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Background: Pollinators help plants to reproduce and support economically valuable
food for humans and entire ecosystems. However, declines of pollinators along with pop-
ulation growth and increasing agricultural activities hamper this mutual interaction. Nectar
and pollen are the major reward for pollinators and flower morphology and volatiles me-
diate the specialized plant—pollinator interactions. Limited information is available on the
volatile profiles attractive to honey bees and bumblebees. In this study we analyzed the
volatile organic compounds of the flowers of 9 different plant species that are predomi-
nantly visited by honey bees and bumblebees. The chemical compositions of the volatiles
were determined using a head space gas chromatography-mass spectrometry (GC-MS)
method, designed to understand the plant-pollinator chemical interaction.

Results: Results showed the monoterpene 1,3,6-octatriene, 3,7-dimethyl-, (E) (E-B-ocimene)
was the dominating compound in most flowers analyzed, e.g., in proportion of 60.3% in
Lonicera japonica, 48.8% in Diospyros lotus, 38.4% Amorpha fruticosa and 23.7% in Rob-
inia pseudoacacia. Ailanthus altissima exhibited other monoterpenes such as 3,7-dimeth-
yl-1,6-octadien-3-ol (B-linalool) (39.1%) and (5F)-3,5-dimethylocta-1,5,7-trien-3-ol (hotrien-
ol) (32.1%) as predominant compounds. Nitrogen containing volatile organic compounds
(VOCs) were occurring principally in Corydalis speciosa; 1H-pyrrole, 2,3-dimethyl- (50.0%)
and pyrimidine, 2-methyl- (40.2%), and in Diospyros kaki; 1-triazene, 3,3-dimethyl-1-phe-
nyl (40.5%). Ligustrum obtusifolium flower scent contains isopropoxycarbamic acid, ethyl
ester (21.1%) and n-octane (13.4%) as major compounds. In Castanea crenata the preemi-
nent compound is T-phenylethanone (acetophenone) (46.7%).

Conclusions: Olfactory cues are important for pollinators to locate their floral resourc-
es. Based on our results we conclude monoterpenes might be used as major chemical
mediators attractive to both honey bees and bumblebees to their host flowers. However,
the mode of action of these chemicals and possible synergistic effects for olfaction need
further investigation.
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wind and water for their pollination (Funamoto 2019;
Khalifa et al. 2021), animal pollinators including insects,

Given the growing global human population, there is a
need to assure food security (Khalifa et al. 2021). With this
necessity, there have been many researches dealing with
plant-pollinator interactions. However, consequences of
plant-pollinator interactions are geographically variable
(Hiraiwa and Ushimaru 2017; Johnson et al. 2017; Ollerton
2012; Ollerton 2017; Zanata et al. 2017), and this variation
is still not well documented and difficult to elucidate ow-
ing to various factors associated with pollination (Ollerton
2012). While many gymnosperm plants depend on the

bats and birds have contributed to pollination and seed
production of angiosperms. Most of flowering plants are
not dependent on just one pollinator, but involve a broad
spectrum of pollinators. Among which bees are the major
and most important contributors for the production of sev-
eral leading agricultural crops worldwide (Klein et al. 2007;
Proctor and Yeo 1973). It is an accepted fact that bee-polli-
nated crops contribute approximately one-third of the total
human dietary needs.

The reason bees are significant pollinators is due to their
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effectiveness and availability. Literature reports indicate
that 87 global crops such as cocoa (Theobroma cacao), kiwi
(Actinidia deliciosa var. deliciosa), passion fruit (Passiflora
edulis), and watermelon (Citrullus lanatus), used directly
for human consumption in the world, are bee pollinators
dependent (Khalifa et al. 2021; Klein et al. 2007). Addition-
ally, bee pollination has a considerable impact for crop
quality and quantity, improving economic and dietary
yields (Khalifa et al. 2021). Therefore, the decline of bees
endangers the supply of crops based on insect-pollination.

Exploring the causes of the declines of bees along with
their host plants requires identifying signals that mediate
their interactions. Foraging bees help moving pollen from
one flower to the other and at the same time getting floral
rewards such as pollen, nectar, oils, and resins. For getting
rewards, bees use visual, olfactory, and tactile floral cues to
locate their host plants (Dobson 2017; Giurfa et al. 1996;
Kevan and Lane 1985; Lacher 1964; Menzel 1985; Vareschi
1971; Whitney et al. 2009). They are also capable of learn-
ing floral signals during their foraging periods (Beekman
2005; Kaiser and De Jong 1993; Menzel et al. 1974; Smith
1991; Zhang et al. 2006). In general bees depend mainly on
olfactory and visual cues during their early foraging trips
with visual cues becoming increasingly important in host-
plant finding for experienced bees due to their learning ca-
pability (Dobson 2017).

Volatile organic compounds from host plants are known
to influence the interaction, communication, and recruit-
ment between active and inactive workers in the colony of
honey bees, bumblebees, and stingless bees (Arenas et al.
2007; Arenas et al. 2008; Diaz et al. 2007; Dornhaus and
Chittka 1999; Free 1969; Getz and Smith 1987; Jakobsen et
al. 1995; Johnson 1967; Koltermann 1969; Lindauer and
Kerr 1960; Molet et al. 2009; Reinhard et al. 2004a; Rein-
hard et al. 2004b; Ribbands 1954; Wenner et al. 1969). Each
bee colony might forage on different flowers and thereby
acquire different odours that result in the development of
colony-specific patterns of floral odours (Smith and Breed
1995). For example pheromones that contain floral scents

List of 9 selected plants studied and their flower characteristics

Family Plant species Common name
Papaveraceae Corydalis speciosa” Corydalis Lilac
Ebenaceae Diospyros lotus Persimmon
Ebenaceae Diospyros kaki Persimmon
Oleaceae Ligustrum obtusifolium Border privet
Fabaceae Robinia pseudoacacia Black locust
Fabaceae Amorpha fruticosa Indigo bush
Fabaceae Castanea crenata Chestnut
Simaroubacceae Ailanthus altissima Ailanthus

Caprifoliaceae Lonicera japonica Honeysuckle
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such as 1,8-cineole, (E,E)-farnesol and (Z)-f-ocimene were
reported to be most important in recruiting bumblebees
(Granero et al. 2005). Benzaldehyde, limonene, B-ocimene
and linalool are volatile organic compounds which are
common and constitute major components of the floral
scents of several species of crop plants (Farré-Armengol et
al. 2020). Filella et al. (2013) assume that 3-ocimene serves
as a generalist pollinator attractant, because it was report-
ed as the predominant volatile compound emitted by plants
such as Muscari neglectum, Ranunculus gramineus, Eu-
phorbia flavicoma and Iris lutescens. Dobson (2006) has
reviewed all available data until 2006 on the use of floral
scent by food-seeking bees and found that flowers visited
by bees emit odour bouquets which, taken as a group, en-
compass a huge variety of compounds and compound
blends. However, their roles in bee—plant interactions re-
main poorly understood. Deepening of our knowledge on
how plants communicate with pollinators is the basis for
more intricate applications of the information in a more
sustainable agriculture.

The main aim of the current study was to identify vola-
tile organic compounds scent bouquets, and to character-
ize which of these compounds might eventually be com-
mon or distinct in different flower scents of bee-pollinated
plants. Our final goal is to analyze chemical compounds
responsible for the attractiveness of these scents to the var-
ious bee species.

Collection of flowers
Bees hosting flowers were collected from the surround-

ings of Andong National University, Andong, Gyeongsang-
buk-do (Republic of Korea), during spring and summer
seasons in 2018. We collected 9 different plant species that
are predominantly visited by honey bees and bumblebees
in each flowering season (Table 1). The plant flowers were
selected for this study based on our field observation of

Flower
Code " "
Color Shape Nectar™  Pollen
CS Yellow Galeate N N
DL Yellow Open E E
DK Yellow Open E E
LO White Tubular T T
RP White Papilionate E G
AF Purple Open G G
CC White Open E E
AA Green Open R R
] Yellow, White Tubular R R

E: excellent; G: good; T: temporary; R: rarely; DL: Diospyros lotus; L): Lonicera japonica; CS: Corydalis speciosa; AA: Ailanthus altissima; CC:
Castanea crenata; DK: Diospyros kaki; LO: Ligustrum obtusifolium; RP: Robinia pseudoacacia.
*Corydalis speciosa is an herbaceous plant selected for the study based on our observation in the field this plant flower is a host for bumblebees.
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frequent visitation of honey bees and bumble to these flow-
ers. Eight of these plants were trees and only Corydalis
speciosa is an herbaceous plant. Flowers of Corydalis spe-
ciosa are frequently visited by bumblebees. Flowers from
each plant were collected at the flowering stage (when they
were completely open and stigma and anthers were fresh
and colored). The flowers were collected in the early morn-
ing and immediately transported to the gas chromatogra-
phy-mass spectrometry (GC-MS) laboratory. Five random-
ly selected flower samples (2 g) of each were put in 20 mL
headspace vials, and immediately sealed with silicone rub-
ber septa and aluminum caps. The sample vials were then
placed in the headspace tray. The headspace analysis was
done using a GC-MS system which has a headspace au-
to-sampler, heater and agitator.

