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Abstract 
 
This study was carried out to determine the effect of different zinc concentrations on the ecophysiological response of 
Salix clones: four commercial clones (“1962”, “1968”, “Drago”, and “Levante”) selected for short rotation coppice, and 
one natural clone, “Sacco”, obtained from a contaminated area. Gas exchanges, chlorophyll a fluorescence (JIP-test), 
relative chlorophyll content, and biometric parameters were measured in plants grown for fifteen days in soil containing 
Zn concentrations of 0, 300, 750, and 1,500 mg(ZnCl2) kg1. Ecophysiological response to metal stress differed in 
dependence on the Zn concentration and clone. At the low Zn concentration (300 mg kg1), the absence of any significant 
reductions in parameters investigated indicated an efficient plant homeostasis to maintain the metal content within 
phytotoxic limits. Stomatal limitation, observed at 750 and 1,500 mg kg1, which was found in all clones after three days 
of the treatment, might be caused by indirect effects of metal on guard cells. Among commercial clones, “Drago” was 
more sensitive to Zn stress, showing inhibition of growth, while “1962” clone showed a downregulation of PSII 
photochemistry following the slowdown in the Calvin-Benson cycle. On the contrary, the natural Salix clone (“Sacco”) 
performed better compared to the other clones due to activation of a photosynthetic compensatory mechanism. 
 
Additional key words: chlorophyll a fluorescence; gas exchange; stress response; willow; zinc. 
 
Introduction 
 
In natural environments, heavy metals are present at low 
concentrations without causing significant toxic effects to 
living organisms. However, their increased accumulation 
in soil and water may have serious consequences for 
plants, animals, and human health. In Europe, it has been 
estimated that heavy metals and mineral oils contribute to 
about 60% of soil contamination and 53% of the 
groundwater contamination (Panagos et al. 2013). The 

main anthropogenic sources of heavy metals occur due to 
human activities, such as mining, extensive use of 
fertilizers, and sewage production. In the last years, the 
potential of some tree species in removing metal ions from 
soil has received more and more attention. In particular, 
Salicaceae are considered good candidates for a 
phytoremediation approach (Marmiroli et al. 2011) due to 
their easy propagation, high tolerance against metal  
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pollutants, and high annual biomass production, which 
may be used in the energy supply chain by means of short 
rotation coppice cultures (SRC) (Zacchini et al. 2009). 
Until today, many studies have evaluated effects on the 
ability of absorption and translocation to plant organs and 
effects at the molecular level under different growth 
conditions, suggesting a large genetic variability between 
species (Pulford and Watson 2003, Konlechner et al. 
2013). In particular, some authors have observed that some 
willows are tolerant to zinc and tend to accumulate the 
metal in the aboveground biomass (Landberg and Greger 
1996, Lunáčkova et al. 2003, Rosselli et al. 2003, Mleczek 
et al. 2009) including leaves (Migeon et al. 2009, Dos 
Santos Utmazian et al. 2007). 

In response to metal stress, plants exhibit morpho-
logical and metabolic changes, such as growth inhibition 
and changes in physiological and biochemical response 
(Solanki et al. 2011, de Silva et al. 2012, Shah et al. 2010). 
Among micronutrients, Zn plays an important 
physiological role: it is essential for both plants and 
animals but, when it reaches high concentrations in tissues, 
it can lead to the production of reactive oxygen species 
(ROS) and the consequent oxidative stress (Lin et al. 
2012). The Zn excess can reduce the absorption of 
micronutrients, such as Fe, Mg, and P, change antioxidant 
enzyme activities, and can cause the alteration of the 
ultrastructure of chloroplasts, as well as the reduction of 
the CO2 assimilation and alteration of photochemical 
processes (Tsonev et al. 2012). The negative action of Zn 
on photosynthesis is well documented in plants (Di Baccio 
et al. 2003, Sagardoy et al. 2009), but its effects on the 
light phase of photosynthesis are controversial at high 
concentrations. 

In some studies, the maximum quantum yield of PSII  

(φP0) was not affected in Zn-treated plants (Dhir et al. 
2008, Sagardoy et al. 2009, Salvatori et al. 2014), while 
other studies have shown the inhibition of thylakoid 
electron transport by high Zn concentrations (Kim and 
Jung 1993). Moreover, the effects on PSII and PSI are 
often dose-dependent (Babu et al. 2010) and increase with 
the duration of exposure (Chugh and Sawhney 1999). 
Khan et al. (2007) analyzed the impact of heavy metals on 
the electron transport system in isolated chloroplasts and 
found that PSII is more susceptible than PSI. However, 
only recently it has been observed that also the PSI activity 
can be inhibited by high concentrations of metals (Wodala 
et al. 2012, Belatik et al. 2013). 

The accumulation of heavy metals in plant species may 
induce effects at physiological level (Prasad 2004). A set 
of different ecophysiological parameters, as gas exchanges 
and chlorophyll fluorescence (JIP-test), may be used to 
assess metal stress in vivo (Ernst and Peterson 1994, Ayeni 
et al. 2010). 

The aim of the present study was to investigate the 
ability of different Salix clones to withstand low (300 mg 
kg1), medium (750 mg kg1), and high (1,500 mg kg1) 
zinc concentrations in soil under controlled environmental 
conditions. The ecophysiological response of natural and 
commercial willow clones was analyzed to evaluate the 
effects of the Zn treatment on the photosynthetic process 
by the analysis of CO2 assimilation and chlorophyll (Chl) 
a fluorescence (JIP-test). The following hypothesis were 
tested: (1) the different ability to withstand high Zn 
contents in soil solution exists among clones, and (2) S. 
alba cuttings, coming from a contaminated area, are less 
sensitive to zinc than other clones selected to produce high 
biomass at natural sites. 

