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Abstract 
The effects of temperature on net photosynthesis and stomatal conductance, emission of foliar 
volatile organic compounds (VOCs), and phenolics were investigated after exposing Cordeauxia 
edulis seedlings to control (27/19˚C) and three levels of elevated (32/23, 37/27, or 42/31˚C) 
day/night temperature regimes in controlled growth chambers. Emissions of foliar VOC were 
measured on 7th and 14th day (d) of exposures, whereas net photosynthesis and stomatal conduc-
tance were measured on the 8th and 15th d. Net photosynthesis and stomatal conductance were not 
significantly affected by elevated temperatures. Emission rate of isoprene increased by 4-fold with 
10˚C rise from the control on 7th d of exposure. Emission rates of monoterpenes, sesquiterpenes 
and total isoprenoids increased to 2 - 5-fold higher than that of control plants with 5˚C rise. Foliar 
isoprene emission peaked at daytime maximum of 37˚C and the mono- and sesquiterpenes at 32˚C. 
Few individual foliar phenolics, and total foliar phenolics showed significant concentration dif-
ferences between treatments. Although high VOC emissions under warming appeared to help 
plants to sustain abiotic stresses, arid/semi-arid species might substantially release highly reac-
tive compounds that affect atmospheric chemistry. Hence, more studies are required on plant 
species of arid/semi-arid ecosystems of Africa to estimate the emission patterns and their role in 
atmospheric chemistry under the predicted future atmospheric warming. 
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1. Introduction 
Isoprenoids and phenolics are two important groups of plant secondary compounds, which are suggested to pro-
tect plants against abiotic stresses through their antioxidant properties to remove reactive oxygen species (ROS) 
before they oxidize cell walls and membranes [1] [2]. Volatile isoprenoids are among volatile organic com-
pounds (VOCs) that plants release into the atmosphere in substantial amounts [3]. Volatile isoprenoids include 
highly reactive compounds such as isoprene, monoterpenes (MTs), and sesquiterpenes (SQTs) [4]. Quality and 
quantity of volatile isoprenoids and plant phenolics may be altered with changing abiotic environmental factors 
[5]-[8]. Temperature and photosynthetically active radiations are two of such important abiotic factors affecting 
the production of plant secondary compounds [9]-[12]. Across Africa, the high scenario prediction shows that 
temperature increases by about 0.5˚C per decade. This value is expected to be higher in semi-arid and arid re-
gions [13]. 

Because of its influence on Henry’s law constant by partitioning of compounds between the gas and liquid 
phase, rising temperature increases vapor pressure and emission rate of volatile isoprenoids [10]. The rise of 
temperature could also increase the emission of isoprenoids by increasing the activities of enzymes that syn-
thesize them [9] [14]. However, the activities of enzymes increase only to optimum temperature level after 
which further rise may inactivate the enzymes, and result in reduced production of isoprenoids [15] [16]. 

Elevated temperatures could also increase the production of phenolics in plants, probably through the activa-
tion of their catalytic enzymes [17] [18]. For example, more concentration of some individual phenolic was 
found in fruits of strawberry plants at 30/22˚C than at 18/12˚C (day/night) growth temperatures [17]. Similarly, 
more soluble phenolics were measured in sugarcane (Saccharum officinarum) sprouts grown at 40/35˚C than 
those grown at 28/23˚C (day/night) temperatures [18]. 

In order to sustain temperature stress, plants use different protective mechanisms ranging from structural to 
biochemical. One of the biochemical mechanisms could be through synthesis of heat shock proteins [19]. Other 
important biochemical defense mechanism is through enhanced production of secondary compounds [1] [2]. 
Volatile organic compounds (e.g., isoprene) are suggested to maintain membrane integrity by linking lipid-lipid, 
lipid-protein, and/or protein-protein attachments so that chloroplast membrane remains intact [20]. Isoprenoids 
and phenolics may also alleviate cellular oxidative stress, and help to avoid membrane damage [21] [22]. Hence, 
they enable plants to be thermotolerant and maintain their photosynthesis at elevated temperatures [23]-[25].  

