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Abstract 

Background: The floral scents of plants play a key role in plant reproduction through the communication between 
plants and pollinators. Aquilegia as a model species for studying evolution, however, there have been few studies on 
the floral scents and relationships between floral scents and pollination for Aquilegia taxa.

Methods: In this study, three types of solid‑phase micro‑extraction (SPME) fiber coatings (DVB/PDMS, CAR/PDMS, 
DVB/CAR/PDMS) were evaluated for their performance in extracting volatile organic compounds (VOCs) from flowers 
of Aquilegia amurensis, which can contribute to the future studies of elucidating the role of floral scents in the pollina‑
tion process.

Results: In total, 55 VOCs were identified, and among them, 50, 47 and 45 VOCs were extracted by the DVB/CAR/
PDMS fiber, CAR/PDMS fiber and DVB/PDMS fibers, respectively. Only 30 VOCs were detected in A. japonica taxa. 
Furthermore, the relative contents of 8 VOCs were significant different (VIP > 1 and p < 0.05) between the A. amurensis 
and A. japonica.

Conclusions: The results can be applied in new studies of the relationships between the chemical composition of 
floral scents and the processes of attraction of pollinator. It may provide new ideas for rapid evolution and frequent 
interspecific hybridization of Aquilegia.
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Background
Volatile organic compounds (VOCs), emitted by plant 
organs such as leaves, flowers and fruits, have served 
multiple biological functions, including defense against 
pathogens, parasites, herbivores and interactions with 
pollinators [1]. Among them, floral aromas are important 
in the reproductive processes of many plants by attract-
ing pollinators. Traits with a large effect on pollinator 
preference could play an important role in the evolution 
of plant reproductive isolation and speciation [2–4]. In 

addition, it has been reported that diversification of the 
North American clade of Aquilegia (Columbines) was 
associated mainly with the difference in pollinators [5]. 
Researchers have studied the relationships between floral 
morphologies and pollinators. For example, the changes 
in nectar spur length and flower orientation are highly 
correlated with the shifts of pollinators from bee to hum-
mingbird to hawkmoth [6]. Moreover, most attempts to 
classify interactions between insects and flowers have 
focused on floral odors [7]. For instance, Mimulus lew-
isii with three monoterpene volatiles can attract bum-
blebee pollinators, but due to the lack of the above three 
specific monoterpenes in its sister species M. cardinalis, 
the pollinator is not bumblebee, so the reproductive 
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isolation between the two sister species can be main-
tained [4]. Similarly, a single volatile compound (indole) 
present in flowers of Ipomosis tenuituba but not its sis-
ter species I. aggregata, which can attract hawkmoths to 
flowers [8]. This information says little, however, about 
the relationships between floral scents and pollination, 
evolution, and phylogeny of Aquilegia taxa. Until now, 
approximately 1700 chemical compounds identified in 
floral scent have been isolated from more than 90 plant 
families [9]. Among these compounds, the monoterpe-
nes limonene, (E)-β-ocimene, myrcene, linalool, α- and 
β-pinene, and the benzenoids benzaldehyde, methyl 
2-hydroxybenzoate (methyl salicylate), benzyl alcohol, 
and 2-phenyl ethanol are most common [10].

In our study, using headspace solid-phase micro extrac-
tion coupled with gas chromatography–mass spectrom-
etry (SPME–GC–MS), which is common method in 
the detection of VOCs, the floral scent characteristics 
of Aquilegia japonica and A. amurensis were evaluated. 
A. japonica populations are distributed in Northeast 
of China, North Korea, South Korea and Japan, while 
A. amurensis populations are restricted to the north-
ern Greater Khingan Mountains of China, Siberia and 
Mongolia. A. japonica and A. amurensis are sister spe-
cies, both of two species with different distribution areas 
are difficult to identify in nature because of their highly 
similar shape morphology traits. Therefore, Flora of 
China holds that both of two species are one species [11]. 
However, the analysis based on genome showed that the 
differentiation of the two species was obvious (unpub-
lished). Thus, research focusing on the distribution and 
combination of floral scent compounds at species and 
subspecies levels may be of the utmost importance for 
understanding the molecules responsible for attracting 
pollinators and promoting adaptations and evolutionary 
processes in angiosperms.

