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Abstract – We have compared the metabolic responses of leaves and roots of two Eucalyptus globulus L. clones CN5 and ST51 that differ in their
sensitivity to water deficits (ST51 is more drought sensitive), with regard to the effect of chilling (10/5 ◦C, day/night). We studied changes in growth,
osmotic potential and osmotically active compounds, soluble proteins, leaf pigments, and membrane lipid composition. Our data showed that both
clones have the ability to acclimatize to chilling temperatures. As a result of 10 days of acclimation, an increase of soluble sugars in leaves of treated
plants of both clones was observed that disappeared later on. Differences between clones were observed in the photosynthetic pigments and soluble
protein content which were more stable in CN5 under chilling. It also was apparent that CN5 presented a less negative predawn water potential (ψpd)
and a higher leaf turgor than ST51 throughout the chilling treatment. In the case of the CN5, increased total lipids (TFA) and concomitant increase
of linolenic acid (C18:3) in leaves after acclimatization may be related to a better clone performance under chilling temperatures. Moreover, a higher
constitutive investment in roots in the case of CN5 as compared to ST51 may benefit new root regeneration under low temperatures favoring growth
after cold Mediterranean winter.
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Résumé – Réponses physiologiques et biochimiques à des températures froides positives de deux clones d’Eucalyptus globulus qui diffèrent à
travers leur résistance à la sécheresse. Nous avons comparé les réponses métaboliques au niveau des feuilles et racines de deux clones d’Eucalyptus
globules L. CN5 et ST51 qui différent par leur sensibilité à la sécheresse (ST51 étant le plus sensible) en comparaison à l’effet de refroidissement
(10 ◦C/5 ◦C, jour/nuit). Nous avons étudié les variations de croissance, de potentiel osmotique, des composés actifs osmotiquement, des protéines
solubles, des pigments foliaires et de la composition de la membrane lipidique. Nos données ont montré que les deux clones ensemble ont la capacité de
s’acclimater aux températures froides. À dix jours d’acclimatation, une augmentation de la teneur en sucres solubles dans les feuilles des plantes traitées
des deux clones a été observée jusqu’à disparaître dans le temps. Des différences entre les clones ont été observées au niveau du contenu en pigments
photosynthétiques et en protéines solubles qui d’ailleurs ont été plus stables pour le clone CN5 sous l’effet du froid. Il est aussi notable que CN5 a
présenté un potentiel hydrique de base (ψpd) moins négatif et une turgescence foliaire plus élevée que ST51 à travers le traitement au froid. Dans le cas
du clone CN5, l’augmentation concomitante des acides gras totaux (AGT) et de l’acide linolénique. (C18 :3) au niveau des feuilles après l’acclimatation
peut être corrélée à une meilleure performance de ce dernier sous des températures froides. De plus, un investissement constitutif plus élevé au niveau
des racines dans le cas de CN5 en comparaison à ST51 peut avantager la régénération de nouvelles racines sous des températures basses favorisant la
croissance après un hiver méditerranéen froid.

carbohydrates / refroidissement / Eucalyptus globulus L. / lipides /membranes

1. INTRODUCTION

Eucalyptus globulus Labill. is an evergreen tree that grows
in many regions of winter-rain climates of the Mediterranean-
type with a dry and hot summer. In such conditions, a more
efficient clone should not only use more water (through deep
rooting) but also take advantage of the water availability of
the cold season through greater chilling tolerance. Previous
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studies of two highly productive E. globulus clones, CN5
and ST51, with different sensitivity to drought, indicated that
these clones exhibited different strategies to cope with water
deficit [6]. The investment in root system development before
drought, a continuous greater root growth and higher xylem
hydraulic conductance under water stress explained superior
drought resistance of CN5 clone compared with ST51 clone.
Under gradual subjection to water stress both clones CN5 and
ST51 had the ability to respond to water deficit at the cellular
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level by altering their osmotic components and the activity of
the antioxidant protection system [24].

Eucalyptus globulus is susceptible to cold and does not
tolerate below-freezing temperatures [2]. Moreover, growth
is limited by chilling temperatures, e.g. from (0 ◦C) 4 ◦C to
15 ◦C, which may be too low for normal growth. The plants
exposed to chilling temperatures undergo a process of accli-
mation associated with several physiological and biochemi-
cal alterations in the plants [2, 12, 25]. The best-characterized
changes under chilling, as well as under different types of
stresses, include alterations in gene expression, changes in
hormone level, accumulation of osmolytes (compatible so-
lutes) and protective proteins as well as modification of cell
membranes [4].

According to previous studies [13, 16], the thermotropic
phase transition of membrane lipids might play an initia-
tive role in the chilling sensitivity of plants. In chill-sensitive
plants, the lipid bilayer has a high percentage of saturated fatty
acids chains, and this type of membrane tends to solidify into
a semicrystalline state at a temperature well above 0 ◦C [27].
As the membranes become less fluid, permeability is affected.
During acclimation of plants to low temperature the fatty acids
in their membrane lipids become more unsaturated, resulting
in enhanced membrane stability [22, 26].

