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Introduction

Artemisia ordosica (Asteraceae), a perennial 
deciduous subshrub, is a dominant species in the 
arid and semi-arid areas of the Inner Mongolia 
Autonomous Region, Ningxia Hui Autonomous 
Region, Gansu Province, and Shanxi Province of 
China (Xu et al., 2007). Due to the abundant root 
system, A. ordosica is one of the most important 
plants for desertifi cation control in arid and semi-
arid regions of Northwest China. It can avoid 
drought damage by higher P and K concentrations 
in its leaves (Zhao et al., 2006). Furthermore, it is 
of high medicinal, nutritive, and economic value, in 
the renaturation of the environment and in the re-
gional economic development in West China (Yan 
et al., 1994; Song et al., 1996; Bai et al., 2000; Zhang 
and Li, 2001; Zhang et al., 2003; Ji et al., 2009). Two 
major stem-boring herbivores of A. ordosica are 
Sphenoptera sp. and Holcocerus artemisiae. Their 

larvae are distributed in the underground roots of 
2- to 4-year-old plants and cause damage mainly 
to roots. Adults of the former feed on the leaves, 
and the resulting injuries often cause a serious de-
cline of the plants and frequently result in death 
(Wang et al., 2011a, b).

Quantitative and qualitative herbivore-induced 
changes in the emission of volatiles have attract-
ed increasing attention in recent years (Brilli et 
al., 2009; Kännaste et al., 2009; Dicke and Bald-
win, 2010; Ramadan et al., 2011; Tamiru et al., 
2012). However, to our knowledge, no prior work 
on volatiles exists for this plant. We analysed the 
emission of the volatiles of A. ordosica infested 
with larvae of Sphenoptera sp. and H. artemisi-
ae in comparison with those of healthy control 
plants. The objective of this study was to expand 
the knowledge base and to provide ecologically 
sustainable strategies for the control of these her-
bivores.

Comparative Study of the Volatiles’ Composition 
of Healthy and Larvae-Infested Artemisia ordosica
Hui Zhanga, Shixiang Zonga,*, Youqing Luoa, Tao Wangb, Jinlin Wangc, 
and Chuanjian Caod

a The Key Laboratory for Silviculture and Conservation of Ministry of Education, 
Beijing Forestry University, Beijing, 100083, China. Fax: +86-10-62336302. 
E-mail: zongsx@yahoo.cn

b Mentougou Forestry Station, Beijing, 102300, China
c Bureau of Ningxia Habahu National Nature Reserve, Yanchi, 751500, China
d Forest Pest Control and Quarantine Station of Ningxia, Yinchuan, 750004, China

* Author for correspondence and reprint requests

Z. Naturforsch. 68 c, 8 – 12 (2013); received April 21, 2012/January 26, 2013

Volatiles emitted by healthy Artemisia ordosica (Asteraceae) and plants infested with 
larvae of Sphenoptera sp. (Coleoptera: Buprestidae) or Holcocerus artemisiae (Lepi-
doptera: Cossidae) were obtained using a dynamic headspace method and analysed by 
automatic thermal desorption/gas chromatography/mass spectrometry (ATD/GC/MS). 
Twenty-eight major compounds were identifi ed, and qualitative and quantitative differ-
ences were compared. The novel green leaf volatiles 2-hexenal, (Z)-3-hexen-1-ol, 2-hexen-
1-ol 1-hexanol, and (Z)-3-hexen-1-ol acetate, the terpenoids α-copaene, β-cedrene, and 
(E,E)-α-farnesene, and the ester methyl salicylate were present in all infested plants. Vola-
tiles from healthy plants were dominated by D-limonene (32.14%), β-pinene (16.63%), 
β-phellandrene (16.06%), and sabinene (12.88%). Volatiles from Sphenoptera sp. larvae-
infested plants were dominated by D-limonene (24.74%), β-pinene (21.05%), α-pinene 
(19.39%), and sabinene (11.64%), whereas volatiles from H. artemisiae larvae-infested 
plants were dominated by D-limonene (31.76%), sabinene (18.49%), ocimene (15.93%), 
and β-phellandrene (10.59%). In addition to the qualitative variation, a larvae-induced 
quantitative change in the proportion of terpenoids in the blends was also a noticeable 
feature.
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Material and Methods

