
DOI: 10.1007/s11099-015-0135-0                                                                                      PHOTOSYNTHETICA 53 (3): 430-435, 2015 

430 

The effects of the phenol concentrations on photosynthetic parameters 
of Salix babylonica L. 
 
 
H. LI, G.C. ZHANG+, H.C. XIE, K. LI, and S.Y. ZHANG 
 
Shandong Province Key Laboratory of Soil Erosion and Ecological Restoration, Key Laboratory of Agricultural 
Ecology and Environment, College of Forestry, Shandong Agricultural University, Taian 271018, China 
 
 
Abstract 
 
As a common waterfront and wet environment tree species, Salix babylonica shows a great potential for restoration of 
contaminated water or soil environments, such as phenol-polluted water. However, studies on such remediation effects 
have not been carried out yet. The objective of this study was to investigate the effects of phenols on photosynthesis of 
S. babylonica. Photosynthetic and chlorophyll fluorescence parameters of S. babylonica cuttings were determined in 
hydroponic experiment, where six phenol concentrations was used (0, 50, 100, 200, 400, and 800 mg L–1). Phenol presence 
inhibited photosynthesis of S. babylonica significantly, as the net photosynthetic rate (PN), light-saturated net 
photosynthetic rate, apparent quantum yield, maximal quantum yield of PSII photochemistry, and effective quantum yield 
of PSII photochemistry declined significantly. The higher the concentration of phenol solution, the greater inhibition of 
photosynthesis occurred. Our data indicated that nonstomatal limitation was responsible for the reduction of PN.  
S. babylonica should be used to remediate phenol-contaminated water, when the concentration of phenol solution is lower 
than 200 mg L–1. Otherwise, the efficiency of photosynthesis of S. babylonica would decrease markedly. However, further 
study is needed to determine the maximum concentration of phenol that S. babylonica can tolerate to maintain normal 
photosynthetic activity. 
 
Additional key words: antenna pigment; gas exchange; light compensation point; phytoremediation; pollution; willow. 
 
Introduction 
 
Because of their high toxicity, persistence in the environ-
ment, and potential carcinogenicity, phenolic compounds 
bring threat to the terrestrial and aquatic ecosystems 
(Olivier et al. 2003, Scragg et al. 2003, Quan et al. 2004). 
These compounds were listed as the organic pollutants that 
need to be controlled preferentially (Liu and Li 2002, 
Ucisik and Trapp 2006). Phenol in wastewater mainly 
comes from gas, oil refining, cooking, and the production 
process of chemical and pharmaceutical industries that use 
phenol or phenol-formaldehyde as one of the raw materials 
(Liu and Li 2002). Heavy pollution of water and soil may 
occur if the wastewater is not appropriately processed. The 
phenol concentrations in most rivers of China are normally 
within the range of 0–40 mg L–1; however, in certain rivers 
of industrial cities in eastern China, the concentration  

could reach 100 mg L–1. Along the Songhua River, where 
some coal chemical industry factories are located, the total 
phenol concentration could be as high as 800 mg L–1 (Han 
et al. 2010). Therefore, most likely, S. babylonica planted 
along the rivers of China may meet phenol concentrations 
ranging from 0–100 mg L–1, in rare cases, the 
concentration could reach 100–800 mg L–1. 

Phytoremediation utilizes plants and associated 
rhizosphere microorganisms to eliminate, transform, and 
accumulate the toxic chemicals in soil, sediment, ground 
water, surface water, and air (Susarla et al. 2002). 
According to the definition from the U. S. Environmental 
Protection Agency (EPA) (Guerinot and Salt 2001), the 
phytoremediation objects are toxic heavy metals and 
organic pollutants. Plants used for the restoration include  
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trees, shrubs, grasses, as well as crops and aquatic plants. 
The restoration may be done in a solid phase medium, such 
as soil, sediment, or in the water phase and in various water 
bodies. Study on the relationship between the different 
pollutants, their concentrations and plant photosynthesis 

could provide physiological and ecological basis to 
understand the tolerance of plants to different polluted 
environments and pollutants, the growth capability of 

different plants, and the feasibility of remediation. 
Salix sp. plants possess suitable ecological character-

istics, such as wide availability, various species, easy to 
breed, and fast growth with strong ecological adaptability, 
and in particularly, high water resistance. When flooded, 
they can produce many adventitious roots to absorb and 
transport nutrients. Thus, S. babylonica has been employed 
in the environment remediation. For example, Mirck et al. 
(2005) used Salix viminalis L. forest to filter and remediate 
heavy metals, low concentrations of nitrogen, phosphorus, 
and phenolic compounds. Yulla et al. (2005) studied the 
remediation of heavy metal-contaminated soil and  
oil-contaminated soil using Salix cheilophila forest. Ucsik 
and Trapp (2006) used hydroponics and sand culture to test 