 
Materials and methods 
 
Plant material, growth conditions and Zn treatments: 
The experiment was carried out in a “walk-in” chamber 
(for further details about experimental set-up see Salvatori 
et al. 2013), under the following climatic conditions: day-
night temperature of 2419°C (Ta), relative humidity of 
6570% (RH), photoperiod of 14 h and maximum PAR of 

500 μmol m–2 s–1 at plant height. The experimental plant 
material consisted of five willow clones: 

Salix alba – clone SI068-015 “1968”; 
Salix alba – clone SI062-019 “1962”; 
Salix mutsudana ×? (open pollination) – clone S76-

004 “Drago”; 
Salix mutsudana ×? (open pollination) – clone S76-

005 “Levante”; 
Salix alba – clone “Sacco”. 

The first four clones, used for SRC, were supplied by 
the Istituto Sperimentale per la Pioppicoltura (Casale 
Monferrato, Italy), while the “Sacco” clone was derived 

from the natural growing population at a contaminated 
area, the "Sacco River Valley" (Latium Region, Italy), 
which was subjected to industrial pollution for several 
years. In particular, in this area, both water and soil 
pollution were caused by chemical, mechanical, elec-
tronic, and food industrial factories, mainly located in the 
municipalities of Colleferro, Anagni, Frosinone, and 
Ceccano, resulting in local accumulation of toxic waste 
dumps. Furthermore, many areas in proximity of the river 
are highly anthropized, being occupied by intensive 
farming and agricultural systems, warehouses, houses and 
roads, further contributing to enhancement of pollution 
levels through chemical fertilizers and pesticides, 
municipal discharges, animal wastes, and sewage 
irrigation. Accordingly, since 2005, the existence of an 
environmental and socio-economic emergency in the 
Sacco River valley has been recognized and both water and 
soils have been monitored (Report Activities Lazio Region 
2011). Moreover, the analysis carried out on both blood of 
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exposed residents and on bovine milk, has highlighted a 
worrying contamination by organochlorine compounds 
and heavy metals (Report DEP Lazio 2013, Battisti et al. 
2013, Sala et al. 2012). In particular, the zinc 
concentrations in plants (SWS 2013) and in topsoils 
(Report ISPRA 2009) of agricultural riparian areas were 
detected close to the limit values (113.46 and 230 mg kg1, 
respectively). 

Woody cuttings (25 cm long) of equivalent size were 
grown in plastic pots (1.5 L) containing a 2:1 garden soil 
and sand (pH 7.1) in a completely randomized block 
design. After two months of acclimation in growth 
chamber, three plants per clones were exposed to metal 
concentrations: 0 (control), 300, 750, and 1,500 mg(Zn) 
kg1(soil). The lower concentration (300 mg kg1) has been 
chosen on the base of previous studies carried out on 
poplar clones exposed to zinc stress in laboratory 
experiments (Lingua et al. 2008, Todeschini et al. 2011, 
Durand et al. 2011). The medium concentration (750 mg 
kg1) exceeds optimal concentration in leaves and may 
induce visible toxicity symptoms (Marshener, 1997), 
while the higher concentration (1,500 mg kg-1) is in 
accordance with the limit value of Legislative Decree 
152/2006 “Norms Concerning the Environment”, 
commonly called “Single Environmental Text” for Italian 
soils in industrial areas. Zinc was supplied as ZnCl2 and 
the experiment lasted for 15 d. 

 
Gas exchange: Net photosynthetic rate (PN), stomatal 
conductance (gs), and substomatal CO2 concentration (Ci) 
were measured after 3, 10, and 15 d (DAT) from the Zn 
treatment by a portable infrared gas analyzer (Ciras 2, PP 
System, UK). Measurements were made between 10:00 
and 12:00 h, on the first two fully developed leaves from 
the top of the plant, and were repeated on three plants for 
each treatment (n = 6). 

 
Chl a fluorescence: The Chl a fluorescence parameters 
were measured by using a Handy PEA, plant efficiency 
analyzer (Hansatech, King’s Lynn, Norfolk, UK), on the 
same leaves measured for gas exchanges after 15 DAT. 
Leaves were dark-adapted for 30 min and the fast fluo-
rescence transient was measured by applying a saturating 
red light pulse of 3,000 mol(photon) m−2 s−1 during 1 s. 
When plotted on a logarithmic time-scale, this fast fluo-
rescence signal exhibits a series of steps between the initial 
O (F0, when all the reaction centers of the PSII are open) 
and maximum P level (Fm, when all the PSII reaction 
centers are fully reduced). The JIP-test is a tool that 
translates this polyphasic fluorescence transient into a 
constellation of biophysical parameters that quantify the 
single steps of the photochemical pathway through both 
PSII and PSI (Strasser et al. 2010). The software Biolyzer 
(Bioenergetics Lab., Geneva, CH) was used to calculate 
the JIP-test parameters (Strasser 2004, Strasser et al. 2010). 

In particular, the following parameters were considered: 
RC/CS0 = φP0 (VJ/M0) F0. It is a measure for QA

- 
reducing RCs per excited leaf cross-section. 

0 = ET0/TR0 = 1 – VJ. It expresses the efficiency with 
which a trapped photon can move an electron into the 
electron transport chain from QA

− to the intersystem 
electron acceptors. 

PIabs  performance index on absorption basis. It is the 
performance index for energy conservation from photons 
absorbed by PSII to the reduction of intersystem electron 
acceptors. It combines three parameters directly linked to 
photosynthetic activity: the density of reaction centers 
(expressed on an absorption basis, RC/ABS), the quantum 
yield of primary photochemistry (φP0 = TR0/ABS), and the 
ability to feed electrons into the electron chain between 
PSII and PSI 0 = ET0/TR0). 