Plant material

Ninety individuals of healthy A. ordosica were 
transplanted from the fi eld into plastic pots in 
mid-June and deposited in the experimental base 
in Gaoshawo county, Ningxia, China. They were 
watered regularly during this period. All plants 
were 2 – 3 years old with an average of 15 – 18 
branches and crown diameters of 28 – 30 cm. 
The material was identifi ed by Duanzheng Lu, 
the taxonomist of Beijing Forestry University, 
Beijing, China. A voucher specimen, numbered 
071054, was deposited in the Haba Lake National 
Nature Reserve Administration Bureau, Ningxia, 
China.

Herbivore material

As artifi cial rearing of H. artemisiae and Sphe-
noptera sp. larvae was not possible, they were ob-
tained from the fi eld 2 d before the volatiles’ col-
lection began. The larval culture was maintained 
on A. ordosica stems at room temperature. Each 
kind of larva was of similar length.

Inoculation of larvae

After 20 d of growth of the collected A. or-
dosica plants, we chose 2/3 of the plants and 
drilled an 1-cm hole at the basis of the main 
stem of every plant with a sterile awl. After 
further 20 d, when the mechanical damage had 
disappeared, one larva was put on the mouth 
of one hole. Once the larva had penetrated the 
hole and sawdust appeared, it was considered 
that the infestation had begun. All larvae had 
fasted for 10 h before they were placed on the 
plants.

Headspace collection

After 24 h of infestation, at 10 am, we began 
to collect the volatiles of healthy and larvae-in-
fested plants using a dynamic headspace meth-
od. The procedure was similar to that described 
by Kappers et al. (2011). Each aerial part was 
covered with an oven bag (48.26 cm x 23 cm x 
1.27 cm; Reynolds, Richmond, CA, USA). The 
air was fi rst exhausted from the bag, and then 
the bag was refi lled with air percolated through 
an activated charcoal fi lter. Sampling then be-
gan. Air was cycled through the oven bag, which 
was connected to a stainless steel tube (length, 

8.89 cm; diameter, 0.635 cm) and fi lled with 
200 mg TenaxTA (60/80 mesh; Supelco, Belle-
fonte, DE, USA). The fl ow rate was kept at 
100 ml/min, and plant volatiles were sampled for 
15 min. Prior to headspace collection, the Tenax 
tubes were cleaned in a thermal desorption 
oven (TP-2040; BFTP, Beijing, China) at 270 °C 
for 3 h. After sampling, all roots were split to 
determine if they were healthy or not. Six rep-
licates of every treatment were chosen for the 
subsequent analysis.

Automatic thermal desorption/gas 
chromatography/mass spectrometry 
(ATD/GC/MS)

The samples were analysed via an automatic 
thermal desorber (ATD650 TurboMatrix; Perkin 
Elmer, Fremont, CA, USA) directly connected 
to a GC/MS instrument (Clarus600; Perkin 
Elmer). The analytical conditions were as fol-
lows: ATD: fi rst desorption temperature, 260 °C 
(10 min); second desorption temperature, –25 °C 
 40 °C/s  300 °C (5 min). GC: column, DB-5 
MS (30.0 m x 0.25 mm x 0.25 μm; J&W, Santa 
Clara, CA, USA); carrier gas, helium; fl ow rate, 
1.5 ml/min; column temperature, 40 °C (2 min) 
 4 °C/min  160 °C (3 min)  20  °C/min  
270 °C (3 min). MS: analytical mode, full-scan; 
mass range, m/z 29 – 600.

Identifi cation of the volatile compounds

Retention indices (RI) were calculated using 
retention times of n-alkanes (C4 – C26) that were 
injected after the volatiles at the same conditions. 
Relative contents were calculated based on GC 
peak areas without using correction factors. The 
volatile compounds were identifi ed by comparison 
of their mass spectra with those stored in the GC/
MS database (TurboMass Ver5.4.2, NIST 08) or 
with those of authentic samples, and compounds 
were confi rmed by comparison of their RI val-
ues with data published in the literature (Ruther, 
2000; Adams, 2007).