phenol-resistance of Salix viminalis L., and its absorption  
and metabolism of phenol in water. Chinese researchers 
studied the relationship between Cd2+ and chlorophyll 
(Chl) content by using hydroponics (Yang and Chen 2009), 
the effects of Cd2+ stress on photosynthesis of Salix 
leucopithecia (Qian et al. 2011), the phytotoxicity of 
cyanide to weeping willow trees (Yu et al. 2005), etc. 

S. babylonica, as waterfront and wet environment tree 
species, is one of the most common willow species. They 
are planted widely in China with a great potential for the 
restoration of contaminated water or soil environments. 
However, currently, the research was only focused on the 
absorption of heavy metals (Cu2+, Pb2+, etc.) in the polluted 
water using S. babylonica (Chen et al. 2011, Fang et al. 
2011). The effects of phenol-polluted water on photo-
synthesis and the remediation effects of S. babylonica have 
not been reported yet. Therefore, the objective of this study 
was to investigate the effects of phenol stress on 
photosynthesis of S. babylonica. The results could provide 
important information on using S. babylonica to remove 
organic pollution of the environment and to explore the 
tolerance of this species to phenolic pollution. 

 
Materials and methods 
 
Material and treatment: In March 2013, healthy branches 
of S. babylonica, planted at the shores of East Lake Park, 
Tai'an, Shandong, China, were cut from the middle of the 
crown. The branches were cut to the size of 20 cm, and 
then inserted into an Erlenmeyer flask of 250 ml. The 
cuttings were further cultured under hydroponic conditions 
in light incubator at temperature of 25°C during daytime 
and 20°C during the night. The cuttings were provided 
with the PAR of 200 μmol m–2 s–1 with 14 h light period 
(6:00–20:00 h). When roots appeared, they were trans-
ferred to the half strength Hoagland's nutrient solution. 
The bottles were wrapped in black plastic bags to inhibit 
the growth of algae. In late April, PAR was set to 800 μmol 
m–2 s–1 at room temperature. 

Starting from early June, S. babylonica plants were 
treated with different concentrations of phenol and their 
photosynthetic parameters were studied. The test plants of 
a similar growth status were selected and divided into three 
groups with each group containing six seedlings. Each 
group was placed in six conical flasks (one seedling per 
flask) and treated with 250 ml of phenol solutions with 
different concentrations [0 (control, P0), 50 (P50), 100 
(P100), 200 (P200), 400 (P400), and 800 (P800) mg L–1, 
respectively]. Three days after the stress treatment, the 
photosynthetic gas exchange and Chl fluorescence 
parameters of leaves were measured. One group was 
measured every day (repeating three times) with all the 
measurements finished in three days. 
 
Photosynthetic gas-exchange parameters: A portable 
photosynthesis system (CIRAS-2, Amesbury, MA, USA) 
was used to measure the photosynthetic light-response 

parameters. All measurements were carried out between 
08:30–11:30 h on sunny days. During the measurements, 
15 PAR (2,000; 1,800; 1,600; 1,400; 1,200; 1,000; 800, 
600, 400, 200, 150, 100, 60, 30, and 0 μmol m–2 s–1) were 
supplied by cold light emitting diode (LED) (range 
0–2,000 μmol(photon) m–2 s–1; peak emission wavelength: 
red light (90%): 620–630 nm, and white light (10%):  
425–625 nm) via the portable photosynthesis system. 
Every PAR had 120-s measurement time with each one 
repeated for three times. The air temperature of the leaf 
chamber was maintained at approximately 26 ± 1.5°C, the 
relative humidity was maintained at 60 ± 5%, and the CO2 
concentration was 370 ± 6 μmol m–2. PAR, PN, trans-
piration rate (E), stomatal conductance (gs), intercellular 
CO2 concentration (Ci), and the air CO2 concentration (Ca) 
were recorded automatically by the portable photosyn-
thesis system. The water-use efficiency (WUE) was calcu-
lated as WUE = PN/E and stomatal limitation (Ls) was 

calculated as Ls = 1 – Ci/Ca (Berry and Downton 1982, Nijs 
et al. 1997). 
 
