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Abstract

The influence of Pb and Zn on chlorophyll (Chl) fluorescence and plant growth of one-year-old Koelreuteria paniculata
and Zelkova schneideriana young plants was investigated. Pb and Zn contents in plant organs were measured. The results
showed Pb and Zn stress decreased photochemical quenching and quantum efficiency of PSII, but increased energy
dissipation in the tested plants. At the same time, maximum net photosynthetic rate, maximum quantum use efficiency,
and organ biomass were reduced. Under the same concentration of heavy metals, the damage induced by Zn toxicity was
more serious than that of Pb. Pb was less accumulated in leaves, with a mild effect on photosynthesis. Zn was mostly
accumulated in leaves and strongly disturbed chloroplast functioning and affected photosynthesis. Pb and Zn had different
pathway to influence biomass production, and both tested plants might use different mechanisms of action for heavy metal

stress resistance.
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Introduction

Heavy metals often occur in trace concentrations naturally,
but they may be concentrated in certain areas as a result of
anthropogenic activities including burning of fossil fuels,
mining, application of fertilizers and pesticides, industrial
wastes, and vehicle emissions. The excess heavy metals
have been recognized to have a significant toxicity for
animals, plants, microorganisms, and human beings, as
well as for environment (Nagajyoti et al. 2010, Sun et al.
2010, Lee et al. 2014, Shen et al. 2017, He et al. 2018).
In southern China, lead (Pb) and zinc (Zn) were the most
common heavy metal pollutants in soil (Sun et al. 2010,
Hladun et al. 2016) and the concentrations of these two
metals were much higher in this region than the standard
criteria of the country (MEPC 2011). For instance, the mean
contents of Pb and Zn were 179.6 and 67.7 mg kg,
respectively, in Quanzhou Bay of Fujian Province,
whereas 107.3 and 162.6 mg kg™', respectively, in Nanjing
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of Jiangsu Province, which greatly exceeded the mean
values in China (26.0 and 74.2 mg kg for Pb and Zn,
respectively) (Cheng 2003, Lu et al. 2003, Yu ef al. 2008).
The high concentrations of Pb and Zn pollution in Hunan
province, one of the five top provinces for nonferrous
metals production in China, have resulted in a series of
environmental problems at local and regional scales (Hu
etal.2014, Chai et al. 2017). Hence, heavy metal pollution
has become a critical problem in southern China and raised
public concern.

Photosynthesis, a process in which light energy is used
to produce sugar and other organic compounds, is sensitive
to heavy metal stress (Cheng ef al. 2003, Qiao ef al. 2012).
It was reported that Pb and Zn might inhibit the formation
of the grana and electron transfer, suppress enzyme activity
of PSII and enzymes of the Calvin cycle, and ultimately
inhibit the photosynthesis process (Islam et al. 2008,
Hu et al. 2012). Under high Pb and Zn concentrations, the
photochemical efficiency of PSII was damaged (Baccio

*Corresponding author; phone: 8615873162712, fax: 0731-85623458, e-mail: csuftzf@163.com

Abbreviations: BCF — bioconcentration factor; Fy — minimal fluorescence yield of the dark-adapted state; Fy' — minimal fluorescence
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et al. 2003, Romanowska et al. 2006). Ali et al. (1999)
found inhibition of photosynthetic activity induced by
high Zn concentrations in Bacopa monniera. Van Assche
and Clijsters (1986) observed that Zn was accumulated
in leaves of Phaseolus vulgaris and affected metabolic
processes in the chloroplasts, such as electron transport
and CO, fixation. Romanowska et al. (2006) pointed out
that Pb induced a greater reduction in photosynthetic rate
in pea plants due to the damages on both the photosystems
and chloroplast ATPase activities.