GC-MS analysis
GC-MS analysis was done by using a GC (7890B; Agilent

Technologies, Santa Clara, CA, USA) coupled with an MS
(5977A Network; Agilent Technologies). The GC had an
HP 5MS column (non-polar column, Agilent Technolo-
gies), 30 m x 250 ym internal diameter and 0.25 ym film
thickness and injection volume was 2 yL. The carrier gas
was helium flowing at a rate of 1 mL/min. The tempera-
tures of the Headspace-GC transfer line and the injector
were 160°C and 250°C, respectively and the injection mode
was a split mode with split ratio 2:1. The initial oven tem-
perature was 40°C held for 5 minutes. It was raised to
250°C at 6°C/min. The total run-time was 40 minutes.
Mass spectra were recorded in electron ionization mode at
70 eV, scanning the 50-550 m/z range. Run method for li-
brary search: Threshold value 100, scan speed (u/s) 1.562,
frequency (scan/sec) 2.9, cycle time (ms) 342.63, step size
(m/z) 0.1. Analysis method for library search: Integration
parameter peak width value 0.05, threshold value 18.0. The
identification of the volatile compounds was performed by
comparing the mass spectra of the compounds with those
in the database of NIST11 and literature data.

Statistical analysis
Amount of volatile of organic compounds (VOCs) can

potentially be affected by the flower species. Thus, the de-
tected amounts of VOCs of each plant were transformed to
compositional proportions to compare between plant spe-
cies. To classify plant species by extracted VOCs, principal
component analysis (PCA) was conducted with the “pr-
comp” function in R. 4.1.1 (R Core Team 2021). We used
proportional values (> 1%) of VOCs from each species for
analysis. A hierarchical cluster analysis (HCA) was also
performed to evaluate similarity between proportional
chemical compositions of sampled species. Ward’s variance
minimizing method was applied for this analysis (Ward,
1963) and the result was visualized as a dendrogram. The
analysis was conducted using the “hclust” function in R
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4.1.1 (R Core Team 2021).

In this study we analyzed the chemical composition of
the floral fragrances of nine flowers of different plant spe-
cies belonging to 7 families. These plants were selected
based on our field observation as host flowers of mainly
honey bees and bumblebees. The VOC compositions of the
floral scents are shown in Table 2. We identified 173 differ-
ent VOCs from 9 plant species through the GC-MS analy-
sis.

Out of a total 173 identified VOCs, 83 VOCs, which rep-
resents at least 1% in one species, were used for PCA and
HCA. Biplot created by principal two components poten-
tially represented that VOC proportion can differentiate
flower of plant species (Fig. 1). In Figure 1, 1,3,6-octatriene,
3,7-dimethyl-, (E) (E-B-ocimene) (X68), 1H-pyrrole, 2,3-di-
methyl- (X27), 1-phenylethanone (acetophenone) (X69),
pyrimidine, 2-methyl- (X32), 3,7-dimethyl-1,6-octadi-
en-3-ol (B-linalool) (X80), 1-triazene, 3,3-dimethyl-1-phe-
nyl- (X16) and (5E)-3,5-dimethylocta-1,5,7-trien-3-ol (hot-
rienol) (X85) were influential in classifying plant species.
In particular, compositional values of E-fB-ocimene were
important to discriminate between flower types (rich or
not) in HCA (Fig. 2, Table 2). Other major compounds
(X16, X27, X69, X32, X80, and X85) detected by PCA were
specifically found in each plant (Fig. 2, Table 2).

In order to compare the VOC profiles of 9 bee pollinated
flowers and aggregate those with similar profiles, the hier-
archical clustering method was applied as a dendrogram
plot shown in Figure 2. A cut-off distance level indicated a
distribution of the flowers in three homogeneous classes.
The first cluster includes Amorpha fruticosa, Diospyros lo-
tus, and Lonicera japonica which containing $-ocimene as
a common and principal compound in these flowers. Co-
rydalis speciosa was clustered separately due its unique ni-
trogen containing principal compounds, 1H-Pyrrole,
2,3-dimethyl- (50.0%) and pyrimidine, 2-methyl- (40.2%),
which is absent in other flowers (Fig. S1, Table 2). The third
cluster, which includes Ailanthus altissima, Castanea cren-
ata, Diospyros kaki, Ligustrum obtusifolium, and Robinia
pseudoacacia was classified based on their compositional
proportions of B-ocimene (Figs. S1-3) and plant-specific
compounds such as -linalool, hotrienol and acetophe-
none. The plant species classified as second and third clus-
ter showed generally lower compositional proportions of
B-ocimene than the first cluster (Table 2, Fig. 2).

Ligustrum obtusifolium flowers scent constitutes iso-
propoxycarbamic acid, ethyl ester (21.1%) and octane
(13.4%) as predominant compounds. Principal volatile
compounds in flowers of Robinia pseudoacacia were acet-
amide2-fluoro- (22.5%) and E-f-ocimene (21.1%) Castanea



Page 4 of 14

Journal of Ecology and Environment (2022)46:07

Dekebo et al.

20
gl

0

80

6€0
0
80°L
(44

Z1°0

949

apAyap|ewlojjAuayd

-(S1) ~ousjAyaw-¢-|Apawip-z 'z ‘dueiday[ L g zlopAdig

sus-zaday[ | gloppAdIgIApswL-99 - (3 1)

~-|Auayd-Axoylow “-awixQ

-(JA-1-uaxayo|oAo-1)-| ‘euouedoid-g

aueuou[Q ¢ | gloidsipezy-6

-[Ayew-g ‘aulpiwiiAg

-[Aypawip-§‘y-0IpAyip ‘suoueiny-(HE)Z

joueylOWURING-7

- QUBUON-|

[eueldoy

-[Aglowip-£'7 ‘9j01Ad-H |

9UIBIR)BII00|IAD-£ /G’ |

JouexaH-|

~(7) ‘|0 1-UaXeH-¢

~(7) '|0-1-UaxaH-¥

opAyap|eqied-g-ueiny

-JAyRwiIp-p* | ‘@|0ZepIw-H |

auepPO-|

a)epLojydouoqIed |Ayig

-[Aglowiip-4g ‘aueldoy

-0lon|j-g ‘apiweledy

-|Auayd- | -|Aypewip-¢‘¢ ‘ouazenl]-|

-0.)1u-g-0.oyo-7 ‘auedold

auoueylRWoUIWel(

p1oe oloueyig

19159 |Aye ‘p1oe olweaguedAxodoidos]

-[Agawip- 1| ‘ouizeipAH

-JAyRwIp-g’| ‘auizeipAH

ausIpeXeH-+'7-(2)(2)

ajeouey’d |Ay13

-OXOIY}-Z-|Ay1a-N-oulWe-Z ‘opIwejady
QUAXaY 024D

[[Augeuou-£ 1S L€ L1 1'6 LS €’ | -eD9PRIDO(|A- | -UaXaUO|DAD[AylowWIN-9°9 )
-gL-|Aylewena-91'71'2'€-3£19S1'IE LT L1967 £S5 TE€TV)]- -1 AgIowI-€ /€’ |

[A-¢-uiplIAd[g-*G]ojozexosI-N ‘OpIwelady
-OXO-(H €)t-Oulwe-g-oulWixop|e-9 ‘apIx0-g-aulpliald

9Ua-7 | -UL3J00WOY-D-10ueNd-0€ ‘6 LT L Z\fﬂmEE-NN\NN\w T\Axou.mum%-a 12'de

dWIXO dUO- TcBuoo_u\U-v-OE_o;ﬁ:OE-w
-(,S’s-oreoiyyipoweqied|Auadip)sig

spunodwo?)

8¢tX
£EX
9¢€X
GeX
7EX
€eX
cexX
LEX
0eX
6¢X
8¢X
LeX
9¢X
X
X
€eX
X
LcX
0cX
61X
81X
L1X
91X
G1X
V1X
€IX
454
LLX
01X

6X

8X

LX

9X
X
X
X
X
LX

‘ON

66€01
19001
1C9'6
6096
(4940
69¢'6
caL’8
1298
7598
98
965°8
1698
€1es
869°/Z
SLCL
€902
1189
7659
Y6'S
609G
Lev's
€9¢€°¢
q5Cs
60C'S
8Y9'v
1430 %
€08y
vovr'v
oLy
ca9'c
LESC
ViV C

¥88°1
6/8°1
€48°1
19871

18°1
L8171

(urw) 1y

SI9MOJ4 1504 399 JO spunodwiod d1uebio 3j13ejoA Jo uoiisodwod s6ejuISd



Page 5 of 14

Journal of Ecology and Environment (2022)46:07

Dekebo et al.