VI-P= 1 − VI = (Fm − F30 ms)/(Fm − F0). It indicates the 
amplitude of the I–P phase, i.e. the electron transport 
efficiency around PSI to reduce the final acceptors of the 
electron transport chain (ETC), i.e. ferredoxin and NADP 
(Oukarroum et al. 2009); 

PItotal  total performance index. It is the performance 
index for energy conservation of photons absorbed by 
PSII, through the ETC, to the reduction flux (RE) of PSI 
end acceptors (formulae from Strasser et al. 2010). 

 
Relative Chl content and biometric parameters: At the 
end of the experiment, for each Zn treatment, the relative 
Chl content was measured by using a portable chlorophyll 
meter (SPAD, Minolta, Osaka, Japan) on the first two fully 
developed leaves from the top of each plant and the results 
were expressed as “SPAD units”. Fifteen leaves for each 
clones and treatment were sampled for growth analysis. 
The samples were weighed for fresh mass (FM) and, after 
oven drying at 60°C until constant mass, for dry mass 
(DM). Leaf area (LA) was measured on fresh leaves using 
a scanner and an image analysis software (Image Lab, 
Version 2.2.4.0, MCM Design), and specific leaf area 
(SLA) (corresponding to LA/DM, cm2 g1) was calculated. 
The growth was estimated as difference between the stem 
length (SL) measured after 15 DAT and before the addition 
of metal. 

 
Statistical analysis: Given the non-normal distribution 
and the lack of equality of the variances of the data set, 
data were analyzed using the non-parametric Kruskal-
Wallis analysis of variance (ANOVA) test and post-hoc 
comparisons of mean ranks of all pairs of groups (Siegel 
and Castellan 1988). Differences were considered as 
significant at p0.05 and highly significant at p0.001. All 
statistical procedures were performed by using Statistica v 
7.0 software (StatSoft, Inc., Tulsa, OK, USA). Data in 
figures are expressed as the percentage variation respect to 
the control plants. 
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Results 
 
Gas exchange: The Zn effect on gs was evident after 3 
DAT in all clones (Fig. 1B) at the medium concentration 
(750 mg kg1), in particular, in Levante that showed a 
significant inhibition of PN (43% with respect to control 
plants, Fig. 1A) and a reduction of Ci (24%, Fig. 1C), 
indicating that stomatal limitation to photosynthesis was 
occurring. At the high Zn concentration (1,500 mg kg1) 
the reduction of PN was more pronounced in 1962 and 
1968 (80% and 85% of control, respectively) than that in 
Levante, Drago, and Sacco (respectively, 51, 37, and 36% 
lower than control, Fig. 1A) due to inhibition of gs. Only in 
Levante, a reduction of Ci was observed (32% compared  
 

with control plants, Fig. 1C). 
After ten days of exposure, 1968, Sacco, Drago, and 

Levante clones showed a recovery of gas exchange while 
1962 highlighted a reduction of PN and gs (respectively, of 
42% and 60% at 750 mg kg1 and 60% and 67% at 1,500 
mg kg1 compared with control plants, Fig. 1D,E). More-
over, at the end of treatment (15 DAT), PN increased in 
Sacco at 300 mg kg1 and 1,500 mg kg1 (56% and 42% 
with respect to control, Fig. 1G), while gs and Ci values 
remained significantly inhibited in 1962 clone (48% and 
22% compared with the control plants, respectively, 
Fig. 1H,I). 

 

Fig. 1. Effects of Zn concentrations on the net photosynthetic rate (A,D,G), stomatal conductance (B,E,H), and substomatal CO2 
concentration (C,F,I) in willow clones. Plants were cultivated with Zn concentrations equal to 300, 750, and 1,500 mg kg1 for 3, 10, 
and 15 days. PN  net photosynthetic rate, gs  stomatal conductance, Ci  substomatal CO2 concentration. Values express the percentage 
variation with respect to the control plants (n = 6). Asterisks indicate significant difference from control plants: *  p0.05;  
**  p0.01; ***  p0.001. 
 
Fluorescence analysis: In all clones after 15 DAT, the 
fluorescence parameters did not show any significant 
difference from controls in the plants treated with the low 
Zn concentration (300 mg kg1) (Fig. 2). Significant 
differences, compared with the controls, were observed in 
1962 and Sacco clones at the higher concentrations. In 
particular, at 750 mg kg1, VI-P and PItotal decreased in 
1962 (Fig. 2D,F), while the parameter indicating electron 
transport probability (0) increased in Sacco (Fig. 2C). As 
a consequence, PIabs and PItotal were significantly enhanced 

by Zn in this clone (Fig. 2E,F). 
The increase of basal fluorescence, F0, and the 

reduction of the number of active RCs per leaf cross-
section (RC/CS0) in 1962 (Fig. 2A,B) indicated a marked 
effect of the high Zn concentration (1,500 mg kg1); it 
affected also 0, giving a significant reduction of VI-P, 
PIabs, and PItotal. In the Sacco clone, the photochemical 
response was opposite: F0 decreased, while 0 increased, 
followed by an increase of PIabs and PItotal. 
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Fig. 2. Values of chlorophyll a fluorescence parameters derived by the JIP-test: minimal fluorescence, F0, (A); a number proportional 
to the active RCs to the cross-section, RC/CS0, (B); electron transport probability, 0, (C); the amplitude of the I–P phase, VI-P, (D); 
performance index on absorption basis, PIabs, (E), and total photosynthetic performance index, PItotal, (F) in willow clones exposed to 
Zn: 300, 750, and 1,500 mg kg1 for 15 days. Values express the percentage variation with respect to the control plants (n = 6). Asterisks 
indicate significant difference from the control plants: *  p0.05; **  p0.01; ***  p0.001. 
 