Chl a fluorescence kinetics has been widely used to
detect and analyze electron transport, absorption and
conversion of light energy, photochemical efficiency
of reaction center, dissipation of excess energy in
photosynthesis process, especially in PSII activity under
environmental stress conditions (Lavergne and Trissl
1995, Maxwell and Johnson 2000, Ziv&ak ez al. 2014, Guo
and Tan 2015). Numerous studies have been carried out to
examine the responses of Chl fluorescence parameters to
Pb and Zn stress in herbaceous plants and crops (Harris
et al. 1986, Sgardelis et al. 1994, Fu and Wang 2015,
Rodriguez et al. 2015) and woody plants (Liu et al. 2007,
Bao et al. 2016). Under the Pb and Zn stress, the electron
transports of PSII (ETR), photochemical quenching (qp),
and maximum quantum use efficiency (F./F.,) decreased
and nonphotochemical quenching (NPQ) increased.
Recently, several new parameters were introduced into the
method of Chl fluorescence to describe the status of energy
balance and allocation in photosystems (Kramer et al.
2004). A number of studies have employed this method to
examine tolerance characteristics of plants under drought
(Yang et al. 2016), light acclimation (Wyber et al. 2017),
saline stress (Yuan et al. 2014), and heat tolerance (Wang
et al. 2009). But less is known about energy balance,
allocation of PSII and fraction of excitons trapped by NPQ
pathway in woody plants under Pb and Zn stress.

Koelreuteria paniculata and Zelkova schneideriana
are important valuable timber tree species in southern
China with characteristics of excellent wood quality, and
strong stress resistance and ecological adaptability (Dou
et al. 1999, Huang et al. 2001). Despite K. paniculata and
Z. schneideriana were shown to have a high tolerance
to Mn- and Cd-contaminated environments (Fang et al.
2007, Yang et al. 2017), the influence of Pb and Zn stress
on photosystem function and photosynthetic process of
K. paniculata and Z. schneideriana has not been studied.

The purpose of this paper was to examine photosynthetic
responses of K. paniculata and Z. schneideriana under
Pb and Zn stress. The specific objectives of the research
project were: (/) to determine the changes of energy
balance and allocation in PSII function under Pb and Zn
stress, (2) to assess the short-term influence of Pb and
Zn on growth and biomass production of K. paniculata
and Z. schneideriana young plants, (3) to describe the
distribution of the two heavy metals in various plant
organs, and (4) to develop the relationships between leaf
biomass and photosynthetic performance and heavy metal
accumulation. We hypothesized that Pb, a nonessential
element for plant growth and development, would be less
transported to plant leaves than Zn. We further hypothesized

that as an essential micronutrient in plant life, Zn could be
largely absorbed, transported, and accumulated in leaves
than Pb, which might result in more serious damage of
photosynthetic performance.

Materials and methods

Growth conditions and experimental setup: The experi-
ment was conducted in a greenhouse at Central South
University of Forestry and Technology (CSUFT), Hunan
Province, China (28°8'12"N, 112°59'36"E,). The tem-
peratures of the greenhouse were set at 28/20°C (day
temperature for 10 h/night temperature for 14 h) and
relative humidity was 65/85% during the study period.
Noncontaminated soil (natural soil used in this experiment)
was collected from the top layer (0—20 cm) in a field station
of the CSUFT campus, then dried and passed through
a 5-mm sieve. The physicochemical properties of the
soil included 12.13 g(total C) kg™, 0.24 g(total N) kg,
0.16 g(total P) kg™', pH 6.40, and Pb and Zn concentrations
0f 0.02 and 0.03 g kg™, respectively.

One-year-old young plants of Koelreuteria paniculata
(mean height: ~ 84.1 cm, mean ground diameter: ~ 7.3 cm)
and Zelkova schneideriana (mean height: ~ 91.2 cm,
mean ground diameter: ~ 8.9 cm) were collected from
a local nursery. One seedling was transplanted to a pot
with ~ 9 kg of air-dried and noncontaminated soil. After
transplantation, the pot was kept in the greenhouse for 90 d
before Pb and Zn treatment started. A total of 70 pots were
used in the experiment with 35 pots for each plant species.