In the analysis of the VOCs, the SPME technique is 
characterized by its simplicity, speed and sensitivity. It 
is a convenient sample preparation technique that can 
be followed by thermal desorption directly in an analyti-
cal instrument [12, 13]. Recently, several types of SPME 
fiber coatings have become available for the extraction of 
analytes, such as nonpolar polydimethylsiloxane (PDMS) 
fibers, carboxen–polydimethylsiloxane (CAR–PDMS) 
fibers, polydimethylsiloxane/divinylbenzene (PDMS/
DVB) fibers and divinylbenzene/carboxen/polydimethyl 
siloxane (DVB/CAR/PDMS) fibers. Furthermore, due to 
the different compounds that make up the floral scents 
of different plant taxa, researchers use different types 
of fiber to study them, for example, Fan et  al. [14] used 
PDMS/DVB fibers for Malus plants; Gao et al. [15] used 
CAR-PDMS fibers for Freesia × hybrid and Mohammed 
et  al. [16] used DVB/CAR/PDMS fibers for Rose; Silva 

et  al. [17] found that PDMS fiber in melon flowers has 
poor adsorption for polar compounds. In addition, previ-
ous studies have observed molecules with polarity such 
as protoanemonin, nonanal, dimethoxytoluene, 2-phe-
nyl ethanol and phenyl acetaldehyde in Aquilegia’s floral 
scents [18]. Therefore, in the present study, SPME fibers 
coated with PDMS/DVB (65  μm), CAR/PDMS (75  μm) 
and DVB/CAR/PDMS (50/30 μm) were used to identify 
fibers suitable for measuring the floral scents in Aquile-
gia. Consequently, our study has not only assessed the 
performance of different fibers in extracting the VOCs of 
Aquilegia flowers, but also evaluated the main differences 
in compounds among the two taxa and provided funda-
mental information for the scent traits of Aquilegia.

Methods
Plant material
The materials were cultivated in a garden from 2017 at 
Changchun, Jilin, China, including eight individuals of 
A. amurensis (52.308  N, 124.376  E) and five individu-
als of A. japonica (41.949  N, 127.925  E) collected from 
the wild. Fully expanded flowers of the same size, were 
collected at around between 9 and 10  a.m. In order to 
reduce the difference between individuals in intraspe-
cies, the flowers collected from different individuals of A. 
amurensis should be mixed and then approximately 0.6 g 
was weighted and sealed into 20  mL solid-phase micro 
extraction (SPME) vials (Agilent Technologies, Ger-
many) immediately for further analysis. A. japonica was 
also done the same treated. Nine samples of A. amuren-
sis were selected to set three replicates for each fiber and 
explore the best coating of SPME fiber. Then, six samples 
of A. japonica were collected and extracted with the best 
coating of fiber to discriminate different scent intensi-
ties of Aquilegia taxa. In addition, an admixture of a cer-
tain number of accurately weighted n-alkanes (C7–C30) 
diluted with hexane (w = 5%) was used as a standard.

Gas chromatography–mass spectrometry experiments
To select an efficient type of fiber coating to extract vola-
tile compounds from the flowers, SPME fibers with three 
different coatings were used: 65  μm DVB/PDMS (divi-
nylbenzene/polydimethylsiloxane), 75  μm CAR/PDMS 
(carboxen/polydimethylsiloxane) and 50/30  μm DVB/
CAR/PDMS (divinylbenzene/carboxen/polydimethyl-
siloxane) (Supelco, Bellefonte, PA, USA). Prior to the 
analyses, fibers were conditioned for 30  min according 
to the temperature recommended by the manufacturer. 
After 10  min equilibration between the flower and the 
headspace, the SPME fiber was exposed to the headspace 
of the capped vial to absorb volatile compounds of each 
sample under heating at 60 °C for 30 min and for 10 min 
at room temperature. After extraction, the fiber was 
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removed from the flask and immediately inserted into the 
gas chromatograph injector (GC–MS) for 3 min for ther-
mal desorption at 240 °C.