Relative Chl content and biometric parameters: The 
effects of different Zn concentrations on the relative Chl 
content, leaf area (LA), and SLA in different clones are 
shown in Table 1. No significant difference was observed 
at the low and medium Zn concentration (300 and 750 mg 
kg1), while the Zn treatment negatively affected relative 
pigment contents in leaves at 1,500 mg kg1 in 1962 after 
15 DAT (24% with respect to the control plants). Also 
LA was markedly inhibited at the high Zn concentration 

(1,500 mg kg1) in 1962, whereas it was not affected by 
other Zn treatments and in other clones. SLA showed equal 
values with respect to the control plants at different Zn 
concentrations in each clone (Table 1). The growth was 
stimulated in 1968 and Sacco at 300 mg kg1 and in 
Levante at 750 mg kg1, while it decreased in Drago at the 
end of the treatments, (48% with respect to control at the 
high Zn concentration, Fig. 3). 

 
Discussion 
 
In plants, the photosynthetic apparatus is very sensitive to 
the toxicity of Zn and it affects the assimilation process 
both directly, by inhibiting the Calvin cycle enzyme 
activities, and indirectly, by inducing CO2 deficiency at the 
carboxylation sites due to stomatal closure (Shah et al. 
2010). 

In this study, the low Zn concentration (300 mg kg1) 
added into soil was below the phytotoxic limits (Marshner 
1997) and did not altered the gas exchange and the 
photochemical activity, as the result of an efficient metal 
homeostasis. Plants posses, in fact, homeostatic 
mechanisms to maintain the proper concentrations of 

essential metal ions in different cellular compartments and 
to minimize the damage from exposure to excessive metal 
ions (Clemens 2001). Our results are in agreement with 
Durand et al. (2011), who did not observe any inhibition 
of stomatal conductance and assimilation rate in a poplar 
hybrid clone (Populus tremula × P. alba) under similar Zn 
exposure. In short term, the inhibitory effects of excessive 
Zn on photosynthetic processes were observed in all clones 
at medium and high concentrations (750 and 1,500 mg 
kg1). The results from hybrid Populus deltoids × Populus 
nigra (Di Baccio et al. 2003), S. viminalis, and P. tremula 
(Hermle et al. 2006) were comparable to Salix clones 
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Table 1. Effect of different Zn concentrations on the relative total chlorophyll content (n = 6), expressed in SPAD units, leaf area (LA, 
n = 15), and specific leaf area (SLA, n = 15) were analyzed at the end of treatments (15 days). Values are expressed as mean ± SE. 
Asterisks indicate significant difference from control plants: *  p0.05; **  p0.01; ***  p0.001. C  control. 
 

Clone ZnCl2 [mg kg–1] Total chlorophyll LA [cm2] SLA [cm2 g1] 

1962 C  42.700 ± 1.470 19.047 ± 0.803 185.607 ± 9.475 
300 37.950 ± 1.704 18.462 ± 1.449 193.732 ± 9.424 
750  38.183 ± 0.893 17.487 ± 0.414 184.841 ± 5.435 
1,500  32.350 ± 1.573*** 12.810 ± 0.723** 173.391 ± 13.331 

1968 C  34.750 ± 1.632 13.410 ± 2.541 174.840 ± 9.513 
300  38.771 ± 2.965 14.070 ± 3.211 155.954 ± 9.675 
750  31.883 ± 1.413 12.195 ± 2.073 176.971 ± 14.969 
1,500  32.967 ± 0.957  8.873 ± 0.701 186.133 ± 6.239 

Sacco C  39.367 ± 2.205  6.479 ± 0.729 164.210 ± 12.452 
300  37.429 ± 2.014  6.386 ± 0.540 147.044 ± 8.405 
750  40.817 ± 3.018  6.468 ± 0.677 164.332 ± 12.752 
1,500  41.333 ± 1.630  7.454 ± 0.239 195.504 ± 20.413 

Drago C  32.367 ± 1.673 17.501 ± 0.822 177.199 ± 14.658 
300  30.400 ± 1.686 18.503 ± 1.515 211.228 ± 15.859 
750  33.167 ± 2.663 14.493 ± 0.728 176.408 ± 12.915 
1,500  35.300 ± 2.204 14.355 ± 0.464 198.451 ± 8.975 

Levante C  43.300 ± 1.049 13.627 ± 0.646 187.775 ± 10.138 
300  36.967 ± 2.013 12.691 ± 1.939 171.484 ± 12.823 
750  41.150 ± 3.063 14.724 ± 0.706 179.504 ± 11.474 
1,500  43.817 ± 2.020 10.082 ± 0.563 149.064 ± 16.290 

 
 
 
 
 

 
Fig. 3. Growth in willow clones exposed to various
concentrations of Zn, estimated as difference
between the stem length (SL, cm) after 15 days of 
treatment and before the addition of metal. Values
express the percentage variation with respect to the
control plants (n = 3). Asterisks indicate significant
difference from the control plants: *  p0.05; ** 
p0.01; ***  p0.001. 

 
investigated in this experiment, with the decline in leaf gas 
exchange parameters after treatment with excessive Zn 
concentrations. The stomatal closure observed together 
with Zn supply may be due to the inhibition of water 
channels that affect stomatal movements (Yang et al. 
2004) or due to an indirect effects of Zn on guard cell, 
linked to the reduction of K+ uptake, which alters the ratio 
between K+ and other ions (Tsala Ndzono et al. 1994, 
Vaillant et al. 2005). In 1962 clone under the high Zn 
concentration, stomatal reduction and reduced CO2 
assimilation persisted even after 15 d, suggesting a 
significant metal accumulation in leaves and a lower 
detoxification capacity for Zn. 