Four concentrations of Pb and Zn were used in this
experiment. They were at the concentration of 0, 500,
600, and 900 mg(Pb or Zn) kg using PbCl, or ZnCl,,
respectively, designed correspondingly as control (CK),
L1, L2, and L3 for Pb and Zn treatments, respectively.
The level of contamination was determined on the basis
of the previous studies (Riley and Zachara 1992, NJDEP
1996, CNEPA 2008, Yun et al. 2012, Lan et al. 2014).
Ninety days after transplantation, according to the three
concentrations of Pb and Zn, PbCl, and ZnCl, were used
as aqueous solutions, respectively. About 400 mL of heavy
metal solution was carefully added into the soil of each pot
in treated groups in order to avoid contact with organs of
tested plants. Distilled water of 400 mL was added to each
pot in control groups. Each of Pb and Zn treatments had
five replications. During the experiments, each pot was
watered by 400 mL of distilled water every 3—4 d. All pots
were weeded and the soil was loosen in them once a week.

Plant biomass: The treatment lasted for 15 d. At the end
of the treatment (referred to as 15 d post-treatment), all
plants were harvested for biomass measurement. The plant
was divided into leaves, stem, and root components, oven-
dried at 105°C for 15 min, and then dried at 70°C until
constant mass was reached. The dry mass (DM) of each
component was determined.

Total metal content: For the determination of the metal

content, the dried biomass of the different organs was
powdered and passed through 80-mesh sieves. Precisely
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100 mg of plant material was placed into clean digestion
tubes for digestion with 1 mL of HNOs and H,O, (8:2, v/v)
on a heating block at 180°C for 1 h, and subsequently at
200°C for 45-60 min in order to evaporate the samples to
dryness. The residue was taken up in 10 mL of demine-
ralized water. Both Pb and Zn concentrations were
measured by atomic absorption spectrophotometry (4A4-
6800, Shimadzu, Kyoto, Japan) and provided on dry mass
(DM). Each sample was analyzed three times, and the
mean value was calculated (Wu et al. 2015).

The bioconcentration factor (BCF) reflects the ability
of plants to accumulate metals and is defined ccording to
Zhou et al (2013) and Andreji¢ et al. (2018) as: BCF =
(concentration of Pb or Zn in plant tissues)/(concentration
of Pb or Zn in soil). The translocation factor (TF) reflects
the ability of plants to translocate metals and is defined as
in Zhou et al. (2013): TF = (concentration of Pb or Zn in
plant aerial parts)/(concentration of Pb or Zn in roots).

Maximum net photosynthetic rate and Chl fluorescence
parameters: Maximum net photosynthetic rate (Px) was
measured using a Li-6400 portable photosynthesis system
(LI-COR 6400, Lincoln, USA). The measurement condi-
tions were set up as: leaf temperature of 25-32°C and PAR
of 1,000 pumol(photon) m2 s'. After 15 d of treatment,
the photosynthetic parameters were measured on a clear
day. Three young, healthy, and fully expanded leaves
of similar size were selected from each seedling for the
measurements of photosynthesis.

Chl fluorescence parameters including photochemical
quenching (qc), quantum efficiency of PSII (Y1), quantum
yield of regulated energy dissipation (Ynpg), maximum
quantum use efficiency (F,/F.), non-light-induced energy
dissipation (Yno) were measured by imaging a pulse
amplitude modulation Chl fluorometer MINI-PAM (Walz,
Effeltrich, Germany). The measuring procedure was as
follows: before the measurements, leaves were dark-
adapted for 30 min by using special leaf clips, then the leaf
samples were measured by MINI-PAM and the minimum
fluorescence (Fy) and maximum fluorescence (F.) were
obtained. Instant light-response curves were obtained using
the light-curve programmer of the MINI-PAM, by setting
the intensity of actinic illumination as 1 s, and the duration
40 s. PAR values ranged as 0, 105, 237, 349, 553, 796;
1,129 pumol(photon) m2 s7!; the steady-state fluorescence
(Fs) and maximal fluorescence from light-adapted samples
(Fn") were measured under each PAR. According to the
study of Kramer et al. (2004), Yu, qr, Y~o, Ynrg, and Fi/F,
were calculated as follows: Yy = (Fu' — F)/Fu', qu =
Fo'(Fu'—F)/F(F' = Fy'), Yno = I/[NPQ + 1 + qu(Fw/Fo—1)],
YNPQ =1- YH — YN(), and Fv/Fm = (Fm — Fo)/Fm

