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Italian cypress (Cupressus sempervirens L.) is native to the eastern Mediterranean, an area characterised by
hot, dry summers and mild winters. Over the centuries, however, the species has been introduced into
more northerly regions, a long way from its native range. The current, generally warmer climatic condi-
tions brought about by global warming have favoured its cultivation in even more northerly areas in the
Alps and other European alpine regions. Given that not only temperature, but also light availability are
limiting factors for the spread of cypress in these environments, it is important to ascertain how this spe-
cies copes with low light conditions. The photosynthetic characteristics of cypress leaves collected from
different portions of the crown with contrasting light availability were evaluated by several methods.
Chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoid (Car) content was found to be higher in shade
leaves than in sun leaves when measured on a fresh mass basis, although enzymatic activities of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCo) and nitrate reductase were lower in shade leaves.
When the efficiency of PSII was measured by chlorophyll fluorescence, a marked reduction in Fm was
found in shade leaves, while Fo remained unchanged. The use of exogenous electron donors diphenyl car-
bazide (DPC) and NH2OH actually improved the photosynthetic efficiency of shade leaves, and the same
effect was found when PSII electron transport activity was measured as O2 evolution. Altogether, these
results seem to indicate lesser photosynthetic efficiency in shade leaves, probably an impairment on
the donor side of the PSII. At the same time, analysis by SDS–PAGE revealed differences in the polypeptide
composition of the thylakoid membranes of sun and shade leaves: the bands corresponding to 23 kDa,
28–25 kDa and 33 kDa polypeptides were less intense in the thylakoid membranes extracted from shade
leaves. These results were further confirmed by an immunological study showing that the content of the
33 kDa protein, corresponding to the extrinsic PSII protein PsbO, was significantly diminished in shade
leaves. The high plasticity of cypress leaves appears to be an advantageous trait in the plant’s response
to variations in environmental conditions, including global change. Implications for the management
of this Mediterranean species at the northern edge of its distribution are discussed.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Light availability is highly variable in all natural environments.
Light fluctuations can occur both within the crown of a single plant
and within plant canopies, so it is crucial for all plant species to be
able to cope with differences in this key environmental factor [1].

Physiological plasticity allows plants to adapt to different light
gradients, and photosynthetic acclimation may occur at the whole-
plant, leaf and chloroplast levels [2]. The plasticity index, in the
sense of Valladares et al. [3], is much higher for physiological than
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for morphological and anatomical leaf traits in Mediterranean
evergreen tree species, while in Norway spruce, light absorption
by tree crowns is only a slightly better predictor of stem volume
increment than crown leaf area.

Furthermore, tree photosynthesis and growth rates decline with
increasing age and size, while support biomass in roots, stems and
branches accumulates and the concentrations of non-structural
carbohydrates increase, collectively resulting in an increase in
non-structural carbon pools [4].

Light harvesting can be adjusted by changes in leaf morphology
and in exposure of foliage to incident irradiance, as well as by alter-
ation of the chlorophyll a/b ratio and carotenoid composition [5].
Both the quantity and quality of light regulate the activity and
composition of the photosynthetic apparatus [6]. The light envi-
ronment therefore plays a critical role during leaf growth and gives
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rise to morphological as well as biochemical adaptations that will
greatly influence the photosynthetic properties of the mature leaf.

Plants adapted to high light conditions may differ considerably
from those adapted to low light conditions. The main differences
lie in the amount and composition of photosynthetic pigments,
electron carriers, chloroplast ultrastructure and rates of photosyn-
thesis [7]. Sun leaves are generally defined as those requiring a
higher light saturation photon flux density and having a higher sat-
urated photosynthetic rate and increased light compensation point
compared with corresponding shade leaves [8]. However, the way
in which the photosynthetic rate is measured will affect the com-
parison. Because sun leaves are thicker than shade leaves [9,10],
their pigment levels are higher when based on leaf area but lower
when based on fresh weight. Sun leaves, with their sun-type chlo-
roplasts, have a much higher photosynthetic rate when assessed on
leaf area and Chl, higher Chl a/b ratio, higher saturation irradiance
of photosynthetic CO2 fixation, lower concentrations of light-har-
vesting Chl proteins (LHCPII), as well as smaller grana stacks and
more exposed thylakoid membranes than shade leaves with their
low-irradiance chloroplasts [7].

Light energy is a limiting factor for plants growing in the shade.
In order to maximise photon absorption, plants produce shade
leaves with a greater surface area and a higher chlorophyll content
per chloroplast. Their chloroplasts are characterised by large grana
stacks, and most of the chlorophyll is contained in the outer anten-
na, the light-harvesting complex LHCII. Other elements of their
photosynthetic apparatus, such as electron-transport chains, are
present in relatively low amounts [1,11].