The flower samples were analyzed and identified using 
a GC–MS Agilent 7890b gas chromatograph coupled 
with a 5977b mass spectrometer. Chromatographic sep-
aration (GC) was performed using a DB-5MS capillary 
column (30 m × 0.25 mm × 0.25 μm film thickness, Agi-
lent Technologies, Wilmington, DE, USA). The analyti-
cal conditions used were as follows: spitless injection at 
240 °C; helium as the carrier gas at a flow rate of 1.0 mL/
min; and GC column temperature program of GC was 
initially set at 40 °C for 2 min, then heated to 150 °C for 
3 °C/min, maintained for 5 min, and finally increased to 
250  °C at 20  °C/min and maintained for 8 min. For MS 
detection, an electron impact (EI) ionization system was 
used at 70  eV; the temperature of the transfer line and 
ionization source was 150 and 230  °C, respectively; and 
full-scan acquisition mode was performed with a mass 
range of 20–550  Da. Constituents were identified by 
comparing mass spectra with the National Institute of 
Standards and Technology (NIST) 14 library (similar-
ity > 75%) and with published data (NIST, http:// webbo 
ok. nist. gov/ chemi stry/; PubChem, http:// pubch em. ncbi. 
nlm. nih. gov/). Moreover, the retention time of vari-
ous compounds in the standard was measured accord-
ing to the above experimental conditions. According to 
the retention time of compounds in the floral scents and 
n-alkanes in the standard, the retention index (RI) was 
calculated, and compared with the RI in the literature to 
further determine the components in the floral scents. In 
addition, relative amounts of compounds were calculated 
in relation to the total area of the chromatogram by nor-
malizing the peak area (Chemstation B.07.05).

Comparison of compound extraction sensitivity
The extraction sensitivity of various compounds was 
evaluated by the cumulative area normalization value 
(CANV) [19]. The CANV is calculated in three steps as 
follows:

In the equations: AVk is the average peak area of com-
pound K measured by the three SPME fibers; Ak(X) is 
the absolute peak area of compound K extracted by the 

AVk = [Ak(PDMS/DVB)+ Ak(CAR/PDMS)+ Ak(DVB/CAR/PDMS)]
/

3;

NAk(X) = Ak(X)
/

AVk;

CAk(X) =

∞
∑

n=1

NAn(X).

X SPME fiber, where X is any of the PDMS/DVB, CAR/
PDMS and DVB/CAR/PDMS SPME fibers; NAk(X) is 
the standardized value of peak area of compound K 
extracted by the X fiber; and CAk(X) is the cumulative 
area normalization value of one to more compounds 
extracted by the X fiber. When the CANV is larger, the 
sensitivity of the SPME fiber is considered to be higher.

Characterization of VOCs from A. japonica and A. amurensis 
flowers
One-way analysis of variance (ANOVA) using R soft-
ware was performed to investigate the significant 
differences (p < 0.05) in the relative amounts of com-
pounds between the two taxa. The GC–MS dataset 
was imported to SIMCA-P 14.1 software for statistical 
analysis. Principal component analysis (PCA) and par-
tial least squares-discriminant analysis (PLS-DA) were 
used to differentiate the samples and identify marker 
metabolites. Afterwards, the variable influence on pro-
jection (VIP), which summarizes the importance of the 
X-variables in the PLS-DA model with many compo-
nents, was used to illustrate the variables that contrib-
uted to the separation.

Results
Fiber performance
Three kinds of SPME fibers were used for the SPME-
GC/MS full scan analysis of A. amurensis samples. The 
total ion chromatogram was shown in Fig. 1 and clear 
ion spectrum was obtained. In our study, three types 
of fiber coatings (DVB/PDMS, CAR/PDMS, DVB/
CAR/PDMS) were evaluated for their performance in 
absorbing VOCs, which was determined based on the 
number of chromatographic peaks that they detected, 
from flowers of columbines. In total, 55 volatile com-
pounds were identified through MS and RI analysis, 
belonging to the following different chemical classes: 
fatty acid derivatives (10), benzenoids (2), monoterpe-
noids (23) and sesquiterpenoids (20) (Additional file 2: 