Data analysis: The R-studio was used to perform the
one-way analysis of variance (ANOVA) and Duncan's
multiple range test (DMRT) to determine the significant
difference between treatments at 0.05 probability level.
The gray association grade analysis was used to develop
the relationships between Px, Fu/Fy, BCFict, and TFer and
leaf biomass.
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Results

Chl a fluorescence: The q. and Y, were significantly
affected by Pb and Zn stress (Figs. 1, 2). After 15 d of
the treatment, the values of q. and Yy decreased with
increasing of PAR intensity under all Pb and Zn treatments
in the two studied plant species, respectively. The order of
these two parameters decreased as CK > L1 > 1.2 > L3 at
the same PAR intensity for the two species. The qi and Y
were significantly higher in Z. schneideriana than that in
K. paniculata under corresponding Pb and Zn treatments.
In addition, q. and Yy were significantly lower under
Zn treatment compared to Pb treatment in the two plant
species (Figs. 1, 2).

The Ywpq increased with increasing PAR under all Pb
and Zn treatments for both plant species after 15 d of the
treatment (Fig. 3). The Ynpq decreased in order: L3 > 12 >
L1>CK for the species under these heavy metal treatments,
except in the K. paniculata under Zn treatments, the Yxpq
was higher in control than that in L1 and L2 treatments
when PAR intensity was over 553 umol(photon) m? s
(Fig. 3C). Although Pb treatments resulted in increases of
Yno for K. paniculata and Z. schneideriana under PAR
intensities when compared with the control, no significant
differences of Yno were found between these Pb treatments
(Fig. 4). No significant differences of Ynpq were found
under the same Pb treatment for these two plant species.
The Yno under Pb treatments was obviously higher in
K. paniculata than that of Z. schneideriana. The Ynpq was
significantly higher under Pb treatment compared to Zn
treatment for the same tested plant in species. In contrast,
the Yno was significantly lower under Pb treatment
compared to Zn treatment (Figs. 3, 4).

Maximum net photosynthetic rate and maximum quan-
tum efficiency: The Py and F./F,, decreased significantly
in both Pb and Zn treatments compared with the control
(CK), except of the value of F,/F,,, where no significant
differences were found between the L1, L2, and control
treatments (Table 1). The Py and F,/F, were higher in
Z. schneideriana than that in K. paniculata under Pb
and Zn treatments, but significant differences were only
detected in Zn treatment groups. The Py and F,/F,, values
of K. paniculata and Z. schneideriana were significantly
lower after Zn treatments than after Pb treatments.

Biomass production: The biomass of roots, stems, and
leaves of K. paniculata and Z. schneideriana was signifi-
cantly reduced under Pb and Zn treatments compared with
the control after 15 d of treatment (Fig. 5), except for the
roots and leaves of K. paniculata, where no significant
differences were found under Pb treatments (Fig. 5).
Specifically, the biomass of roots, stems, and leaves of
K. paniculata decreased by 47.3-64.9, 57.6-78.0, and
56.7-83.3% under three concentrations of Pb compared to
control, respectively. Similarly, the biomass of roots, stems,
and leaves of Z. schneideriana decreased by 37.2-53.5,
16.7-48.9, and 32.3-75.3% compared to control. The
biomass of roots, stems, and leaves of K. paniculata was
reduced by 68.2-91.0, 73.8-89.5, and 66.2-92.9% under
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Fig. 1. Changes in the photochemical
quenching (q.) of Koelreuteria pani-
culata (A4,C) and Zelkova schnei-
deriana (B,D) leaves with different
PAR intensities under four Pb and
Zn treatments. CK (control), LI,
L2, and L3 represent 0, 500, 600,
and 900 mg kg, respectively, of

Pb or Zn in soil. Values are means
+SE,n=6.

Fig. 2. Changes in the quantum
efficiency of PSII (Yu) of Koel-
reuteria paniculata (4,C) and
Zelkova  schneideriana  (B,D)
leaves with different PAR inten-
sities under four Pb and Zn
treatments. CK (control), L1, L2,
and L3 represent 0, 500, 600,
and 900 mg kg' of Pb or Zn,
respectively, in soil. Values are
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three Zn treatments compared to control, respectively,
while the corresponding values were 51.9-81.0, 53.7-74.7,
and 69.5-88.7% in Z. schneideriana.