Extensive research on sun-to-shade adaptation in leaves has
shown that plants grown in low light adapt to these conditions
by increasing their light harvesting ability and they alter their chlo-
roplast anatomy by increasing the area of appressed regions in the
thylakoid membranes [12–14]. Exposure to high light conditions
triggers inactivation of PSII reaction centres in shade-adapted
leaves, leading in turn to oxidative stress [15]. The most evident
symptoms of oxidative damage are bleaching, chlorosis and necro-
sis of leaves [16,17]. Adjustments in the levels of Chl b and light-
harvesting complex proteins, and additional changes in Rubisco
and QB protein levels are mostly regulated in shade-adapted leaves
by changes in gene expression at the transcriptional or post-tran-
scriptional level [18,19].

According to Boardman [20], the productivity of a leaf is primar-
ily governed by its position in the canopy. Although several factors
may vary with position in the leaf canopy, the most important and
limiting one, especially where photosynthesis is concerned, is light
quantity and quality [21]. In natural conditions, leaves of the same
plant growing in different canopy positions may be subject to dif-
ferent stresses and consequently forced to respond with individual
adaptation strategies [3]. Therefore it would be useful to determine
the changes in chlorophyll concentrations of leaves exposed to
contrasting light conditions, and whether this is related to other
photosynthetic activities. Most studies of plant response to light
have been concerned with investigating the morphological and
physiological mechanisms and ecological implications of tolerance
to extreme sun or shade, but noticeably less effort has been in-
vested in exploring trends in the plastic response to light [3].

Italian cypress (Cupressus sempervirens) is a medium-sized ever-
green tree with a crown that is usually narrow and conical, and
small, scale-like, ovate, dark green leaves. It is widely cultivated
in forests and as an ornamental plant. The species is native to
the eastern Mediterranean region [22], which is characterised by
hot, dry summers and mild winters, but over the centuries it has
been introduced into regions far north of its native range.

The Pre-Alps, the alpine foothills and the valley bottoms of the
southern slopes of the Alps are suitable natural vegetation areas for
cypress and there is considerable potential for further spread of
this conifer in these regions. The northward shift is assisted by
two important contingent factors: overall climate warming, bring-
ing with it tree migration and changes in species distributions [23],
and the alarming and progressive decline of the European black
pine (Pinus nigra Arnold) caused by Sphaeropsis sapinea and Cenan-
gium ferruginosum [24]. These pathogens are causing the disap-
pearance of the only conifer present at low altitude in the forests
and landscapes of the Italian Alps.

The alpine region of Trentino (eastern Italian Alps) has recently
been surveyed for the presence and performance of cypress. The cy-
press was introduced to this region a long time ago [25] and is cur-
rently present at altitudes ranging from 66 m a.s.l. (upper Garda
Lake) to 985 m a.s.l. in the Fiemme Valley, usually in small groups
or in woods, distributed over around 1900 sites [26], more than
90% of them between 66 and 350 m a.s.l. and with predominantly
S, SW and W aspects (unpublished data). Having long since estab-
lished itself in Trentino, the cypress continues to spread north-
wards, although climatic conditions in the region, like several
other regions in the Alps, are considerably different from those in
which the cypress originally developed [22]. While cold stress
[27,28] and the pathogen Seiridium cardinale (Wag) Sutton [29]
may be considered the main factors limiting cypress diffusion, qual-
ity and quantity of light also play a role, especially in mountainous
regions where the hours of direct sun are usually greatly reduced
due to topography and the greater number of cloudy days [30–
32]. Cypress has been able to adapt to a certain extent to the re-
duced photoperiod [33], but more needs to be known about its plas-
ticity to light intensity. The aim of the present work is to throw light
on cypress adaptation to different light conditions by studying the
photosynthetic characteristics of sun and shade leaves grown under
field conditions at the northern edge of the species distribution.

2. Materials and methods

2.1. Plant materials

Sun and shade leaves were collected from a 20-year-old cypress
tree (C. sempervirens), var. pyramidalis, grown under field condi-
tions at the Istituto Agrario di San Michele all’ Adige, Italy
(46�120 North, 11�080 East).

In order to simplify the experimental procedure, we classified
leaf samples of the same age (2nd year) into two groups according
to the intensity of light received on the leaf surface and canopy po-
sition: shade leaves were collected from the inner part of the tree
at a PAR of less than 50 lmol m�2 s�1, whereas sun leaves were
collected from a well-irradiated outer canopy position with a max-
imum PAR of 1700 lmol m�2 s�1. Leaves were sampled early in the
morning before they had received direct sunlight. The average
hours of sun per day (18th September 2009) to leaf sample was
8 h (SD was 2 h 500). Average maximum and minimum air temper-
atures for this period were 25.6 �C (SD 3.7 �C) and 12.0 �C (SD
2.9 �C), respectively. The highest air temperature recorded was
32.5 �C, the lowest 4.2 �C. Shade influenced not only the light
microclimate but also air and leaf temperatures; the maximum leaf
temperature on sun plants was 33 �C (18th September).