Studies on species-specific VOC emission potentials have been conducted in woodlands and rainforest eco-
systems of Africa under field conditions [26]-[28]. To our knowledge, there has been no investigation of VOC 
emission patterns relating to physiological parameters in plant species of arid/semi-arid ecosystems of Africa in 
response to elevated growth temperatures. The present study was conducted on Cordeauxia edulis Hemsley 
(Fabaceae) maintained under controlled conditions in growth chambers. Cordeauxia edulis is a multipurpose 
evergreen shrub adapted to arid and semi-arid ecosystems of east Africa (Ethiopia and Somalia) [29]. We hy-
pothesized that production of secondary compounds by plants of arid/semi-arid ecosystems of Africa increases 
under elevated temperatures, and thus help to sustain plant’s physiological performance.  

2. Materials and Methods 
2.1. Plant Material and Experimental Design 
One-year-old seedlings of Cordeauxia edulis grown in 7.5-l pots filled with sand soils (size 0.1 - 1.2 mm) under 
greenhouse conditions [ca. 60% relative humidity (r.h.), 18:6 h Light: Dark (L:D) photoperiod, day/night 
23/18˚C, and ca. 350 μmol·m−2·s−1 light intensity] in the University of Eastern Finland at Kuopio Campus were 
used in this study. Based on the years 2008 and 2009 temperature data (National Meteorological Service Agency 
of Ethiopia (NMA)), the day/night average temperatures at actual growing areas are about 27/19˚C. Therefore, 
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these values were considered as control and compared with three day/night elevated temperature regimes of 
32/23˚C, 37/27˚C, or 42/31˚C. For simplicity, only daytime temperatures will be mentioned hereafter. Seedlings 
(6 replicates per group) were randomly assigned to these treatment groups, and all of them were left in the 
treatment chamber (Bioklim 2600T, Kryo-Service Oy, Helsinki, Finland) conditions adjusted to the control 
temperature for three days. Thereafter, seedlings of elevated temperature treatments were subjected to their re-
spective treatment levels. Except temperature, other variables of the chambers were set at similar conditions [ca. 
50% r.h., L12:D12 photoperiod, and ca. 400 μmol·m−2·s−1 photosynthetically active radiation (PAR)] for all 
treatments. While in the treatment chambers, seedlings were watered every other day with equal amount of tap 
water. To avoid pronounced moisture variation between treatments, soil moisture status was regularly monitored 
visually at soil surface and kept always moist by adding water as necessary. To avoid bias by the chamber effect 
on treatment groups, seedlings of all treatments were rotated (twice per week) between the chambers to let them 
equally experience all chambers with previous chamber temperature level adjusted to fit to the current treatment 
group. Also, position of each seedling was regularly changed within the chambers to eliminate position effect on 
individual seedlings. The experiment lasted for two weeks.  

2.2. Collection and Analysis of Volatile Organic Compounds (VOCs) 
Volatile organic compounds were collected in the lab at room temperature (ca. 24˚C) using a dynamic bag en-
closure method. The collection was done outside the treatment chambers because of technical difficulties to ar-
range equipment setups for VOCs collection and gas exchange measurements. Foliar VOCs were collected on 
the 7th and 14th d of exposures. For VOCs collection, seedlings were enclosed by an oven-cleaned (1 h, at 120˚C) 
3-l multi-purpose polyethylene terephthalate (PET) cooking bags (Look, Terinex Ltd., UK). After fixing the 
PET bags, air filtered through charcoal filter and MnO2 scrubber was pumped into the bags at a flow rate of ca. 
300 ml per min. The bags were then connected to suction tubes that drew air through stainless steel tube filled 
with 150 mg Tenax TA adsorbent (Supelco, Bellefonte, PA, USA) at a rate of ca. 200 ml per min, and samples 
were collected for 1 h.  

After collection, samples were analyzed by gas chromatograph and mass spectrometer (GC-MS) (GC type 
6890, MSD 5973; Hewlett Packard, Wilmington, DE, USA). The MS was in an electron impact ionization mode 
(EI) at 70 eV, mass scanning range of m/z 33–300, and scanning rate at 5.24 s−1. Adsorbed compounds were 
thermally released from the adsorbent using automated thermal desorption system (Model ATD400; Per-
kin-Elmer, Norwalk, CT, USA) at 250˚C for 10 min, cryofocused in a cold trap at −30˚C, and injected onto an 
HP-5MS capillary column (length 50 m, internal diameter 0.2 mm, film thickness 0.33 μm; Agilent J&W, Davis, 
CA, USA). The temperature of the column was first held at 40˚C for 1 min. Then, the temperature rose to 210˚C 
at 5˚C per min and to 250˚C at 20˚C per min. The carrier gas used was helium.  