In Mediterranean ecosystems, plant performance during
winter is poorly studied, maybe because summer-drought con-
strains are much more conspicuous. However, “cold” is a
relative term and even the “mild” temperatures of Mediter-
ranean winters may be too low for plant species which have
to cope with wide thermal amplitude over the year. However,
climate change scenarios for the western Mediterranean (in-
cluding Portugal) suggest lengthening of the dry season [15],
which may turn plants even more dependent from a relatively
cool but shorter rainy season. There is also the possibility
that global warming will enhance the frequency of extreme
weather events including cold spells [7]. The comparison of
the dynamics of physiological and biochemical changes be-
tween non-acclimated and acclimated plants, is of the utmost
importance to understand stress coping mechanism in trees.
Considering that resistance of plants to drought and low tem-
peratures share common mechanisms [25], the aim of the
present work was to investigate whether the two clones with
contrasting response to drought (CN5 and ST51) also exhibit
differences (growth and metabolic) in response to low non-
freezing temperature. We analysed the effect of gradual tem-
perature decrease and the effect of chilling on morphological
parameters, membrane lipid composition and compatible so-
lutes in leaves and roots of both clones, as well as osmotic
potential, soluble proteins and pigments in leaves.

2. MATERIAL AND METHODS

2.1. Plant material

Rooted cuttings of the two clones ST51 and CN5 were grown in
plastic containers filled with 60% peat and 40% styrofoam beads.
ST51 is considered more drought sensitive than CN5. After four
months the rooted cuttings of both clones were transplanted to 5.3 L

plastic pots. At six months old, 32 plants per clone were transferred
from nursery and placed in a growth chamber subjected to a grad-
ual temperature decrease (1.4 ◦C per day) from 24/16 ◦C to 10/5 ◦C
(day/night), which took 10 days (acclimation). Measurements were
started at Day 1 after plants had reached 10/5 ◦C, the beginning of
the chilling treatment. Another 32 plants per clone remained in con-
trol conditions (24/16 ◦C). Air and pot soil temperatures in the growth
chamber were monitored through a data logger (DL2e, delta-t De-
vice, UK) to follow temperature changes during the day. It must be
taken into account that under natural conditions soil temperature does
not vary as rapidly as air temperature. Other growth conditions were:
photoperiod: 12/12 h (day/night), relative humidity of approximately
60%, photosynthetic photon flux density: 220 μmol m−2 s−1. The ex-
periment lasted for 52 days (7th January 2005 to 1st March 2005). All
plants were watered to runoff on the first day and then twice per week.

2.2. Growth analysis and sampling dates

Plants were harvested 52 days after the beginning of the chilling
treatment. Shoots were separated into stem, lateral branches and stem
leaves. Roots were gently washed and carefully separated from soil
and other debris. Plant components were then dried for at least 48 h
at 80 ◦C in the oven and cooled in desiccators for dry mass determi-
nation. Leaves and roots were scanned before drying and then leaf
and root area of each seedling (five plants per treatment) were cal-
culated with WinRhizo software (Regent Instrument Inc., Canada).
Samples for carbohydrates, lipids, proline, soluble protein analyses
and osmotic potential were collected on Days 1, 7 and 42 after the
beginning of chilling at predawn on full-expanded leaves (0.5 g fresh
mass) and at midday on root segments (0.5 g fresh mass and diameter
< 2 mm) excised from the central part of the root system, using five
plants per treatment. Samples were removed, frozen immediately in
liquid nitrogen and kept at –80 ◦C until further analysis.

2.3. Plant water relations

Predawn water potential (ψpd) was measured with a Scholander-
type pressure chamber (PMS Instruments, Corvallis, OR) on five
plants per treatment. From the same plants, leaf discs (6 mm diame-
ter) were taken at predawn for osmotic potential (ψπ) determination,
frozen in liquid nitrogen and stored at –80 ◦C until analysis. The mea-
surements of ψπ were made after thawing the samples at room tem-
perature, using C-52 sample chambers connected to a Wescor HR-
33T dew-point microvoltmeter (Wescor, INC Logan, UTAH, USA).
Leaf turgor (ψp) was calculated according to the equation: ψp = ψpd –
ψπ. Osmotic potential at full turgor (ψ100

π ) was calculated from ψπ cor-
rected by relative water content values (RWC), measured in samples
of 10 leaf discs of 0.7 cm diameter. RWC was calculated as RWC (%)
= (FW-DW)/(TW-DW)× 100, where FW, TW and DW are the fresh,
turgid (after floating the samples for 3 h on distilled water at room
temperature) and dry mass (after oven-drying at 80 ◦C), respectively.

2.4. Leaf pigments

Pigments were extracted from frozen leaf discs as described in
Shvalva et al. [24] and then analysed by HPLC according to Wright
et al. [32] and quantified by custom-made external standard solutions
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Figure 1. Some morphological characteristics of two Eucalyptus
globulus Clones CN5 and ST51 subjected to low temperature treat-
ment: total biomass (g) (A), leaf area ratio (cm2 g−1) (B) and total
root lenght (m) (C) evaluated at the end of the experiment (42 d after
acclimation).