2.2. Pigment determination

Chl was extracted with 100% acetone from leaves frozen with li-
quid N2 and stored at �20 �C. Chl and Car were analysed spectro-
photometrically according to Lichtenthaler’s [34] method.

2.3. Chl fluorescence in leaves and thylakoid membranes

Chl fluorescence was measured on leaves using a PAM 2000
fluorometer (H. Walz, Effeltrich, Germany). Fo was measured by
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switching on the modulated light at 0.6 kHz; PPFD was less than
0.1 lmol m�2 s�1 at the leaf surface. Fm was measured at 20 kHz
with a 1s pulse of 6000 lmol m�2 s�1 of white light.

Modulated Chl fluorescence on isolated thylakoid membranes
at room temperature was also measured with a PAM 2000 fluo-
rometer. Measurements were carried out in a 1 mL reaction mix-
ture containing 50 mmol/L Tris–HCl (pH 7.5), 2 mmol/L MgCl2,
10 mmol/L NaCl, 100 mmol/L sucrose and 10 lg Chl equivalent
thylakoid membranes. The integrated intensity of measuring light
(480 nm) was 0.15 lmol m�2 s�1, the intensity of red actinic light
(650 nm) 100 lmol m�2 s�1.

2.4. Photosynthetic electron transport activities

Thylakoid membranes were isolated from the leaves as de-
scribed by Berthhold et al. [35]. Oxygen evolution (H2O ? DCBQ;
H2O ? SiMo (PSII activity)] or uptake [DCPIPH2 ? MV (PSI activ-
ity)) was measured according to Nedunchezhian et al.’s [36] meth-
od using a Clark-type O2 electrode (Hansatech, UK) fitted with a
circulating water jacket at 27 �C. Actinic light from a slide projector
was applied to the side of the electrode chamber filtered through
9.5 cm of water. Light intensity at the surface of the water bath cell
was 1100 lmol m�2 s�1. Thylakoid membranes were suspended at
10 lg Chl mL�1 in the assay medium containing 20 mmol/L Tris–
HCl (pH 7.5), 10 mmol/L NaCl, 5 mmol/L MgCl2, 5 mmol/L NH4Cl
and 100 mmol/L sucrose supplemented with 500 lmol/L DCBQ
and 200 lmol/L SiMo for oxygen evolution (PSII), and 1 mmol/L
MV, 2 mM ascorbate, 5 mmol/L DCMU, 1 mmol/L sodium azide
and 100 lmol/L DCPIP for uptake (PSI). The rate of whole-chain
electron transport (H2O ? MV) in isolated thylakoid membranes
was measured as described by Armond et al. [37]. Thylakoid mem-
branes were suspended at 10 lg Chl mL�1 in the assay medium
containing 20 mmol/L Tris–HCl (pH 7.5), 10 mmol/L NaCl,
5 mmol/L MgCl2, 5 mmol/L NH4Cl and 100 mmol/L sucrose supple-
mented with1 mmol/L MV and 1 mmol/L sodium azide.

2.5. DCPIP photoreduction measurements

DCPIP reduction was determined as the decrease in absorbance
at 590 nm using a Hitachi 557 spectrophotometer. The reaction
mixture (3 cm3) contained 20 mmol/L Tris–HCl, pH 7.5, 5 mmol/L
MgCl2, 10 mmol/L NaCl, 100 mmol/L sucrose, 100 lmol/L DCPIP
and thylakoid membranes equivalent to 20 lg of Chl. Where men-
tioned, the concentrations of MnCl2, DPC and NH2OH were 5, 0.5
and 5 mmol/L, respectively.

2.6. SDS–PAGE

Thylakoid membranes were separated using Laemmli’s [38]
polyacrylamide gel system with the following modifications. Gels
consisted of a 12–18% gradient of polyacrylamide containing 4 M
urea. Samples of thylakoid membrane preparation were solubilised
at 20 �C for 5 min in 2% (w/v) SDS and 60 mmol/L DTT and 8% su-
crose using an SDS–Chl ratio of 20:1. Electrophoresis was per-
formed at 20 �C with a constant current of 5 mA. Gels were
stained in methanol/acetic acid/water (4:1:5, v/v/v) containing
0.1% (w/v) Coomassie brilliant blue R and destained in methanol/
acetic acid/water (4:1:5, v/v/v). Thylakoid membrane proteins
were estimated according to Lowry et al.’s [39] method.