Compound identification was made by comparing its mass spectra with those in the Wiley library and authen-
tic external standard compounds. Moreover, its retention index (RI) was compared to that of the National Insti-
tute of Standards and Technology (NIST) Chemistry web book (http://webbook.nist.gov/chemistry/) and to pub-
lished articles on volatiles of the same plant species analyzed using the same stationary phase [30] [31]. Only 
compounds with quality values (Q.V) from Wiley library of ≥ 90 were considered.  

The external standard compounds for terpene identification were isoprene, tricyclene, α-pinene, 1,8-cineole, 
linalool, longifolene, α-humulene, terpinolene, δ-cadinene (Fluka; Buchs, Switzerland); camphene (Aldrich; 
Milwaukee, WI, USA); δ-3-carene, camphor, borneol, terpinen-4-ol, α-terpineol, β-pinene, and γ-terpinene (Al-
drich; Steinheim, Germany); β-myrcene, limonene, sabinene (Sigma; St. Louis, MO, USA); bornyl acetate 
(Chemos GmbH; Regenstauf, Germany); and (E)-β-farnesene (Bedoukian Research; Danbury, CT, USA). The 
external standards for C6 green leaf volatiles (GLVs) were (E)-2-hexenal, (Z)-3-hexen-1-ol, 1-hexanol, (Z)-3- 
hexenyl acetate, (Z)-3-hexenyl butyrate, (Z)-3-hexenyl isovalerate, and (Z)-3-hexenyl tiglate (Aldrich). While 
the compounds for which we had standards were quantified readily in reference to the standards, those MTs for 
which we lacked standards were tentatively quantified by relating their peak areas to that of α-pinene assuming 
their responses would be the same as that of α-pinene. Similarly, (E)-β-farnesene was used to tentatively quanti-
fy those SQTs for which we lacked pure standards [30]-[32]. Finally, the emission rates were calculated using 
the formula, [(Cout-Cin)Q]/mdry, where Cout and Cin are respectively the outlet and inlet concentrations of the 
compound of interest (ng·C·l−1), Q is the flow rate of the bag purge air (l m−1) and mdry is the dried mass of 
leaves enclosed [33]. As the incoming air in our system was filtered and analyses of blank samples showed no 
detectable isoprenoids and GLVs, inlet concentration was taken as zero.  
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2.3. Gas Exchange Measurements and Assessment of Visible Leaf Injury 
After foliar VOCs collection, seedlings were put back in their treatment chambers for a day before gas exchange 
measurements. Thus, net photosynthesis and stomatal conductance were measured in the lab at the same tem-
perature as VOCs collection on the 8th and 15th d of exposures. In both periods, measurements were done on the 
same healthy and full grown leaves of each seedling using a portable photosynthesis measurement device (Mod-
el LI-6400; LiCor Biosciences, Lincoln, NE, USA). Leaf chamber temperature and CO2 concentration were 
22˚C and 400 ppm, respectively. The air flow through the chamber was at a rate of 500 µmol·s−1. External light 
source was used to provide PAR at a level of ca. 1500 µmol·m−2·s−1. Number of leaflets was also documented 
by assessing for the presence/absence of chlorotic and necrotic spots as signs of heat stress damage from all 
seedlings in each treatment on the 15th d of exposure. 

2.4. Foliar Phenolic Analysis 
After gas exchange measurement on the 15th d of exposure, equally mature healthy leaves of all plants were 
sampled for phenolic analysis and dried at room temperature in storage paper bags for about two months. Tissue 
extractions were made based on the established standard method [34]. Leaf samples (8 mg) were taken and put 
separately in Percellys vials (vol. 2 ml). Thereafter, plant materials were homogenized in Percellys 24 bead- 
beating tissue homogenizer (Bertin technologies, Paris, France) with 0.6 ml of ice-cold methanol (MeOH) for 20 
s at a rate of 5500 rpm. The mixture was allowed to stand on ice for 15 min, re-homogenized for 20 s and cen-
trifuged using an Eppendorf centrifuge 5415 R for 3 min at a rate of 1300 rpm. Immediately after centrifugation, 
the supernatant from each sample was collected into another vial. The remaining plant sediments were extracted 
three more times with 0.6 ml of ice-cold MeOH as before, and the supernatants were pooled. Thereafter, MeOH 
was evaporated from extracts using nitrogen gas flow to the surface of the solution in a test tube. The dried ex-
tracts were then stored in a freezer (−20˚C) until the analysis. 