(DHI Water and Environment; Denmark and Carotenature, Switzer-
land). Twenty-five microliter samples were injected in Zorbax (Ag-
ilent Tech., USA) Bonus-RP C18 column and eluted with a qua-
ternary gradient composed of water, acetonitrile, ethyl acetate and
0.5 M ammonium acetate in methanol (20:80, v/v) at flow-rate of
1.0 mL min−1. Pigments content were measured after 42 days of chill-
ing.

2.5. Lipid analysis

For lipid analysis, the general procedure of Pham Thi et al. [20]
was used with modification according to Scotti Campos et al. [22].
Lipids were extracted in chloroform/methanol/water (1/1/1, v/v/v)
according to Allen et al. [1]. After saponification, fatty acids were
methylated with BF3 (Merck) according to Mercalfe et al. [14] us-
ing heptadecanoic acid (C17:0) as an internal standard. Subsequently
they were analysed by gas-liquid chromatography as described in
Mercalfe et al. [22].

Figure 2. Water potential (ψpd, A) and leaf turgor (ψp, B), both mea-
sured at predawn and osmotic potential at full turgor (ψ100

π , C) in
leaves of Eucalyptus globulus Clones CN5 and ST51 at Day 1, 7 and
42 after suboptimal temperature. CT – control (24/16 ◦C), SOT – sub-
optimal temperature (10/5 ◦C). Values are mean ± SE (n = 5).

2.6. Soluble proteins

Soluble proteins were extracted and measured as detailed in Brad-
ford [3].

2.7. Carbohydrates and polyols extraction and analysis

Carbohydrates and polyols were extracted from leaves and roots
(100 mg FW), according to Van Huylenbroeck and Debergh [30] and
then analysed using High Performance Anion Exchange Chromatog-
raphy coupled with Pulsed Amperometric Detection HPAEC-PAD
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Table I. Galactose, glucose, sucrose, fructose, arabinose and inositol content (μmol g−1 dry mass) in leaves of E. globulus Clones CN5 and
ST51 after cold acclimation (Day 1), after 7 and 42 days of suboptimal temperature. CT – control (24/16 ◦C), SOT – suboptimal temperature
(10/5 ◦C), *, **, *** Represent statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05.

Days after Two-way ANOVA
acclimation CN5 CT ST51 CT CN5 SOT ST51 SOT Clone (C) Temp. (T) C × T
Day 1
Galactose 1.5 ± 0.2 1.0 ± 0.1 1.6 ± 0.2 1.5 ± 0.2 ns ns ns
Glucose 6.3 ± 0.6 4.2 ± 0.4 10.8 ± 1.5 6.81 ± 0.9 ** ** ns
Sucrose 1.9 ± 0.4 0.7 ± 0.2 6.1 ± 1.2 3.0 ± 0.5 ** *** ns
Fructose 6.8 ± 0.6 5.9 ± 1,2 12.0 ± 0.7 7.6 ± 1.0 ** ** ns
Arabinose 0.12 ± 0.02 0.09 ± 0.02 0.15 ± 0.02 0.15 ± 0.03 ns ns ns
Inositol 16.1 ± 3.1 20.9 ± 2.1 16.0 ± 2.9 10.5 ± 1.9 ns 0.06 0.06
Day 7
Galactose 1.2 ± 0.05 1.2 ± 0.1 1.6 ± 0.2 1.5 ± 0.1 ns * ns
Glucose 7.8 ± 0.5 7.3 ± 1.6 16.8 ± 4.3 14.9 ± 2.4 ns ** ns
Sucrose 2.2 ± 0.5 1.9 ± 0.7 9.1 ± 2.6 7.1 ± 0.6 ns ** ns
Fructose 6.3 ± 0.4 5.3 ± 0.9 12.7 ± 0.8 10.5 ± 0.9 0.06 *** ns
Arabinose 0.07 ± 0.01 0.11 ± 0.03 0.14 ± 0.01 0.11 ± 0.01 ns ns ns
Inositol 20.0 ± 1.1 20.7 ± 1.8 14.2 ± 1.0 12.2 ± 0.5 ns *** ns
Day 42
Galactose 1.4 ± 0.1 2.3 ± 0.3 1.6 ± 0.1 1.5 ± 0.2 ns ns *
Glucose 5.5 ± 0.5 8.1 ± 0.8 12.5 ± 4.0 9.6 ± 1.9 ns ns ns
Sucrose 1.8 ± 0.4 2.5 ± 0.5 9.2 ± 3.6 6.0 ± 1.2 ns * ns
Fructose 5.2 ± 0.8 6.7 ± 0.9 11.9 ± 0.9 10.2 ± 0.7 ns *** ns
Arabinose 0.11 ± 0.05 0.15 ± 0.02 0.16 ± 0.02 0.15 ± 0.02 ns ns ns
Inositol 10.6 ± 1.3 22.8 ± 0.5 18.8 ± 1.6 19.7 ± 2.9 ** ns **

(Dionex ED 40, Dionex Corp., USA) according to Wilson et al. [31].
The analytical column for carbohydrates was a Dionex Carbopac PA-
20 (3 mm × 150 mm) kept at 30 ◦C and eluted by on on-line generated
KOH at 0.5 ml min−1, whereas polyols were analysed on Dionex Car-
bopac MA-1 (4 mm × 250 mm) stored at 48 ◦C and eluted by a gradi-
ent of NaOH (500 mM) at 0.3 ml min−1. Carbohydrates and polyols
were quantified using calibration curves with standard solutions [10].