2.7. Immunological determination of thylakoid membrane proteins

The relative contents of certain thylakoid membrane proteins
per mg chlorophyll were determined immunologically by western
blotting. Thylakoids were solubilised in 5% SDS, 15% glycerine,
50 mmol/L Tris–HCl (pH 6.8) and 2% mercaptoethanol at room
temperature for 30 min. The polypeptides were separated by
SDS–PAGE as described above and proteins were then transferred
to nitrocellulose by electroblotting for 3 h at 0.4 A after saturation
with 10% milk powder in TBS buffer (pH 7.5). The first antibody in
1% gelatine was allowed to react overnight at room temperature.
After washing with TBS containing 0.05% Tween-20, the secondary
antibody (Anti-Rabbit IgG (whole molecule) Biotin Conjugate, Sig-
ma) was allowed to react in 1% gelatine for 2 h. A polyclonal anti-
serum against spinach D1 protein (kindly provided by Prof. I. Ohad,
Jerusalem, Israel) was used to detect D1 protein; the antibody
against the 33 kDa protein of the water-splitting system was a gift
from Dr. Barbato, Padua, Italy. Densitometry analysis of western
blots was performed with a Bio-Image analyser (Millipore Corpora-
tion, Michigan, USA).
2.8. Determination of soluble proteins

Soluble protein was extracted by grinding leaves (0.3–0.5 g
fresh weight) in a mortar with 6 mL of 100 mmol/L Tris–HCl,
pH 7.8 containing 15 mmol/L MgCl2, 1 mmol/L EDTA, 10 mmol/L
2-mercaptoethanol, 10 mmol/L PMSF in the presence of liquid
nitrogen. Homogenates were filtered through nylon cloth. After
centrifugation at 11,000g for 10 min, the concentration of soluble
proteins was determined in the supernatant by the Bradford meth-
od [40].
2.9. Extracts and assay of Rubisco activity

Leaves were cut into small pieces and homogenised in a grind-
ing medium of 50 mmol/L Tris–HCl, pH 7.8, 10 mmol/L MgCl2,
5 mmol/L DTT and 0.25 mmol/L EDTA. The extract was clarified
by centrifugation at 10,000g for 10 min. The clear supernatant
was decanted slowly and used as the Rubisco. The assay of Rubisco
activity was measured as described by Nedunchezhian and Kulan-
daivelu [41].
2.10. Nitrate reductase activity

For this analysis, 100 mg of leaves were suspended in a glass
vial containing 5 cm3 of the assay medium consisting of
100 mmol/L KH2PO4–KOH, pH 7.0, 100 mmol/L KNO3, and 1% (v/
v) n-propanol. The vial was sealed and incubated in the dark at
27 �C for 60 min. Suitable aliquots of the assay medium were re-
moved for nitrite analysis. The amount of nitrite formed was ex-
pressed as lmol NO�2 formed=g fresh mass=h [42].
3. Results

3.1. Leaf pigments

To evaluate possible differences in the photosynthetic behav-
iour of leaves growing in environments with different light avail-
ability, photosynthetic pigments, soluble proteins, Rubisco and
in vivo nitrate reductase activity were measured in sun and shade
leaves (Table 1). When measured on a fresh mass basis, shade
leaves showed higher Chl and Car values than sun leaves. Levels
of both Chl a and Chl b were higher in leaves collected from the in-
ner part of the crown (PAR < 50 lmol m�2 s�1) compared with
leaves from well-irradiated portions of the crown
(PAR = 1700 lmol m�2 s�1), but the difference was more pro-
nounced for Chl b with sun leaves presenting less than 60% of
the amount of this pigment found in shade leaves while for Chl a
the figure was 74% (Table 1). Total Car was only slightly higher
in shade leaves, just 11% more than in sun leaves.



Table 1
Differences in photosynthetic pigments, soluble proteins, Rubisco and in vivo nitrate reductase activities (in relation to various
reference units, and with and without KNO3 fertilisation) between cypress leaves collected from sun and from shade positions.
Means (±SD) of five experiments.

Parameters Sun Shade

Chl a [mg g�1 (f.m).] 0.94 ± 0.07 1.27 ± 0.06*

Chl b [mg g�1 (f.m).] 0.28 ± 0.02 0.48 ± 0.02*

Chl (a + b) [mg g�1 (f.m).] 1.22 ± 0.10 1.76 ± 0.18*

Chl a/b 3.29 ± 0.16 2.63 ± 0.12*

Car (x + c) [mg g�1 (f.m).] 0.28 ± 0.01 0.31 ± 0.03
Chl (a + b)/Car (x + c) 4.38 ± 0.21 5.64 ± 0.32*

Soluble proteins [mg g�1 (f.m).] 43.61 ± 1.85 27.32 ± 1.51*

Soluble protein/Chl ratio 13.25 ± 1.44 10.38 ± 1.87
Rubisco [lmol (CO2) mg�1 (protein) h�1] 48.2 ± 2.12 29.8 ± 1.23*

Nitrate reductase activity (lmol (NO2) g�1 (f.m) h�1) 0.18 ± 0.01 0.12 ± 0.01*

Nitrate reductase activity (lmol (NO2) g�1 (f.m) h�1)a 0.32 ± 0.01 0.12 ± 0.01*

Nitrate reductase activity (lmol (NO2) g�1 (chl) h�1)a 0.26 ± 0.01 0.07 ± 0.01*

Nitrate reductase activity (lmol (NO2) g�1 (protein) h�1)a 7.34 ± 0.34 4.69 ± 0.21*

a 15 mmol/L of KNO3 applied externally.
* Statistically different from sun values (p < 0.01).

