Release and rearing involves using

cocoons with a 2:1 (male : female) sex ratio obtained from a popu-

lation reared the previous year or from a nest trapping campaign.

Nest trapping consists of capturing local wild O. bicornis popula-

tions by means of artificial nests. The artificial nests are of the arti-

ficial trap nest and reed nest type (Krunić et al., 2005; Felicioli

et al., 2017). Three quarters of all the artificial nests are opened in

November of each year. The cocoons are stripped and divided by

species and sex. All cocoons of a given species are pooled and

stored at 4 8C until use in February (Yin et al., 2013). Two groups

of 30 and 45 cocoons, each containing a female of O. bicornis,

were sampled randomly from the pool. The first group of 30

cocoons was divided into three subgroups of 10 bees. At the

beginning of March, each subgroup was located in the field in a

cylindrical plastic cage (15 cm diameter 3 15 cm long) closed by a

net at both ends until emergence occurred. All the females

emerged within a single day. The cage contained a feeder (a yel-

low cardboard flower connected to three eppendorf tubes contain-

ing the syrup, hereafter called ‘flower’), plastic tubes and paper so

that the bees could hide and walk (Fig. 4). The groups were fed

with the following diets: sugar syrup [sucrose 20% weight/volume

(w/v), control group], 46 mM b-alanine in sugar syrup (b-ala group)

and 15 mM GABA in sugar syrup (GABA group). These concentra-

tions were chosen for the following reasons:

1. 20% w/v sucrose for the control group because this is the con-

centration used successfully for rearing honeybees in cages

(Bertazzini et al., 2010; Mazzei et al., 2016).

2. 46 mM b-alanine and 15 mM GABA because these concentra-

tions are 20-fold those found in the field (Nepi, 2014) and

increase the probability of obtaining information about repul-

sion/attraction, mortality/survival and behavioural effects.

The survival time of the bees in each cage was recorded.

The number of bees manifesting three events (walking on net,

flying, and visiting the artificial flower, hereafter ‘visiting flower’)

and two states (remaining under paper or in tube) was counted

by scan sampling (5 min every hour from 9 am to 5 pm for 33

days) (Martin & Bateson, 1995). Data obtained in each counting

session were normalized according to the number of the bees

surviving on each day of observation.

Carter et al., 2006) and in egg laying by the queen

(Hrassnigg et al., 2003). Forager honeybees fly to collect

nectar and pollen whereas the queen has the role of lay-

ing eggs. Females of O. bicornis perform both activities,

flight and egg laying (Raw, 1972; Felicioli et al., 2002),

and proline may be involved in both.

Arginine was the second most abundant amino acid

found in the haemolymph, with an arginine : proline ratio

of 0.41. This value is higher than those recorded by

Milani (1988) for worker and queen honeybees.

Beta-alanine has been reported to have a ratio to pro-

line of 0.11 in honeybee haemolymph (Milani, 1988). In

the haemolymph of newly emerged O. bicornis, the b-

alanine : proline ratio was 0.046, a similar order of magni-

tude to that of honeybees. A GABA : proline ratio of 0.06

has been reported in hive worker honeybees (Milani,

1988) but was not found in O. bicornis unless the bees

were fed a GABA-enriched diet. As the results concern

hive worker honeybees and caged O. bicornis bees fed an

artificial diet, this difference needs to be accepted with

caution. In the light of these considerations, further inves-

tigation into the presence of GABA in insect haemolymph

is needed, considering caged worker honeybees fed an

artificial diet and free-ranging O. bicornis bees. GABA has

also been detected in the haemolymph of the cockroach

Blattella germanica fed an artificial diet enriched with this

NPAA (Auclair, 1959). Individuals of O. bicornis fed a 
GABA-enriched diet showed an initial increase in GABA

levels at 24 h, followed by a steady decrease despite the

fact that the bees continued to feed on the GABA-rich

solution. This suggests a homeostatic response to GABA

increase in the haemolymph. Under our experimental con-

ditions (exclusively sugar diet), the GABA shunt hypothe-

sis is in line with this physiological response and the

behavioural effect (increased ‘walking on net’), as men-

tioned above. GABA homeostasis also plays a role in cer-

tain aspects of brain function in mammals (Wyatt, 2016).