2.8. Proline and proline analogues extraction
and analysis

Approximately 100 mg of fresh plant material was extracted ac-
cording to Naidu [17] and then analysed using High Performance
Ligand-Exchange Chromatography coupled with Mass Spectrometry
HPLEC-MS. N-acetyl DL-proline (Sigma-Aldrich Chemical Com-
pany) was used as internal standard [18].

2.9. Data analysis

Data were subjected to two-way analysis of variance (ANOVA)
to test for the effects and interactions of temperature treatment and
between clones, using the STATISTICA (Version 6, 2001, StatSoft,
Tulsa, OK) data analysis software system. Data are shown as the
mean ± SE in tables and figures. All statistically significant differ-
ences between treatments were tested at the P < 0.05 level.

3. RESULTS

3.1. Growth response

Forty-two days of chilling had a negative effect on growth
of both clones with reductions of total biomass, leaf area ratio

and total root length (ca. 35%, 40% and 30%, respectively),
in relation to control values (Fig. 1). At the end of the experi-
ment, ST51 plants showed significantly higher (P < 0.01) val-
ues of leaf area ratio than CN5 plants, whereas the CN5 clone
exhibited greater total root length in both treated and control
plants.

3.2. Plant water relation

Predawn water potentials (ψpd) were maintained stable
throughout the experiment, varying between –0.36 MPA and
–0.53 MPa (Fig. 2A). Under low temperatures clone ST51
had more negative ψpd than clone CN5 (P < 0.05). Control
plants maintained leaf osmotic potentials around –0.58 MPa,
whereas under low temperature ψπ declined significantly (P <
0.01) in both clones to –0.85 MPa and –0.77 MPa in CN5 and
ST51 plants, respectively. So, leaf turgor (ψp) in both clones
increased significantly (P < 0.01) during chilling (Fig. 2B).
The decrease of ψπ was a consequence of leaf osmotic adjust-
ment, which mean degree (Δψ100

π = ψ100
π control – ψ100

π low
temperature) throughout the experiment was of 0.18 MPa and
0.13 MPa for CN5 and ST 51 clones, respectively (Fig. 2C).

3.3. Carbohydrates in leaves

Acclimation led to a clear increase in the content of glu-
cose (Glu), sucrose (Suc) and fructose (Fru) in leaves of both
clones (Tab. I). There were significant differences between the
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Table II. Galactose, glucose, sucrose, fructose and inositol content (μmol g−1 fresh mass) in roots of E. globulus Clones CN5 and ST51 after
cold acclimation (Day 1), after 7 and 42 days of sub-optimal temperature. CT – Control (24/16 ◦C), SOT – suboptimal temperature (10/5 ◦C).
*, **, *** Represent statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05.

Days after Two-way ANOVA
acclimation CN5 CT ST51 CT CN5 SOT ST51 SOT Clone (C) Temp. (T) C × T
Day 1
Galactose 0.78 ± 0.3 0.41 ± 0.2 0.49 ± 0.11 0.91 ± 0.16 ns ns ns
Glucose 1.97 ± 0.73 0.26 ± 0.12 1.17 ± 0.45 2.82 ± 0.46 ns * **
Sucrose 1.1 ± 0.42 0.69 ± 0.38 1.55 ± 0.49 2.29 ± 0.4 ns * ns
Fructose 0.52 ± 0.1 0.21 ± 0.13 0.44 ± 0.06 0.71 ± 0.18 ns ns *
Inositol 0.21 ± 0.04 0.12 ± 0.06 0.13 ± 0.02 0.23 ± 0.05 ns ns *
Day 7
Galactose 0.19 ± 0.03 0.33 ± 0.1 1.45 ± 0.5 0.38 ± 0.08 ns * *
Glucose 0.27 ± 0.05 0.43 ± 0.13 2.67 ± 1.31 1.42 ± 0.67 ns * ns
Sucrose 0.19 ± 0.05 0.28 ± 0.08 2.17 ± 1.18 1.46 ± 0.57 ns * ns
Fructose 0.18 ± 0.03 0.33 ± 0.05 0.83 ± 0.42 0.65 ± 0.15 ns * ns
Inositol 0.09 ± 0.02 0.05 ± 0.01 0.36 ± 0.13 0.24 ± 0.06 ns ** ns
Day 42
Galactose 0.23 ± 0.08 0.21 ± 0.05 1.3 ± 0.4 0.85 ± 0.24 ns ** ns
Glucose 0.63 ± 0.2 0.5 ± 0.16 2.94 ± 0.72 2.98 ± 0.98 ns *** ns
Sucrose 0.27 ± 0.05 0.41 ± 0.17 3.26 ± 0.48 2.82 ± 0.64 ns *** ns
Fructose 0.51 ± 0.08 0.74 ± 0.05 1.29 ± 0.24 1.02 ± 0.15 ns *** ns
Inositol 0.21 ± 0.03 0.19 ± 0.04 0.92 ± 0.28 0.70 ± 0.28 ns ** ns