Fig. 1. The relative levels of Chl fluorescence denoted as Fo, Fm, Fv/Fm and Fv/Fo in
sun and shade leaves. Means (±SD) of five experiments.

Fig. 2. The rates of whole-chain electron transport (H2O ? MV), PSII (H2O ? DCBQ;
H2O ? SiMo) and PSI (DCPIPH2 ? MV) in thylakoids isolated from sun and shade
leaves measured as O2 evolution (PSII) or O2 uptake (PSI and whole chain) by Clark-
type O2 electrode. Means (±SD) of five experiments.
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3.2. Soluble proteins and enzyme activity

A marked difference in the total content of soluble proteins was
found between the two conditions, the sun leaves presenting a pro-
tein content almost 60% higher than shade leaves. Similarly, the
Rubisco activity detected in sun leaves was 61% higher than in
shade leaves (Table 1). As nitrogen metabolism is considered cru-
cial in regulating photosynthetic acclimation to different light
environments [43], the activity of nitrate reductase, a key enzyme
in nitrogen assimilation, was measured in sun and shade leaves in
relation to several reference units and with or without nitrogen
supply (Table 1). Nitrate reductase activity was found to be 50%
higher in sun leaves than in shade leaves even without an artificial
supply of nitrogen When a source of nitrogen was added nitrate
reductase activity increased by 78% in sun leaves, while little or
no variation was observed in shade leaves (Table 1). When enzy-
matic activity was measured using different reference units, the
observed trend remained the same although the actual figures
varied.

3.3. Chl fluorescence and photosynthetic electron transport activity

PSII activity was investigated by measuring chlorophyll fluores-
cence [44] in vivo using leaves from sun and shade portions of the
crown which had been dark-adapted for 30 min. Clear differences
were noticed, with shade leaves showing reduced PSII efficiency.
Statistically significant differences were found between sun and
shade leaves for the parameters Fm and Fv/Fo (p < 0.01) and Fv/Fm

(p < 0.05) (Fig. 1). Both Fv/Fm and Fv/Fo indicate differences in pho-
tosynthetic performance, although the latter has the advantage of
being more sensitive.

In order to study the whole electron transport chain and also
obtain information on PSI activity, photosynthetic electron trans-
port was measured using isolated thylakoid membranes from sun
and shade leaves (Fig. 2). The general trend for the whole chain
(H2O ? MV) confirmed the results obtained by chlorophyll fluores-
cence measurements, with shade leaves presenting a highly statis-
tically significant reduction in efficiency (p < 0.01). With respect to
PSI activity (DCPIPH2 ? MV), a slight but significant (p < 0.05) de-
crease in efficiency (10%) was found in shade leaves. Finally, oxy-
gen evolution was followed in order to investigate PSII activity
using two different parameters (H2O ? DCBQ and H2O ? SiMo).
When DCBQ was the electron acceptor, little or no variation in PSII
efficiency was found, while a highly statistically significant differ-
ence (p < 0.01) was measured (33%) with SiMo as electron acceptor
(Fig. 2).
To throw light on the mechanisms involved in controlling pho-
tosynthetic efficiency of sun and shade leaves, variations in Chl
fluorescence in the presence of exogenous electron donors (MnCl2,
DPC and NH2OH) [45] in isolated thylakoid membranes was inves-
tigated (Table 2). No variation in Chl fluorescence was observed in
thylakoid membranes extracted from sun leaves, with or without



Table 2
Differences in the relative levels of Chl fluorescence denoted as minimum fluores-
cence (Fo), maximum fluorescence (Fm) and the ratio of variable to maximum
fluorescence (Fv/Fm) and Fv/Fo in thylakoids isolated from sun and shade leaves with
or without exogenous electron donors. Concentrations of MnCl2, DPC and NH2OH
were 5, 0.5 and 5 mmol/L, respectively. Means (±SD) of five experiments.

Addition Fo Fm Fv/Fm Fv/Fo

Sun leaves
None 1.12 ± 0.07 7.10 ± 0.19 0.84 ± 0.03 5.45 ± 0.25
DPC 1.11 ± 0.08 7.51 ± 0.20 0.85 ± 0.04 5.82 ± 0.29
NH2OH 1.13 ± 0.07 7.40 ± 0.18 0.85 ± 0.04 5.73 ± 0.23
MnCl2 1.12 ± 0.06 7.12 ± 0.20 0.84 ± 0.02 5.45 ± 0.27

Shade leaves
None 1.11 ± 0.07 2.91 ± 0.08 0.62 ± 0.02 1.64 ± 0.09
DPC 1.10 ± 0.05 4.50 ± 0.14 0.75 ± 0.03* 3.09 ± 0.12*

NH2OH 1.10 ± 0.06 4.32 ± 0.10 0.74 ± 0.04* 2.91 ± 0.11*

MnCl2 1.13 ± 0.06 3.12 ± 0.06 0.64 ± 0.02 1.82 ± 0.08

* Statistically different from the values measured without exogenous electron
donors (p < 0.01).