The decline of fluorescence parameters in the 
connection with the excess of heavy metal was evidenced 
by several authors (Adamaski et al. 2011, Wang et al. 

2012, Xue et al. 2013, Kalaji et al. 2014). Concerning Zn, 
it is known that all components of the photosynthetic 
apparatus (e.g. the pool of plastoquinone, the oxygen 
evolving complex, PSII and PSI) can be altered or 
damaged by this metal (Prasad 2004). In particular, under 
Zn excess, the structure of the thylakoid membranes may 
be affected by the metal, with a consequent reduction of 
the electron transport rates. Moreover, the inactivation of 
Chl a due to the Mg2+ replacement with Zn2+, as well as 
the substitution of Mn2+ with Zn2+ at the site of water 
photolysis, has been also reported (Santos et al. 2014). In 
our case, in 1962 cultivar, the Zn excess (1,500 mg kg1) 
reduced the energy transfer from PSII-Chl a antenna to the 
PSII reaction center (increase of F0) and the number of 
active RCs per leaf cross-section (decrease of RC/CS0). 
However, the reduction of the probability (0) of the linear 
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photosynthetic electron transport between PSII and PSI, as 
well as of the photosynthetic performance index on 
absorption basis (PIabs), indicated a down regulation of the 
PSII photochemistry, concurrently to the marked Zn-
induced reduction of gas exchange. This downregulation 
mechanism helps maintain the electron flux in equilibrium 
with the decreased NADPH and ATP demand of the 
Calvin cycle limiting the probability of the formation of 
reactive oxygen species. Moreover, the I-P part of the 
fluorescence transient revealed that Zn stress also affected 
PSI activity and content. The inhibition of VI-P, a 
parameter sensitive to abiotic stress factors, such as 
drought (Pollastrini et al. 2014, Oukarroum et al. 2009), 
ozone (Mereu et al. 2011, Salvatori et al. 2013, Desotgiu 
et al. 2013), and nitrogen availability (Nikiforou and 
Manetas 2011), and the decline of PItotal represented a 
lower efficiency of electron transport around PSI in order 
to reduce the final acceptors of the electron transport chain. 
The amplitude of I-P phase seems to be depressed as a 
consequence of a lower request of reductants, which limits 
the efficiency in carbon reduction and the turnover of 
ribulose-1,5-bisphosphate (RuBP) (Strasser et al. 2010), 
suppressing the Calvin-Benson cycle due to the closure of 
stomata. Our results can be interpreted as a response of the 
clones to the different accumulation of Zn. All clones, 
except 1962, may have took only a subtoxic amount of Zn 
from the soil and modulated their metabolism in order to 
cope with this stress. This is a typical physiological 
response of the plants that are less sensitive to the metal 
stress. 

Furthermore, the high energy dissipation in the antenna 
pigments (decrease of F0), the increase of �� and the 
consequent increase of photosynthetic performance (PIabs 
and PItotal) in Sacco, could represent a photosynthetic 
compensatory mechanism through an increased efficiency 
of carboxylation and RuBP regeneration capacity under Zn 
stress (at 750 mg kg1 and 1,500 mg kg1), as observed by 
Pollastrini et al. (2014) and Ugolini et al. (2014) in other 
species. The increase of PN at the end of the treatment 
allowed us to surmise that this clone might have limited 
the phytotoxicity of the metal in aerial organs by activating 
detoxification and compartmentalization mechanisms. 
Therefore, this strategy might help the Sacco clone 
perform better with respect to other clones and be able to 
withstand better Zn stress due to increase of photosynthetic 
activity in presence of the metal within a short term. 

Chl content declines in leaves of plants under heavy 
metal stress and thus plants diminish their efficiency to 
absorb light (Papazoglou et al. 2007). In our case, the 
alteration of photochemical reactions, observed in leaves 
of 1962 at the 1,500 mg kg1 concentration after 15 DAT, 
might result from the decrease in the Chl content 
(reduction of relative pigments content was 24% with 
respect to control); it suggests a possible damage to the Chl 
synthesis in thylakoids (Küpper et al. 1998, Di Baccio et 
al. 2009, Shi et al. 2009). In other clones, the measured 
Chl content remained unaffected and no significant 

differences were observed between the Zn-treated and 
control plants. This finding indicated that the metal was 
probably sequestered in a very effective manner within the 
plant, thus providing a protection of the photosynthetic 
machinery, supported by detoxification mechanisms, as 
observed also by Mittler et al. (2004). 

The effect of the Zn treatment was also emphasized in 
the plant growth, which was different for each clone and 
concentration. The lower Zn concentration promoted the 
growth in 1968 and Sacco at 300 mg kg1 and in Levante 
at 750 mg kg1, probably by acting as a fertilizer, while in 
Drago, despite the recovery of gas exchange, Zn stress 
inhibited the growth. This may be due to the reduction of 
stem or/and root dry mass, as observed by Di Baccio et al. 
(2009) in Populus × euramericana, clone I-214. Root 
growth is a more sensitive endpoint marker of metal 
toxicity than Chl contents; its inhibition is often due to the 
accumulation of Zn in roots in order to limit the metal 
translocation to leaves, which are more sensitive to metals 
(Morgan et al. 2002). However, in agreement with Wang 
et al. (2009), at root level, the Zn excess in soil might also 
cause an imbalance in nutritional uptake and limited 
photoassimilate translocation to leaves. Perhaps, these 
events were induced in the 1962 clone, that showed the 
reduction of leaf area index (LA) in addition to the 
limitation of gas exchange and photosynthetic 
performance at the high Zn concentration. The reduction 
of the Chl content and biometric parameters, such as 
photosynthesizing leaf area and stem length, are a general 
responses of higher plants to heavy metal toxicity 
(Nagajyoti et al. 2010) and represent indirect effect of 
metals (Agarwal et al. 2012). 

