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Abstract Plants offer metabolically rich floral nectar to
attract visiting pollinators. The composition of nectar
includes not only sugars, but also amino acids. We have
examined the amino acid content of the nectar of ornamental tobacco and found that it is extremely rich (2 mM) in
proline. Because insect pollinators preferentially utilize
proline during the initial phases of insect flight and can
reportedly taste proline, we determined whether honeybees
showed a preference for synthetic nectars rich in proline.
We therefore established an insect preference test and found
that honeybees indeed prefer nectars rich in the amino acid
proline. To determine whether this was a general phenomenon, we also examined the nectars of two insect-pollinated
wild perennial species of soybean. These species also
showed high levels of proline in their nectars demonstrating
that plants often produce proline-rich floral nectar. Because
insects such as honeybees prefer proline-rich nectars, we
hypothesize that some plants offer proline-rich nectars as a
mechanism to attract visiting pollinators.
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Introduction
Many plants require pollinator visitation to obtain efficient
seed set. Dicotyledonous plants often attract these pollinators with offerings of floral nectar that is secreted into the
floral tube at the base of the ovary. Nectar is a rich source of
sugars and amino acids and provides a reward to pollinators, thereby increasing the fecundity of those plants that
provide nectar. The secretion of nectar is usually under
developmental control beginning just before anthesis. After
pollination, nectar production ceases, and remaining nectar
is frequently resorbed (Burquez and Corbet 1991). While
many organisms can function in floral pollination, the class
Insecta has excelled at the exploitation of this ecological
niche.
The composition of nectar has been widely studied.
Nectar is an aqueous combination of substances. Most
important among these are sucrose, glucose, and fructose;
however, other carbohydrates have also been identified in
nectars of some flowers (Baker and Baker 1981; Jackson
and Nicolson 2002). Other substances reported in nectar
include organic acids (Baker and Baker 1975), terpenes
(Ecroyd et al. 1995), alkaloids (Deinzer et al. 1977),
flavonoids (Rodriguez-Arce and Diaz 1992), glycosides
(Roshchina and Roshchina 1993), vitamins (Carter and
Thornburg 2004a; Griebel and Hess 1940), phenolics
(Ferreres et al. 1996), and oils (Vogel 1969). Nectars also
contain specific plant-defense proteins that appear to
function in the protection of the gynoecium from microbial
invasion by either windblown or pollinator-transferred
microbes to the metabolite-rich floral nectar (Carter and
Thornburg 2000, 2004a,b,c; Carter et al. 1999; Naqvi et al.
2005; Peumans et al. 1997; Thornburg et al. 2003).
Most nectars also contain amino acids. The accumulation
of amino acids in nectar has been known since the mid-20th
century (Lüttge 1961, 1962; Mostowska 1964; Nair et al.
1964; Ziegler 1956). However, it was not until the first
major survey that the presence of amino acids in nectar was
determined to be common (Baker and Baker 1971). All 20
of the normal amino acids found in protein have been
identified in various plant nectars, with alanine, arginine,
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serine, proline, glycine, isoleucine, threonine, and valine
being the most prevalent (Baker and Baker 1973;
Gottsberger et al. 1984; Rusterholz and Erhardt 1998).
Tryptophan is typically rare in nectars. The concentration of
various amino acids in nectar is generally quite variable;
however, the overall composition of nectar is less variable
(Gardener and Gillman 2001a). Further, the amino acid
composition is known to be affected by the conditions
under which plants are grown (Gardener and Gillman
2001b). Among the amino acids found in nectar, proline is
unique because insects have the ability to taste this unique
amino acid (Gardener and Gillman 2002; Hansen et al.
1998; Shiraishi and Kuwabara 1970; Wacht et al. 2000).
The accumulation of proline in nonfloral plant tissues is
generally taken as a sign of stress (Yamada et al. 2005). For
example, drought (Kishor et al. 1995), salinity (Jouve et al.
2004), and freezing (Parvanova et al. 2004) all result in
activation of the proline biosynthetic pathway (Verbruggen
et al. 1993; Yoshiba et al. 1995) leading to proline
accumulation. It is thought that during recovery from these
stresses, the accumulated proline is rapidly oxidized to
glutamate thereby providing the plant with energy, carbon,
nitrogen, and reducing power, that permits the plant to
restore a stable physiology (Verbruggen et al. 1996).
The accumulation of proline in flowers has received
much less attention. It is well-known that high levels of free
proline are found in pollen where it can represent up to
70% of total free amino acids (Zhang et al. 1982).
Expression of a specific proline transporter in maturing
pollen is responsible for this phenotype (Schwacke et al.
1999). While the functional mechanism of such high levels
of proline in pollen is not clear, it is generally accepted that
pollen serves as a general source of essential amino acids
for those insects that consume it (O’Brien et al. 2003).
Proline has also been identified at high levels in plant
nectars (Gardener and Gillman 2001a; Kaczorowski et al.
2005). This study was therefore undertaken to evaluate the
role of proline in floral nectar. To assess the generality of
high proline concentrations in nectar of insect-pollinated
plants, we analyzed the nectar of ornamental tobacco and
of two wild soybean species. To assess the preference of
insects to proline in nectar, we tested the preference of the
generalist pollinators, honeybees, to various concentrations
of proline-enriched sugar solutions.