Reference samples [2-hexenal, (Z)-3-hexen-1-
ol, 2-hexen-1-ol, 1-hexanol, α-pinene, camphene, 
β-pinene, β-myrcene, 4-carene, D-limonene, 
β-phellandrene, ocimene, methyl salicylate, 
α-copaene, β-cedrene, β-caryophyllene, (E,E)-α-
farnesene] were purchased from Anpel (Shang-
hai, China).
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Results

Compounds individually representing at least 
0.01% of the total volatile blend emitted by 
healthy plants and plants infested by larvae of ei-
ther Sphenoptera sp. or H. artemisiae are listed in 
Table I in the order of their elution from a DB-5 
column.

Healthy A. ordosica

The volatile constituents of the aerial parts 
of A. ordosica mainly belonged to monoterpe-
noids (92.51%), aromatic hydrocarbons (2.17%), 
sesquiterpene hydrocarbons (2.05%), aldehydes 
(1.46%), alcohols (1.29%), carboxylic acids 
(0.32%), and esters (0.2%). The most abundant 

components were D-limonene (32.14%), β-pinene 
(16.63%), β-phellandrene (16.06%), and sabinene 
(12.88%).

Larvae-infested A. ordosica

Sphenoptera sp. larvae-induced volatiles were 
dominated by monoterpenoids (95.23%) rep-
resented by D-limonene (24.74%), β-pinene 
(21.05%), α-pinene (19.39%), and sabinene 
(11.64%) as the major constituents. H. artemi-
siae larvae-induced volatiles were also domi-
nated by monoterpenoids (96.99%) represented 
by  D-limonene (31.76%), sabinene (18.49%), oci-
mene (15.93%), and β-phellandrene (10.59%) as 
the major constituents. When infested with Sphe-
noptera sp. or H. artemisiae larvae, the plants all 

Table I. Compounds identifi ed in healthy (H), Sphenoptera sp. larvae-infested (SI), and Holcocerus artemisiae 
larvae-infested (HI) Artemisia ordosica.

No. RIa Compound Relative content  SE (%)

H SI HI

1 851 2-Hexenal –b 0.01  0.01 0.06  0.01
2 853 (Z)-3-Hexen-1-ol –b 0.01  0.01 0.08  0.02
3 867 2-Hexen-1-ol –b 0.13  0.05 0.04  0.01
4 870 1-Hexanol –b 0.07  0.02 0.12  0.04
5 927 α-Thujene 0.45  0.12 0.37  0.12 0.46  0.10
6 939 α-Pinene 3.68  0.20 19.39  0.21 4.13  0.15
7 947 Camphene 0.08  0.05 0.32  0.07 0.10  0.02
8 971 Sabinene 12.88  0.24 11.64  0.22 18.49  0.18
9 975 β-Pinene 16.63  0.24 21.05  0.05 7.72  0.21

10 989 β-Myrcene 6.91  0.25 6.01  0.20 7.46  0.21 
11 994 (Z)-3-Hexen-1-ol acetate –b 0.14  0.06 0.08  0.02
12 997 4-Carene 0.44  0.06 0.15  0.02 0.35  0.05
13 1024 p-Cymene 2.17  0.13 1.67  0.13 0.50  0.02
14 1027 D-Limonene 32.14  0.06 24.74  0.24 31.76  0.21
15 1031 β-Phellandrene 16.06  0.17 4.95  0.19 10.59  0.25
16 1036c 1-Methyl-4-(1-methylethyl)-1,4-cyclohexadiene 0.49  0.06 1.42  0.03 0.57  0.08
17 1041 Ocimene 2.75  0.09 6.61  0.02 15.93  0.22
18 1186c Butanoic acid 3-hexenyl ester 0.20  0.03 0.06  0.03 0.10  0.02
19 1189 Methyl salicylate –b 0.04  0.01 0.03  0.01
20 1193 (1R)-(–)-Myrtenal 0.67  0.05 0.38  0.04 0.46  0.05
21 1217 cis-3-Hexenyl isovalerate 0.32  0.02 0.22  0.04 0.13  0.02
22 1261 (E)-2-Decenal 0.77  0.14 0.10  0.06 0.34  0.08
23 1311 2-Butyl-1-octanol 1.29  0.06 0.01  0.01 0.06  0.02
24 1378 Patchoulene 1.55  0.21 0.09  0.03 0.30  0.04
25 1391 α-Copaene –b 0.10  0.02 0.01  0.01
26 1418 β-Cedrene –b 0.19  0.04 0.02  0.01
27 1434 β-Caryophyllene 0.50  0.16 0.06  0.02 0.08  0.02
28 1508 (E,E)-α-Farnesene –b 0.08  0.03 0.03  0.02