In conclusion, our present results allowed to 
discriminate a gradient of the functional response among 
natural and commercial Salix clones, from the least 
sensitive to the most sensitive clone: 

- at low Zn concentration (300 mg kg1): 
Sacco≥1968=1962=Drago=Levante 

- at medium Zn concentration (750 mg kg1): 
Levante>Sacco=Drago=1968=1962 

- at high Zn concentration (1,500 mg kg1) 
Levante>Sacco=1968=1962>Drago 

Moreover, in agreement with our initial hypothesis, the 
five considered willow clones exhibited a different 
ecophysiological response to increasing Zn concentrations 
in soil; Sacco clone showed the highest ability to withstand 
metal stress compared to the commercial clones selected 
to produce high biomass. In fact, this clone, obtained from 
a natural population growing in a contaminated area and 
adapted to Mediterranean climatic conditions, appeared to 
be better performing among the Salix clones under the Zn 
stress condition. Therefore, we propose to investigate it 
more and under field conditions to assess its potential in 
phytoremediation technologies. 



ECOPHYSIOLOGICAL RESPONSE TO Zn STRESS IN SALIX CLONES 

63 

References 
 
Adamski J.M., Peters J.A., Danieloski R., Bacarin M.A.: Excess 

iron-induced changes in the photosynthetic characteristics of 
sweet potato.  J. Plant Physiol. 168: 2056-2062, 2011. 

Agarwal A., Sharma I., Tripathi B.N. et al.: Metal toxicity and 
photosynthesis. – In: Itoh S., Mohanty P., Guruprasad K.N. 
(ed.): Photosynthesis: Overviews on Recent Progress & Future 
Perspective. Pp. 229-236. I.K. International Publ., New Delhi 
2012. 

Ayeni O.O., Ndakidemi P.A., Snyman R.G., Odendaal J.P.: 
Chemical, biological and physiological indicators of metal 
pollution in wetlands.  Sci. Res. Essays 5: 1938-1949, 2010. 

Babu N.G., Sarma P.A., Attitalla I.H., Murthy S.D.S.: Effect of 
selected heavy metal ions on the photosynthetic electron 
transport and energy transfer in the thylakoid membrane of the 
Cyanobacterium, Spirulina platensis.  Acad. J. Plant Sci. 3: 
46-49, 2010. 

Battisti S., Caminiti A., Ciotoli G. et al.: A spatial, statistical 
approach to map the risk of milk contamination by β-
hexachlorocyclohexane in dairy farms.  Geospat. Health 8: 
77-86, 2013. 

Belatik A., Hotchandani S., Carpentier R.: Inhibition of the water 
oxidizing complex of photosystem II and the reoxidation of the 
quinone acceptor QA

- by Pb2+.  PLoS One 8: e68142, 2013. 
Chugh L.K., Sawhney S.K.: Photosynthetic activities of Pisum 

sativum seedlings grown in presence of cadmium.  Plant 
Physiol. Bioch. 37: 297-303, 1999. 

Clemens S.: Molecular mechanisms of plant metal tolerance and 
homeostasis.  Planta 212: 475-486, 2001. 

de Silva N.D., Cholewa E., Ryser P.: Effects of combined 
drought and heavy metal stresses on xylem structure and 
hydraulic conductivity in red maple (Acer rubrum L.).  J. Exp. 
Bot. 63: 5957-5966, 2012. 

Desotgiu R., Pollastrini M., Cascio C. et al.: Responses to ozone 
on Populus “Oxford” clone in an open top chamber experiment 
assessed before sunrise and in full sunlight.  Photosynthetica 
51: 267-280, 2013. 

Dhir B., Sharmila P., Pardha Saradhi P.: Photosynthetic 
performance of Salvinia natans exposed to chromium and zinc 
rich wastewater.  Braz. J. Plant Physiol. 20: 61-70, 2008. 

Di Baccio D., Tognetti R., Minnocci A., Sebastiani L.: Responses 
of the Populus × euramericana clone I-214 to excess zinc: 
carbon assimilation, structural modifications, metal 
distribution and cellular localization.  Environ. Exp. Bot. 67: 
153-163, 2009. 

Di Baccio D., Tognetti R., Sebastiani L., Vitagliano C.: 
Responses of Populus deltoides × Populus nigra (Populus × 
euramericana) clone I-214 to high zinc concentrations.  New 
Phytol. 159: 443-452, 2003. 

Dos Santos Utmazian M.N., Wieshammer G., Vega R., Wenzel 
W.: Hydroponic screening for metal resistance and 
accumulation of cadmium and zinc in twenty clones of willows 
and poplars.  Environ. Pollut. 148: 155-165, 2007. 

Durand T.C., Baillif P., Albéric P. et al.: Cadmium and zinc are 
differentially distributed in Populus tremula × P. alba exposed 
to metal excess.  Plant Biosyst. 145: 397-405, 2011. 

Ernst W.H.O., Peterson P.J.: The role of biomarkers in 
environmental assessment (4). Terrestrial plants.  Ecotoxicol. 
3: 180-192, 1994. 

Hermle S., Günthardt-Goerg M.S., Schulin R.: Effects of metal-
contaminated soil on the performance of young trees growing 

in model ecosystems under field conditions.  Environ. Pollut. 
144: 703-714, 2006. 

Kalaji H.M., Schansker G., Ladle R.J.et al.: Frequently asked 
questions about in vivo chlorophyll fluorescence: practical 
issues.  Photosynth. Res. 122: 121-158, 2014 

Khan N.A., Samiullah, Singh S., Nazar R.: Activities of 
antioxidative enzymes, sulphur assimilation, photosynthetic 
activity and growth of wheat (Triticum aestivum) cultivars 
differing in yield potential under cadmium stress.  J. Agro. 
Crop Sci. 193: 435-444, 2007. 