[4¢

[0
4

80

480

0

891
6C0
(A
€Lro

ajeuoqued |A-g-uedoud(jA-g-ueinjoipAyenaljAuia-g-[Aylaw-6)-g [Ayig
aua-z-1day[0” | ¥]opAdiqAyewin-£ 2 €
aURIPEIO-G’ | -[ApT-€

-SI10 -|AyIoWIL-G 0" 0 -0IpAY IR} AUSYIS-G ‘|ouByISWURIN-T
[oueO-|

|0-¢-ua- | uadjAyow-¢-(JA- Z-uesxojAylowip-£“€)-g
auoueylejAuaydip-g’ | -AxoipAy-¢

-JApawi-| | /2’¢ ‘|o-1-Uua1esspod-01'9'c

awixo ‘~JAuaydip-g’|-Ax0lpAy-g ‘Duoueyly
auoueyie|Auayd-|

- (3) “~JAypdwIp-£“€ ‘BUBLIEIO-9'E’|

aua-z-1dayo’ | FloppAoiqAyawin-£ £y
JoueylowjAuayy

apAyap|eleoejAusyd-¢

-(3'2) ‘susleO-9°¢’L

auesodlg

-|Aylowip- /£y, ‘auedapun

-JAyRWIP-9°Z ‘@UBLIEPO-9'Y'T
2UIXaYO|IAD|A-Z-ua- | -doid-{-|Aypaw- | -(Y 1)
-|Agow-¢ ‘auipuiAd

p1oe d1ouarjuadesodiy-/ | ‘41 1'8'G-510
“(IAyRIAYIBW- | )-p-|Ayiaw- | ‘audIpexayodAD-€”|
-(3) ‘@1e1908 ‘|0~ | -U9XaH-€

aualeyiuay-d-g'c’|
aulweuljouinb-gz-(JAUIA(JAIN}-Z-00IN-S)-2)-p-sues)
-[Aylow-£ ‘ajozeqled[3‘qlozuaqig-H/
ajozequed|Ayle-6-(oulwe|Ayiawip-N)sig-9°¢
[eue1d0

-[Ayrew-9 ‘|o-z-uaday-¢

-|Auad-¢ ‘ueiny

-oudjAyIRW-g-JAyaW-/ ‘DuaIpeIdO-9’ |

-[Aylow-g ‘auo-9-uaydap- |

-JAyewiLl-#7'T ‘Jourluag-|

[0-€-USPO- L

-[AyIowIn-G‘G’e ‘DUaXaH-|

aueyday[ || g]ojpAdigausjAyiow-z-|Ayiawid-99-(SG‘S 1)
-[Aylow--opize-| ‘auazuag

-[Agrewin-£‘z*¢ ‘aua-¢-1day[o” | 1]ojpAdig
-[Aylowin-9“9 z-oipAyeaaljAuayie-g ‘uelAd-Hg
-|Aylow-g ‘apAyap|exoqiesueing-g

spunodwoD)

8/X a4t
LLX g€l
94X 4304k
GZX 98¢l
vLX 1Z8 ¢l
€LX 8¢l
CLX 608°¢l
LZX 789°¢l
04X €09°¢L
69X Rt
89X 891°¢l
£9X eLel
99X 80 €l
S9X 6€6°CL
79X 9/8°C1
€9X c9s°¢CL
c9X 9¢zs'¢l
L9X €L9°CL
09X 6€45°ClL
65X VTl
89X VAL AN
28X 781°ClL
98X 66°L1L
G6X 8/6°L1
79X G611
£6X S6'LL
[4°):4 ¥re'LL
19X 68/°LL
08X 99¢°11
61X €0S'LL
8¥X cor Ll
L¥X 9¢'LL
9¥X vLTLL
X 7Sl
X 59601
€rX €601
X 80601
L¥X 8¥6°01
orX 168°0L
6¢X 80401
"ON (urw) 1y
panunuo)



Page 6 of 14

Journal of Ecology and Environment (2022)46:07

Dekebo et al.

61
L€

0

10

¥'0

90

(40
¥°0

8/°¢

VL€

Lco

Lo

98°0

v

991
dd

9°C
Ol

Ad

gl
1a

SO

ajopul-H L-(|AyrawA- | -uajeypydeu)-¢-|Axay- |

19159 |Ao9pe100 ‘pIoe dloudINg-Z-[AYIdN-€
a1eous-Z-INgjAyaW-z-(3) [Aus-¢-xaH-(3)
-outwe(jAytew|ApuAd-z)-z-[Aylew-¢ ‘auljozely] -g
aulwe-jAuayd-(jAzuaq-Axo|AUON-7)

-@) ~JAyew-g ‘aualpeiuad-¢’|
sulweueyawauaydoly|-g

-010[D ‘auexayo|2AD)

-) “IApaWIp-6'z ‘BuaxaH-¢

~(Z3) ‘ausipexeH-¥'g

a|Luogued-9-aulpiwlAdle-¢’ | JojozelAd-|Auayd-g-(|Auayd-Axoylow-t)- -ouluy-g
|O- |-U9-9-120]|AylawIp-£ ‘€

-[Agawip-1 0 ‘9pAYSp|eIaDE- | -aUIXIYO[IAD)-€
apAyapleqiedaulpuAd-z-[AyIaN-9

|0-z-uedoud(|A- | -ua-¢-xayo[2Ad|Aypaw-1)-¢
aulpuAdjAuaydip-9/z-(JAuaydolo|yd-)-1
|0-1-uAda(-€

19159 |Ay1e ‘pioe d1ozuag

duIWeIp-t’ | -auazua(-(euapl|A-g-ulplioe-Ho | -|Adoid-0 1)-, N-[Aylewid-N’N
ajozequea|g-¢‘zloyydeN-Hs

-9UdjAyIaW ‘@UBINGOIAD
-(JAuaydAxoyiawip-g¢)-z-Axoylowip-9’ g-jAypawip-€‘| ‘Djopul-H |
-(duapijAuadoud- | -|Aylew-g)|Ayrewiy ‘euedoidojdAD
d|1yuoadejAuayd-¢

-[Aylowp-z’ | -|Ausie-¢ ‘eusipexayo[dAD-1’ |
-[Aawena1-9'9y 'y ‘Bua-z-xay[0" 1" €lojRAdlg

19)59 |Ayiaw ‘p1oe d10ueO

-3’3 ‘susenele0-£ S ! | -[AylswIg-9°T
-URJAYIBW-9-|AyIaW- 7 ‘DUo-¢-uaipeinO-/’|
-(JAuAyiojAuayd-z)-6-Axoylowip-9‘¢ ‘|0-p-ualon|4
[o- L -ueyiajAuayd-¢

QUAUOU|AXaYO[IAD-|

[0-€-UBL-£ 'S’ |-e0jAyiawWIp-6'¢-(7 S)

-(S) “[AyswWip-£ € ‘|0~ -USPO-£

JeueuoN

auelday|AyoWAX0IpAY- - AXOUIRN- |

-[Aypawip-£'¢ ‘|o-€-uaipenO-9’|

|0-€-UBIPBI0-9’ |-Apawi-£ S

-JAgawIp-£'¢ ‘BuaieO-£ ¢’ |

spunodwo)

LLLX qlLeoc
9LLX 6CC0C
SLLX ¢60°0¢C
YLLX 8GG9°Q1
CLLX e
cLLX cL0°8lL
LLLX 86°L1
OLLX €96°L1
601X 896°L1
801X cS6°LL
LOLX G698 /1
901X cL8LL
SOLX 9S L1
YOLX ¥eSLL
€OLX G0691
COLX 19691
L10LX 86791
001X LO¥' 91
66X vcCol
86X 81Cc9l
L6X 90091
96X cv6'ql
S6X €0s'S1l
76X 1€5°¢9lL
€6X Slo syl
6X 9¢'G1
16X 9CslL
06X 8Lal
68X ar0'SlL
38X 6€0°G1
£8X 8¢0'S1
98X 0L YL
98X LYl
78X 6971
€8X 6491
8X 991
18X VAR 4)
08X L8S¥1
64X 4 R4
‘ON (urw) 1y
panunuo)



Page 70f 14

Journal of Ecology and Environment (2022)46:07

Dekebo et al.