Concentrations, bioconcentration factor, and trans-
location factor: Under Pb and Zn treatments, the concen-
trations of Pb and Zn significantly increased with increasing
contents in all organs of the tested plants compared to the
control (Table 2). Pb was mainly accumulated in roots,
then in stems, and the lowest amount was found in leaves.
The Pb concentrations in different plant organs were
higher in K. paniculata than those in Z. schneideriana.

237

349 553 796 1129 means * SE, n = 6.

The concentrations of Zn were found similar in both stems
and leaves of the tested plants. The Zn concentration in
stems and leaves were higher in K. paniculata than that of
Z. schneideriana. Plants accumulated more Zn than Pb in
their stems and leaves.

Under Pb and Zn treatments, the BCF values of two
plants were lower than that in the control (expect BCF,o
of Z. schneideriana in Pb treatments), but the TF values
were lower than control only in Pb treatments. BCF was
higher in root (BCF,e) than in both stem (BCFgen) and
leaf (BCF ) under Pb treatments for the two tested plants.
The TF values were lower in Pb treatments than in Zn
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Fig. 3. Changes in the quantum
yield of regulated energy dissi-
pation (Ywrq) of Koelreuteria
paniculata (A,C) and Zelkova
schneideriana (B,D) leaves with
different PAR intensities under
four Pb and Zn treatments. CK
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Fig. 4. Changes in the quantum yield of nonregulated energy dissipation (Yno) of Koelreuteria paniculata (4,C) and Zelkova
schneideriana (B,D) leaves with different PAR intensities under four Pb and Zn treatments. CK (control), L1, L2, and L3 represent 0,
500, 600, and 900 mg kg™ of Pb or Zn, respectively, in soil. Values are means + SE, n = 6.

treatments for both K. paniculata and Z. schneideriana.
The BCF values were proximate in different organs, but
the TF values were much higher under Zn treatments.
Meanwhile, the TF values of K. paniculata exceeded
Z. schneideriana. The BCFgem, BCF e, and TF values were
relatively high when the tested plants were treated by Zn.

Relationships of Pn, F\/Fn, BCFiar and TFias to leaf
biomass: Leaf biomass productions of K. paniculata and
Z. schneideriana were related to various selected Chl
fluorescence parameters and heavy metal accumulation
coefficients at different levels (Table 3). Under Pb stress,
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leaf biomass production of the tested plants was more
closely related to Py and F./F,, than to BCF ;s and TF ..
On the contrary, leaf biomass production was more
affected by BCF ., and TF,,r than Py and F,/F,, under Zn
treatments for the examined plant species of K. paniculata
and Z. schneideriana.

Discussion
In the present study, we found that Pb and Zn stress resulted

in a significant reduction of q. and Yy, and an increase of
Yneg and Yno in K. paniculata and Z. schneideriana. The
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Table 1. Response of the maximum quantum use efficiency (F,/F.,) and the maximum net photosynthetic rate (Py) in the leaves of
Koelreuteria paniculata and Zelkova schneideriana to Pb and Zn stress. The data represent mean + SE, the values followed by different
capital letters within a line represent significant difference at level of 0.05 between plant species; different small letters within a column
indicate significant difference at level of 0.05 under the different Pb or Zn treatment gradient. CK (control), L1, L2, and L3 represent 0,

500, 600, and 900 mg kg!, respectively, of Pb or Zn in soil.

Testset  Treatment Px [umol(CO,) m? s7] F./Fy,
K. paniculata Z. schneideriana K. paniculata Z. schneideriana
Pb CK 7.51 £ 0.094¢ 8.01 +0.044 0.81 £ 0.084¢ 0.84 £ 0.034¢
L1 5.92+£0.124° 6.21 £ 0.08*° 0.73 £ 0.064 0.77 £0.104
L2 4.57 £0.114¢ 5.33+£0.11% 0.65 £ 0.0842 0.72 £ 0.084¢
L3 3.5140.154 4.14+0.138¢ 0.57 £ 0.094° 0.64 £+ 0.094°
Zn CK 7.51 £0.094 8.01 £ 0.044 0.81 £0.08 0.84 £ 0.0342
L1 3.73+£0.334 4.45+0.055° 0.42 +£0.114° 0.58 £ 0.088°
L2 2.48 £0.27% 3.23+0.215 0.31+0.12%¢ 0.55+0.16%
L3 1.70 £ 0.13Ad 2.05+0.108¢ 0.22 £ 0.094¢ 0.32+0.108¢
Root Stem Leaf
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80[g)
Aa CK H Aa CK [ Aa
B B
b b
K. paniculata [ B
c b
D B
% S: treatment d Fbc
Il Zn treatment L3
CK [ Aa CK CK H Aa
B B {B
b b b
Z.schneideriana Cc c C
0 = o >
d d d