Table  S1). Among them, 50 volatile compounds were 
extracted by DVB/CAR/PDMS fiber, 47 volatile com-
pounds were extracted by CAR/PDMS fiber and 45 
volatile compounds were extracted by the DVB/PDMS 
fiber. The correlation between the three repetitions of 
each fiber in the detection of compounds was shown in 
Additional file  3: Table  S2. The CANV of DVB/CAR/
PDMS, CAR/PDMS and DVB/PDMS fibers was 85.12, 

http://webbook.nist.gov/chemistry/
http://webbook.nist.gov/chemistry/
http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/
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Fig. 1 Total ion chromatogram of VOCs collected from SPME fibers coating with DVB/PDMS (a), CAR/PDMS (b) and DVB/CAR/PDMS (c), respectively. 
The x axis represents retention time (min) and the y axis represents relative abundance



Page 5 of 10Wang et al. BMC Chemistry           (2021) 15:26  

56.16 and 29.72, respectively. Therefore, the DVB/CAR/
PDMS fiber showed the best efficiency and was used to 
extract volatile compounds in A. japonica.

In addition, 39 compounds were common to the three 
types of fiber used, and the most abundant compounds 
were d-limonene (46.51%), 1R-α-pinene (10.91%), 
γ-muurolene (7.75%), (−)-β-pinene (7.63%) and 1-hex-
anol (6.39%), accounting for approximately 79% of the 
total GC peak area. However, a few of scarce com-
pounds were adsorbed only by one type of fiber. Spe-
cifically, the CAR/PDMS fiber exclusively extracted 4 
compounds (longifolene-(V4), α-farnesene, 1-methyl-
4-(6-methylhept-5-en-2-yl)cyclohexa-1,3-diene and 
β-sesquiphellandrene), while 2 compounds (viridiflorene, 
2-isopropenyl-5-methylhex-4-enal) were extracted only 
by the DVB/CAR/PDMS fiber. Additionally, m-cymene 
was detected only when using the DVB/PDMS fiber. Fur-
thermore, there were 5 compounds that just the CAR/
PDMS fiber did not extracted, (−)-terpinen-4-ol, ver-
benone, benzene, 1-methoxy-4-methyl-2-(1-methyle-
thyl)-, myrtenyl acetate and viridiflorol. In addition, there 
were another 4 compounds that just the DVB/PDMS 
fiber did not extracted: decanal, pentanoic acid 2,2,4-tri-
methyl-3-carboxyisopropyl isobutyl ester, benzoic acid-
ethyl ester and β-bisabolene.

Discrimination of the different taxa
The identified compounds and their relative contents (%) 
in A. japonica flowers were analyzed using DVB/CAR/
PDMS-coated SPME fiber because this type of fiber was 
more efficient for the extraction of compounds. In order 
to ensure the accuracy, 6 repetitions were set. A total of 
30 volatile compounds were putatively identified in this 
taxon through MS and RI analysis, including fatty acid 
derivatives (15), benzenoids (2) and monoterpenoids (13) 
(Table 1). The correlation between the six replicates was 
shown in Additional file  4: Table  S3. Furthermore, 12 
analytes were not detected in A. amurensis taxa (15.75% 
of the total content in A. japonica), and 32 volatile com-
pounds were not detected in A. japonica taxa (18.49% of 
the total content in A. amurensis).

In addition, the main floral scents in A. amurensis were 
d-limonene and 1R-α-pinene (46.51% and 10.91% of the 
total content, respectively) while the primary volatile 
components in A. japonica included d-limonene and 
1-hexanol (constituting 55.72% and 9.19% of the total, 
respectively) (Table 1). The relative contents of the differ-
ent chemical classes (fatty acid derivatives, benzenoids, 
monoterpenoids and sesquiterpenoids) between the two 
taxa were calculated and compared (Additional file  1: 
Figure S1). The kinds of terpenes were more in A. amu-
rensis than in A. japonica, and sesquiterpenoids were not 
detected in A. japonica. However, the kinds of fatty acid 

derivatives in A. japonica was more than that in another 
taxon (Additional file 1: Figure S1).

