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Abstract

Volatile odors from flowers play an important role in plant-pollinator interaction. The honeybee is an important generalist
pollinator of many plants. Here, we explored whether any components of the odors of a range of honeybee-pollinated plants
are commonly involved in the interaction between plants and honeybees. We used a needle trap system to collect floral
odors, and GC-MS analysis revealed nonanal was the only component scent detected in 12 different honeybee-pollinated
flowers and not present in anemophilous plant species. For Ligustrum compactum, blooming flowers released significantly
more nonanal than buds and faded flowers. For Sapium sebiferum, nonanal release through the day correlated with nectar
secretion. Experimentally increasing nectar load in flowers of Sapium sebiferum, Ligustrum compactum, and Castanea
henryi increased nonanal levels also. Nonanal was also detected in flower nectar and honeys from experimental colonies.
Electroantennogram recordings and behavioral observations showed that untrained honeybees could detect and were strongly
attracted to nonanal. We argue that nonanal persists in both honey and nectar odors facilitating a learned association between
nonanal and food reward in honeybees.
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Introduction 2009; Wright and Schiestl 2009; Leonard et al. 2010; Zhang

et al. 2012), particularly in habitats with high diversities

Most flowering plant species rely on animals for pollination
and have developed a range of mechanisms to attract pol-
linators to them, commonly offering a form of food reward
to the animals (Kiester et al. 1984). Many plant species use
floral scents or flower colors as a cue to attract their polli-
nators, improving successful pollen transfer between flow-
ers and pollination (Chittka and Raine 2006; Belsare et al.
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of pollinators and plants (Pauw et al. 2009). A variety of
floral odors have been shown to attract pollinators or repel
enemies, facilitating the identification of host flowers for
pollinators and improvement of pollination efficiency for
plants (Schiestl 2010; Chapurlat et al. 2019) . For instance,
volatile odor phenylacetaldehyde from flowers attracts bum-
ble bees (Bombus terrestris) (Knauer and Schiestl 2015),
and benzenoids produced by Dianthus inoxianus attract their
pollinating hawkmoths (Hyles livornica) (Balao et al. 2011).

The honeybee (Apis mellifera) is an important insect pol-
linator with excellent intelligence, and also an extreme flo-
ral generalist (Menzel and Muller 1995; Klein et al. 2007).
Many agriculturally important flower species are visited and
pollinated by honeybees, including over 85% of crop plants
(Klein et al. 2007). Here, we explored whether there was any
evidence for a general reliable signal of floral nectar reward
status produced by honeybee-pollinated flowers.

Nectar in most plants is colorless and concealed within
the flower (Rodriguez-Girones and Santamaria 2005, 2006).
Floral scents, however, play an important role in attracting
bee pollinators to flowers from a distance (Daumer 1956,
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1958; Glaettli and Barrett 2008; Wright and Schiestl 2009;
Schiestl 2010; Krishna and Keasar 2018). Honeybees have
excellent olfactory acuity and outstanding olfactory learn-
ing ability and sensitivity (Menzel and Muller 1995; Joerges
et al. 1997; Laska et al. 1999; Galizia et al. 1999; Komischke
et al. 2002; Scheiner et al. 2005; Galan et al. 2014). There-
fore, we hypothesize that floral odors might be an impor-
tant cue for honeybees to detect flower nectar status. Hon-
eybees are also excellent learners and possessed of robust
long-term memory (Miiller 2002; Hourcade et al. 2009;
Eisenhardt 2014). They rapidly learn to identify the most
rewarding flowers (Bhagavan and Smith 1997; Laska et al.
1999; Chittka and Raine 2006; Wright et al. 2002, 2009).
As a highly eusocial species, bees develop inside a colony
feeding on honey which has been generated from nectars
gathered by previous generations of foragers (Seeley 1985).
If a nectar odor was able to persist in honey stored within
a colony, bees may learn to associate the components of
honey odors with feeding even before they begin to forage.
This could predispose forager bees toward flowers possessed
of that odor in their nectar. Hence, the social structure of
the hive could facilitate transgenerational fidelity of a plant-
pollinator relationship via long-lasting odor cues in nectars.