clones (P < 0.01) with higher values of these carbohydrates
in CN5 plants. After 7 days of chilling in addition to the accu-
mulation of Glu, Suc and Fru, galactose was also significantly
higher in both clones as compared to controls. On the contrary,
the content of inositol significantly decreased (P < 0.001).
After 42 days of chilling, the accumulation of Suc and Fru
persisted in both clones, although with no significant differ-
ences between clones. Among the accumulated carbohydrates
Suc showed the highest increases throughout the experiment,
whereas arabinose displayed very low contents and without
significant changes with the chilling treatment.

3.4. Carbohydrates in roots

Acclimation led to a significant (P < 0.05) increase of root
Glu (10-fold) and Suc (3-fold) content in ST51 plants (Tab. II).
After 7 days, chilling led to a significant (P < 0.05) increase of
all carbohydrates in both clones but more evident in CN5. Af-
ter 42 days of chilling the increase of carbohydrates (P < 0.01)
was also observed in both clones. Among the accumulated car-
bohydrates Suc showed the highest increases at Day 42: 13-
fold and 7-fold in CN5 and ST51, respectively as compared to
controls.

3.5. Soluble proteins in leaves

There were no significant changes in soluble proteins in
leaves until Day 42 (Fig. 3). After 42 days of chilling, solu-
ble protein content decreased (P < 0.001) in both ST51 and
CN5 clones (ca. 84% and 27%, respectively) as compared to
controls.

Figure 3. Soluble proteins content (mg g−1 dry mass) in leaves of
Eucalyptus globulus Clones CN5 and ST51 at Day 1, 7 and 42 after
suboptimal temperature. CT – control (24/16 ◦C), SOT – suboptimal
temperature (10/5 ◦C). Values are mean ± SE (n = 5).

3.6. Leaf pigments

Pigment content showed a statistically significant (P <
0.001) temperature effect after 42 days, which led to a
reduction on chlorophyll contents. Clone ST51 showed higher
reductions of total chlorophyll content than CN5 under
low temperatures, ca. 48% and 22% in relation to control
plants, respectively (Fig. 4A). Fucoxanthine (Fig. 4B), lutein
(Fig. 4C) and β-carotene (Fig. 4D) content in control ST51
plants were significantly higher when compared with control
CN5 plants (110%, 138% and 127%, respectively). Forty-two
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Figure 4. Chlorophyll a, b, total chlorophyll (mg g−1 dry mass) (A)
and fucoxanthine (B), lutein (C), β-carotene (D) content (μg g−1 dry
mass) in leaves of Eucalyptus globulus Clones CN5 and ST51 evalu-
ated after 42 days of chilling. CT – control (24/16 ◦C), SOT – subop-
timal temperature (10/5 ◦C). Values are mean ± SE (n = 5).

days of chilling led to significant reductions of fucoxanthine,
lutein and β-carotene in ST51 plants (57%, 49% and 57%,
respectively), whereas in CN5 plants no significant changes
were observed.

3.7. Proline and proline analogues in leaves

Proline content was higher than betaine and trigonelline in
leaves of both clones for control and treated plants through-

out the experiment (Tab. III). After 7 days under 10/5 ◦C there
was a significant (P < 0.01) proline reduction, more evident
in ST51 leaves than in CN5 leaves. At Day 42 of chilling
trigonelline content showed a significant (P < 0.05) reduc-
tion in leaves of CN5 and ST51 clones (63% and 43%, re-
spectively). There were significant differences between clones
(P < 0.05) in trigonelline content at Day 1 (CN5 had higher
content than ST51) and in proline content at Day 42 (ST51 had
higher content then CN5).

3.8. Proline and proline analogues in roots

Acclimation led to a significant decrease (P < 0.01) in be-
taine root content in CN5 plants but not in ST51 (Tab. IV).
After 7 days proline was higher (P < 0.06) in plants under
low temperature of both clones and trigonelline was signifi-
cantly higher (P < 0.01) in ST51 clone as compared to control
plants. Forty-two days of chilling led to decrease (ca. 50%) in
trigonelline in ST51 (P < 0.05) without changes in CN5.

3.9. Lipids in leaves

Total fatty acid (TFA) content in leaves of control plants of
both clones was similar (Tab. V). As a result of acclimation,
TFA increased significantly in CN5 (40%), but not in ST51.
After 7 days and 42 days of chilling, TFA content remained
stable in both clones. As for the individual fatty acids, at Day 1
clone ST51 presented an increase of 14% in C18:2 and clone
CN5 an increase of 14% in C18:3 as compared to their respec-
tive controls (Tab. V).