Y0
99°C

0
810
500
(44

65°C
L1°¢C

0

61
GlLl

arl

Z1°0
800
€C0
€C0
98°¢
200
710

80°0
00
€0
8C0
¥0°0

v

dd

Ol

Ad

1a

SO

-(3'9) “-ousjAyIBW-g-|ALRWILI-F'4’ | ‘OUSIPEISPUNOIAD

“(IAyIApaw- )-p-|Apawip-9 | -oipAyexay-£ ey v/ 7’| “aualeyiydeN

-(eeg’eeye ) ~(IApAypaL- |)- L-|AylowIp-£ p-0IpAyeXay-eg 9’ ey | ‘duajeyiydeN

(S8"LMINT'S L) “~(IAelAypow- |)-g-|AyiawIp-€ | ‘Due-£-09p[£'T0"0" 101241
-(eegeep e ) “~(JAyIRlAYIOW

- 1)- L-oudjAyiaw--|Ayiow- £-04pAyeI00-8Q°9 S By H €2 | ‘DuajeyiydeN

JouaydjAgiawi-p-(JAupajApawip-11)siq-9'g

(3'3) “JAyRWILA- | |£'€ ‘Buaena3ed"pod-01'9'c’|

auajeyiydeuoipAyexay-eg’g’ s € ‘¢’ | -|A-g-uedoid-p-|Aypowip-9° |

QUBWIOIYD-H -0M1U-£-AXOyloW-8-|A-G-joxoIp[ £’ | |ozuag-7

QUOD[BYIAXOYIDW-, {7-OUlWe|AYIoWI(-1-sue)

QUBIOIYD-H Z-0IU-E-AXOylowW-g-|A-G-|oxoIp[ £’ | ]ozuag-T

auouenqo|2Ad-[Aylow-g-(jAuA- | -ua-¢-juad-|Ayiaw-1-|Adoidos)-¢)-¢

-auR|Ayiaw--|Ayiawil-£ ‘|| -oipAyedap ‘auanze[s]doidojoAD)-H |

UBIP-9'Z-89pUN[4,0" 1" Z'9]0[2Ad M AYIWeND)-| | 1'5‘S

-(2) “-dulApaw-¢-|AyRwIp-1 | ‘£ ‘ousLiedepod-01‘9‘L

-[3'9)-1 ~(IAyalAyiaw- | )-g-aus|AIaw-G-|AyIaw- | ‘DUdIPEIIPOIIAD-9’|
-[24-(S8'S£'S9'ST U L)

“(IAwpajAypow- 1 )-g-audjAyiaw-¢-|Ayiaw- | ‘ouedap(£z0 0y ¥]ojpAduL

-(JAypejAypaw- 1)- | -|Ayiawip- £ ‘p-olpAyexay-eg‘9‘s’ey ¢’ | ‘ausfeypydeN

QuedapEXaH

-[Ayrewenal-+1°019’g ‘@uedspeideH

-(3) ~(1A- L -uaxayo[2Ad-¢-|Ayiaw-1)-9-|Ayiaw-z ‘auaipeidapH-s'g

“(IAyRIAYIRW- 1)sIq-G€-|Apaw- | ‘Budzuag

-audeyydeucipAyexay-g eyt ¢ ¢’ L -(|A-g-uedoid)- L-[Appowip- £y

-(S) "~(ouap1jAypalApaw- 1)--(IAypRlApaw- 1 )- L-|Ayiow-9-|Auaya-9 ‘auaxayo[AD

auaeyydeucipAyeIo-,£ 9’ ey y ¢ ¢’ L-(|A-z-uedoud)- | -auspijAypaw- £-Aypow-1

aUa--09pun[(’ g £]0|2Ad1GauBp AYISW-g-|AyIaWL - | 1’| L -(S6'IH " 1)

auedap[0° 0"t #]0[2Ad1(|A-z-Uedoid)-g-auapiAyrew-¢-[AypRw- | -(S8"4 £ 49'S |

[o1pauljouind-+'g

-(7) "-(JAuayuad-z)-z-|Aytew-¢ ‘auo- [-uayuado|dAD-z

aua|nze[s]edoido|Ad-HGL HY HS Hey HY HEHTZ He L'H L-|Apawenal-£ v/ | /|

2UBI3P[420°0" € G]0|2ADLI(|A-g-urdoud)-g-auapijAyrow-G-|Ayrow- |

9Ud-€-29p |00’ ¥ #1024 A-Z-urdoud-g-| Aysawiip-€ 1-(58'S £'59°S 1)

2ua-£-29p[0°0" ¥ #]0jAoLy(jA- z-uedoud)- Z-|Ayewiip-0 |

auexayo|dAd(auapl|A-z-uedoud)-p-(|A- g-ua- | -doud)-z-|Aypew- | -|Auayie- | -(ST'S |

spunodwo)

LG1X €98V ¢
051X 8EGvC
61X GGEve
81X SR 44
Ly 1X 8/1v¢C
91X 601v¢C
SriIX 90 ¢
Py 1X 90
eviX €86°€C
r1X L16°€C
Ly 1X £68°¢C
or1X £18°€C
6¢1X 143 R X4
8¢1LX 89°¢C
LELX 884°¢€C
9€1X 1G9€C
GeELX Y1G9€C
FELX VAR A X4
€eLX €LLee
celX 0l1°€c
LELX L¥6°CC
0€LX 6/8°CC
6C1LX £8/°CC
8C1X 8/9°CC
LC1X cevee
9¢IX cecce
SC1X Lccce
VaLX 9¢0°¢c
€CIX veL LT
cClX L1L71C
LCLX 88Y°LC
0c1LX 88C°LC
611X ¥0£°0¢
8L1LX 14444
‘ON (urw) 1y
panunuo)



Page 8 of 14

Journal of Ecology and Environment (2022)46:07

Dekebo et al.

“e1opoROpPNasd BIUIqOY 4y ‘eoruodel e1a01uo0T [ fewissie snyjuelly Y ‘ejeuald eaue)se) 1)) esodnn.y eydiowy 4y ‘unijoyismqgo winysnsiT i1 ey sosAdsolq @ smoj soiAdsoiq :1Q ‘esoioads sijepAio) 1D

€0

[4%0)
L¥°0

Ge0
Lo

110

600

€80
910

v

90
dd

Ol

Ad

1a

1’0

1’0

€0

0

¥'0

SO

-JAypewip-°g ‘autjouinb[Hjozuag
auizijoputjAuayd-z-|AyiaN-
13159 |A-"g £-uBISa|oyD-0g ‘p1ok dlueAdoly]
13159 |Ayia(jAluewiepe- |)-g ‘p1oe d1adejAusyd
-JAyIBWILL- | 101 ‘6-01PAYIP-0 1 ‘6 ‘|O- | |-UsdRIyIUBOURYIBN-0 ‘6
ajeouedapEXaY [AyIOW
pI1o® D10ZUS(|AYIoW-H-0UlWy/-€
-(-0G) ‘[e190® |AIpaueyia-g‘| 21]94Ad ‘Buo-/-uelsajoyD)
9UO0-()¢-Ua-G-udaidoreueAoolyjosi-9 | -AX0)e0y- g€
-(JAuaydoniu-)- | -(jAuaydolo|yo-)-G-|AINg-La)-€ ‘9j0zelkd
-(JAyewjAusyd)-¢-JAozuag-¢ ‘uolpauljouind~(HE'H L)¥'C
aulydiowjAouringiq
auajnze[a]edoido|oAd0ipAyeIn0-q/ L9 'Sy € T e L -|AyawenR)-£ 4 L /]
auajeyydeuoipAye1no-£‘9'g ey v € 7’ L-|Aytowip-g ‘ep-|Auadoidos|-¢
9UD-g-09puUN|¢," " €"§]0|Ad L AYIOWENSI-8'9'9 T-(S Sy Ty 1)
auey(jA-zaday[ Lz zlopAdIg)sig-T']

-[(eeg’q'qeeRE)-yE]
““|Ay1owen9)-8'8’9’ c-0IpAYBXDY-BQ ]’ /'€ ‘dUdINZEOUBRYIDIN- L BE-H |
ajeling-u |AusydoniN-¢

auapuI[1]eINqo[dAd-H [-0IpAUEXaY-£ 9 S ' € e Z-auapI|Aypaw-g- AWl 7T

-0IpAYap-0 1’6 ‘@UD]0}18u0|oS]|
-(33'3) "a1e1908 “|AylawenLl-G L' L2 € ‘|0~ |-USBNaIeIaPeXaH-11'019'T

spunodwo)

¢LLX [A4AGS
LZ1X cll'ee
021X 980°£¢
691X 81€°G¢E
891X 6C9°CE
91X 919°1€
991X £98°0¢
S91X 750°0€
791X 880°0¢
€91X GC'/LC
91X Svc/le
191X 6€C°LT
091X 8€9°9¢
641X 19¥°9¢
841X 86¢°9¢C
£51X 69€9¢
961X ¢sl9¢
SaLX v/.°SC
YS1X VAVACT
€91X GCy'Se
¢SLX €eLse
‘ON (urw) 1y
panunuo)



Dekebo et al. Journal of Ecology and Environment (2022)46:07
-1.0 -0.5 0.0 0.5
|
AA
<
< w0
[=]
cC
o
N
LO x80DK
X69 85
.\\‘~\16
= g B 1__RP g
N T R S
© / “AF_
O w ¥ LJ
o 9 4
X32
X27
o
= =
g
I
(i)
d -
I
CS E
T T T T T T !
-0.6 -0.4 -0.2 0.0 0.2 0.4
PC1 (35.0%)
o |
o
o
- ©
L o
ke
(]
T <]
o
N
o
*® a8 2 8 £ 8 % 3 &

Plant species

Page 9 of 14

Biplot created by principal
component analysis (PCA) using
compositional proportions (> 1%)
of VOCs from plant species. Xn
represents the chemical number
assigned to each VOC in Table 2.
VOCs: volatile of organic com-
pounds; AF: Amorpha fruticosa;
DL: Diospyros lotus; LJ: Lonicera
japonica; CS: Corydalis speciosa;
AA: Ailanthus altissima; CC: Cas-
tanea crenata; DK: Diospyros kaki;
LO: Ligustrum obtusifolium; RP:
Robinia pseudoacacia.