Materials and methods
Chemicals
Sucrose was obtained from Frutarom, Haifa, Israel, and the
other chemicals were from Sigma Chemical Corporation,
St. Louis, USA.
Organisms
The ornamental tobacco plants (LxS8) used in this study
were derived from an interspecific cross of Nicotiana

langsdorffii and N. sanderae (Kornaga 1993; Kornaga et
al. 1997). This line is both male and female fertile, but selfincompatible. It does, however, have high seed set when
insect-pollinated. It was propagated clonally to produce
large numbers of identical plants.
The soybean plants, Glycine tomentella and G. canescens, used for nectar collection are Australian perennial
species and were grown in a glasshouse at CSIRO,
Canberra, Australia. Soybean nectar (approximately
0.50 μl nectar per flower) was collected in microliter
capillaries.
Honeybees (Apis mellifera) of the New World Carniolan
strain were kept in five-frame nucleus hives inside a
7×12×2 m screened enclosure and regularly fed pollen
patties as a protein source. The bees had ad libitum access
to a water source. Honey store levels were intentionally
kept low to maintain foraging motivation.
Feeding experiments
The sugar composition of ornamental tobacco nectar was
found to contain 34% (w/v) carbohydrate, and the
composition was determined to be 53% sucrose, 23%
glucose, and 24% fructose. An artificial nectar solution was
prepared with this carbohydrate composition and was
supplemented with varying concentrations of proline.
Apparatus
Transparent plastic containers, used to provide water to
caged birds, were used for honeybee feeders. When inverted, these containers continually fed a shallow pool
(4×5 cm) with liquid for hive consumption. As bees
imbibed solution from the feeder, the liquid level gradually
declined. A ruler placed adjacent to the container measured
the remaining liquid.
In experiment 1, we tested seven proline concentrations:
20, 6, 2, 0.2, 0.06, 0.02, and 0 (artificial nectar with no
proline) mM. Seven identical containers were filled with
200 mL of an individual artificial nectar/proline solution.
Feeders, in increasing order of proline concentration, were
placed on a carousel that turned continuously at 2 rpm to
prevent positional bias from affecting choice. To choose a
particular concentration, bees had to taste the solutions
during every visit to the carousel.
A second experiment was designed to test whether bees
would have stronger preferences if the position of the
feeders were constant, so that they could learn the positions
of the different feeders. We tested four proline concentrations: 100, 20, 4, and 0 mM. We placed four feeders in a
row, with 50 cm between them. To facilitate learning their
positions, we placed a yellow card (15×15 cm) between the
first and second feeders, and a blue card between the third
and fourth feeders. The position of each feeder remained
constant throughout each day, but was rotated according to
a pseudorandom sequence across days.
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Procedure
Experiments were conducted in an outdoor enclosure.
Experiment 1 (18 replicates) was conducted between
December 2002 and February 2003, on days in which the
weather permitted, and experiment 2 (10 replicates)
between May and June 2003. Mean ambient temperatures
ranged between 21 and 28°C for experiment 1 and between
28 and 36°C for experiment 2. Three replicates of
experiment 1 were conducted in an indoor flight room
(2×3×2 m). Before beginning each experiment, the
entrance to all the enclosed hives, except for one, were
closed with a net that permitted ventilation but prevented
bees from leaving the hive. Thus, each replicate of the
experiment was conducted with a single hive. A total of 11
different hives participated in experiment 1 and eight hives
in experiment 2. Some hives were tested more than once,
but with at least 3 weeks between replicates to insure that
the forager population differed between replicates and each
replicate was treated as independent.
Every 10 min, we counted the number of bees feeding at
each feeder, and every 20 min we recorded the solution
level in each feeder. The experiment ended when one of
the feeders reached a predetermined low mark (50 mL
remaining), or when 5 h had elapsed.

separate data sets could not be rejected (F3,160=1.43,
P=0.24, and F3,160=0.55, P=0.65, respectively). Thus, all
proline concentration data sets (28 total data sets) were
combined for interpretation. Each preference evaluation
was evaluated using a nonlinear best fit using a seconddegree polynomial (Motulsky and Christopoulos 2003).
Amino acid analysis
Three microliters of nectar was processed for routine amino
acid analysis by an automated PITC derivatization and
separation on a Perkin-Elmer Applied Biosystems Model
130A PCT Amino Acid Analyzer at the ISU protein facility.