The dried extracts were dissolved in 0.6 ml of MeOH: distilled water (1:1), and analyzed using a liquid chro-
matograph (Hewlett-Packard, P 1050 Series HPLC, Palo Alto, CA, USA) equipped with binary pump and auto-
sampler (Agilent 1100). A photodiode array detector (Agilent 1100) coupled with an HP data-system personal 
computer was used for recording chromatograms and ultraviolet-visible (UV-Vis) spectra. The column used was 
HP Hypersil ODS (3 µm particle size) as a stationary phase. The eluents were an aqueous 1.5% tetrahydrofuran 
+ 0.25% o-phosphoric acid (eluent A) and 100% MeOH (eluent B) and used in a gradient of 0 - 5 min, 100% A; 
5 - 10 min, 85% A; 10 - 20 min, 70% A; 20 - 47 min, 50% A; 47 - 65 min, 100% B. The oven temperature was 
30˚C and injection volume and flow rate were 15 µl and 2 ml·min−1, respectively. The HPLC runs were 
processed at 220 and 270 nm. The compounds were identified based on their retention time and UV spectrum. 
Quantification of the compounds was based on the reference factors of pure standard compounds as follows: 
gallic acid (Sigma) for gallic acid and gallotannins; (+)-catechin (Aldrich Chemicals Co, Milwaukee, WI, USA) 
for epigallocatechin; hyperin (Sigma) for hyperin and quercetin-3-glucoside; chlorogenic acid (Sigma) for chlo-
rogenic acid; and salicin (Phytolab) for cordeauxiaquinone and the unknowns. 

2.5. Statistical Analysis 
Statistical analyses were conducted with the statistical package SPSS for Windows 14.0 (SPSS; Chicago, IL, 
USA). Data were first checked for normality of distribution and logarithmically transformed as necessary. Phy-
siological and VOCs data were analyzed with General Linear Model for repeated measurements while phenolic 
data was analyzed by one-way ANOVA. The differences between means were considered to be statistically sig-
nificant at P < 0.05 or marginally significant at P < 0.1.  

3. Results 
3.1. Gas Exchange and Visible Leaf Injury Symptoms 
Exposure to elevated temperatures, duration of exposure, and the interaction between temperature treatment and 
duration of exposure had no effects on net photosynthesis (P > 0.1). Values (mean ± SE, in µmol·m−2·s−1) of net 
photosynthesis measured on 8th d at 27, 32, 37, and 42˚C were 1.87 ± 0.80, 1.72 ± 1.2, 1.5 ± 0.70, and 1.46 ± 
0.66, respectively, whereas values measured on 15th d at 27, 32, 37, and 42˚C were 1.58 ± 0.50, 2.50 ± 1.72, 
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2.90 ± 0.60, and 1.90 ± 1.70, respectively. Stomatal conductance was also not affected by temperature treatment 
(data not shown). No distinct visible leaf damage symptoms were noticed as a result of exposure of seedlings to 
elevated temperatures. 

3.2. Effect of Temperature on the Emission of Foliar VOCs 
In each treatment 43 volatile isoprenoids; isoprene, 22 monoterpenes (non-oxygenated monoterpenes: α-thu- 
jene, α-pinene, α-fenchene, camphene, verbenene, sabinene, β-pinene, β-myrcene, p-cymene, limonene, γ-ter- 
pinene; and oxygenated monoterpenes: fenchyl alcohol, (E)-pinocarveol, pinocarvone, camphor, borneol, ter-
pinen-4-ol, α-terpineol, myrtenol, myrtenal, verbenone and bornyl acetate), and 20 sesquiterpenes (bicycloele-
mene, α-cubebene, α-copaene, β-elemene, (E)-bergamotene, α-cedrene, α-gurjunene, β-cubebene, (Z, E)-α-far- 
nesene, germacrene D, aromadendrene, δ-cadinene, ar-curcumene, eremophilene, α-selinene, (Z)-calamenene, 
7-epi-α-selinene, α-calacorene, spathulenol and cadina-1,4-diene) were detected in the headspace of C. edulis 
seedlings. However, GLVs were either not detected in any of the treatment or their quality values (Q.Vs) were 
much lower (<50) than the detection limit (i.e., Q.V of 90).  