Dendrogram created by hi-
erarchical cluster analysis (HCA)
using compositional proportions
(> 1%) of VOCs from plant species.
VOCs: volatile of organic com-
pounds; AF: Amorpha fruticosa;
DL: Diospyros lotus; L): Lonicera
japonica; CS: Corydalis speciosa;
AA: Ailanthus altissima; CC: Cas-
tanea crenata; DK: Diospyros kaki;
LO: Ligustrum obtusifolium; RP:
Robinia pseudoacacia.

crenata has acetophenone (46.68%) as the principal com-  ble 2). This species was classified as a -ocimene rich

pound (Table 2, Fig. S2).

group, but also have other montoterpenes [4,7,7-trimethyl-

Amorpha fruticosa was identified to have the most di-  bicyclo[4.1.0]hept-2-ene (4-carene), 3,7,7-trimethylbicyclo
verse VOCs of the 9 plants through this study (Fig. S2, Ta-  [4.1.0]hept-2-ene (2-carene), 1,6-octadiene, 7-methyl-3-
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methylene (8-myrcene), (1S,5S)-6,6-dimethyl-2-methylen-
ebicyclo[3.1.1]heptane (B-pinene)] and sesquiterpenes
(1S,2S)-1-ethenyl-1-methyl-2-(prop-1-en-2-yl)-4-(propan-2-
ylidene)cyclohexane (y-elemene), 4,10-dimethyl-7-(propan-
2-yDtricyclo[4.4.0.0]dec-3-ene (a-cubebene), (15,6S5,7S,85)-
1,3-dimethyl-8-propan-2-yltricyclo[4.4.0.0*"]dec-3-ene
(a-copaene), 1-methyl-5-methylidene-8-(propan-2-yl)tricy-
clo[5.3.0.0]decane (3-bourbonene), 1H,1aH,2H,3H,4H,4aH,
5H,6H,7bH-cyclopropale]azulene (o-gurjunene), (1S,6R,7R,
8S)-1-methyl-3-methylidene-8-(propan-2-yl)tricyc-
lo[4.4.0.0]decane (B-ylangene), (1R,4E,9S)-4,11,11-trimeth-
yl-8-methylidenebicyclo[7.2.0]undec-4-ene (caryophyllene),
4-methyl-7-methylidene-1-(propan-2-yl)-1,2,3,4,4a,5,6,7-
octahydronaphthalene ((+)-epi-bicyclosesquiphellandrene),
4,7-dimethyl-1-(propan-2-yl)-1,2,3,4,4a,5-hexahydronaph-
thalene (cis-muurola-3,5-diene), tricyclo[4.4.0.02,7]decane,
1-methyl-3-methylene-8-(1-methylethyl)-, (1R,2S,6S,7S,8S)-
rel (B-copaene), 5,5,11,11-tetramethyltricyclo[6.2.1.0]Junde-
ca-2,6-diene (neoisolongifolene), 1,6-dimethyl-4-pro-
pan-2-yl-1,2,3,7,8,8a-hexahydronaphthalen (epizonarene),
1,3,6,10-dodecatetraene, 3,7,11-trimethyl-, (E,E) (o-farnesene),
naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-7-methyl-4-
methylene-1-(1-methylethyl)-, (1a,4aa,8aa) (y-muurolene),
naphthalene, 1,2,4a,5,6,8a-hexahydro-4,7-dimethyl-1-(1-
methylethyl)-, (1a,4aa,8aa)- (¢-muurolene), isolongifolene,
9,10-dehydro, 1H-3a,7-methanoazulene, 2,3,4,7,8,8a-hexa-
hydro-3,6,8,8-tetramethyl-, [3R-(3a,3ab,7b,8aa)]- (cedrene),
(IR,2R,55)-2,6,6,8-tetramethyltricyclo[5.3.1.0"°Jundec-8-
ene (7-epi- a-cedrene, isoledene)].

Our results showed there are differences in the emission
of floral volatile organic compounds among the nine bees
host flowers investigated in this study. However, monoter-
pene, E-B-ocimene was the principal component in volatil-
ities of Lonicera japonica (60.3%) Diospyros lotus (48.8%),
Amorpha fruticosa (38.4%), and Robinia pseudoacacia
(23.7%) (Table 2, Figs. S1-3). Similar studies also indicated
that Ranunculus acris (Farré-Armengol et al. 2013), Mira-
bilis jalapa (Effmert et al. 2005), snapdragon (Antirrhinum
majus) (Dudareva et al. 2003) flowers have a floral scent
dominated by B-ocimene. It was reported that E-f3-
ocimene acts as a brood pheromone of bees like Apis mel-
lifera and by sending signals to worker bees to carry out
foraging activities, food collection, storage and processing
for colony and larvae (Maisonnasse et al. 2010). E-f3-
ocimene was also identified to act as primer pheromone on
worker bees by inhibiting maturation of their ovaries.
Emission of E-f3-ocimene by honey bee larvae may prevent
workers (especially nurses) from utilizing food into egg
production instead of taking care of the larvae (Maison-
nasse et al. 2009).
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Several reports indicate a role of 8-ocimene in pollinator
attraction in addition to its high occurrence in floral
scents. Research conducted on $-ocimene shows it can ef-
fectively attract honey bees and bumblebees (Granero et al.
2005; Pecetti et al. 2002). We believe the reason for the
honey bees’ attraction to flowers which have 8-ocimene as
a major volatile organic compound might be due to their
correlating the aroma of the flower’s volatiles with those of
their brood pheromone in the hive. There was a report that
emission rates of trans-f-ocimene from the flowers of
snapdragon and Satsuma mandarin vary depending on the
floral growth stage. Maximum emissions were recorded
when flowers were fully open, but decreased emissions
were observed in later stages until fruit development
(Dudareva et al. 2003; Shimada et al. 2005). Therefore, it is
assumed that emitting B-ocimene might be a strategy of
the plant such as the first cluster in Figure 2 for attracting
bees for pollination during its flowering period.

Dotterl and Vereecken (2010) reviewed floral scent elicit-
ing positive behavioral responses in bee species such as
Apis mellifera, Bombus terrestris, and Euglossini sp. These
workers reviewed mainly monoterpenes that showed posi-
tive responses to bee species. In the current study, Ailan-
thus altissima also contained monoterpenes such as 3-lin-
alool (39.1%) and hotrienol (32.1%) as predominant
compounds. Similar studies indicated linalool is a princi-
pal compound in Daphne mezereum (95%). Linalool might
be a general attractant of solitary bees, acting both as a
food and a sexual attractant of male bees (Borg-Karlson et
al. 1996). It was also reported that B-linalool was a major
compound in alfalfa (Fabaceae) floral volatile eliciting a
positive behavioral response to Apis melifera (Henning
and Teuber 1992). We believe that this might be the reason
for the frequent visits of Ailanthus altissima by honey bees.
Solitary bees and bumble-bees produce linalool in their
mandibular glands, i.e., a pheromone that causes the males
to aggregate (Borg-Karlson et al. 1996). Ocimene was re-
ported to elicit positive responses to Bombus terrestris and
linalool elicited positive responses to Apis mellfera (Déotterl
and Vereecken 2010), observations that support our find-
ings.

Major components in VOC of Corydalis speciosa, Dio-
spyros kaki, and Ligustrum obtusifolium are nitrogen con-
taining compounds, namely 1H-pyrrole, 2,3-dimethyl-
(50.0%) and pyrimidine, 2-methyl- (40.2%) in Corydalis
speciosa and 1-triazene, 3,3-dimethyl-1-phenyl (40.5%) in
Diospyros kaki and isopropoxycarbamic acid, ethyl ester
(21.1%) in Ligustrum obtusifolium. Nitrogen bearing com-
pounds such as phenylacetonitrile amounted to 0%-11.8%
and 0%-6.8% in male and female inflorescences of Salix
caprea (Dotterl et al. 2014). Additionally, the nitrogenous
compound indole was determined as 0-1.5% and 0.4-3.2%
in male and female inflorescences of Salix caprea (Dotterl
et al. 2014).
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Although not identified as ‘major’, some volatile organic
compounds in the current study were reported to elicit
positive behavioral responses in experienced bees or those
for whom experience was not investigated (Détter] and
Vereecken 2010). These compounds include benzyl alcohol
identified in the flower scent of Castanea crenata and Lon-
icera japonica and were previously reported to elicit posi-
tive response in Apis mellifera (Dotterl and Vereecken
2010; Williams and Whitten 1983). 3-Carene identified in
Robinia pseudoacacia. (E,E)-q-farnesene and phenylethyl
alcohol identified in flowers of Lonicera japonica, Robinia
pseudoacacia and Amorpha fruticosa were reviewed to
elicit positive responses of Apis mellifera.