After 7 days, chilling led to a significant increase (P < 0.05)
in C16:0 (20%) in ST51 leaves and in C18:2 in ST51 and CN5
leaves (36% and 45%, respectively). However, C18:3 was re-
duced (P < 0.001) in both clones (ca. 14%).

Such a tendency was also observed after forty-two days of
chilling. In leaves of ST51, C16:0, significantly increased (P <
0.01) 32% in comparison with control plants. C18:2 increased
by 31% in leaves of both clones. As for C18:3, it was reduced
15% in chilling treated ST51 plants and only 6% in CN5 plants
(P < 0.01).

Throughout the duration of the experiment no significant
changes were observed in C16:1t in leaves of both clones.

3.10. Lipids in roots

No changes of TFA content were observed at Day 1 in roots
of both clones (Tab. VI). However, after 7 days and 42 days
under low temperatures TFA increased (P < 0.01) in CN5
plants (95% and 69%, respectively).

In what concerns fatty acids, at Day 1 there was a significant
increase (P < 0.01) of C18:3 in both clones (29% and 23% in
ST51 and CN5, respectively). After forty-two days of chilling,
C18:2 content increased 12% in CN5 in roots in relation to
control values, while no significant changes occurred in ST51.
As for C18:3, a larger increase was observed in roots of ST51
than in roots of CN5 plants (22% and 8%, respectively).
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Table III. Proline (nmol g−1 dry mass) and proline analogues concentrations in leaves of E. globulus Clones CN5 and ST51 after cold accli-
mation (Day 1), after 7 and 42 days of suboptimal temperature. CT – control (24/16 ◦C), SOT – suboptimal temperature (10/5 ◦C).*, **, ***
Represent statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05

Days after Two-way ANOVA
acclimation CN5 CT ST51 CT CN5 SOT ST51 SOT Clone (C) Temp. (T) C × T
Day 1
Proline 213 ± 45 145 ± 40 145 ± 5 78 ± 12 ns ns ns
Betaine 28 ± 1 27 ± 2 34 ± 4 27 ± 3 ns ns ns
Trigonelline 94 ± 15 65 ± 8 77 ± 6 50 ± 7 * ns ns
Day 7
Proline 186 ± 21 155 ± 27 122 ± 36 54 ± 2 ns ** ns
Betaine 4.6 ± 1.1 5.0 ± 1.1 6.4 ± 1.3 3.4 ± 0.7 ns ns ns
Trigonelline 74 ± 5 62 ± 9 65 ± 5 62 ± 9 ns ns ns
Day 42
Proline 110 ± 6 157 ± 17 90 ± 9 141 ± 28 * ns ns
Betaine 6.7 ± 0.9 8.9 ± 1.8 6.0 ± 1.9 3.2 ± 1.2 ns ns ns
Trigonelline 70 ± 11 105 ± 21 26 ± 2 60 ± 17 ns * ns

Table IV. Proline (nmol g−1 fresh mass) and proline analogues concentration in roots of E. globulus Clones CN5 and ST51 after cold acclimation
(Day 1), after 7 and 42 days of sub-optimal temperature. CT – control (24/16 ◦C), SOT – suboptimal temperature (10/5 ◦C). *, **, *** Represent
statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05.

Days after Two-way ANOVA
acclimation CN5 CT ST51 CT CN5 SOT ST51 SOT Clone (C) Temp.(T) C × T
Day 1
Proline 25.1 ± 9 8.5 ± 1.5 5.6 ± 3,0 9.4 ± 0.7 ns 0.07 0.054
Betaine 12.9 ± 2 5.5 ± 1.4 5.6 ± 0.6 5.5 ± 0.7 ** ** **
Trigonelline 5.9 ± 2. 6.4 ± 1.1 6.1 ± 0.7 5.5 ± 0.6 ns ns ns
Day 7
Proline 16.8 ± 2 15.2 ± 3.5 23.7 ± 7 49.3 ± 18.5 ns 0.06 ns
Betaine 17.1 ± 2 11.7 ± 1.6 11.1 ± 2.1 11.4 ± 0.09 ns ns ns
Trigonelline 19.8 ± 3 10.8 ± 1.3 20.7 ± 2.1 15 ± 0.4 ** ns ns
Day 42
Proline 13.1 ± 1.6 23.9 ± 7.0 10.8 ± 2.6 24.8 ± 8.2 0.055 ns ns
Betaine 15.3 ± 1.8 19.3 ± 4.9 13.4 ± 2.3 9.6 ± 0.8 ns ns ns
Trigonelline 10.2 ± 1.6 10.3 ± 1.1 7.7 ± 2.2 5.2 ± 0.8 ns * ns

4. DISCUSSION

Our results showed that although both clones reduced
growth in response to chilling, total root length of CN5 was
significantly higher in comparison with ST51 in both control
and treated plants. This was accompanied by a less negative
predawn water potential and a higher leaf turgor in CN5 clone
throughout the chilling treatment. This characteristic of CN5
plants will offer an advantage over the drought sensitive ST51
clone, not only under water-stress conditions, due to the pos-
sibility to explore more volume of soil [6], but also under cold
temperatures through the benefits of higher new root regener-
ation.