Moreover, PCA, an unbiased statistical approach, 
was used to evaluate the separation of the differ-
ent taxa (Fig.  2a). The two taxa were clearly separated 
and located in the positive and negative axes of PC1. 
However, the model described 48.5% of the variation 
(R2X (cum) = 0.918). Then, a supervised method, PLS-
DA, was applied, and the PLS-DA score plot showed 
a good separation (R2X(cum) = 0.852, R2Y(cum) = 1, 
Q2(cum) = 0.952) (Fig.  2b). Furthermore, variables with 
VIP > 1 were considered important for the discrimina-
tion of samples in the PLS-DA score plot. This result 
indicated that the compounds (E)-3-hexen-1-ol, (Z)-
3-hexen-1-ol acetate, methyl decanoate, 1R-α-pinene, 
(−)-β-pinene, 3-carene, γ-murolene and α-muurolene 
compounds were probably responsible for the observed 
separation (VIP > 1, p < 0.05) (Table  1), constituting 
28.93% and 14.51% of the total content in A. amurensis 
and A. japonica, respectively.

Discussion
Fiber selection
The choice of the most appropriate fiber is made to cover 
as many metabolites as possible. To select the most effi-
cient fiber coating for the extraction of VOCs in the Aqui-
legia taxa, three SPME fibers were used. In our study, 
the DVB/CAR/PDMS fiber exhibited better extraction 
efficiency than the DVB/PDMS and CAR/PDMS fibers, 
presenting the highest CANV (85.12) compared to the 
other fibers (56.16 and 29.72, respectively). The affinity of 
the fiber for an analyte depends on the principle of ‘like 
dissolves like’. Previous studies have demonstrated that 
many polar molecules in the Aquilegia’s flora scents [18] 
as well as the DVB/CAR/PDMS fiber had an intermedi-
ate polarity and some studies also confirmed its efficiency 
[20, 21]. The high efficiency may be because the coating 
with three different components improves the ability to 
adsorb compounds [22]. The DVB/PDMS fiber is pre-
ferred for the extraction of analytes with higher molec-
ular weights (MW 50–300), such as volatiles, amines, 
and nitroaromatic compounds. Specifically, 8 fatty acid 
derivatives, 1 benzenoids and 36 terpenes were identified 
using the DVB/PDMS fiber, fewer than those detected 
by the other two fiber types. However, the CAR/PDMS 
fiber is more efficient for the extraction of gasses and 
low molecular weight compounds (MW 30–225) [23]. 
Among the 5 compounds that just the CAR/PDMS fiber 
did not extracted, most have intermediate and higher 
molecular weights, which was consistent with the results 
of the Silva et al. [17].

Moreover, these adsorbent type coatings, carried out 
by sorption of analytes in internal pores, are formed by 
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Table 1 Volatile compounds identified in the flowers of two Aquilegia taxa extracted by the fibers DVB/CAR/PDMS

Compounds RT Mean Relative Content 
(%)

RI RI VIP

A. 
amurensis

A. 
japonica

Measurements 
value

Reference 
value

Fatty acid derivatives

  C6H12O Hexanal 5.429 0.155 0.655 817 803 0.699**

  C6H10O 3‑Hexenal, (Z)‑ 5.548 ND 0.209 820 814 0.436

 C6H12O 3-Hexen-1-ol, (E)- 5.680 ND 4.604 824 842 1.981*
  C6H12O Cyclobutanol, 2‑ethyl‑ 5.796 0.122 ND 827 828 0.316**

  C6H14O 1‑Hexanol 6.435 6.393 9.193 843 838 1.757

  C7H14O Heptanal 8.010 ND 0.081 883 899 0.180

  C8H16O Octanal 13.220 0.909 1.622 996 1005 0.928

 C8H14O2 3-Hexen-1-ol, acetate, (Z)- 13.340 ND 4.929 998 1025 2.052*
  C8H18O 1‑Octanol 16.931 3.237 4.007 1071 1069 0.885

  C11H24 Undecane 18.320 ND 0.349 1098 1100 0.518

  C9H18O 1‑Nonanal 18.573 0.394 0.468 1104 1105 0.344

  C9H18O2 Octanoic acid, methyl ester 19.450 ND 0.130 1122 1128 0.329*

  C10H20O Decanal 23.570 0.255 0.348 1207 1208 0.311

 C11H22O2 Methyl decanoate 28.910 ND 1.935 1323 1325 1.328**
  C14H20 Bicyclo[4.1.0]heptane, 7‑bicyclo[4.1.0]hept‑7‑ylidene‑ 31.929 0.167 ND 1392 1427 0.206