Emission of all volatiles in isoprenoid class showed positive response to temperature rise up to a certain level, 
but negative trend after that point. For example, emission rate of isoprene (Figure 1(a)) was significantly af-
fected by temperature treatment (P = 0.004). The highest isoprene emission peak was observed at 37˚C in both 
measurement periods with rise to 4-fold on 7th d and 2-fold on 14th d of exposures from that of 27˚C. However, 
emission began to decline after 37˚C. Isoprene emission was not affected by duration of exposure (P = 0.591) 
though it appeared to decline at 37 and 42˚C on 14th d compared to 7th d measurement.  

Elevation of temperature significantly affected the emission rate of monoterpenes (P = 0.003). Monoterpenes 
(Figure 1(b)) peaked at 32˚C with emission rate increase to 2- and 3-fold from that of 27˚C on 7th and 14th d of 
exposures, respectively, but declined at temperatures higher than 32˚C. 

Temperature treatment had significant effect on the emission rate of sesquiterpenes (P = 0.002). Like mono-
terpenes, sesquiterpenes (Figure 1(c)) also peaked at 32˚C with emission rate rise to 4- and 5-fold from that of 
27˚C on 7th and 14th d of exposures, respectively. Unlike monoterpenes, duration of exposure had impact (P < 
0.049) on the emission of sesquiterpenes. 

Emission rate of total isoprenoids was significantly affected by temperature treatment (P < 0.001), and peaked 
at 32˚C or 37˚C, but declined at 42˚C (Figure 1(d)).  
 

 
Figure 1. Mean (+ SE, n = 6) emission rates (µg·g−1 DW·h−1) of isoprene (a), total monoterpenes (b), total 
sesquiterpenes (c), and total isoprenoids (d) measured after 7 and 14 days of exposure to four temperature 
regimes. Values for total isoprenoids represent isoprene, total monoterpenes and total sesquiterpenes to-
gether.                                                                                   
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Monoterpene hydrocarbons (MT-hc) and oxygenated monoterpenes (MT-oxy) were in 1:1 ratio. However, all 
sesquiterpenes except spathulenol were non-oxygenated hydrocarbons. Both MT-hc (Figure 2(a)) and MT-oxy 
(Figure 2(b)) were significantly affected by temperature treatment (P < 0.01). Emission rates of MT-oxy were 
also significantly (P < 0.05) affected by duration of exposure (Figure 2(b)). 

3.3. Effect of Temperature on Foliar Phenolic Compounds 
Eleven phenolics were detected from the leaf extracts of C. edulis (Table 1). The compositions of foliar phenol-
ics were similar in all treatments. The concentrations of most of them did not vary between treatments. However, 
the concentration of hyperin was significantly lower at control treatment than elevated temperatures (F = 3.726, 
P = 0.045). Moreover, cordeauxiaquinone and total phenolics showed marginally significant increases at 37˚C 
compared to other treatment levels (F = 2.63, P = 0.098 and F = 2.709, P = 0.092, respectively). 

4. Discussion 
4.1. Elevated Temperature Increased Foliar Isoprenoid Emissions 
Foliar emission rate of isoprene was quadrupled when temperature was raised by 10˚C from the control (27˚C) 
for 7 days. The observed increase of isoprene emission rate with elevation of temperature is consistent with pre-
vious reports [16] [35] [36]. In general, elevation of the control temperature by 5˚C increased emission rates of 
monoterpenes, sesquiterpenes, and total isoprenoids by 2 - 5-fold higher than the control. This is in accordance  
 

 
Figure 2. Mean (+ SE, n = 6) emission rates (µg·g−1 DW·h−1) of non-oxygenated monoter-
pene hydrocarbons (MT-hc) (a) and oxygenated monoterpenes (MTs-oxy) (b) measured after 
7 and 14 days of exposure to four temperature regimes.                                