To explore this hypothesis, we examined whether there
were any specific odors that were common to honeybee-
pollinated flowers and that were also present in stored honey,
and how honeybees reacted to those odors. We collected
floral scents from 12 honeybee-pollinated plant species
and 3 anemophilous species using a needle trap and a gas
chromatography-mass spectrometry (GC-MS) system to
investigate whether there were any common components to
the odors of in honeybee-visited plants. We investigated the
odor profiles of buds, blooming flowers and faded flowers,
and related flower odor profiles to time of day and nectar
amount. We also sampled honey odors. Finally, we tested the
electroantennogram response of honeybee antennae to can-
didate odor cues. We also tested their behavioral response
to these candidate odor cues.

Materials and methods
Insects and plants

Honeybees (Apis mellifera) were sourced from five colo-
nies at Jiangxi Agricultural University, Nanchang, China
(28.46uN, 115.49uE). Each colony contained a mated queen
and 9 frames with approximately 30,000 workers.

Plant species were selected for this study from the list
of known honeybee-pollinated species described in “China
nectar and pollen plants” (Xu 1992). Litchi chinensis and
Mangifera indica were sourced from Fuzhou city, Fujian
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province, China. All other plant species were sourced from
Nanchang city, Jiangxi province, China.

Experiment 1: qualitative analysis on floral scents

All experiments were performed on sunny days (temper-
ature: 20-30 °C, wind speed <5 m/s). Prior to sampling,
needles from the needle trap system (fatty acid type, PAS
technology, Germany) were inserted into the GC-MS at
250 °C for 2 h to desorb any chemical residues. Female or
hermaphroditic flowers from all plant species were wrapped
in a plastic bag (25 cm * 35 cm) for 15 min. Five to hundreds
of flowers were bagged depending on the flower size and
structure for each species. A needle was used to adsorb floral
scents. Needles were inserted into the plastic bag surround-
ing the flower bract to extract 50 mL of air with an airflow
speed of 15 mL/min to sample floral odors. Three independ-
ent samples were taken for each plant species, each sample
from a different bag of flowers.

The needle with adsorbed floral scent was injected into
a GC-MS system (5977B-7890B, Agilent Technologies)
with a DB-5MS chromatographic column (30 m, 0.25 mm,
0.25 pm film thickness, 112-5532, Agilent Technologies).
GC-MS analysis methods are fully described in He et al.
(2016). Briefly, needles were connected to a sterile syringe
(PAS technology). The syringe drove 1 mL pure helium
through the needle to desorb floral scents into the injection
port of the GC-MS system at 250 °C. The column tempera-
ture profile was 35 °C for 2 min, then increasing from 35 to
240 °C at 5 °C /min. Then the column temperature was held
at 240 °C for 5 min. The helium pressure was 6.7776 psi
and the electron impact ion source (EI) was 70 eV. GC-MS
data were mapped to the NIST 17.0 database. Gas from plas-
tic bags without flowers was also sampled (replicated three
times) as controls.

Experiment 2: quantitative analysis of nonanal
from flowers

Data from experiment 1 indicated nonanal as the only odor
common to all bee-pollinated flowers sampled. To meas-
ure the daily variation in amount of nonanal from Sapium
sebiferum, flowers were sampled at 6:00 a.m. (tempera-
ture: 25 °C), 9:00 a.m. (27 °C), 12:00 a.m. (29 °C), 3:00
p-m. (32 °C), and 6:00 p.m. (29 °C) on 19 June 2019. In
experiment 2, each sample contained 12 flowers, which were
placed into a 250-mL glass bottle containing 2 uL. 1-octanol
(2 mL/L, purity >99.8%, Xilong Science, China) as an inter-
nal standard. Flowers in bottles were kept under room tem-
perature (25 °C) for 15 min. A needle was used to extract
50 mL gas from the bottle at an airflow speed of 15 mL/min.
And floral scents were injected into GC-MS system as in
experiment 1 for quantitative analysis, but here, we used a
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different temperature profile for the column to save the reten-
tion time. The column temperature was programmed as fol-
lows: 40 °C for 2 min, then rising to 150 °C at a rate of 8 °C/
min, and then rising to 250 °C at a rate of 16 °C/min, finally
held constant at 250 °C for 5 min. Other GC-MS procedures
were same as above, and are detailed in He et al. (2016).

To test whether the release of nonanal is consistent with
states of flowers, we also compared the amount of nonanal
released from blooming flowers (250 flowers per sample),
buds (250), and faded flowers (250) of Ligustrum compac-
tum (Fig. 1B) using the method as above. This study was
repeated three times.