Chl fluorescence parameters included minimum Chl 
fluorescence yield of the dark-adapted state (F0), maximal 
fluorescence yield of the dark-adapted state (Fm), steady-
state fluorescence yield (Fs), and minimum fluorescence of 
the light-adapted state (F0') and maximal fluorescence 
yield of the light-adapted state (Fm'). These parameters 
were measured using a pulse amplitude-modulated 
chlorophyll FMS-2 fluorometer (Hansatech, King's Lynn, 
UK). F0 and Fm measurements were conducted in the early 
morning before dawn; other measurements were carried 
out between 8:30 and 11:00 h. All measurements were done 
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on 3–4th leaves. Some other Chl fluorescence parameters 
were calculated according to the equations as following: 
maximal quantum yield of PSII photochemistry: Fv/Fm = 
(Fm – F0)/Fm, photochemical quenching coefficient: qP = 
(Fm' – Fs)/(Fm' – F0'), nonphotochemical quenching: 
NPQ = (Fm – Fm')/Fm', and effective quantum yield of PSII 
photochemistry: ФPSII = (Fm' – Fs)/Fm' (Maxwell and 
Johnson 2000, Roháček 2002, Xu 2002). 
 
Data processing: The Statistical Program for the Social 
Sciences (SPSS, Chicago, IL, USA) software and Excel 
2003 for Windows were used for one-way analysis of 
variance (ANOVA), least significant difference method 
(LSD) and statistical evaluations. The results of different 
treatments were examined at the 5% level. The response 

curves (PN-PAR) of the net photosynthetic rate to light 
intensity were simulated and the PNmax and light saturation 
point (LSP) were calculated according to the trends of the 
curves (Lang et al. 2011). Linear regression analyses were 
used to calculate the low intercellular PAR range (PAR ≤ 
200 μmol m–2 s–1) of the PN-PAR response curves 
according to the report by Piñol and Simón (2009). The 
light compensation point (LCP), respiration rate (RD), and 
apparent quantum yield (AQY) were calculated directly 
from the linear regression equation (Piñol and Simón 
2009). The response characteristics of photosynthetic 
parameters of S. babylonica to different phenol concen-
trations were based on the leaf gas-exchange data obtained 
under the fixed light intensity at different concentrations 
of phenol solutions. 

 
Results 
 
Gas-exchange parameters: The photosynthetic parame-
ters of S. babylonica in response to phenol concentrations 
under the same PAR (1,200 μmol m–2 s–1) are shown in 
Table 1. Under the fixed light intensity and at different 
concentrations of phenol, the PN, E, gs, Ci, Ls, and WUE of 
the leaves changed significantly but with various trends. 
PN, E, gs, and Ls decreased significantly with the increasing 
concentration of phenol (Table 1). E and gs decreased fast 
indicating that they were both sensitive to phenol. 
However, Ci increased significantly with the increase of 
the phenol concentration (Table 1). According to the 
criterion of the photosynthesis limitations (Farquhar and 
Sharkey 1982), the main reason that PN declined was the 
limitation from nonstomatal factors. WUE increased first 
and then decreased with the increase of the phenol 
concentration. When the concentrations were P0, P50, and 
P100, WUE reached higher levels. When the concentration 
increased to P800, PN, E, and gs declined to zero indicating 
that the plants lost their photosynthetic activity. 
 

Light response parameters: Obvious changes in light 
response parameters of S. babylonica leaves were shown 
in Fig. 1 and Table 2. The increase of the phenol concen-
tration declined markedly PNmax, LSP, and AQY, while 
LCP and RD increased obviously. The decline of LSP and 
increase of LCP implied a decline in light-use efficiency 
(strong and weak light). The decline of AQY implied 
a decreased conversion efficiency of low-light energy 
(Han et al. 2010, Chen et al. 2012), while the PNmax and RD 
indicated lower photosynthesis and higher respiration. 
PNmax declined largely at P50 treatment indicating that the 
photosynthesis of S. babylonica was very sensitive to 
phenol stress. 
 
Chl fluorescence parameters: As shown in Table 3, the 
Fv/Fm, ФPSII, qP, and NPQ of S. babylonica leaves changed 
obviously at different concentrations of phenol. With the 
increasing concentration, the Fv/Fm and ФPSII decreased, 
but 1 – qP

 increased. The NPQ showed a trend of increasing 
first, when the concentration was lower than P100, and then 
decreased at higher concentration. The decline of Fv/Fm  

Table 1. Response of photosynthetic parameters of Salix babylonica to different phenol concentrations under the same 
photosynthetically active radiation (1,200 μmol m–2 s–1). Values are the means of three replications ± SD. Means in columns within the 
different concentration of phenol followed by different letters are significantly different (LSD test, p<0.05). Ci – intercellular CO2 
concentration; E – transpiration rate; gs – stomatal conductance; Ls – stomatal limitation; PN – net photosynthetic rate; WUE – water-
use efficiency. 
 