  C16H30O4 Pentanoic acid, 2,2,4‑trimethyl‑3‑carboxyisopropyl, 
isobutyl ester

39.840 0.073 ND 1584 1581 0.149

  C16H30O4 2,2,4‑Trimethyl‑1,3‑pentanediol diisobutyrate 39.939 0.506 1.214 1586 1588 0.788**

  C17H34O2 Methyl palmitate 48.070 ND 0.739 1929 1905 0.822**

Benzenoids

  C7H6O Benzaldehyde 10.870 ND 0.339 946 954 0.454

  C9H10O2 Benzoic acid, ethyl ester 21.470 0.262 ND 1163 1170 0.256

  C8H8O3 Methyl salicylate 22.731 0.137 0.180 1189 1190 0.185

Monoterpenoids

  C10H16 α‑Thujene 9.176 0.207 ND 911 931 0.435**

 C10H16 1R-α-Pinene 9.495 10.911 2.323 918 922 2.777**
  C10H16 Bicyclo[3.1.1]heptane, 6,6‑dimethyl‑2‑methylene‑, (1S)‑ 11.560 0.500 0.913 961 978.6 0.591**

 C10H16 (−)-β-Pinene 11.765 7.628 0.719 965 979 2.510**
  C10H16 β‑Myrcene 12.470 0.972 2.677 980 991 1.377

 C10H16 3-Carene 13.431 1.287 ND 1000 1021 1.016*
  C10H14 Cycloheptane, 1,3,5‑tris(methylene)‑ 14.160 ND 0.804 1015 1039 0.620

  C10H14 O‑Cymene 14.330 0.371 0.180 1019 1006 0.508*

  C10H16 d‑Limonene 14.650 46.505 55.709 1025 1033 3.164

  C10H16 trans‑Ocimene 15.350 0.030 ND 1039 1049 0.128*

  C10H16 cis‑β‑Ocimene 15.591 0.124 ND 1044 1038 0.327**

  C10H16 γ‑Terpinene 16.074 0.312 0.125 1053 1061 0.465**

  C10H16 Terpinolen 17.462 0.223 ND 1081 1087 0.453**

  C10H18O Linalool 18.220 0.482 0.036 1096 1098 0.626**

  C10H14 p‑Mentha‑1,5,8‑triene 18.730 ND 0.306 1107 1097 0.316

  C10H16 (E,Z)‑2,6‑Dimethylocta‑2,4,6‑triene 19.840 0.151 ND 1130 1129 0.288*

  C10H16O (+)‑(E)‑Limonene oxide 20.160 0.193 0.341 1136 1146 0.385

  C10H16O 2‑Isopropenyl‑5‑methylhex‑4‑enal 22.164 0.201 ND 1178 1198 0.340

  C10H18O (−)‑Terpinen‑4‑ol 22.236 0.111 ND 1179 1175 0.183

  C10H18O α‑Terpineol 22.960 0.261 ND 1194 1194 0.491**

  C10H16O 2‑Cyclohexen‑1‑ol,2‑methyl‑5‑(1‑methylethenyl)‑,cis 23.080 ND 4.183 1196 1207 1.173

  C10H14O Verbenone 23.450 0.169 ND 1204 1204 0.226
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porous solids. Therefore, saturation of the surface avail-
able for adsorption occurs because of the limited thick-
ness. Competition between compounds was more 
intense when used the CAR/PDMS fiber than used the 
DVB/CAR/PDMS. When considering repeatability, the 
CAR/PDMS fiber was better than the 50/30  m DVB/
CAR/PDMS fiber, and Kataoka et  al. also reported this 
result [24]. However, when considering sensitivity, the 
DVB/CAR/PDMS fiber showed higher performance than 
that of CAR/PDMS and DVB/PDMS. Thus, the DVB/
CAR/PDMS fiber has been selected for use in the meas-
urement of the floral scents of Aquilegia and six replicate 
A. japonica flowers were evaluated when using the DVB/
CAR/PDMS fiber.