Fig. 3. Effects of various exogenous electron donors on PSII activity (H2O ? DCPIP)
measured as DCPIP reduction in thylakoids isolated from sun and shade leaves.
Means (±SD) of five experiments.

Fig. 4. Polypeptide profiles of thylakoid membranes isolated from sun and shade
leaves stained with Coomassie brilliant blue. Lane A, sun; lane B, shade. Gel lanes
were loaded with equal amounts of protein (100 lg).

Fig. 5. Amounts of D1 and 33 kDa proteins in shade leaves compared with sun
leaves. Lane a, sun; lane b, shade. Each lane was loaded with equal amounts of Chl
(5 lg). Protein amounts were obtained from densitometrical evaluation of the
western blots.
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application of an electron donor. However, while there was no sig-
nificant variation in thylakoid membranes extracted from shade
leaves in the presence of MnCl2, there was a clear increase in Chl
fluorescence with DPC and NH2OH (Table 2). Again, both Fv/Fm

and Fv/Fo were used to evidence differences in PSII performance.
To shed further light on the effect of exogenous electron donors

on PSII activity, PSII-mediated reduction of DCPIP was measured in
isolated thylakoid membranes after external application of MnCl2,
DPC and NH2OH (Fig. 3). As with Chl fluorescence, no significant
differences were measured in thylakoid membranes extracted
from sun leaves, while a highly statistically significant (p < 0.01)
increase in the DCPIP reduction rate was observed in thylakoid
membranes isolated from shade leaves when DPC or NH2OH were
applied, but little or no effect was found with MnCl2 (Fig. 3).
3.4. Thylakoid protein analysis

Since the differences in photosynthetic electron transport activ-
ities may be attributable to differences in the assembly and reorga-
nisation of thylakoid components, the polypeptide profiles of
thylakoid membranes extracted from sun and shade leaves were
analysed and compared using SDS–PAGE (Fig. 4). The results seem
to indicate that some of the components are present at lower lev-
els, as the bands corresponding to 23 kDa, 28–25 kDa and 33 kDa
polypeptides appeared less intense after Coomassie blue staining
(Fig. 4). In order to confirm these results and to carry out a more
sensitive analysis, a polyclonal antibody against the oxygen-evolv-
ing extrinsic protein PsbO (33 kDa) was obtained and used in a
western blot to assess differences between sun and shade thylak-
oids (Fig. 5). A polyclonal antibody against the D1 protein of PSII
was used for comparison. The results indicate that while only a
slight decrease (5%) was detectable in the D1 protein content of
shade leaves, a larger difference was noted for PsbO. In fact, the
amount of PsbO in thylakoid membranes extracted from shade
leaves was equal to only 40% of that in thylakoid membranes ex-
tracted from sun leaves (Fig. 5).

4. Discussion

Photosynthesis in cypress is significantly inhibited by low [46]
and high temperatures [47], ageing [48], and canker infection
[49], even though canker resistant and susceptible clones have dif-
ferent molecular mechanisms [50].

The results presented in this study show that cypress leaves col-
lected from different portions of the crown with contrasting light
availability differed in pigment content, enzyme activity, photo-
synthetic performance and nitrogen response. Differences in
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thylakoid membrane composition were also found. Cypress leaves
harvested from the inner part of the crown, and therefore growing
in low light conditions, had a higher content of both Chl a and Chl b
pigments compared with leaves collected from the parts exposed
to direct sunlight. A similar result was obtained when total Car
content was measured. These findings are consistent with other
studies on various woody species, whether deciduous, such as
beech (Fagus sylvatica), maple (Acer pseudoplatanus L.) and small-
leaved lime (Tilia cordata Mill.), or coniferous, such as silver fir
(Abies alba Mill.) [8]. Nevertheless, another study found a signifi-
cant decrease in chlorophyll content when Bougainvillea glabra
plants were exposed to more than 50% shade. However, the use
of plastic screening for shading in this study may account for the
different results [51]. Griffin et al. [52] suggest that a decrease in
Chl b content may be an indication of chlorophyll destruction
through excess light. Although the mechanisms differ in young
and mature leaves, high irradiance induces photoinhibition in cy-
press, which largely protects photosynthetic pigments and the
electron transport apparatus from destruction [53].

In the present study, sun leaves were found to have a higher Chl
a/b ratio than shade leaves, while at the same time they had a low-
er Chl/Car ratio. In a previous study on gingko (Gingko biloba L.) and
beech (Fagus sylvatica) [54], not only was the same trend observed,
but the measured values were also very similar to those presented
here for cypress, suggesting similar mechanisms for controlling
plant adaptation to different light conditions. Differences in Chl
a/b and Chl/Car are thought to be due to differences in the adapta-
tion response of the photosynthetic apparatus to high light irradi-
ance when there are fewer light-harvesting Chl a/b proteins (LHCII)
and a greater number of reaction centres [55].