Phenol concentration 
[mg L–1] 

PN 

[μmol m–2 s–1] 
E 
[mmol m–2 s–1] 

gs 
[mmol m–2 s–1] 

Ci 
[µmol mol–1] 

Ls 
 

WUE 
[μmol mmol–1] 

0 6.01 ± 0.43a 1.80 ± 0.14a 53.54 ± 5.41a 194.83 ± 13.42d 0.49 ± 0.04a 3.34 ± 0.21ab 
50 3.78 ± 0.37b 1.12 ± 0.10b 31.50 ± 4.04b 210.29 ± 15.80cd 0.46 ± 0.03b 3.39 ± 0.23a 
100 3.11 ± 0.29c 1.01 ± 0.09bc 24.25 ± 2.71c 216.08 ± 16.31bc 0.44 ± 0.03bc 3.08 ± 0.21c 
200 2.71 ± 0.27d 0.96 ± 0.09cd 24.19 ± 2.79c 231.88 ± 15.93b 0.39 ± 0.02cd 2.81 ± 0.20d 
400 1.92 ± 0.21e 0.85 ± 0.08d 22.00 ± 2.09c 265.67 ± 18.95a 0.30 ± 0.02d 2.25 ± 0.17e 
800 0 0 0 0 0 0 
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Fig.1. Photosynthetic rate-light res-
ponse curves of Salix babylonica at 
different phenol concentrations. Values
are the means of three repli-cations ± 
SD. PN – net photosynthetic rate. 

 
Table 2. Responses of apparent quantum yield (AQY), light saturation point (LSP), light-saturated net photosynthetic rate (PNmax), light 
compensation point (LCP), and respiration rate (Rd) of Salix babylonica to different phenol concentrations. R2 – coefficient of 
determination. 
 

Phenol concentration  
[mg L–1] 

AQY 
[mol mol-1] 

LSP 
[μmol m-2 s-1] 

PNmax 

[μmol m-2 s-1] 
LCP 
[μmol m-2 s-1] 

RD 

[μmol m-2 s-1] 
R2 

0 0.0131 ≥ 1200 6.25 32.98 0.432 0.995 
50 0.0107 > 1000 3.91 55.05 0.589 0.997 
100 0.0094 ≥ 1000 3.36 73.40 0.690 0.997 
200 0.0088 ≥ 800 2.88 89.66 0.789 0.998 
400 0.0085 ≥ 600 1.94 98.47 0.837 0.997 

 
Table 3. Effects of phenol concentrations on chlorophyll fluorescence parameters of Salix babylonica. Values are the means of three 
replications ± SD. Means in columns within the different concentrations of phenol followed by different letters are significantly different 
(LSD test, p<0.05). Fv/Fm – maximal quantum yield of PSII; NPQ – nonphotochemical quenching; qP – photochemical quenching 
coefficient; ФPSII – effective quantum yield of PSII photochemistry. 
 

Phenol concentration [mg L–1] Fv/Fm 1 – qP NPQ ФPSII 

0 0.801 ± 0.024a 0.122 ± 0.057d 0.823 ± 0.058d 0.682 ± 0.062a 
50 0.740 ± 0.022b 0.394 ± 0.051c 1.019 ± 0.059b 0.413 ± 0.046b 
100 0.710 ± 0.021c 0.493 ± 0.052bc 1.154 ± 0.051a 0.327 ± 0.037c 
200 0.653 ± 0.017d 0.507 ± 0.057b 0.911 ± 0.057c 0.291 ± 0.036d 
400 0.613 ± 0.011e 0.686 ± 0.036a 0.758 ± 0.059e 0.174 ± 0.035e 
800 - - - - 

 
and ФPSII indicated that the potential activity of PSII 
decreased. The increase of 1 – qP (or decrease of qP) 
indicated that the activity of PSII reaction center was 

lowered (Piñol and Simón 2009, Zhu et al. 2011). 
Therefore, it appeared that phenol inhibited the activity 
and efficiency of PSII in S. babylonica leaves. 