Scent composition in relation to the pollinators of the two 
Aquilegia taxa
Speciation in radiating flowering plants is often accom-
panied by diversification of animal pollinators [24–26]. 
Perhaps the most well-known signal in Aquilegia is 

floral color, orientation and the structure of spurs [6, 27]. 
Meanwhile, the roles of floral scents have been investi-
gated in other systems [28–30], showing that the floral 
scents are important signals for communication between 
plants and pollinators, representing an important cue for 
pollinators [31, 32]. Therefore, a prezygotic reproductive 
barrier is expected when the composition of the floral 
scent is different. For example, Huber et al. [33] proposed 
that flowers of two Gymnadenia species with different 
floral odors, as well as other floral traits such as color and 
spur length, attracted different pollinators, enhancing 
prezygotic isolation.

The variability of floral scents among entomophilous 
plants has been reported to depend on the reliance on 
different pollinator groups with different olfactory pref-
erences [34]. For example, the high relative content of the 
most volatile monoterpene alkenes (e.g. limonene) in the 
floral scent of Silene gallica and S. coeli-rosa pollinated 
by bees has suggested that these compounds are used as 
attractants of bees [35]. Jürgens and Dötterl investigated 

VOCs with significant differences are shown in bold

RT retention time, ND not detected, RI retention index, VIP variable importance in projection

*Represents significant differences between different taxa 0.01 < p < 0.05

**Represents significant differences between different taxa p < 0.01

Table 1 (continued)

Compounds RT Mean Relative Content 
(%)

RI RI VIP

A. 
amurensis

A. 
japonica

Measurements 
value

Reference 
value

  C11H16O Thymol methyl ether 24.620 0.075 ND 1229 1162 0.254**

  C10H14O 2‑Cyclohexene‑1‑one,3‑Methyl‑6‑(1‑methylethenyl)‑, (S)‑ 26.347 0.455 0.687 1267 1279 0.350

  C12H18O2 Myrtenyl acetate 28.682 0.220 ND 1320 1306 0.440**

Sesquiterpenoids

  C15H24 1H‑Cycloprop[e]azulene, decahydro‑1,1,7‑trimethyl‑
4‑methylene‑

30.831 0.164 ND 1367 1386 0.204

  C15H24 Copaene 31.163 1.061 ND 1375 1388 0.967**

  C15H24 Zingiberene 31.736 0.146 ND 1388 1412 0.271*

  C15H24 1H‑Cycloprop[e]azulene, 1a,2,3,4,4a,5,6,7b‑octahydro‑
1,1,4,7‑tetramethyl‑, [1aR‑(1aα,4α,4aβ,7bα)]‑

32.388 0.367 ND 1403 1419 0.429*

  C15H24 Caryophyllene 32.992 0.060 ND 1417 1424 0.123

  C15H24 1,5,9,9‑Tetramethyl‑1,4,7‑cycloundecatriene 34.494 1.436 ND 1454 1476 1.038

 C15H24 (−)‑Alloaromadendrene 34.669 0.750 ND 1458 1435 0.816**

 C15H24 γ-Muurolene 35.394 7.751 ND 1475 1475 2.636**
  C15H24 α‑Curcumene 35.629 0.488 ND 1481 1483 0.495*

  C15H24 Viridiflorene 35.979 0.104 ND 1490 1484 0.247*

 C15H24 α-Muurolene 36.311 1.354 ND 1498 1501 1.103**
  C15H24 β‑Bisabolene 36.727 0.210 ND 1507 1506 0.327*