A standard curve was established for quantitative analy-
sis of nonanal. Two standard chemicals nonanal (purity:
95%) and 1-octanol were purchased from Sigma-Aldrich
(the United States of America) and Xilong Science (China).
One pL 1-octanol injections and six levels of nonanal (0 pL,
0.01 pL, 0.1 pL, 1 pL, 10 pL, and 100 pL) were added into
5 mL ethanol (purity >99.8%, Xilong Science). Selected
ion monitoring chromatograms (SIM) were reconstructed
for nonanal and the internal standard 1-octanol. These gen-
erated major peaks at the mass-to-charge ratio (m/z) 56 and
57 respectively. The correlation coefficient of the standard
curve was 0.9998 (Fig. S1). By reference to the standard
curve, we were able to quantify the amount of nonanal in
floral odor samples.

Experiment 3: measurement of nonanal and nectar
from flowers

To explore the relationship between amount of nectar and
amount of nonanal in flowers, for two plant species (Sapium
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Fig. 1 A Nonanal amount from Sapium sebiferum flowers at five time
points on a sunny day. Each bar means mean + SE of nonanal from
samples of 12 cluster of flowers. Each group had three biological
replicates. Data were normalized by square-root transformation and
were analyzed by ANOVA test followed by Fisher’s PLSD test. “*”
represents significant difference (p <0.05). B Nonanal amounts from

sebiferum and Ligustrum compactum), we manipulated
nectar amount and measured nonanal amount. Branches of
flowers were wrapped with plastic mesh net (mesh size 5
mm?) for 2 h to exclude insect visits. This prevented pollina-
tors to visit the wrapped flowers but allowed airflow across
the mesh net. Control branches were not wrapped. Twelve
Sapium sebiferum and 250 Ligustrum compactum flowers
were cut and placed into 250-mL glass bottles with 2 pL
1-octanol internal standard as in experiment 2. Air from
these samples was collected and analyzed by needle trap
and GC-MS systems as in experiment 2. Three measures
were made for each treatment of each species.

To confirm whether the nectar volume in Ligustrum com-
pactum flowers would increase after branches enveloped by
plastic mesh net for 2 h, 30 flowers were picked at random
in the mesh net and control branches and the nectaries were
imaged with a dissecting microscope (Nanjing Jiangnan
Novel Optics Co., Ltd, SE2200). Each flower has one nec-
tary. We scored how many of the 30 nectaries had nectar
droplets. Each group had 6 replicates. Sapium sebiferum
flowers have many nectaries. For this species, we randomly
sampled 30 nectaries from a flower and scored how many
nectaries had visible nectar droplets. Each group had 30
replicates. Since the nectar drops in flowers are not stable, a
small sample size was used and flowers were rapidly meas-
ured in this experiment.

Previous studies indicated that the nonanal exists in
many parts of flowers (KaSkoniené et al. 2015; Uzun
et al. 2017; Liu et al. 2020); therefore, this experiment
aimed to test whether nonanal is directly from nectar
droplets. We selected Castanea henryi flowers (this plant
had the highest proportion of nonanal in floral scents, see
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buds, blooming, and faded flowers of Ligustrum compactum. Each
bar shows mean + SE of nonanal amount from samples of 250 flow-
ers, and each group had three biological replicates. Data were nor-
malized by square-root transformation and were analyzed by ANOVA
test followed by Fisher’s PLSD test. “*” represents significant differ-
ence (p <0.05), and no “*” represents no significant difference
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Table 1 The relative percentage composition of nonanal detected
from floral odors and honey odors by GC-MS

Plant species Nectar secretion ~ Relative percentage

composition (%,

mean + SE)
Brassica campestris +++ 11.96+5.33
Astragalus sinicus +++ 28.21+5.21
Litchi chinensis +++ 16.10+7.70
Castanea henryi ++ 34.03+18.44
Lamium album ++ 8.56+2.46
Ligustrum compactum ++ 4.96+3.06
Citrus sinensis ++ 2.13+0.27
Ligustrum quihoui + 1.57+0.63
Mangifera indica + 1.73+1.15
Rosa multiflora + 1.31+0.62
Cinnamomum bodinieri + 2.91+0.69
Lycopersicon esculentum — + 0.20+0.087
Pinus massoniana - NA
Zea mays - NA
Juglans cathayensis - NA
Honey NA 6.24+0.93
Brassica campestris nectar  + + + 6.95+0.58 pg/mL