Floral emission of volatiles is a complex phenomenon
that leads mixtures of organic compounds, having a high
variable constituents and high relative amounts of com-
pounds. Both these two aspects may play important roles
in pollinators, especially insects’ attraction. It has been
noted that some monoterpenes including B-pinene and
(E)-B-ocimene (Gong et al. 2015) may elicit strong anten-
nae responses in some insects. D-Limonene, Benzaldehyde
and O-cymene, the three compounds in male flowers that
were significantly attractive and ¢-pinene repellent to hon-
ey bees (Fernandes 2019). In the current study even though
it is not major, Ligustrum obtusifolium, Castanea crenata,
and Ailanthus altissima constitute D-limonene in the rela-
tive percentage of 2.2%, 1.6%, and 0.2%, respectively. The
amount of this compound in these plant flowers might be
sufficient to attract the bee species which need further
studies.

Additionally, apart from a species-specific response, rel-
ative percentages in blends may play a crucial role and even
non-active compounds can enhance the attractiveness of
other volatiles by lowering the active threshold dose of ac-
tive ones (Chen and Song 2008).

Insects use both olfactory and visual cues to find flowers
(Raguso and Willis 2002), offering pollinators decoupled
cues or a combination of both cues. Some insects respond
more to visual (Balkenius et al. 2006; Doétterl et al. 2011;
Omura and Honda 2005; Roy and Raguso 1997) and others
more to olfactory cues (Détterl et al. 2011), but it would
seem that in many species a combination of both cues is
needed to elicit specific behavioral responses. The study
results from the visual, olfactory and combined experi-
ments on Salix caprea by (Dotterl et al. 2014) showed that
visual and olfactory cues are also important for naive hon-
ey bees to find their host. Bees distinctively respond to de-
coupled olfactory and visual cues of the flower, but olfacto-
ry cues were more attractive than visual cues alone, but
most honey bees were attracted to a combination of both
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cues rather than either of them alone.

Based on our results we conclude that monoterpenes
might be used as major chemical mediators for honey bees
and bumblebees in locating their host flowers. Among
monoterpenes, E-B-ocimene was found as a common and
major compound in most plant flowers that we analyzed.
However, whether scents of major compounds or synergis-
tic effects of mixtures of compounds identified in the flow-
ers are responsible for olfaction needs to be further investi-
gated.

Supplementary information accompanies this paper at
https://doi.org/10.1186/jee.21.001

Fig. S1. Chromatographic profiles of Diospyros lotus,
Diospyros kaki, and Corydalis speciosa. Fig. S2. Chro-
matographic profiles of Robinia pseudoacacia, Amorpha
fruticosa, and Castanea crenata. Fig. S3. Chromatographic
profiles of Ligustrum obtusifolium, Ailanthus altissima,
and Lonicera japonica.
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HP 5MS: HP-5 5% Diphenyl/95% Dimethylpolysiloxane
EI: Electron ionization

NIST: The National Institute of Standards and Technology

Acknowledgements
We appreciate Prof. Victor Benno Meyer-Rochow for English correc-

tion and proof reading of the manuscript.

Authors’ contributions

AD and CJ designed the study together. AD submitted the samples
for analysis and analyzed the data and wrote the manuscript. MK
and MS did the statistical analysis and wrote the manuscript. CJ re-
viewed and edited the manuscript. Both authors read and approved

the final manuscript.

Funding
This work was partly supported by National Research Foundation of

Korea (NRF-2018R1A6A1A03024862) and Rural Development Ad-
ministration (RDA, PJ0157462021).

Availability of data and materials
The datasets used and/or analyzed during the current study are
available from the corresponding author (Prof. Chuleui Jung) on

reasonable request.

Ethics approval and consent to participate
Not applicable.



Dekebo et al. Journal of Ecology and Environment (2022)46:07

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Arenas A, Fernandez VM, Farina WM. Floral odor learning within the
hive affects honeybees’ foraging decisions. Naturwissenschaften.
2007;94(3):218-22. https://doi.org/10.1007/s00114-006-0176-0.

Arenas A, Fernandez VM, Farina WM. Floral scents experienced within
the colony affect long-term foraging preferences in honeybees. Api-
dologie. 2008;39(6):714-22. https://doi.org/10.1051/apido:2008053.

Balkenius A, Rosén W, Kelber A. The relative importance of olfaction
and vision in a diurnal and a nocturnal hawkmoth. J Comp Physiol A
Neuroethol Sens Neural Behav Physiol. 2006;192(4):431-7. https://
doi.org/10.1007/s00359-005-0081-6.

Beekman M. How long will honey bees (Apis mellifera L.) be stimulated
by scent to revisit past-profitable forage sites? J Comp Physiol A
Neuroethol Sens Neural Behav Physiol. 2005;191(12):1115-20.
https://doi.org/10.1007/s00359-005-0033-1.

Borg-Karlson AK, Unelius CR, Valterova I, Nilsson LA. Floral fragrance
chemistry in the early flowering shrub Daphne mezereum. Phyto-
chemistry. 1996;41(6):1477-83. https://doi.org/10.1016/0031-
9422(95)00801-2.

Chen C, Song Q. Responses of the pollinating wasp Ceratosolen solmsi
marchali to odor variation between two floral stages of Ficus hispida.
J Chem Ecol. 2008;34(12):1536-44. https://doi.org/10.1007/s10886-
008-9558-4.

Diaz PC, Griiter C, Farina WM. Floral scents affect the distribution of
hive bees around dancers. Behav Ecol Sociobiol. 2007;61(10):1589-
97.

Dobson HE. Floral volatiles in insect biology. In: Bernays EA, editor. In-
sect-plant interactions. Sth ed. Boca Raton: CRC press; 2017. p. 47-
82.

Dobson HE. Relationship between floral fragrance composition and type
of pollinator. In: Dudareva N, Pichersky E, editors. Biology of floral
scent. Boca Raton: CRC press; 2006. p. 147-98.

Dornhaus A, Chittka L. Evolutionary origins of bee dances. Nature.
1999;401(6748):38. https://doi.org/10.1038/43372.

Datterl S, Glick U, Jiirgens A, Woodring J, Aas G. Floral reward, adver-
tisement and attractiveness to honey bees in dioecious Salix caprea.
PLoS One. 2014;9(3):¢93421. https://doi.org/10.1371/journal.
pone.0093421.

Datterl S, Milchreit K, Schaffler I. Behavioural plasticity and sex differ-
ences in host finding of a specialized bee species. ] Comp Physiol A
Neuroethol Sens Neural Behav Physiol. 2011;197(12):1119-26.
https://doi.org/10.1007/s00359-011-0673-2.

Détterl S, Vereecken N. The chemical ecology and evolution of bee-flow-
er interactions: a review and perspectives. Can J Zool. 2010;88(7):
668-97. https://doi.org/10.1139/210-031.

Dudareva N, Martin D, Kish CM, Kolosova N, Gorenstein N, Faldt J, et

Page 12 of 14

al. (E)-beta-ocimene and myrcene synthase genes of floral scent bio-
synthesis in snapdragon: function and expression of three terpene
synthase genes of a new terpene synthase subfamily. Plant Cell.
2003;15(5):1227-41. https://doi.org/10.1105/tpc.011015.

Effmert U, Grofe J, Rose US, Ehrig F, Kégi R, Piechulla B. Volatile com-
position, emission pattern, and localization of floral scent emission
in Mirabilis jalapa (Nyctaginaceae). Am J Bot. 2005;92(1):2-12.
https://doi.org/10.3732/ajb.92.1.2.

Farré-Armengol G, Fernandez-Martinez M, Filella I, Junker RR, Pefiuelas
J. Deciphering the biotic and climatic factors that influence floral
scents: a systematic review of floral volatile emissions. Front Plant
Sci. 2020;11:1154. https://doi.org/10.3389/fpls.2020.01154.

Farré-Armengol G, Filella I, Llusia J, Pefuelas J. Floral volatile organic
compounds: between attraction and deterrence of visitors under glob-
al change. Perspect Plant Ecol Evol Syst. 2013;15(1):56-67. https:/
doi.org/10.1016/j.ppees.2012.12.002.

Fernandes N, Silva FAN, de Aragdo F, Zocolo GJ, Freitas BM. Volatile
organic compounds role in selective pollinator visits to commercial
melon types. J Agric Sci. 2019;11(3):93-108. https://doi.org/10.5539/
jas.v11n3p93.