Fig. 5. Distribution of root, stem, and leaf biomass of Koelreuteria paniculata and Zelkova schnei-deriana under four Pb and Zn
treatments. CK (control), L1, L2, and L3 represent 0, 500, 600, and 900 mg kg™ of Pb or Zn, respec-tively, in soil. Different capital
letters beside the columns indicate the significant differences at level of 0.05 between different Pb treatments; different small letters
beside the columns indicate the significant differences at level of 0.05 between different Zn treatments. Values are means of n = 6, bar

indicates standard error.

negative effects of Pb and Zn on these photosynthetic
parameters were stronger with the increasing Pb and Zn
concentrations (Figs. 1-4, Table 3). The reduction of q. and
Yy implied that the open fraction of PSII reaction center
declined, the efficiency of electron transport was reduced,
which finally resulted in a reduction of Py of K. paniculata
and Z. schneideriana under Pb and Zn stress (Table 1). The
results were in line with findings from previous studies
(Rapacz 2002, Kramer et al. 2004). For example, Enami
et al. (1994) reported that the reaction center of PSII of
spinach suffered reversible inactivation or irreversible
damage under heavy metal stress. Ye et al. (2014) found
that environmental stress blocked photosynthetic primary
reaction and reduced the efficiency of the original light
energy conversion for Broussonetia papyrifera young
plants. It was reported that the reduction of q. and Yy
usually led to a decrease of open fraction of PSII reaction
centers and efficiency of electron transport which blocked
synthesis of ATP and NADPH and caused a reduction of
plant carbon fixation and assimilation efficiency (Szarek

and Ting 1974). In addition, the function of the D1 protein
was easily impaired under stress conditions (Bricker and
Frankel 2002, Khatoon et al. 2009, Cheng et al. 2016,
Xue et al. 2017), which led to inhibition of PSII electron
transport rate what corresponded to the reduction of Yy
and q of the tested plants under different Pb treatments.
F./F. 1is considered as a sensitive indicator for
describing the capacity of photosynthetic apparatus to
perform photosynthesis (Mlinari¢ et al. 2017). Our study
showed that under Pb and Zn treatments the F./F,, was
significantly lower than in the control (Table 1), indicating
the damage of PSII under heavy metal stress (Prieto
et al. 2009, Baygu et al. 2017). The reduction of F,/F,
could be related to several alterations or damages at the
structural and functional levels of the photosynthetic
apparatus (Prasad 2003). Plants might produce relatively
large amount of reactive oxygen species (ROS) under
metal stress resulting in oxidative stress, which impairs
membrane integrity and causes a reduction of F,/F,, (Foyer
and Noctor 2000, Takahashi and Murata 2008, de Silva
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Table 2. Pb and Zn accumulation concentration, bioconcentration factor (BCF), and translocation factor (TF) of different organs of
Koelreuteria paniculata and Zelkova schneideriana. The data represent mean + SE. Values followed by different capital letters within
a column are significantly different at 0.05 level under the different gradient; different small letters within a line represent significant
difference at level of 0.05 between different plant organs. CK (control), L1, L2, and L3 represent 0, 500, 600, and 900 mg kg™,

respectively, of Pb or Zn in soil.