The slowdown of growth during chilling was concomitant
with an increase of carbohydrates in leaves and roots of both
clones. Interestingly, it was observed at Day 1, as a result of ac-
climation, an increase of content of glucose, sucrose and fruc-
tose in leaves of treated plants of both clones that disappeared
later on. The increase in carbohydrates in leaves may reflect
the reduction in the sink strength of the aboveground plant

tissues. On the other hand, this will lead to more assimilates
available for root growth.

Plant water status was not affected in chilled plants, as
also observed in other species [8, 33]. In fact, predawn wa-
ter potentials were unaltered by chilling. Moreover, leaf tur-
gor remained high in chilled plants of both clones, due to the
decrease of osmotic potential as also observed in other Eu-
calytus species [29]. The degree of leaf osmotic adjustment
given by Δψ100

π , was initially higher in CN5 comparatively
to ST51 plants, in parallel with the higher sugars accumula-
tion observed, but similar afterwards. In fact, a higher content
of carbohydrates in leaves of CN5 chilled plants compared to
ST51 was only observed at Day 1.

Acclimation of the photosynthetic apparatus to chilling and
to high light is well documented but the mechanisms are not
completely understood. Karpinska et al. [11] showed in Scots
pine that chlorophyll synthesis is temperature sensitive, and
under low non-freezing temperature it decreases,due to arrest
of chloroplast biogenesis. According to our pigment analysis
the same phenomena happened in both clones of E. globulus
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Table V. TFA (mg g−1 dry mass) and main fatty acids (mol %) content in leaves of E. globulus Clones CN5 and ST51 after cold acclimation
(Day 1), after 7 and 42 days of suboptimal temperature. CT – control (24/16 ◦C), SOT – suboptimal temperature (10/5 ◦C). *, **, *** Represent
statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05.

Days after Two-way ANOVA
acclimation CN5 CT ST51 CT CN5 SOT ST51 SOT Clone (C) Temp. (T) C × T
Day 1
TFA 18.1 ± 1.8 22.3 ± 2.5 25.3 ± 1.7 20.8 ± 1.7 ns ns *
C16:0 28.2 ± 0.9 22.8 ± 1.2 25.4 ± 1.0 24.2 ± 1.9 * ns ns
C16:1t 3.5 ± 0.2 3.0 ± 0.4 3.1 ± 0.2 2.7 ± 0.4 ns ns ns
C18:2 14.6 ± 0.5 14.9 ± 0.5 13.9 ± 0.6 16.9 ± 0.6 * ns *
C18:3 44.8 ± 1.5 54.0 ± 1.3 51.1 ± 1.4 50.7 ± 2.4 * ns *
Day 7
TFA 22.7 ± 1.8 20.6 ± 2.1 18.8 ± 0.9 24.5 ± 2.4 ns ns ns
C16:0 23.0 ± 0.2 20.9 ± 0.8 23.9 ± 0.9 25.0 ± 1.5 ns * ns
C16:1t 3.4 ± 0.3 3.5 ± 0.1 4.0 ± 0.2 3.1 ± 0.4 ns ns ns
C18:2 10.7 ± 0.4 12.9 ± 0.2 15.5 ± 1.2 17.6 ± 1.3 * *** ns
C18:3 56.3 ± 0.6 57.3 ± 0.8 49.1 ± 1.5 49.1 ± 2.0 ns *** ns
Day 42
TFA 14.7 ± 0.6 18.9 ± 1.6 17.3 ± 0.4 17.3 ± 2.0 ns ns ns
C16:0 21.3 ± 0.6 19.2 ± 0.8 22.4 ± 0.5 25.4 ± 1.4 ns ** *
C16:1t 3.01 ± 0.2 2.8 ± 0.3 3.0 ± 0.1 2.5 ± 0.3 ns ns ns
C18:2 12.2 ± 0.2 11.8 ± 0.9 16.0 ± 0.7 15.4 ± 0.4 ns *** ns
C18:3 57.1 ± 0.8 61.8 ± 1.9 53.9 ± 0.8 52.7 ± 2.2 ns ** ns

Table VI. TFA (mg g−1 fresh mass) and main fatty acids (mol %) content in roots of E. globulus Clones CN5 and ST51 after cold acclimation
(Day 1), after 7 and 42 days of sub-optimal temperature. CT – control (24/16 ◦C), SOT – suboptimal temperature (10/5 ◦C), *, **, *** Represent
statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05.