a Observed retention index.
b Not detected.
c Compounds for which RI values have not been previously reported in the literature. Data are the average of six 

replicates.
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released the green leaf volatiles 2-hexenal, (Z)-
3-hexen-1-ol, 2-hexen-1-ol, 1-hexanol, and (Z)-3-
hexen-1-ol acetate.

Additionally, the novel sesquiterpene hy-
drocarbons α-copaene, β-cedrene, and (E,E)-α-
farnesene, and the ester methyl salicylate were 
present in all infested plants. In addition to this 
qualitative variation, the other noticeable fea-
ture was the induced quantitative change in the 
proportion of terpenoids in the blends: α-pinene, 
camphene, and ocimene increased in all of the 
infested plants, whereas 4-carene, D-limonene, 
β-phellandrene, patchoulene, and β-caryophyllene 
exhibited decreases. In addition, Sphenoptera sp. 
and H. artemisiae larval infestation induced a di-
stinct quantitative variation in sabinene, β-pinene, 
and β-myrcene.

Discussion

Volatiles are produced by plants during nor-
mal growth, during the process of biotic infesta-
tion, and in response to abiotic stress (Heil and 
Ton, 2008). Releasing these volatile compounds 
can improve plants’ resistance to attacking herbi-
vores, and an important aspect of defence is the 
ability to attract the herbivore’s natural enemies 
such as predators and parasitoids (Mumm et al., 
2008; Zakir, 2011; Kappers et al., 2011). Many her-
bivore-induced volatiles are terpenoids, the larg-
est class of natural products (Dicke et al., 1990; 
Turlings et al., 1990; Dicke, 1994; Takabayashi et 
al., 1994). They function as phytoalexins in direct 
plant defence or as signals in indirect defence 
responses that involve herbivores and predators 
(Gershenzon and Dudareva, 2007; Cheng et al., 
2007). Volatiles such as ocimene, D-limonene, and 
(E,E)-α-farnesene, which have been determined 
in our experiments, are very important com-
pounds that attract herbivore enemies (van-Den-

Boom et al., 2004; Pinto et al., 2007; Shimoda et al., 
2012). Furthermore, sabinene and α-pinene have 
been reported to attract the natural enemy of the 
diamondback moth (Shiojiri et al., 2010).

The presence of methyl salicylate in our sample 
is worth mentioning, as this compound has been 
reported to play an important role in the attrac-
tion of herbivore enemies (James and Price, 2004; 
Zhu and Park, 2005).

In arid and semi-arid areas, ants and lizards 
have been shown to be predators of Sphenoptera 
sp. larvae and H. artemisiae larvae, respectively 
(Wang et al., 2011a, b). On the basis of these stud-
ies and earlier reports, a chemical and ecological 
strategy to control H. artemisiae and Sphenoptera 
sp. could be exploited to protect the desert plant 
A. ordosica.

This study analysed the volatiles emitted by 
healthy A. ordosica and plants infested with lar-
vae of Sphenoptera sp. and H. artemisiae. Quali-
tative and quantitative variations of the volatile 
compounds were characterized, especially the in-
duced variation of the terpenoid composition. The 
results expand the knowledge base of A. ordosica 
and raise the question if the volatiles induced 
by the larvae will attract their natural enemies. 
More research must be carried out to test the hy-
pothesis and determine the effective compounds 
and concentrations that could function as plant-
derived attractants of herbivore enemies, which 
could then be exploited to control the pests.
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