Treatment Accumulation concentration [mg kg '] BCF values TF values
Root Stem Leaf BCFrom BCFslcm BCFlcaf TFslcm/mol TFlcaf/rool

Pb treatment

K. paniculata CK 152 +0.8% 5.7 +0.34 7.0 +£0.44 0.75% 0.304° 0.354 0.40% 0.474
L1 220.8 £3.6%  38.4+1.8% 30.2+2.6% (.44 0.08% 0.06% 0.178 0.148
L2 243.1+£2.9% 43.1+3.7% 31.7+£1.7%¢ 0.37% 0.078% 0.058 0.188 0.138
L3 298.7+£5.7%  537+2.6 36.8+3.2P¢ (.29% 0.058° 0.048° 0.188 0.128¢

Z. schneideriana  CK 4.6+02%  41+0.6™ 7.3+0.4% (0.254 0.20% 0.354° 0.804¢ 1.404°
L1 147.1 £+4.8% 254 +428 236+0.95 (.29 0.058° 0.058° 0.178 0.16"
L2 1993 +£6.1¢ 352+ 1.1®° 265+ 1.9% (.334 0.06% 0.05% 0.188 0.148
L3 2445+39  39.9+0.8% 38.8+2.4%C (.27 0.048: 0.048° 0.16% 0.16%

Zn treatment

K. paniculata CK 33.7+£2.1%  32.8+0.7% 397+ 1.8% 1.17M 1.10% 1.334° 0.974 1.184
L1 1552 +4.48 130.5+2.9% 120.6+3.7% (.31% 0.26% 0.248 0.85% 0.788°
L2 1329+ 1.7% 1432 +4.7% 154.1+£2.1¢ 0.22% 0.248: 0.238a 1.088= 1.02¢
L3 123.6 £6.3% 216.1 +£3.1° 202.2+ 1.1> 0.14“ 0.2480 0.2280 1.74¢ 1.63Pe

Z. schneideriana  CK 39.1+£2.2% 164+ 1.7 33.9+£2.5% 1304 0.534° 1.13%¢ 0.414e 1.134°
L1 104.3 £5.4% 100.2+1.8% 90.8+3.3% (.21% 0.208 0.188° 0.96% 0.885
L2 118.7+2.9% 97.1 £+4.4% 108.2+4.2% (.20% 0.188¢ 0.198¢ 0.828¢ 0.91¢
L3 147.6 £3.6° 122.6 +2.8™ 121.8£2.8™ 0.16“ 0.14¢ 0.14< 0.838 0.828

Table 3. Associational grade and rank between leaf biomass and maximum net photosynthetic rate (Py), maximum quantum use efficiency
(F./Fy), bioconcentration factor (BCF\c.r), and translocation factor (TF ) in Koelreuteria paniculata and Zelkova schneideriana plants
under Pb and Zn treatment. L1, L2, and L3 represent 500, 600, and 900 mg kg!, respectively, of Pb or Zn in soil.

Parameter Treatment Pb treatment Zn treatment
K. paniculata  Rank Z. schneideriana Rank K. paniculata Rank Z. schneideriana Rank

Py L1 0.730 4 0.823 3 0.703 12 0.592 10
L2 0.746 3 0.700 5 0.892 11 0.649 8
L3 0918 1 0.966 1 1.181 7 0.672

Fu/Fn L1 0.452 10 0.473 4 0.977 10 0.493 12
L2 0.603 6 0.819 6 1.085 9 0.559 11
L3 0.750 2 0.838 2 1.161 8 0.642 9

BCFear L1 0.727 5 0.466 12 1.340 3 0.684 6
L2 0.586 8 0.600 8 1.348 2 0.719 5
L3 0.441 11 0.611 10 1.361 1 0.799 4

TFear L1 0.442 12 0.467 11 1.290 4 0.803 3
L2 0.589 7 0.602 1.247 6 0.808 2
L3 0.448 9 0.536 9 1.251 5 0.839 1

et al. 2012). Therefore, photosynthesis was inhibited and
this led to the decrease of the efficiency of light energy
utilization. The reduction of plant biomass in this experi-
ment indirectly reflected the damage of PSII and the
inhibition of photosynthesis.