 
Table 1. Mean (± SE, n = 4) (mg/g DW) of phenolic compounds from leaves of C. edulis exposed to four temperature re-
gimes for 15 days. Means within a row followed by different letters are significantly different, whereas those followed by the 
same letters are not significantly different.                                                                    

Leaf phenolic compounds 27˚C 32˚C 37˚C 42˚C 

Gallic acid 0.17 ± 0.04a 0.33 ± 0.04a 0.32 ± 0.09a 0.23 ± 0.03a 

Trigalloylglucoside 0.45 ± 0.18a 0.63 ± 0.14a 0.26 ± 0.03a 0.55 ± 0.24a 

Pentagalloylglucoside 0.16 ± 0.03a 0.12 ± 0.02a 0.09 ± 0.01a 0.18 ± 0.06a 

Gallotannins 5.52 ± 0.93a 6.73 ± 1.29a 37.94 ± 33.47a 4.19 ± 1.05a 

Epigallocatechin 0.40 ± 0.27a 0.43 ± 0.22a 0.47 ± 0.06a 0.13 ± 0.04a 

Hyperin 0.03 ± 0.03a 0.23 ± 0.11b 0.29 ± 0.04b 0.17 ± 0.04b 
Quercetin-3-glucoside 0.62 ± 0.15a 0.54 ± 0.30a 0.95 ± 0.10a 0.39 ± 0.1a 

Cordeauxiaquinone 12.25 ± 4.70a 8.88 ± 1.62a 25.8 ± 3.89b 18.04 ± 6.60a 
Ukn1 3.16 ± 1.57a 2.26 ± 1.22a 2.56 ± 0.83a 0.96 ± 0.56a 
Ukn2 2.21 ± 0.91a 2.84 ± 0.97a 2.79 ± 0.13a 1.81 ± 0.44a 
Ukn3 1.47 ± 1.47a 0.92 ± 0.41a 2.98 ± 0.65a 0.42 ± 0.15a 

Total phenolics 26.44 ± 3.91a 23.91 ± 5.02a 74.45 ± 35.46b 27.07 ± 4.73a 

Ukn = Unknown compound. 
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with 3-fold increase of emission rate of α-pinene from Q. ilex when its leaf temperature was raised from 20˚C to 
30˚C [14]. These results suggest that a rise by 5˚C from the ambient control (27˚C), which is predicted to happen 
in arid and semi-arid regions in a few decades time [13], may cause a substantial increase in the emissions of 
highly reactive VOCs by plants in arid and semi-arid ecosystems. 

Isoprene emission rate is known to reach maximum in 35˚C to 45˚C temperature range [16] [37]. Similar 
trend was observed in our experiment, though emission began to decline at 42˚C in both measurement periods. 
On the other hand, monoterpenes and sesquiterpenes peaked at 32˚C and then began to decline at temperature 
levels above 32˚C. Some previous reports show that the peak emission rate of isoprene will not be sustained for 
long period [38]-[40]. For example, isoprene emission rate declined after a few minutes of rapid increase at 
about 45˚C [38] [40]. Though the impact of duration of exposure was not significant, we noticed a down-regu- 
lation of the emission rate of isoprene at the two highest used temperature levels on 14th d compared to mea-
surement taken on the 7th d of exposure. There was no significant difference in photosynthesis within treatments 
with duration of exposure to be accounted for the down-regulation of isoprene emission rate on 14th d of mea-
surement. Therefore, we hypothesize that the observed trend of decline in isoprene emission rate at 37˚C and 
42˚C when measured on 14th d of exposure compared to that of 7th d is due to the impact of prolonged exposure 
on the activity of isoprene synthase, and/or increased cellular respiration rate to drain off more photosynthate. 
Also, the longer the duration of exposure, the lesser was the emission rate of sesquiterpenes. This may also be 
explained by the reduction in the activity of enzymes due to prolonged exposure. 

Suppression of temperature-dependence of isoprene emission rate can occur under severe drought [41]. Simi-
lar condition may also happen in C. edulis under its natural arid environment where high temperature and 
drought co-occur. However, in this experiment, pronounced moisture variation between treatments was avoided 
by keeping soils of all treatments always moist. Thus, drought was less likely to influence isoprene and other 
volatile isoprenoids emission in conjunction with high temperatures.  

We separately analyzed non-oxygenated (MT-hc) and oxygenated monoterpenes (MT-oxy) in order to know 
their difference in responding to temperature treatments with duration of exposure. The result showed that emis-
sion of MT-hc was not affected by duration of exposure while that of MT-oxy declined on 14th d compared to 7th 
d measurement. To our knowledge, this is the first report to show variations between oxygenated and non-oxy- 
genated terpenes in their responses to elevated temperature in the course of time. We did VOCs collection out of 
the treatment chambers that allowed plants of all treatments to stay at least for an hour in the lab at room tem-
perature. This situation, however, did not stop the increased emission of volatile isoprenoids at elevated temper-
atures, indicating that the influence of elevated temperature or possibly heat stress in the highest regime seems 
to last for some time even after the removal of the stress.  