Days after Two-way ANOVA
acclimation CN5 CT ST51 CT CN5 SOT ST51 SOT Clone (C) Temp. (T) C × T
Day 1
TFA 1.40 ± 0.13 1.10 ± 0.11 1.20 ± 0.08 1.32 ± 0.14 ns ns ns
C16:0 32.1 ± 1.1 29.5 ± 2.0 28.1 ± 0.7 27.8 ± 0.4 ns * ns
C18:2 51.3 ± 2.3 54.5 ± 1.6 55.8 ± 0.9 55.4 ± 0.3 ns ns ns
C18:3 7.3 ± 0.6 7.8 ± 0.3 9.0 ± 0.5 10.0 ± 0.6 ns ** ns
Day 7
TFA 0.75 ± 0.08 1.09 ± 0.11 1.47 ± 0.05 1.20 ± 0.17 ns ** *
C16:0 30.2 ± 1.6 28.3 ± 0.7 29.6 ± 0.7 31.3 ± 0.6 ns ns ns
C18:2 49.3 ± 2.1 52.4 ± 1.4 51.9 ± 0.7 50.2 ± 1 ns ns ns
C18:3 11.5 ± 2.1 11.0 ± 1.9 12.6 ± 0.9 12.5 ± 1.0 ns ns ns
Day 42
TFA 1.08 ± 0.10 1.42 ± 0.08 1.82 ± 0.11 1.51 ± 0.05 ns *** **
C16:0 33.6 ± 1.4 31.4 ± 0.5 30.8 ± 0.8 30.7 ± 0.9 ns ns ns
C18:2 46.4 ± 2.2 49.9 ± 0.4 52.0 ± 0.9 50.4 ± 1.1 ns * ns
C18:3 10.9 ± 0.8 10.6 ± 0.3 11.8 ± 0.4 13.0 ± 0.7 ns * ns

with higher reduction in ST51 plants; the same occurred as far
as fucoxanthine, lutein and β-carotene is concerned. We can
hypothesize that ST51 plants suffered more under suboptimal
temperatures.

Our data also showed that the amount of proteins in clone
ST51 after 42 days of chilling was reduced drastically, which
may have a negative impact in the long term response of this
clone to suboptimal temperatures. This was not the case for
clone CN5.

The role of osmoprotectants along with carbohydrates has
also been frequently assigned to proline [9], although, some
authors have considered proline accumulation as a symptom

of damage rather than an adaptive response [19]. On the other
hand, proline contribution to osmoregulation is small in most
cultivated species under stress conditions [28]. This was also
the case with the E. globulus clones under water stress, in
which the contribution of this amino acid to the osmotic poten-
tial was around 1% [24]. In the present study the lower values
of ψπ in leaves under chilling temperatures observed in both
clones were not accompanied by proline accumulation either
in leaves and roots. This suggests that proline did not act as a
relevant active osmolite in Eucalyptus tissues under subopti-
mal temperatures. However proline and its analogues may be
associated with other roles under stress conditions: protection
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of cytosolic enzymes and membrane structure, stabilisation of
proteins, antioxidant and storage functions [23, 25] and these
roles are not ruled out. In this respect the higher values of pro-
line observed in CN5 leaves may play a positive role in growth
under low temperatures.

The unsaturation of membrane lipids is considered a critical
parameter for the functioning of plant membranes. Membrane
lipids may suffer changes with growth temperature, particu-
larly in what concerns linolenic acid (C18:3) [5]. An increase
of unsaturation may compensate the decrease in the fluidity of
membrane that is brought about by the downward shift in tem-
perature [21], and therefore sustained activity of membrane-
bound enzymes at lower temperature.

At the beginning of chilling treatment (Day 1), an in-
creased lipid amount (TFA) and a concomitant increase of
C18:3 percentage were observed in CN5 leaves, probably due
to an activation of lipid synthesis resulting in more unsatu-
rated lipid molecular species. A higher degree of unsaturation
could increase membrane fluidity and constitute an advantage
for leaves of CN5 clone under cold conditions. The fact that
TFA amounts were not reduced by cold stress suggests that
molecular adaptation of lipids occurs apparently without lipid
loss, resulting in a decrease of membrane unsaturation.

In roots a higher degree of unsaturation (as inferred from
the increase in C18:3 percentage) was observed in treated
plants of both clones, which may depend on compositional
changes resulting from lipid turnover [22]. An enhanced lipid
synthesis in CN5 roots was observed but not in ST51, suggest-
ing a better preservation of root metabolism in CN5 under low
temperature.

In summary, our data showed that both CN5 and ST51
E. globulus clones have the ability to acclimate to chilling tem-
peratures. Changes, observed in carbohydrates and membrane
lipid content following acclimation may play a role in the re-
sistance of E. globulus to chilling. Differences between clones
were observed in soluble protein and pigment content which
were more stable in CN5 than ST51 under chilling tempera-
tures. It also was apparent that CN5 presented a less negative
predawn water potential (ψpd) and a higher leaf turgor than
ST51 throughout the chilling treatment. As a result of acclima-
tion, an increase of total lipids (TFA) and concomitant increase
of C18:3 in leaves of CN5 clone may confer to this clone a bet-
ter performance under chilling temperatures. Although clone
CN5 did not present a higher growth under chilling relative to
ST51, it showed a lower inhibition of root growth and a greater
carbon allocation to roots.
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