 
Discussion 
 
The photosynthetic gas exchange showed that phenol 
could inhibit photosynthesis of S. babylonica in a major 
way. The higher the phenol concentration was, the greater 
inhibition occurred. This inhibition effect was mainly 
caused by nonstomatal factors. According to the results of 
many researches (Wang et al. 2010, Qian et al. 2011), when 
stress factor aggravated, the main reason for the reduction 

of photosynthesis was the transition from stomatal 
limitation to nonstomatal limitation factors. However, 
according to the results in this study, even at the low 
concentration (P50) S. babylonica showed the nonstomatal 
limitation of photosynthesis; and under the given light 
intensity, PN, E, gs, LSP, and PNmax decreased significantly 
compared with the control. Therefore, we thought that the 
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concentration range of 0–50 mg L–1 should be the critical 
concentration, at which a cause of the photosynthesis 
reduction could change from stomatal to nonstomatal 
factors. However, further study is needed to determine the 
critical concentration. 

With the increase of QA, the activity of reaction center 
of PSII would be lower (Piñol and Simón 2009, Zhu et al. 
2011). The results showed that with the increase of the 
phenol concentration, 1 – qP increased, but ФPSII and Fv/Fm 
decreased. This indicated that phenol stress could lead to a 
higher number of the closed PSII reaction centers, higher 
restriction on the effective transfer of the excited electrons, 
and reduction of the actual photochemical reactions of 
PSII (Hang and Zhao 2010). However, NPQ increased first 
and then decreased. At lower concentrations (≤ P100), 
NPQ increased with the increase of the phenol 
concentration indicating that the light absorption by PSII 
for antenna thermal dissipation increased, which can help 
alleviate the damage to PSII reaction centers at the lower 
phenol concentrations (Brack and Frank 1998, Jiang et al. 
2003, Liang et al. 2010, Liu et al. 2012). While at higher 
concentrations (> P200), NPQ decreased with the 
increasing phenol concentration indicating that the energy 
used for the heat dissipation of PSII antenna pigment 
decreased (Krause and Weis 1991, Liang et al. 2010). 
Meanwhile, the PN decreased indicating that the phenol 
solution of the high concentration might destroy some 
enzymes related to xanthophyll cycle, especially the 
violaxanthin de-epoxidase (VDE). This might lead to the 
decrease of the heat dissipation that depended on 
xanthophyll cycle (Chen et al. 2008).  

Different plants suitable for phenol removal were 
studied in the past decade. Ucisik and Trapp (2006) 
reported that after Salix viminalis was treated for 5 d by 

phenol solution of 10 mg L–1, the E value remained 
constant. While after the treatment of phenol solutions of 
100 mg L–1 and 250 mg L–1 for 5 d, the E values were 
reduced by 24 and 35%, respectively. The phenol accumu- 
lation in the leaves of S. viminalis was low (30 mg kg–1). 

When the concentration increased to 500 mg L–1, the E 
value decreased by 60% and the phenol accumulation in 

the leaves was about 75 mg kg–1. However, when the 
concentration increased to 1000 mg L–1, the phenol 
accumulation in the leaves decreased remarkably. Salix 
plants have similar capabilities to absorb certain benzene 
organic compounds, such as bentazon (Conger and Portier 
1997, Xia et al. 2003). S. babylonica and S. viminalis both 
belong to Salix family; therefore, we expected the similar 
ability for phenol removal in S. babylonica to that shown 
in S. viminalis. 

In this study, when the phenol concentrations reached  
50–400 mg L–1, E values decreased by 35–60%. According 
to the reduction of E values in S. viminalis, the phenol 
accumulation in the leaves of S. babylonica might be 
estimated as 30–75 mg kg–1. Thus, within the concentration 
range of 50–400 mg L–1, the phenol accumulation in the 
leaves of S. babylonica should increase with the phenol 
concentration. When the concentration increased up to  
800 mg L–1, S. babylonica died. Therefore, this treatment 
was not discussed in this paper. González et al. (2006) 
found that phenol could be removed by peroxidases found 
in tomato hairy roots. This type of enzyme was also found 
in roots of Salix and this enzyme may be one of the main 
reasons that Salix plants can absorb and remove phenols. 

The results in Table 1 also showed that when the phenol 
concentration was 200 mg L–1, PN and E at fixed light 
intensity were reduced by 54.9 and 46.7%, respectively, 
compared with control values. Therefore, we concluded 
that if S. babylonica is used for remediation of phenol-
polluted water bodies, the phenol concentration should not 
exceed 200 mg L–1. Otherwise, the photosynthetic 
activities as well as the growth and repair effects of  
S. babylonica would be significantly reduced. Whether the 
concentration of 800 mg L–1 is the limiting phenol 
concentration, which S. babylonica could tolerate to 
maintain normal photosynthetic activities, is difficult to 
determine from our present results. 
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