4.2. The Effect of Elevated Temperature on Phenolic Compounds was Minor 
The compositions of foliar phenolic compounds did not vary between treatments (Figure 3). While the concen-
trations of most of the identified individual phenolic compounds were unaffected by temperature, hyperin and 
cordeauxiaquinone, however, increased at one or more of the elevated temperatures compared to the control. 
Previously, more concentrations of some individual phenolic compounds (e.g. p-coumaroyl glucose, quercetin 
3-glucoside, quercetin 3-glucuronide, etc) were observed from fruits of strawberry plants grown in 30/22˚C than 
those grown in 18/12˚C day/night temperature combinations [17]. Anthocyanin accumulation was also in sugar 
cane (Saccharum officinarum) with day/night temperature elevated from 28/23˚C to 40/35˚C [18]. Synthesis of 
individual phenolic compounds depends on optimum light and temperature [42]. Increased concentration of 
hyperin and cordeauxiaquinone in this experiment could also be attributed to the optimality of the temperature at 
which they were found increased. Above all, their increase in the leaves at higher temperatures could be related 
to defense against temperature stress. 

4.3. Relations of Gas Exchange and Leaf Volatiles 
In this experiment, net photosynthesis was not significantly affected when temperature was elevated by 5˚C - 
15˚C above the control under lab conditions. This probably indicates the tolerance of C. edulis to the rise of its 
ambient temperature up to 42˚C. Thermotolerance to higher used temperatures (37˚C and 42˚C) may generally 
be explained by the defensive role of increased production of isoprenoids under elevated temperatures [23]-[25] 
[43]-[45]. In particular, isoprene has been noted for its effective thermoprotection role by several authors at  
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Figure 3. Typical HPLC chromatogram showing phenolic compounds from leaf of C. edulis.         

 
leaf temperatures above 35˚C under lab conditions [44] [46] [47]. In spite of no difference in photosynthesis 
between the control and elevated temperatures, isoprene, which is synthesized de novo from carbon precursors 
from photosynthetic process [48] [49], increased with elevation of temperature and peaked at 37˚C. Though it 
happened to decline at 42˚C, it was still higher than the control indicating that isoprene emission was not af-
fected by net photosynthesis rate in this experiment. The activity of isoprene synthase might have increased be-
tween 37˚C and 42˚C to result in increased emission of isoprene. Previous reports show that isoprene emission 
reaches maximum between 35˚C and 45˚C [37]. Here again, it is important to note that isoprene emission rate 
tends to be down-regulated with prolonged exposure to these high temperature levels, which might suggest re-
duction in the activity of isoprene synthase with longer duration of high temperatures.  

After 14 days of exposure to elevated temperatures, leaves of C. edulis seedlings did not develop noticeable 
signs of injury. Moreover, GLVs, which may indicate cellular damage by heat stress [40] [50], were not detected 
in foliar volatiles of heat stressed seedlings of C. edulis. This suggests that the increased production of constitu-
tive volatile isoprenoids under elevated temperatures may have protected the seedlings from injury.  

5. Conclusion 
In this experiment, foliar emission of isoprene from C. edulis increased by 4-fold with 10˚C rise of the ambient 
temperature, while monoterpenes, sesquiterpenes and total iosprenoids increased generally by 2 - 5-fold with 
5˚C warming of the ambient temperature for 7 and/or 14 days. The fact that no inhibition of photosynthesis, in-
creased emission of GLVs and visible leaf injury were observed suggests that increased emissions of isoprenoids 
at high temperatures may have a defensive role. These results also suggest that climatic warming may make 
plants of arid/semi-arid ecosystems significant contributors to VOCs released into the atmosphere. Cordeauxia 
edulis, which belongs to these ecosystems, and, is an evergreen shrub emitting a wide range of volatile isopre-
noids, can therefore be a candidate model plant to infer the emission patterns of arid and semi-arid tropical 
plants and the potentials of these ecosystems to respond and contribute to the future climate change. 
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