Note: Each plant species had three biological replicates. “+ + 47
indicates high nectar-secreting plants that can harvest> 10 kg honey
per hive, “+4 +” indicates medial nectar-secreting plants that can
harvest several kilogram honey per hive, “+4” indicates low nectar-
secreting plants that can harvest very little honey, and “-” indicates
non-nectar plants, according to a book “China nectar and pollen
plants”(Xu 1992). “NA” indicates not available. Nonanal amounts are
expressed as relative peak area, and represent as mean+ SE. Data is
from Table S1

Table 1) as experimental materials. Blooming flowers of
the experimental group were wrapped by plastic mesh net
as in experiment 2 for 2 h from 7:00 a.m. to 9:00 a.m., and
nectar droplets were collected using precalibrated pipettes
(5pL; inner diameter: 0.4 mm; A. Hartenstein GmbH, Ger-
many). Nectar from 5 clusters of flowers was collected as
one sample and 7 biological replicates were sampled. Nec-
tar from unwrapped flowers from same trees was sampled
as control. Nectar droplets were blown into H,O (5 mL)
with N, gas, added with 2 pL. 1-octanol as internal stand-
ard. The floral scents in nectar were extracted with CH,Cl,
(5 mL) and shaken for 10 min using an oscillator (200 r/
min). The CH,Cl, layer was transferred into a new vial and
concentrated under nitrogen flow to about 100 pL. A 1 pL
sample was injected into the GC/MS. The GC-MS method
(SIM method) was the same as experiment 2. A standard
curve for this analysis was established and the correlation
coefficient was 0.9989. Using the same methods, we also
examined nonanal in Brassica campestris nectar droplets.

@ Springer

Experiment 4: measurement of nonanal
from honeys

Honey samples were collected from 5 research hives. For
each sample, we extracted 5 mL honey into a 20-mL head-
space vial. These vials were placed in a water bath (Tianjin
Laiyuenage Co. Ltd.) under 80 °C for 15 min. A needle was
used to extract 10 mL of air with an airflow speed of 2 mL/
min from a honey sample and were injected into GC-MS
system for qualitative analysis same as experiment 1. The
column temperature profile used here was 40 °C for 2 min,
then 40 to 250 °C at 8 °C /min, and then 250 °C for 5 min.
Honey odors were then identified by the GC-MS system.
From each hive, we took three honey samples. In total, 15
samples were collected.

Experiment 5: honeybee antennal response
to nonanal

To determine whether honeybees could detect nonanal, pol-
len forager honeybees were captured at the hive entrance,
and the left antenna was cut for electrophysiological record-
ing by electroantennogram (using a Syntech EAG platform,
Germany). The five odors used in experiment 4 were pre-
sented to each antenna: nonanal, benzaldehyde diethyl
acetal (purity >98%, Tokyo Chemical Industry), benzal-
dehyde (purity >99%, Tokyo Chemical Industry), linalool
(purity > 95%, Sigma-Aldrich), and phenylacetaldehyde
(purity > 95%, Sigma-Aldrich). Chemicals were dissolved
in ethanol (Brockmann et al. 1998), each at five different
concentrations (0.08 mL/L, 0.4 mL/L, 2 mL/L, 10 mL/L, and
50 mL/L). Ethanol alone served as a control. Ten microlit-
ers of an odor solution was loaded onto a filter paper strip
and placed in a 1-cm Pasteur pipette (15 cm). The honey-
bee antenna was connected to the detection electrodes and
placed 0.5 cm away from the tip of the pipette in a high
humidity continuous airflow at 10 mL/s into which a stimu-
lus pulse of the odor was added for 2 s at 5 mL/s. Two anten-
nal responses to each odor solution were recorded, and five
different antennae were used for each chemical. In total, 25
antennae were used.

Since antennae had the strongest responses to 2 mL/L
concentration of the odorants (Fig. 4A-E), we repeated the
study focusing on this dose only using further 10 antennae.
Each honeybee antenna was tested with five compounds, as
above, and each compound repeated twice.

Experiment 6: behavioral responses of honeybees
to floral odors

To assess honeybee preferences for different floral odors,
color marked honeybee foragers were trained to feed on
sucrose solution (30-50% depending to the weather and
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temperature) from an artificial flower placed in the center of
a 50-cm-diameter circular platform. Artificial flowers were
similar to those used by Andrew et al. (2014): an inverted
orange bottle cap (diameter: 34.4 mm) with four holes
(diameter: 4.4 mm). Sucrose could be drunk from a shallow
well in the middle of each cap, and odors dispersed from 10
pL droplets of odor solution placed beneath each cap.