Filella I, Primante C, Llusia J, Martin Gonzalez AM, Seco R, Farré-Ar-
mengol G, et al. Floral advertisement scent in a changing plant-polli-
nators market. Sci Rep. 2013;3(1):3434. https://doi.org/10.1038/
srep03434.

Free J. Influence of the odour of a honeybee colony’s food stores on the
behaviour of its foragers. Nature. 1969;222(5195):778. https://doi.
org/10.1038/222778a0.

Funamoto D. Plant-pollinator interactions in East Asia: a review. J Polli-
nat Ecol. 2019;25(6):46-68. https://doi.org/10.26786/1920-
7603(2019)532.

Getz WM, Smith KB. Olfactory sensitivity and discrimination of mix-
tures in the honeybeeApis mellifera. J Comp Physiol. 1987;160(2):
239-45. https://doi.org/10.1007/BF00609729.

Giurfa M, Vorobyev M, Kevan P, Menzel R. Detection of coloured stimu-
li by honeybees: minimum visual angles and receptor specific con-
trasts. J Comp Physiol A. 1996;178(5):699-709. https://doi.org/10.
1007/BF0022738]1.

Gong WC, Chen G, Vereecken NJ, Dunn BL, Ma YP, Sun WB. Floral
scent composition predicts bee pollination system in five butterfly
bush (Buddleja, Scrophulariaceae) species. Plant Biol (Stuttg).
2015;17(1):245-55. https://doi.org/10.1111/plb.12176.

Granero AM, Sanz JM, Gonzalez FJ, Vidal JL, Dornhaus A, Ghani J, et
al. Chemical compounds of the foraging recruitment pheromone in
bumblebees. Naturwissenschaften. 2005;92(8):371-4. https://doi.
org/10.1007/s00114-005-0002-0.

Henning JA, Teuber LR. Cornbined gas chromatography-electroantenno-
gram characterization of alfalfa floral volatiles recognized by honey
bees (Hymenoptera: Apidae). J Econ Entomol. 1992;85(1):226-32.
https://doi.org/10.1093/jee/85.1.226.

Hiraiwa MK, Ushimaru A. Low functional diversity promotes niche
changes in natural island pollinator communities. Proc Biol Sci.
2017;284(1846):20162218. https://doi.org/10.1098/rspb.2016.2218.

Jakobsen H, Kristjansson K, Rohde B, Terkildsen M, Olsen CE. Can so-

cial bees be influenced to choose a specific feeding station by adding


https://doi.org/10.1007/s00114-006-0176-0
https://doi.org/10.1051/apido:2008053
https://doi.org/10.1007/s00359-005-0081-6
https://doi.org/10.1007/s00359-005-0081-6
https://doi.org/10.1007/s00359-005-0033-1
https://doi.org/10.1016/0031-9422(95)00801-2
https://doi.org/10.1016/0031-9422(95)00801-2
https://doi.org/10.1007/s10886-008-9558-4
https://doi.org/10.1007/s10886-008-9558-4
http://www.jstor.org/stable/27823542
http://www.jstor.org/stable/27823542
http://www.jstor.org/stable/27823542
https://www.taylorfrancis.com/books/edit/10.1201/9780203711651/insect-plant-interactions-elizabeth-bernays
https://www.taylorfrancis.com/books/edit/10.1201/9780203711651/insect-plant-interactions-elizabeth-bernays
https://www.taylorfrancis.com/books/edit/10.1201/9780203711651/insect-plant-interactions-elizabeth-bernays
https://www.taylorfrancis.com/books/edit/10.1201/9781420004007/biology-floral-scent-natalia-dudareva-eran-pichersky?refId=8a88c987-8915-4b91-89e3-d1d63e1e97ff&context=ubx
https://www.taylorfrancis.com/books/edit/10.1201/9781420004007/biology-floral-scent-natalia-dudareva-eran-pichersky?refId=8a88c987-8915-4b91-89e3-d1d63e1e97ff&context=ubx
https://www.taylorfrancis.com/books/edit/10.1201/9781420004007/biology-floral-scent-natalia-dudareva-eran-pichersky?refId=8a88c987-8915-4b91-89e3-d1d63e1e97ff&context=ubx
https://doi.org/10.1038/43372
https://doi.org/10.1371/journal.pone.0093421
https://doi.org/10.1371/journal.pone.0093421
https://doi.org/10.1007/s00359-011-0673-2
https://doi.org/10.1139/Z10-031
https://doi.org/10.1105/tpc.011015
https://doi.org/10.3732/ajb.92.1.2
https://doi.org/10.3389/fpls.2020.01154
https://doi.org/10.1016/j.ppees.2012.12.002
https://doi.org/10.1016/j.ppees.2012.12.002
https://doi.org/10.5539/jas.v11n3p93
https://doi.org/10.5539/jas.v11n3p93
https://doi.org/10.1038/srep03434
https://doi.org/10.1038/srep03434
https://doi.org/10.1038/222778a0
https://doi.org/10.1038/222778a0
https://doi.org/10.26786/1920-7603(2019)532
https://doi.org/10.26786/1920-7603(2019)532
https://doi.org/10.1007/BF00609729
https://doi.org/10.1007/BF00227381
https://doi.org/10.1007/BF00227381
https://doi.org/10.1111/plb.12176
https://doi.org/10.1007/s00114-005-0002-0
https://doi.org/10.1007/s00114-005-0002-0
https://doi.org/10.1093/jee/85.1.226
https://doi.org/10.1098/rspb.2016.2218

Dekebo et al. Journal of Ecology and Environment (2022)46:07

the scent of the station to the hive air? J] Chem Ecol. 1995;21(11):
1635-48. https://doi.org/10.1007/BF02033666.

Johnson DL. Communication among honey bees with field experience.
Anim Behav. 1967;15(4):487-92. https://doi.org/10.1016/0003-
3472(67)90048-6.

Johnson SD, Moré M, Amorim FW, Haber WA, Frankie GW, Stanley
DA, et al. The long and the short of it: a global analysis of hawkmoth
pollination niches and interaction networks. Funct Ecol.
2017;31(1):101-15. https://doi.org/10.1111/1365-2435.12753.

Kaiser L, De Jong R. Multi-odour memory influenced by learning order.
Behav Processes. 1993;30(2):175-83. https://doi.org/10.1016/0376-
6357(93)90007-E.

Kevan PG, Lane MA. Flower petal microtexture is a tactile cue for bees.
Proc Natl Acad Sci U S A. 1985;82(14):4750-2. https://doi.org/10.
1073/pnas.82.14.4750.

Khalifa SA, Elshafiey EH, Shetaia AA, El-Wahed AAA, Algethami AF,
Musharraf SG, et al. Overview of bee pollination and its economic
value for crop production. Insects. 2021;12(8):688. https://doi.
org/10.3390/insects12080688.

Klein AM, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA,
Kremen C, et al. Importance of pollinators in changing landscapes
for world crops. Proc Biol Sci. 2007;274(1608):303-13. https://doi.
org/10.1098/rspb.2006.3721.

Koltermann R. [Learning and forgetting processes in the honey bee—
demonstrated using scent exercises]. Z Vgl Physiol. 1969;63(3):310-
34. German. https://doi.org/10.1007/BF00298165.

Lacher V. [Electrophysiological studies on individual receptors for smell,
carbon dioxide, air humidity and temperature on the antennae of work-
er bees and drones (Apis mellifica L.)]. Z Vgl Physiol. 1964;48:587-
623. German. https://doi.org/10.1007/BF00333743.

Lindauer M, Kerr WE. Communication between the workers of stingless
bees. Bee World. 1960;41(2):29-41. https://doi.org/10.1080/000577
2X.1960.11095309.

Maisonnasse A, Lenoir JC, Beslay D, Crauser D, Le Conte Y. E-f3-
ocimene, a volatile brood pheromone involved in social regulation in
the honey bee colony (Apis mellifera). PLoS One. 2010;5(10):
e13531. https://doi.org/10.1371/journal.pone.0013531.

Maisonnasse A, Lenoir JC, Costagliola G, Beslay D, Crauser D, Plettner
E, et al. E-p-ocimene a new volatile primer pheromone that inhibits
worker ovary development in honey bees. Paper presented at: Inter-
national Union for the Study of Social Insects - French Section; 2009
Sep 2-4; Bondy, France. Tours: UIEIS, 2009. hal-02755737.

Menzel R, Erber J, Masuhr T. Learning and memory in the honeybee. In:
Barton Browne L, editor. Experimental analysis of insect behaviour.
Berlin: Springer; 1974. p. 195-217.

Menzel R. Learning in honey bees in an ecological and behavioral con-
text. Fortschr Zool. 1985;31:55-74.

Molet M, Chittka L, Raine NE. How floral odours are learned inside the
bumblebee (Bombus terrestris) nest. Naturwissenschaften.
2009;96(2):213-9. https://doi.org/10.1007/s00114-008-0465-x.