  C15H24 Cadina‑1(10),4‑diene 37.096 0.234 ND 1517 1531 0.370*

  C15H24O α‑Copaen‑11‑ol 37.989 0.609 ND 1538 1537 0.595*

  C15H26O Viridiflorol 40.107 0.218 ND 1589 1580 0.336

  C15H26O α‑Bisabolol 44.628 1.046 ND 1690 1680 0.728*
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floral scents of four Aquilegia taxa, A. vulgaris, A. 
canadensis, A. chrysantha and A. glandulosa [18]. They 
found that the dominant compound of these four Aqui-
legia species was octanal (29.5–42%). In contrast, high 
relative amounts of the monoterpene d-limonene, 
46.51% for A. amurensis and 55.71% for A. japonica were 
detected. The individuals were selected for the experi-
ment that produced much less octanal, 0.91% and 1.62% 
for A. amurensis and A. japonica, respectively. There may 
be two reasons for this difference: one is that Jürgens 
et  al. did not use SPME to detect the VOCs Aquilegia. 
Different detection methods lead to different compounds 
of the floral scent compounds of Aquilegia in different 

regions. In future research, we should increase the spe-
cies of samples and use the same method to measure 
the VOCs of Aquilegia; the other reason is that they are 
located in order to adapt to different pollinators, Aquile-
gia in different regions have different VOCs.

Our study has identified that the floral scents of the 
two taxa are dominated by the same one compound 
(d-limonene), suggesting an adaptation to the same pol-
linator. Nevertheless, the low-abundance scent compo-
nents may be effective specific attractants of potential 
pollinators and cannot be ignored [29]. For instance, the 
main floral scent compound of the floral four Aquile-
gia species that Jürgens and Dötterl studied was octanal 

Fig. 2 The PCA score plots (a) and PLS‑DA score plots (b) for datasets of GC–MS from the two taxa
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(29.5–42%), but the pollinators for these species were 
varied. The visitation of A. chrysantha was visited by 
hawk moths may correlate with relatively high amount 
of 2-phenyl ethanol (13.5%) compared to that of the 
other three Aquilegia species [29]. Therefore, the fact 
that the two taxa share the same main floral scent com-
ponents may be attributed to their closer phylogenetic 
relationship.

The notable differences between the taxa were the 
increase in the relative amounts of fatty acid derivatives 
and the decrease in the relative amounts of monoter-
penoids in A. japonica and the detection of various ses-
quiterpenes only in A. amurensis. Among the fatty acid 
derivatives, the relative proportions of (Z)-3-hexen-1-ol 
acetate, (E)-3-hexen-1-ol and methyl decanoate (VIP > 1, 
p < 0.05) were significantly different between the two spe-
cies, representing nearly 10% of the total floral scents of 
A. japonica but not detected in A. amurensis. However, 
(Z)-3-hexen-1-ol acetate is often released from vegetation 
rapidly after damage [36]. It can be hypothesized that this 
compound may have a defense function. The large num-
ber of low-abundance sesquiterpenoids in A. amurensis 
may represent biosynthetic byproducts, as the monoter-
penes and sesquiterpenes are derived from the mevalonic 
acid pathway via farnesyl pyrophosphate [37]. Further 
experiments are necessary to draw conclusions regard-
ing whether these sesquiterpenes are byproducts or serve 
critical functions in plant pollinator relationships, further 
experiments are necessary to draw conclusions.

Conclusions
In this study, by evaluating the properties of different 
coatings of SPME fibers, the method of extracting and 
identifying the VOCs of Aquilegia flowers can be opti-
mized. The DVB/CAR/PDMS fiber had the good per-
formance, including sensitivity and repeatability, which 
is suitable for the subsequent detection of Aquilegia 
floral scent compounds. In the flowers of two sister 
species of A. japonica and A. amurensis, except for the 
main component of VOCs was d-limonene, there were 
significant differences in the types and relative content 
of fatty acid derivatives and terpenoid. The types and 
relative content of fatty acid derivatives in A. japonica 
were higher than those of A. amurensis, while the types 
and relative content of monoterpenes were lower than 
those of A. amurensis, and no sesquiterpenes were 
detected in A. japonica; there were also significant dif-
ferences in the contents of eight compounds, including 
3-hexen-1-ol, (E)-,3-hexen-1-ol, acetate, (Z)-,methyl 
decanoate, 1R-α-pinene, (−)-β-pinene, 3-carene, 
γ-muurolene and α-muurolene. The result provides 
important information for the future studies involving 

the VOCs of Aquilegia flowers and can be applied to 
the new study of relationship between the chemical 
components of floral scents and the attraction process 
of pollinators.
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