Forager bees were caught randomly at the entrance of
one of the same five research hives from which we sampled
honey (experiment 4) and relocated to the artificial flower
on the circular platform. Once the focal bee had returned by
themselves to the platform, they were marked with colored
paint on the thorax. For an odor test, five artificial flowers
were placed equidistant around the edge of the platform. All
artificial flowers offered sucrose, but each artificial flower
offered a different odor: nonanal, benzaldehyde diethyl
acetal, benzaldehyde, linalool, and phenylacetaldehyde.
These were the main floral compounds from honeybee-vis-
iting flowers (Table S1). Odors were diluted in paraffin oil
(Spectrum pure, Sigma-Aldrich) at a concentration of 10%,
following Andrew et al. (2014).

Bees were tested individually. The first artificial flower
each marked forager landed on was recorded. Artificial

Fig.2 A Nectar drop on Sapium A
sebiferum nectaries viewed
under microscope. Flowers were
magnified 40 times. B A nectar
drop in a Ligustrum compactum
flower under microscope. Flow-
ers were magnified 40 times
also. C Number of flowers or
nectaries of Sapium sebiferum
and Ligustrum compactum with
nectar drops from samples of 30
nectaries studied. Each group

in Sapium sebiferum and Ligus-
trum compactum flowers had 30
and 6 replicates respectively. D &
Nonanal amounts from netted
and control flowers. Twelve
cluster of Sapium sebiferum
flowers and 250 Ligustrum
compactum flowers of the
netted and control groups were
sampled and analyzed by needle
trap and GC-MS. Each group
had three biological replicates.
Each bar shows the mean + SE.
Data were analyzed using
one-way ANOVA test. “*”
represents significant difference
(p<0.05) between two groups
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Sapium sebiferum

flowers were replaced after each visit to avoid any marking
pheromones from previous foragers. The platform was ran-
domly rotated to avoid any possible direction preference of
foragers. Foragers were captured after their first landing so
each visit scored was from a different bee, and bees could
not influence each other’s choices.

Data analysis

Nonanal amounts and numbers of flowers or nectaries with
nectar drops (Figs. 2 and 3) were analyzed with one-way
ANOVA (Statview 5.01 package, SAS Institute Inc., the
United States of America). Electroantennogram (EAG)
response data (Figs. 4 and S2) were analyzed by ANOVA
test followed by Fisher’s PLSD test (Statview 5.01). Arti-
ficial flower preferences of bees (Fig. 5) were analyzed
with chi-square tests (SPSS 17.0 package, IBM, the United
States of America). Nonanal amounts (Fig. 1) were nor-
malized by square-root transformation and were analyzed
by ANOVA test followed by Fisher’s PLSD test (Statview
5.01).

Ligustrum compactum
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Fig.3 Nectar and nonanal amounts from Castanea henryi flowers.
The left bars were nectar amounts from 5 clusters of flowers and the
right bars were nonanal amounts from the relative nectar droplets.
Each bar shows the mean+ SE. Data were analyzed using one-way
ANOVA test. “*” represents significant difference (p <0.05) between
two groups

1 Benzaldehyde Diethyl Acetal
1 Benzaldehyde
0.257 @& Phenylacetaldehyde
. Bl Linalool *
> 0.204 WH Nonanal
£ 2 Control
30154 i
S
73
o 0.104
2
o 0.054
0.00

Fig.4 EAG response of honeybees to 5 floral components. Antenna
response to the 2 mL/L concentration of each of the five compounds.
Each bar shows the mean + SE of EAG response. Data were analyzed
using ANOVA tests followed with Fisher’s PLSD test. Different let-
ters represent significant difference (p <0.05), and same letters repre-
sent no significant difference

Results

Nonanal was the unique floral scent that commonly
existed in all 12 honeybee-visited flower species

Qualitative analysis of flower scents of 12 honeybee-visited
plant species indicated that nonanal was the unique compo-
nent commonly in floral odors of all 12 honeybee-visited plant
species, and not identified in the three anemophilous flowers,
which are not insect pollinated (Tables 1 and S1).
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Fig.5 The attractiveness of 5 floral odors to honeybees using mimic
flowers. Each bar shows the number of foragers that landed on each
of the five odors in the preference test expressed as a percentage of
the 193 foragers tested in this study. Choice data were compared to
the nonanal group with a chi-square test. “*” represents significant
difference (p <0.05) between nonanal and other four groups