Results
Proline in the nectar of ornamental tobacco
We initially evaluated the amino acid composition of
tobacco nectar (Table 1). Eleven of the 20 normal protein
amino acids were identified in the tobacco nectar. How100

90

Analysis
To evaluate data from the two experiments, we compared
the best fits for data of the two experiments separately and
when pooled using an F-test, and also using the corrected
Akaike’s Information Criterion (AICc), which quantifies
how much more likely was one model to be correct than the
other (Motulsky and Christopoulos 2003). For both
measures of preference, solution level and numbers of
bees at each feeder, AICc analysis revealed pooling the
data was 2.8 and 10.7 times, respectively, more likely to be
correct than using separate data sets. Also, the null
hypothesis that pooling the data was better than using
Table 1 Amino acid profile of floral nectar from ornamental
tobacco
Amino acid LxS8 run 1
Mol% Concentration
(μM)
Aspartic acid
3.14
109
Serine
8.95
311
Glycine
1.11
40
Histidine
1.63
56
Threonine
3.56
124
Proline
56.02 1,937
Tyrosine
19.35 670
Valine
1.97
68
Isoleucine
1.39
49
Leucine
1.15
40
Phenylalanine 1.72
60

80

70

60
0 0.2

2

4

6

20

100

Proline concentration (mM)
100

90

LxS8 run 2
Mol% Concentration
(μM)
3.33
114
9.32
319
0.02
0.8
1.76
60
3.82
131
58.25 2,020
16.03
547
1.88
64
1.57
54
1.19
41
1.82
62

80

70

60
0 0.2

2

4

6

20

100

Proline concentration (mM)
Fig. 1 Mean (+SE) relative consumption a and relative number of
bees visiting feeders b of the various proline concentrations in
experiments 1 (full circles) and 2 (open circles). The x-axis is drawn
on a logarithmic scale. The lines are of a quadratic fit on the logtransformed concentrations
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Table 2 Amino acid profile of floral nectar from glasshouse-grown G. tomentella
Accession

G. tomentella G1133 Sample 2682

G. tomentella G1929 Sample 2681

G. tomentella G2437 Sample 2676

Amino acid

Mol%

Mol%

Concentration (μM)

Mol%

Concentration (μM)

9.5
5.7
nd
2.3
2.2
0.9
3.8
5.7
44.2
7.7
7.6
nd
2.2
2.8
3.7
1.8

78.4
47.2
nd
18.6
18.1
7.1
31.8
46.8
365.1
63.4
63.1
nd
18.4
22.8
30.5
15.2

10.9
0.8
nd
0.6
0.7
0.5
1.5
5.8
46.4
15.0
3.7
0.3
0.8
1.3
10.6
1.0

444.1
32.5
nd
23.6
28.9
20.1
65.3
237.0
1894.5
612.5
152.0
11.0
34.4
53.2
432.1
39.3

Aspartic acid
Glutamic acid
Serine
Glycine
Histidine
Arginine
Threonine
Alanine
Proline
Tyrosine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine

2.0
1.4
0.4
0.5
0.7
0.5
1.5
4.2
57.4
9.5
2.4
0.2
1.2
1.2
16.1
0.7

Concentration (μM)
58.0
39.3
12.8
14.9
20.1
14.1
42.8
122.5
1675.5
277.2
71.2
6.5
35.5
35.6
471.0
21.1

G numbers represent accessions in the CSIRO germplasm collection (CSIRO, Canberra, ACT, Australia). The PI numbers represent
accessions in the USDA germplasm collection (USDA-ARS Urbana, Illinois). G1133=PI 441.001, G1929=PI 591.605, G2437=PI 159.823
nd Not detected

ever, the concentration of proline was inordinately high. In
duplicate runs, nearly 60 mol% of the amino acids present
in ornamental tobacco nectar was proline. The concentration of proline in the nectar of these plants was approximately 2 mM. Other amino acids that were present in high
concentrations included tyrosine and serine. Absent amino
acids included the sulfur-containing amino acids cysteine
and methionine, the aminated amino acids glutamine and

asparagine, the strongly basic amino acids lysine and
arginine, as well as tryptophan, glutamate, and alanine.
Honeybees prefer moderate levels of proline
in artificial nectar
Because insects have the ability to taste proline (Gardener
and Gillman 2002; Hansen et al. 1998; Shiraishi and