Plants grown under shade conditions have relatively low levels
of water-soluble proteins and soluble protein/chlorophyll ratios.
This has been reported for soybean leaves [56], while a recent
study found that different shading conditions influenced the
water-soluble protein content in Cedrela sinensis [43]. Most
water-soluble proteins are thought to function as physiologically
active enzymes, while the role of insoluble proteins is structural
[57]. Given that Rubisco is one of the most extensively studied
water-soluble proteins, we investigated the activity of this enzyme
in cypress and found it to be far greater in sun leaves than in shade
leaves. In Quercus glauca, nitrogen remobilized through Rubisco
degradation was found to translocate from old to new leaves, caus-
ing increased crown-level photosynthesis [58]. We might specu-
late that a similar mechanism could remobilize nitrogen from
low light to high light portions of the crown, although the exis-
tence of such a mechanism is yet to be proven. Nevertheless, the
results presented here show that the activity of nitrate reductase,
a key enzyme in nitrogen metabolism, was found to be higher in
sun leaves than in shade leaves. Moreover, when an external
source of nitrogen was provided, shade leaves failed to respond
with increased nitrate reductase activity, while sun leaves re-
sponded promptly. Nitrate reductase activity is known to be
regulated by light and ultraviolet-B [59,60], although the signalling
mechanism is not yet known. In a recent work on Scots pine
(Pinus sylvestris), UV-B/UV-A exclusion was found to cause a de-
crease in the level of nitrate reductase activity in one-year-old
leaves [61].

Another factor that was found to vary between sun and shade
cypress leaves was PSII photosynthetic efficiency measured in
terms of relative fluorescence. Again, PSII activity was higher in
sun leaves, mainly due to increased Fm, while there was no signif-
icant variation in Fo. The Fv/Fm ratio or the equivalent Fv/Fo are
widely used to measure the intrinsic efficiency of PSII [62] and as
indicators of photoinhibition [63]. Experiments conducted on trees
transferred from low to high light have revealed a rapid decrease in
Fv/Fm [46,64–66].
Electron acceptors in thylakoid membranes isolated from sun
and shade leaves were used to measure various electron transport
activities; the results showed lower activity of the whole electron
transport chain in shade leaves compared with sun leaves. Only a
marginal effect on PSI-mediated reactions was observed, suggest-
ing that shade could have a main action site in the PSII. It is well
known that when plants grown under low light conditions are ex-
posed to excess light, the whole photosynthetic apparatus is im-
paired [67]. This phenomenon, known as photoinibition, affects
PSII to a greater extent than PSI [68]. The degree of photo-induced
damage is thought to be determined mainly by the rates of degra-
dation and synthesis of the D1 protein, one of the key components
of PSII [69]. Similar lower rates of PSII activity have been reported
in overwintering evergreen broad-leaved trees [70]. It has been
shown that high light treatment can cause a marked decrease in
the whole electron transport chain in cypress [46]. Analyses of
electron transport in thylakoid membranes isolated from shade
leaves showed that O2 evolution was significantly lower when
the electron acceptor was SiMo, but not when the electron accep-
tor was DCBQ. Since DCBQ is known to accept electrons directly
from QA [71,72], the rates measured represent the true rate of pho-
tochemistry by PSII, without the influence of the PQ pool. This
seems to suggest that the donor side of PSII in shade leaves is func-
tional. In order to locate the possible site of shade-induced inhibi-
tion, we measured PSII-mediated DCPIP reduction in the presence
of various artificial exogenous electron donors acting at the oxidis-
ing side of PSII. Among the artificial electron donors tested, DPC
and NH2OH were found to be more effective in increasing PSII
activity in shade leaves. Similar results have also been found in pa-
paya leaves (Carica papaya L.) infected by the papaya mosaic virus
(PMV), where a pathogen-induced loss in photosynthetic electron
transport was observed [73]. It should, however, be noted that a
single concentration of each electron donor was used in the pres-
ent work, in accordance with Wydrzynski and Govindjee [45],
and we cannot, therefore, rule out the possibility that the concen-
tration of MnCl2 used was not optimal to recover the activity of
PSII. As a matter of fact, the manganese-containing cluster in the
Oxygen Evolving Complex (OEC) in PSII is considered the primary
target of photodamage [74]. A further experiment in which modu-
lated Chl fluorescence was measured seemed to support the results
described so far. After adding DPC and NH2OH to thylakoid mem-
branes isolated from shade leaves, a marked increase in the level
of variable fluorescence occurred. These results strongly suggest
that shade acts on the donor side of PSII in cypress leaves. It has
been suggested that in low light conditions oxidative damage
may be caused by generation of active oxygen species when charge
recombination between Q 2�

A or Q 2�
B and the oxidised state on the

donor side of PSII is coupled with generation of the triplet state
of Chl [75].