Nonanal levels peaked at 9:00 a.m. and 15:00 p.m.
and in blooming flowers

For Sapium sebiferum, nonanal release peaked at 9:00 a.m.
and 3:00 p.m. Nonanal at 3:00 p.m. was significantly higher
than that at 6:00 p.m. (Fig. 1A). Open flowers of Ligustrum
compactum released significantly more nonanal than either
buds or faded flowers (Fig. 1B).

Netted flowers released significantly more nonanal

For Sapium sebiferum and Ligustrum compactum, flow-
ers wrapped with a mesh net for 2 h had significantly more
nectar droplets than unwrapped controls (Fig. 2C). Nonanal
amounts were higher in wrapped flowers than unwrapped
flowers for both species (Fig. 2D). Furthermore, nonanal
was directly detected from Castanea henryi nectar droplets,
and experimentally manipulated flowers had significantly
higher nectar and nonanal amounts compared to the control
(Fig. 3). These results suggest that nonanal was correlated
with nectar status of flowers.

Nonanal detected in honey odor and flower nectar

In total, 13 volatile components were identified from honey
samples (Table S1). The largest component was phenylac-
etaldehyde (27.32 +4.79, mean + SE, percentage composi-
tion). Nonanal was detected from all samples and ranked
as the seventh most abundant component of the odors
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(6.24 +0.93, mean+ SE, %). In addition, nonanal also
existed in Brassica campestris nectar droplets and was
6.95+0.58 pg/mL (Table 1).

Honeybee antennae are sensitive to nonanal

EAG responses to nonanal and benzaldehyde were greatest
at the 2 mL/L odor concentration (Fig. S2). EAG responses
to nonanal were greater than to four other common floral
odors and the control (Fig. 4).

Nonanal was the most attractive odor to honeybees

Five main floral components were selected for a preference
test with honeybee foragers. Artificial flowers scented with
nonanal were more attractive to foragers than four other
common floral scents (Fig. 5).

Discussion

Here, we explored whether honeybee-pollinated plants have
a common odor that may play a role in plant and honeybee
interaction. We analyzed all floral scents from 12 honeybee-
pollinated plant flowers. We found nonanal was the only
component common to the floral bouquets of all 12 honey-
bee-pollinated plants measured (Tables 1 and S1). Nonanal
is common in floral scents of honeybee-visited plants (Jor-
gensen et al. 2000; Alissandrakis et al. 2011; Twidle et al.
2018). We noted a correlation between amount of nectar
offered by different plant species and the proportion of nona-
nal in their floral scents (Tables 1 and S1).

For Sapium sebiferum, we noted two peaks of nonanal
release—09:00 a.m. and 3:00 a.m. (Fig. I A)—which coin-
cided with the recorded peak nectar secretion for this spe-
cies (Xu 1992). Moreover, we found that experimentally
increasing the amount of nectar in flowers of both Sapium
sebiferum and Ligustrum compactum increased amounts of
nonanal (Fig. 2). Nonanal was directly detected from Cas-
tanea henryi nectar, and experimentally manipulating flow-
ers significantly increased both nectar and nonanal amounts
(Fig. 3). Therefore, in both within and between honeybee-
pollinated flower species, we documented a relationship
between the amount of nonanal in floral odors and nectar
availability. Nonanal elicited a robust EAG response (Fig. 4).
A similar EAG result was previously reported for Apis cer-
ana that is more sensitive to nonanal than other floral odors
such as linalool and decanal (Luo et al. 2013). Nonanal was
also found at significant levels in honey odors (Tables 1 and
S1) and it was found to be highly attractive to untrained
honeybees sampled from these colonies (Fig. 5). Therefore,
we are confident that honeybees can perceive nonanal and
respond behaviorally to it.

Previously, nonanal has been found in both flowers of
Castanea sativa and Eucalyptus globulus and the honeys
produced from these flowers (Alissandrakis et al. 2011).
Naef et al. (2004) showed that nonanal exists in both nectar
and the content of the bee honey stomach. Here, we exam-
ined nonanal in flowers and honeybee colonies simultane-
ously, and our results showed that nonanal existed both
in nectar droplets (Fig. 3 and Table 1) and honey samples
(Table 1). Therefore, these indicate that nonanal is present
within nectar and persists in honey and may be involved into
the plant-honeybee interaction.