Table 3 Amino acid profile of floral nectar from glasshouse-grown G. canescens
Accession

G. canescens G1232 Sample 2675

G. canescens G1232 Sample 2684

G. canescens G1232 Sample 2680

Amino acid

Mol%

Concentration (μM)

Mol%

Concentration (μM)

Mol%

Concentration (μM)

Aspartic acid
Glutamic acid
Serine
Glycine
Histidine
Arginine
Threonine
Alanine
Proline
Tyrosine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine

25.8
2.6
1.9
nd
1.6
nd
1.5
4.4
47.0
4.8
8.2
nd
0.9
0.4
0.6
0.4

457.3
46.8
34.4
nd
29.2
nd
26.5
77.5
834.3
84.5
146.0
nd
16.2
6.4
11.3
6.3

15.4
1.3
1.8
nd
1.8
1.0
1.6
6.5
60.9
2.7
4.2
0.2
1.0
0.6
0.7
0.5

524.7
44.5
60.2
nd
61.6
34.19
55.06
220.5
2076.0
92.3
143.5
5.8
32.5
20.2
23.0
17.0

8.5
3.0
1.7
nd
2.5
0.6
1.3
4.8
64.4
2.2
8.3
nd
0.9
0.6
0.8
0.6

106.4
37.1
20.9
nd
32.0
7.5
15.9
59.9
806.6
27.3
103.6
nd
10.9
7.5
10.5
7.2

G numbers represent accessions in the CSIRO germplasm collection (CSIRO, Canberra, ACT, Australia). The PI numbers represent
accessions in the USDA germplasm collection (USDA-ARS Urbana, Illinois). G1232=PI 446.934
nd Not detected
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Kuwabara 1970; Wacht et al. 2000), we then evaluated the
effect of proline on honeybee feeding. Various prolinesupplemented artificial nectars were prepared having the
same carbohydrate composition as ornamental tobacco.
These were evaluated using two separate measures of
solution preference. First, we scored the amount of each
solution relative to the solution that showed the greatest
consumption. Second, we determined the mean number of
bees feeding on each solution relative to the feeder showing
the greatest consumption.
As shown in Fig. 1a, bees consumed some of each of the
artificial nectar/proline solutions. However, those with
intermediate proline concentrations were consumed first,
with 2 to 6 mM being the most preferred proline
concentrations tested. The relative number of bees feeding
on the various feeders showed a similar pattern to the
relative consumption data, with the greatest number of bees
visiting the intermediate proline concentrations (Fig. 1b).
The polynomial fits for both the relative consumption and
the preferred visitation data were significant (P=0.005),
indicating that honeybees both preferred and consumed
artificial nectar containing moderate (2 to 6 mM) levels of
proline. This level is similar to the physiological level
found in ornamental tobacco nectar.
Proline in the nectar of other species
Because honeybees prefer nectars containing moderate
levels of proline, we evaluated next whether the nectar of
other plant species also contained high levels of proline.
For these analyses, we examined the nectar of two species
of insect-pollinated wild perennial soybean.
Table 2 shows the nectar amino acid profiles found in G.
tomentella. As with tobacco, proline had the highest concentration for any amino acid, varying from 0.4 to 1.9 mM,
but even when low, proline represented the largest component amino acid in nectar, ranging from 44 to 57 mol%.
Overall, we have performed many dozens of amino acid
analyses on nectars. In every case, we have found that
proline is always the highest amino acid present in the
nectars presented in this manuscript. However, as previously noticed (Gardener and Gillman 2001a), the
concentration of amino acids in nectar is variable, while
the overall composition of the nectar consistently showed
high proline levels. Similar observations were made with
G. canescens nectar (Table 3). Proline concentrations were
from 0.8 to 2.1 mM, and proline was the most prevalent
amino acid in nectar ranging from 47 to 64 mol%.