Ollerton J. Biogeography: are tropical species less specialised? Curr Biol.
2012;22(21):R914-5. https://doi.org/10.1016/j.cub.2012.09.023.

Ollerton J. Pollinator diversity: distribution, ecological function, and con-
servation. Annu Rev Ecol Evol Syst. 2017;48:353-76. https://doi.

Page 13 of 14

org/10.1146/annurev-ecolsys-110316-022919.

Omura H, Honda K. Priority of color over scent during flower visitation
by adult Vanessa indica butterflies. Oecologia. 2005;142(4):588-96.
https://doi.org/10.1007/s00442-004-1761-6.

Pecetti L, Tava A, Felicioli A, Pinzauti M, Piano E. Effect of three vola-
tile compounds from lucerne flowers on their attractiveness towards
pollinators. Bull Insectol. 2002;55(1-2):21-7.

Proctor M, Yeo P. The pollination of flowers. New York: Taplinger; 1973.

R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2021.

Raguso RA, Willis MA. Synergy between visual and olfactory cues in
nectar feeding by narve hawkmoths, Manduca sexta. Anim Behav.
2002;64(5):685-95.

Reinhard J, Srinivasan MV, Guez D, Zhang SW. Floral scents induce re-
call of navigational and visual memories in honeybees. J Exp Biol.
20042;207(Pt 25):4371-81. https://doi.org/10.1242/jeb.01306.

Reinhard J, Srinivasan MV, Zhang S. Olfaction: scent-triggered naviga-
tion in honeybees. Nature. 2004b;427(6973):411. https://doi.org/
10.1038/427411a.

Ribbands CR. Communication between honeybees. I: The response of
crop-attached bees to the scent of their crop. Proc R Entomol Soc
Lond Ser A Gen Entomol. 1954;29(10-12):141-4. https://doi.
org/10.1111/5.1365-3032.1954.tb01187 x.

Roy BA, Raguso RA. Olfactory versus visual cues in a floral mimicry
system. Oecologia. 1997;109(3):414-26. https://doi.org/10.1007/
$004420050101.

Shimada T, Endo T, Fujii H, Hara M, Omura M. Isolation and characteri-
zation of (E)-beta-ocimene and 1,8 cineole synthases in Citrus unshiu
Marc. Plant Sci. 2005;168(4):987-95. https://doi.org/10.1016/].
plantsci.2004.11.012.

Smith BH, Breed MD. The chemical basis for nestmate recognition and
mate discrimination in social insects. In: Cardé RT, Bell WJ, editors.
Chemical ecology of insects 2. New York: Chapman & Hall; 1995. p.
287-317.

Smith BH. The olfactory memory of the honeybee Apis Mellifera: 1.
Odorant modulation of short- and intermediate-term memory after
single-trial conditioning. J Exp Biol. 1991;161(1):367-82. https://doi.
org/10.1242/jeb.161.1.367.

Vareschi E. [Odor discrimination in the honey bee—single cell record-
ings and behavioral responses]. Z Vgl Physiol. 1971;75(2):143-73.
German. https://doi.org/10.1007/BF00335260.

Ward JH. Hierarchical grouping to optimize an objective function. ] Am
Stat Assoc. 1963;58(301):236-44.

Wenner AM, Wells PH, Johnson DL. Honey bee recruitment to food
sources: olfaction or language? Science. 1969;164(3875):84-6.
https://doi.org/10.1126/science.164.3875.84.

Whitney HM, Kolle M, Andrew P, Chittka L, Steiner U, Glover BJ. Flo-
ral iridescence, produced by diffractive optics, acts as a cue for ani-
mal pollinators. Science. 2009;323(5910):130-3. https://doi.
org/10.1126/science.1166256.

Williams NH, Whitten WM. Orchid floral fragrances and male euglossine
bees: methods and advances in the last sesquidecade. Biol Bull.
1983;164(3):355-95. https://doi.org/10.2307/1541248.

Zanata TB, Dalsgaard B, Passos FC, Cotton PA, Roper JJ, Maruyama


https://doi.org/10.1007/BF02033666
https://doi.org/10.1016/0003-3472(67)90048-6
https://doi.org/10.1016/0003-3472(67)90048-6
https://doi.org/10.1111/1365-2435.12753
https://doi.org/10.1016/0376-6357(93)90007-E
https://doi.org/10.1016/0376-6357(93)90007-E
https://doi.org/10.1073/pnas.82.14.4750
https://doi.org/10.1073/pnas.82.14.4750
https://doi.org/10.3390/insects12080688
https://doi.org/10.3390/insects12080688
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1007/BF00298165
https://doi.org/10.1007/BF00333743
https://doi.org/10.1080/0005772X.1960.11095309
https://doi.org/10.1080/0005772X.1960.11095309
https://doi.org/10.1371/journal.pone.0013531
https://hal.inrae.fr/hal-02755737
https://hal.inrae.fr/hal-02755737
https://hal.inrae.fr/hal-02755737
https://hal.inrae.fr/hal-02755737
https://hal.inrae.fr/hal-02755737
https://link.springer.com/chapter/10.1007/978-3-642-86666-1_14
https://link.springer.com/chapter/10.1007/978-3-642-86666-1_14
https://link.springer.com/chapter/10.1007/978-3-642-86666-1_14
https://scholar.google.co.kr/scholar?cluster=6057105872567386974&hl=ko&as_sdt=0,5
https://scholar.google.co.kr/scholar?cluster=6057105872567386974&hl=ko&as_sdt=0,5
https://doi.org/10.1007/s00114-008-0465-x
https://doi.org/10.1016/j.cub.2012.09.023
https://doi.org/10.1146/annurev-ecolsys-110316-022919
https://doi.org/10.1146/annurev-ecolsys-110316-022919
https://doi.org/10.1007/s00442-004-1761-6
https://www.researchgate.net/profile/Aldo-Tava/publication/287895747_Effect_of_three_volatile_compounds_from_lucerne_flowers_on_their_attractiveness_towards_pollinators/links/567c0ba908ae1e63f1e2c167/Effect-of-three-volatile-compounds-from-lucerne-flowers-on-their-attractiveness-towards-pollinators.pdf
https://www.researchgate.net/profile/Aldo-Tava/publication/287895747_Effect_of_three_volatile_compounds_from_lucerne_flowers_on_their_attractiveness_towards_pollinators/links/567c0ba908ae1e63f1e2c167/Effect-of-three-volatile-compounds-from-lucerne-flowers-on-their-attractiveness-towards-pollinators.pdf
https://www.researchgate.net/profile/Aldo-Tava/publication/287895747_Effect_of_three_volatile_compounds_from_lucerne_flowers_on_their_attractiveness_towards_pollinators/links/567c0ba908ae1e63f1e2c167/Effect-of-three-volatile-compounds-from-lucerne-flowers-on-their-attractiveness-towards-pollinators.pdf
https://www.worldcat.org/title/pollination-of-flowers/oclc/681156261?referer=br&ht=edition
https://intro2r.com/citing-r.html
https://intro2r.com/citing-r.html
https://doi.org/10.1242/jeb.01306
https://doi.org/10.1038/427411a
https://doi.org/10.1038/427411a
https://doi.org/10.1111/j.1365-3032.1954.tb01187.x
https://doi.org/10.1111/j.1365-3032.1954.tb01187.x
https://doi.org/10.1007/s004420050101
https://doi.org/10.1007/s004420050101
https://doi.org/10.1016/j.plantsci.2004.11.012
https://doi.org/10.1016/j.plantsci.2004.11.012
https://link.springer.com/chapter/10.1007/978-1-4615-1765-8_8
https://link.springer.com/chapter/10.1007/978-1-4615-1765-8_8
https://link.springer.com/chapter/10.1007/978-1-4615-1765-8_8
https://link.springer.com/chapter/10.1007/978-1-4615-1765-8_8
https://doi.org/10.1242/jeb.161.1.367
https://doi.org/10.1242/jeb.161.1.367
https://doi.org/10.1007/BF00335260
https://www.tandfonline.com/doi/abs/10.1080/01621459.1963.10500845
https://www.tandfonline.com/doi/abs/10.1080/01621459.1963.10500845
https://doi.org/10.1126/science.164.3875.84
https://doi.org/10.2307/1541248

Dekebo et al. Journal of Ecology and Environment (2022)46:07 Page 14 of 14

PK, et al. Global patterns of interaction specialization in bird-flower ~ Zhang S, Schwarz S, Pahl M, Zhu H, Tautz J. Honeybee memory: a hon-
networks. J Biogeogr. 2017;44(8):1891-910. https://doi.org/10.1111/ eybee knows what to do and when. J Exp Biol. 2006;209(Pt 22):
jbi.13045. 4420-8. https://doi.org/10.1242/jeb.02522.


https://doi.org/10.1111/jbi.13045
https://doi.org/10.1111/jbi.13045
https://doi.org/10.1242/jeb.02522