Kim C.S., Jung J.: The susceptibility of mung bean chloroplasts 
to photoinhibition is increased by an excess supply of iron to 
plants: a photobiological aspect of iron toxicity in plant leaves. 
 Photochem. Photobiol. 58: 120-126, 1993. 

Konlechner C., Türktas M.¸ Langer I. et al.: Expression of zinc 
and cadmium responsive genes in leaves of willow (Salix 
caprea L.) genotypes with different accumulation 
characteristics.  Environ. Pollut. 178: 121-127, 2013. 

Küpper H., Küpper F., Spiller M.: In situ detection of heavy metal 
substituted chlorophylls in water plants.  Photosynth. Res. 58: 
123-133, 1998. 

Landberg T., Greger M.: Differences in uptake and tolerance to 
heavy metals in Salix from unpolluted and polluted areas.  
Appl. Geochem. 11: 175-180, 1996. 

Lin Y-F., Aarts M.G.M.: The molecular mechanism of zinc and 
cadmium stress response in plants.  Cell. Mol. Life Sci. 69: 
3187-3206, 2012. 

Lingua G., Franchin C., Todeschini V. et al.: Arbuscular 
mycorrhizal fungi differentially affect the response to high zinc 
concentrations of two registered poplar clones.  Environ. 
Pollut. 153: 137-147, 2008. 

Lunáčkova L., Masarovičová E., Král'ová K., Streško V.: 
Response of fast growing woody plants from family Salicaceae 
to cadmium treatment.  Bull. Environ. Contam. Toxicol. 70: 
576-585, 2003. 

Marmiroli M., Pietrini F., Maestri E. et al.: Growth, physiological 
and molecular traits in Salicaceae trees investigated for 
phytoremediation of heavy metals and organics.  Tree 
Physiol. 31: 1319-1334, 2011. 

Marshner H.: Mineral Nutrition of Higher Plants. Pp. 347-365. 
Academic Press, London 1997. 

Mereu S., Gerosa G., Marzuoli R. et al.: Gas exchange and JIP-
test parameters of two Mediterranean maquis species are 
affected by sea spray and ozone interaction.  Environ. Exp. 
Bot. 73: 80-88, 2011. 

Migeon A., Richaud P., Guinet F. et al.: Metal accumulation by 
woody species on contaminated sites in the North of France.  
Water Air Soil Pollut. 204: 89-101, 2009. 

Mittler R., Vanderauwera S., Gollery M., Van Breusegem F.: 
Reactive oxygen gene network of plants.  Trends Plant Sci. 9: 
490-498, 2004. 

Mleczek M., Rissmann I., Rutkowski P. et al.: Accumulation of 
selected heavy metals by different genotypes of Salix.  
Environ. Exp. Bot. 66: 289-296, 2009. 

Morgan A.J., Evans M., Winters C. et al.: Assaying the effects of 
chemical ameliorants with earthworms and plants exposed to a 
heavily polluted metalliferous soil.  Eur. J. Soil Biol. 38: 323-
327, 2002. 

Nagajyoti P.C., Lee K.D., Sreekanth T.V.M.: Heavy metals, 
occurrence and toxicity for plants: a review.  Environ. Chem. 



A. BERNARDINI et al. 

64 

Lett. 8: 199-216, 2010. 
Nikiforou C., Manetas Y.: Inherent nitrogen deficiency in 

Pistacia lentiscus preferentially affects photosystem I: a 
seasonal field study.  Funct. Plant Biol. 38: 848-855, 2011. 

Oukarroum A., Schansker G., Strasser R.J.: Drought stress 
effects on photosystem I content and photosystem II 
thermotolerance analyzed using Chl a fluorescence kinetics in 
barley varieties differing in their drought tolerance.  Physiol. 
Plantarum 137: 188-199, 2009. 

Panagos P., van Liedekerke M., Yigini Y., Montanarella L.: 
Contaminated sites in Europe: review of the current situation 
based on data collected through a European Network.  J. 
Environ. Public Health. 2013: 158764, 2013. 

Papazoglou E.G., Serelis K.G., Bouranis D.L.: Impact of high 
cadmium and nickel soil concentration on selected 
physiological parameters of Arundo donax L..  Eur. J. Soil 
Biol. 43, 207-215, 2007. 

Pollastrini M., Desotgiu R., Camin F. et al.: Severe drought 
events increase the sensitivity to ozone on poplar clones.  
Environ. Exp. Bot. 100: 94-104, 2014. 

Prasad M.N.V.: Heavy Metal Stress in Plants: from Biomolecules 
to Ecosystems. Pp. 146-181. Springer, Berlin 2004. 

Pulford I.D., Watson C.: Phytoremediation of heavy metal-
contaminated land by trees: a review.  Environ. Int. 29: 529-
540, 2003. 

[Report Department of Epidemiology of the Regional Health 
Service, Lazio Region.] – In: Porta D., Narduzzi S., Blasetti et 
al. (ed.): [Sanitary and Epidemiological Surveillance of the 
Population Lives in the Sacco River.] Pp. 24-26. Rome 2013. 
[in Italian] 

[Report Institute for the Protection and Environmental Research.] 
– In: Pirani G., Vecchio A. (ed.): [Determination of Natural 
Background Values for some Metals-Metals in the Soils of the 
National Site of Sacco Valley.] Pp. 13-48. Rome 2009. [in 
Italian] 

Rosselli W., Keller C., Boschi K.: Phytoextraction capacity of 
trees growing on a metal contaminated soil.  Plant Soil 256: 
265-272, 2003. 