and Gillman 2001a; Kaczorowski et al. 2005) in nectar have
been made previously for a number of other species.
Proline is an especially important amino acid for insects.
It is the most abundant amino acid in the honeybee
hemolymph. In studies using tethered honeybees, proline is
selectively degraded in the hemolymph, and it has been
proposed that proline is used by foragers in the initial
stages or lift phase of flight (Auerswald et al. 1998; Micheu
et al. 2000). Proline is also required for egg-laying by the
queen (Hrassnigg et al. 2003). Thus, proline is specifically
required for insect development and flight.
It is also not surprising that pollinator attraction to nectar
could be influenced by chemoperception or taste of nectar
containing specific amino acids (Gardener and Gillman
2002; Shiraishi and Kuwabara 1970). In choice tests, both
cabbage white butterflies and honeybees preferred a
solution of a mixture of sugars enriched by several amino
acids, including proline, to an amino acid-deficient solution
(Alm et al. 1990). Inouye and Waller (1984) tested the
preference of honeybees to many amino acids, including
proline. They tested a relatively large concentration range
(up to 258 mM), and found a general preference for
1.85 mM, the lowest concentration tested. This level is
similar to the physiological level found in ornamental
tobacco (Table 1) and several wild soybean species
(Tables 2 and 3). The amino acid-enriched sugar solution
preferred by honeybees in the study of Alm et al. (1990)
contained a proline concentration of 2.22 mM, but also
several other amino acids. We found a preference for
Proline Metabolism
OH
O

We have evaluated the amino acid composition of the nectars
from several plant species. Each of the species tested showed
a number of amino acids accumulating in the nectar of these
plants. In every case examined, proline was the most
abundant amino acid present in the nectar. Similar observations that proline is common (Baker 1978) or high (Gardener
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Fig. 2 Comparison of the metabolism of proline with glucose.
Intermediary steps of glycolysis and the TCA cycle are not
presented
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proline concentrations in the order of magnitude of 1 to
10 mM, with a peak at about 6 mM. Preference decreased
for both lower and higher proline concentrations. Interestingly, the concentration range preferred by honeybees is
that found in several nectars, for example Lantana camara
Alm et al. (1990), ornamental tobacco, and wild soybean
species (this study).
The nonlinear preference function for amino acid
concentrations in nectar found by honeybees in this study
and also for glycine (Kim and Smith 2000) is probably
widespread in insect nutrition choice (Raubenheimer and
Simpson 1999; Simpson and Raubenheimer 1993). Our
data included many independent replicates at the colony
choice level, allowing an accurate assessment of preferences. Still, we found large variability between replicates,
which was likely due to slight differences in colony
nutritional condition and demography, as suggested for the
observed colony variability in the nonlinear preference for
glycine (Kim and Smith 2000).
It is not clear whether other amino acids might also
prove as attractive as proline for visiting pollinators.
Further studies will be required to evaluate this possibility.
However, proline (and hydroxyproline) are unique among
the naturally occurring amino acids in that they can
stimulate the salt cell of labellar chemosensory cells on the
proboscis of some insects (Hansen et al. 1998; Wacht et al.
2000). No other naturally occurring amino acids stimulate
this cell. This link between the high levels of proline that
accumulate in many plant nectars with the ability of insects
to ‘taste’ proline suggests an evolutionary relationship that
may function to enhance pollination between plants
producing proline-rich nectar and insects that prefer the
taste of these nectars.
So, what is the consequence of high levels of proline in
nectar? A number of investigations have found that proline is
specifically oxidized in insect flight muscle, especially
during the first 30 s of insect flight (Balboni 1978; Brosemer
and Veerabhadrappa 1965; Crabtree and Newsholme 1970;
Njagi et al. 1992). The oxidative proline degradation
pathway utilizes proline as a source of energy, specifically
during the initial ‘lift’ phase of insect flight. Reasons for the
utilization of proline over glucose become apparent if we
examine the metabolic pathways (Fig. 2). Proline is rapidly
metabolized and results in the production of multiple
nicotinamide adenine dinucleotide phosphate (reduced
form) equivalents and high levels of adenosine triphosphate
(ATP). No other amino acid can be metabolized as rapidly
as proline and release as much ATP without complete
metabolism. While glucose ultimately yields more ATP on a
molar basis, the initial steps of glucose metabolism require
the consumption of ATP. Thus, proline is a more efficient
fuel in the short run, while glucose is a far superior fuel in
the long run. However, proline is metabolically more
expensive than glucose for the plant to produce. Glucose can
be produced from atmospheric gases by photosynthesis
whereas proline cannot. Proline also contains nitrogen,
which is a limiting nutrient. Thus, the accumulation of both
glucose and proline in nectar presents insects with a dual
action fuel: proline for rapid, short-term bursts of energy

production and a large amount of glucose for extended
flight. Further, with the ability to taste proline and a
preference for nectars that contain proline, insects likely
participate in selecting and maintaining plant species
containing proline-rich nectars.
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