As with all photosynthetic organisms, higher plants have the
ability to synthesise carbohydrates from carbon dioxide and water
using light as an energy source. This process occurs in the thyla-
koid membrane of the chloroplasts. To assess whether the lower
PSII activity detected could be correlated with a corresponding
change in the polypeptide composition of the thylakoid mem-
branes, the polypeptide profiles of thylakoid membranes extracted
from sun and shade leaves were analysed using SDS–PAGE. The re-
sults revealed differences in at least three distinct proteins of
23 kDa, 28–25 kDa and 33 kDa. The 28–25 kDa polypeptides are
thought to be part of the pigment-protein complex for the outer
light-harvesting antenna of PSII (LHCII) [76]. We know from stud-
ies on rice [77] and bean [78] that impairment of Chl b synthesis or
plants grown in intermittent light conditions can lead to a reduc-
tion in LHCII proteins. A recent work investigating two Arabidopsis
Chl b-less mutants with reduced amounts of LHCII proteins,
showed that all six LHCII proteins play a role in balanced excitation
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of PSII and PSI, and in stabilising the structure of PSII super-com-
plexes and stimulating grana formation [79].

The 23 kDa and 33 kDa polypeptides are the two main compo-
nents of thylakoid lumenal proteins. The thylakoid lumen is a
space of 40–100 Å enclosed by the thylakoid membrane [80]. At
present, several hundred proteins are thought to be located in
the lumenal space [81,82], the most abundant of these being the
extrinsic PSII proteins PsbO (33 kDa), PsbP (23 kDa) and PsbQ
(16 kDa) [81]. Several studies seem to indicate that PSII activity
is strictly correlated with the contents of some Psb proteins. Trans-
genic tobacco plants showing reduced PSII activity have been
found to have a correspondingly lower level of PsbO protein [83].
PsbO is thought to play a central role in the assembly and function
of PSII [84]. The results of a recent study in which proteomes of
dark-adapted and light-adapted Arabidopsis thylakoids were ana-
lysed, indicate that plants exposed to eight hours of light have in-
creased abundances of several extrinsic PSII proteins, such as PSbP
and PsbQ [85]. PsbP is an essential component for regulating and
stabilising PSII in higher plants [86]. Moreover, photoinhibition
has been shown to be a consequence of imbalance between dam-
age and repair of PSII [87]. Photosynthetically-generated Reactive
Oxygen Species (ROS) can cause direct damage to a variety of
important photosystem components, and they have also been
shown to play a role in inhibiting the recovery of photodamaged
PSII [88]. Taken all together, these studies corroborate the data
we obtained from Italian cypress, which show lower PSII activity
to be correlated with differences in the polypeptide composition
of thylakoids, with at least three important components involved:
PSbP, PsbQ and LHCII.

Cypress was planted in many sites around the big pre-alpine
lakes many centuries ago [89,25]. Cypress seedlings from natural
regeneration often survive and grow slowly in the shaded under-
story, creating a seedling bank capable of re-establishing the can-
opy following disturbances. More effective management of this
kind of cypress forest requires an understanding of cypress plastic-
ity to changes in the environment. Our objective was to shed light
on the photosynthetic plasticity of C. sempervirens to light intensity
in order to obtain knowledge that would provide the basis on
which to implement appropriate silvicultural practises. Such prac-
tises must take into account changes in both light and temperature
in order to maximise growth potential in natural and managed
regeneration (i.e. optimising planting density and selecting appro-
priate aspects and cypress varieties).

We studied only var. pyramidalis of C. sempervirens, as it is the
most widespread variety in Europe and North America, planted
mainly for its ornamental and aesthetic attributes. However, it
should be pointed out that Schiller et al. found the average daily
transpiration rate of var. horizontalis to be nearly 50% greater than
that of var. pyramidalis [90]. An interesting topic for future research
would be to investigate the photosynthetic differences between
these two varieties.
5. Conclusions

The results presented in the present work clearly suggest that
the photosynthetic apparatus of cypress leaves has indeed consid-
erable plasticity. All the techniques used produced similar results
showing that shade leaves have lower photosynthetic efficiency
and seem to be particularly impaired on the donor side of PSII.
The photosynthetic plasticity of the leaves enables them to accli-
mate to a wide range of light levels, from deep shade to full sun-
light, and will prove especially beneficial in allowing this species
a wider distribution beyond the bottom and lower slopes of some
valleys of the Alps to which it is currently restricted. However, an
integrated analysis that takes into account the overall energetic
balance under light stress conditions encompassing such mecha-
nisms as respiration and cyclic photophosphorylation, along with
analysis of dynamic responses to sun flecks, would yield a more
complete overview of adaptation to the light environment in the
inner crown of this species. The considerable leaf plasticity demon-
strated by cypress is a clearly advantageous trait in enabling it to
respond to the environmental conditions of new planting sites
and to global climate change.
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