Sagardoy R., Morales F., López-Millán A.F. et al.: Effects of zinc 
toxicity on sugar beet (Beta vulgaris L.) plants grown in 
hydroponics.  Plant Biol. 11: 339-350, 2009. 

Sala M., Caminiti A., Rombolà P. et al.: [Betahexachloro-
cyclohexane contamination in dairy farms of the Sacco River 
Valley, Latium, Italy. A Retrospective study.]  Epidemiol. 
Prev. 36: 34-43, 2012. [in Italian] 

Salvatori E., Fusaro L., Mereu S. et al.: Different O3 response of 
sensitive and resistant snap bean genotypes (Phaseolus 
vulgaris L.): The key role of growth stage, stomatal 
conductance, and PSI activity.  Environ. Exp. Bot. 87: 79-91, 
2013. 

Salvatori E., Fusaro L., Gottardini E. et al.: Plant stress analysis: 
Application of prompt, delayed chlorophyll fluorescence and 
820 nm modulated reflectance. Insights from independent 
experiments. – Plant Physiol. Bioch. 85: 105-113, 2014. 

Santos D., Duarte B., Caçador I.: Unveiling Zn hyperaccumu-
lation in Juncus acutus: Implications on the electronic energy 
fluxes and on oxidative stress with emphasis on nonfunctional 
Zn-chlorophylls.  J. Photoch. Photobio. 140: 228-239, 2014. 

Shah F.R., Ahmad N., Masood K.R. et al.: Heavy metal toxicity 
in plants. – In: Ashraf M., Ozturk M., Ahmad M.S.A. (ed.): 
Plant Adaptation and Phytoremediation. Pp 71-97. Springer 

Sci. Business Media, London 2010. 
Shi G.R., Cai Q.S.: Photosynthetic and anatomic responses of 

peanut leaves to zinc stress.  Biol. Plantarum 53: 391-394, 
2009. 

Siegel S., Castellan N.J.: Nonparametric Statistics for The 
Behavioral Sciences. Pp. 16-32. McGraw-Hill, New York 
1988. 

Solanki R., Dhankhar R.: Biochemical changes and adaptive 
strategies of plants under heavy metal stress.  Biologia 66: 
195-204, 2011. 

Strasser R.J., Tsimilli-Michael M., Qiang S., Goltsev V.: Simul-
taneous in vivo recording of prompt and delayed fluorescence 
and 820-nm reflection changes during drying and after 
rehydration of the resurrection plant Haberlea rhodopensis.  
Biochim. Biophys. Acta 1797: 1313-1326, 2010. 

Strasser R.J., Tsimilli-Michael M., Srivastava A.: Analysis of the 
fluorescence transient. – In: Papageorgiou GC, Govindjee 
(ed.): Chlorophyll a Fluorescence: A Signature of 
Photosynthesis. Pp. 321–362. Springer, Dordrecht 2004. 

SWS Society of Wetlands Scientists: Pollution and 
environmental restoration: characterization of the riparian 
species Salix alba L. in contaminated site. – In: Borin M., 
Malagoli M., Salvato M., Tanis B. (ed.): European Chapter 
Meeting International Conference, Wetland Systems: Ecology, 
Functioning and Management. Pp. 105-106. P.A.N. s.r.l., 
Padua 2013. 

Todeschini V., Lingua G., D’Agostino G. et al.: Effects of high 
zinc concentration on poplar leaves: A morphological and 
biochemical study.  Environ. Exp. Bot. 71: 50-56, 2011. 

Tsala Ndzono N.G., Omokolo Ndoumou D., Tita Awah M.: 
Effect of Fe2+, Mn2+, Zn2+ and Pb2+ on H+/K+ fluxes in excised 
Pistia stratiotes roots.  Biol. Plantarum 36: 591-597, 1994. 

Tsonev T., Cebola Lidon F. J.: Zinc in plants - An overview.  
Emir. J. Food Agric. 24: 322-333, 2012. 

Ugolini F., Massetti L., Pedrazzoli F. et al.: Ecophysiological 
responses and vulnerability to other pathologies in European  
chestnut coppices, heavily infested by the Asian chestnut gall 
wasp.  Forest Ecol. Manag. 314: 38-49, 2014. 

Vaillant N., Monnet F., Hitmi A. et al.: Comparative study of 
responses in four Datura species to a zinc stress.  
Chemosphere 59: 1005-1013, 2005. 

Wang C., Zhang S.H., Wang P.F. et al.: The effect of excess Zn 
on mineral nutrition and antioxidative response in rapeseed 
seedlings.  Chemosphere 75:1468-1476, 2009. 

Wang S., Zhang D., Pan X.: Effects of arsenic on growth and 
photosystem II (PSII) activity of Microcystis aeruginosa.  
Ecotoxicol. Environ. Saf. 84: 104-111, 2012. 

Wodala B., Eitel G., Gyula T.N. et al.: Monitoring moderate Cu 
and Cd toxicity by chlorophyll fluorescence and P700 
absorbance in pea leaves.  Photosynthetica 50: 380-386, 2012. 

Xue Z.C., Gao H.Y., Zhang L.T.: Effects of cadmium on growth, 
photosynthetic rate, and chlorophyll content in leaves of 
soybean seedlings.  Biol. Plantarum 57: 587-590, 2013. 

Yang H.M., Zhang X.Y., Wang G.X.: Effects of heavy metals on 
stomatal movements in broad bean leaves.  Russ. J. Plant 
Physl+ 51: 464-468, 2004. 

Zacchini M., Pietrini F., Scarascia Mugnozza G. et al.: Metal 
tolerance, accumulation and translocation in poplar and willow 
clones treated with cadmium in hydroponics.  Water Air Soil 
Pollut. 197: 23-34, 2009. 

 