Interestingly, nonanal was not the highest component of
honey odor by any means: phenylacetaldehyde (Table S1).
Even so, nonanal was more attractive to untrained forager
honeybees than phenylacetaldehyde (Figs. 4 and 5). Pheny-
lacetaldehyde was detected in the floral bouquet of just 2
of the 12 flower species we sampled, whereas nonanal was
common to all (Table S1). It appears that a range of diverse
honeybee-pollinated plants advertise their current nectar
status by the same volatile chemical that is highly attractive
to honeybees. Therefore, nonanal possibly play as a general
cue of nectar availability for honeybees.

Nonanal is a very common volatile substance existing in
the world, and it can be produced by plants and microorgan-
isms, etc. (Abanda-Nkpwatt et al. 2006; Baldwin 2010; Wu
et al. 2014). Our results detected nonanal in nectar droplets
(Fig. 3 and Table 1) and honey samples but not in blank
control and flower samples from anemophilous plant species
(Table 1). Nonanal has been detected in dozens of flow-
ers and honey samples (Jorgensen et al. 2000; Schade et al.
2001; Alissandrakis et al. 2007, 2011; Jerkovi et al. 2009;
Bianchi et al. 2011; Bayraktar and Ur 2011; Twidle et al.
2018). Nonanal has been found in both flowers of Castanea
sativa and Eucalyptus globulus and the honeys produced
from these flowers (Alissandrakis et al. 2011). Naef et al
(2004) showed that nonanal exists in both nectar and the
content of the bee honey stomach, suggesting that nonanal
can be transferred from nectar into honey in beehives. In
addition, nonanal can also be found in indoor air but the con-
centration is lower than 100 pg/m® (Daisey and Hopke 1991;
Iwashita and Hibino 2011; Iwashita and Tokunaga 2012).
The concentration of nonanal in nectar (6.95 +£0.58 pg/mL)
is dramatically higher than that in an indoor air pollution,
suggesting that nonanal originated from honey samples
rather from air pollution. Therefore, we are confident that
nonanal is present within nectar, and persists in honey rather
an environmental pollutant.

Honeybees are excellent olfactory learners and can
learn both complex odor blends and components con-
tained therein (Bhagavan and Smith 1997; Laska et al.
1999; Wright et al. 2002, 2009). With this capacity, bees
could certainly learn features of specific flower types to
maintain floral constancy (Wright and Schiestl 2009). A
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generalizable cue associated with food information that
operated across flower types could increase the speed of
food collection at which a bee could maximize foraging
efficiency on a new flower species. This would benefit the
forager bee, and also improve pollination by enhancing
fidelity to the new flower type (Arenas and Kohlmaier
2019; Wright and Schiestl 2009). Honeybees also share
nectar after foraging and recruit to rewarding flowers
via their dance language (Farina et al. 2007). Moreover,
nurse bees deliver characteristic information of food to
young larvae and young bees in the whole colony. New
bees thereby obtain this food characteristic information
by excellent learning and memory abilities before forag-
ing (Bhagavan and Smith 1997; Laska et al. 1999; Wright
et al. 2002, 2009). Individually, distinctive flower odors
would allow new recruits to identify the advertised flower
type, but a generalizable cue of nectar availability would
facilitate the new recruits to obtain reward from the flow-
ers. In this case, the response of foragers to nonanal could
be facilitated by the shared social environment of suc-
cessive generations of forager bees, and their excellent
learning abilities. Since nonanal persists in honey odors, it
is possible that forager bees have already learned to asso-
ciate nonanal with feeding in the colony before foraging.
The ubiquitous association of nonanal and honeybee-pol-
linated flower species would consistently reinforce that
association.

In conclusion, this study demonstrated that the floral
scent nonanal is correlated with nectar status across a
range of honeybee-pollinated plants. The attraction of bees
to nonanal appears to be facilitated by nonanal persisting
in the odors of honeybees feed on in the hive. Nonanal
seems to play an important role in the plant-honeybee
interaction, but this interaction is far more complex and
poorly understood. Not only floral scents but also flower
shapes, colors, and ultraviolet signal (Moyroud et al. 2017)
may also involve in this complex plant-pollinator interac-
tion, which needs deeper investigations.
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