In herbivorous insect pests, such as larvae of the oblique-

banded leafroller, it is reported that GABA-activated Cl–

channels bind excess GABA taken up by the haemolymph

from a GABA-enriched diet (Bown et al., 2006).

To the best of our knowledge, this study is the first to
test the effect of NPAAs on nectar-consuming insects. It
is a further demonstration that insect diet may affect

haemolymph composition. Specifically, and more inter-

estingly, it demonstrates that dietary b-alanine and

GABA may accumulate in the haemolymph of O. bicor-

nis. The accumulation pattern was different for the two

NPAAs, suggesting a sort of homeostatic regulation for

GABA only. We are aware that the un-natural conditions

in which the bees were kept and the use of high concen-

trations of NPAAs [20-fold higher than those reported in
floral nectar (Nepi, 2014)] mean that the outcome of our

experiments can hardly be transposed to a natural



Haemolymph collection and analysis

The second group of 45 O. bicornis females (15 for each exper-

imental group) was kept under the same experimental condi-

tions in order to collect haemolymph. Haemolymph was

withdrawn from the thorax by insertion of a 1-ml glass microca-

pillary through the neck membrane (Hartfelder et al., 2013;

Mazzei et al., 2016) and stored in Eppendorf tubes containing

100 ml ethanol. Each sample was a pool from three bees

belonging to each of the five time groups (0, 24, 48, 72 and

96 h) for each diet. The samples were centrifuged at 12 000 g

for 5 min to remove haemocytes and the supernatant was col-

lected and stored at 225 8C until analysis.

In order to determine whether the diets affected the nitroge-

nous profile of the haemolymph, amino acid analysis was per-

formed by gradient high performance liquid chromatography

(HPLC). Prior to analysis, the samples were dried in a vacuum

centrifuge (Jouan RC 1010, Thermo Fisher Scientific, Waltham,

Massachusetts, USA) to evaporate the alcohol and then resus-

pended with 50 ml distilled water. HPLC was carried out with a

LC 1 system (Waters Corp., Milford, Massachusetts, USA)

using a Nova-Pack C18 column (150 3 4.6 mm, Waters Corp.)

maintained at 37 8C and a 470 scanning fluorescence detector

(excitation 295 nm, detection 350 nm, Waters Corp.). A solvent

composed of triethanolamine-phosphate buffer (pH 5.0) in gra-

dient with a 6:4 acetonitrile : water solution was used as the

mobile phase at a flow rate of 1.0 ml/min. The selected volume

of each reconstituted sample (10 ml) was amino acid derivatized

(Cohen & Michaud, 1993) with 6-aminoquinolyl-N-hydroxysucci-

nimidyl carbamate (AQC) fluorescent reagent and 0.02 M

borate buffer (pH 8.6) according to the AccQtag protocol

(Waters Corp.). In addition to all 20 protein amino acids (with

the exception of tryptophan, which is not detectable by this

method), standards of eight NPAAs (b-alanine, citrulline, a-

aminobutyric acid, b-aminobutyric acid, GABA, hydroxyproline,

ornithine and taurine) were also used. The concentration of

each amino acid was calculated by comparing the area under

the chromatogram peaks with standards by means of CLARITY

software (DataApex, Prague, The Czech Republic).

The total amino acid concentration of each resuspended

sample was calculated by summing the concentration of all the

amino acids detected in that sample. As haemolymph sample

volume was difficult to quantify, amino acids are reported as rel-

ative percentages of the total amino acid content of the resus-

pended samples.

Statistical analysis

The Shapiro–Wilk test was used to assess normality of data

distribution. As the data were not normally distributed, nonpara-

metric tests were used. Differences in survival data between

the diet groups were analysed by the Wilcoxon rank test using

the product-limit (Kaplan–Meier) method. Bee behavioural data

were analysed by the Kruskal–Wallis H-test followed by post

hoc Mann–Whitney U-test pairwise comparisons with Bonferroni

correction to assess differences between diet groups. All proc-

essing was carried out using JMP Statistics and Graphics

Guide (SAS Institute, 2008) with a-error set at 0.05.
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