It is worthy to note that although the two plant species
experienced similar concentrations of Pb and Zn, their stress
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tolerances were different. Under Pb and Zn treatments,
the photoprotective mechanisms of the plants started as
demonstrated by the increase of both Yxeq and Yo in the
treated groups compared to the control groups (Figs. 3, 4).
The change patterns of Ywpq were similar for the two
plant species under the same Pb treatment, but Yno was
obviously higher in K. paniculata than in Z. schneideriana.
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This indicates Z. schneideriana exhibited strong Pb-stress
tolerance due to its strong photoprotective mechanism
and slower physiological decline. Similarly, under the
same Zn treatment, the stress tolerance was slightly
higher in Z. schneideriana than that in K. paniculata.
The results were consistent with findings from previous
studies for drought and saline stress (Yuan et al. 2014,
Yang et al. 2016). Comparing the effects of Pb and Zn on
K. paniculata and Z. schneideriana, we obtained that under
the same concentration of Pb and Zn, the toxicity of Zn on
Chl fluorescence and plant biomass production was higher
than that of Pb. The reason might be that Zn is more easily
transported to the leaves than Pb and the accumulation of
Zn in leaves was higher than that of Pb in leaves (Table 2).

The damage mechanisms responsible for the inhibition
of the photosystems could be different due to the variation
of translocation and accumulation of the two heavy metals
in plants. In the present study, Pb was mainly accumulated
in roots of both plants (Table 2), implying that this metal
was limited to the apoplastic space of the cortex and its
loading into the vascular cylinder was effectively stopped
by the endodermal Casparian strips of the root. Thus,
Pb was often found to be accumulated in or beyond the
endodermis (Jones et al. 1973, Ignatius et al. 2014). Our
results were in agreement with previous studies (Michalak
and Wierzbicka 1998, Antosiewicz et al. 2003, Sharma
and Dubey 2005). At the same time, the endodermis of
root only partially prevented the movement of Pb from
root to stem (Verma and Dubey 2003), which resulted in
a small amount of Pb entering the stems and then being
translocated to leaves. The result supported our first
hypothesis that as a nonessential element for plant growth
and development, Pb would be transported less to plant
leaves than Zn. And of four parameters in our study, the
effect of Pb stress on plant biomass production was more
related to photosynthesis than related to BCF e, and TF e,
(Table 3).

In contrast, Zn was easily transformed and accumulated
in stems and leaves compared to Pb (Table 2). Interestingly,
changes in leaf biomass of the two examined species
were more affected by translocation and bioconcentration
parameters (such as BCFi,s and TFi,) than by Chl
fluorescence parameters (such as Py and F,/F,,) (Table 1).
The results indicated that the accumulated Zn in leaves
had primary contribution to phytotoxic effects. Bernardini
et al. (2016) observed a similar phenomenon where Zn
was accumulated in Phragmites australis which affected
plant photosynthesis. The increasing accumulation of Zn
in plant leaves may be attributed to the inability of these
two plant species to chelate Zn with organic and inorganic
acids to make it insoluble and limit its transport from roots
to stems and leaves (Jiang and Wang 2008). Accumulated
Zn could affect the structure of the thylakoid membranes
in chloroplasts and lead to a reduction of electron transport
rates. Moreover, the inactivation of Chl a due to the
replacement of Mg?* by Zn*" at the site of water photolysis
might influence oxygen release process (Santos et al.
2014). Therefore, Zn stress on plant growth and biomass
production was directly related to the accumulation of Zn
in leaves at first and then reduced Py and photosynthesis.

Our results showed leaf biomass production was more
affected by BCF\.,r and TF,, than Py and F,/F,, under Zn
treatments (Table 3, Fig. 5). This is not only supporting our
conclusion mentioned above, but also supports our second
hypothesis that Zn could be largely absorbed, transported,
and accumulated in leaves compared to Pb, which
might result in more serious damage in photosynthetic
performance.

Conclusion: Pb and Zn stress significantly affected the
photosynthetic process of K. paniculata and Z. schneide-
riana by disturbing energy balance and allocation in PSII
function. It seems that the stress resistance of Pb and Zn
was higher in Z. schneideriana than that in K. paniculata.
Due to limitation of transport, Pb was mainly accumulated
in plant roots, but the inhibition of photosynthesis by Pb
stress had a high associational grade and ranked with
biomass production. On the contrary, Zn was largely
accumulated in leaves because this metal was easily
transported. Thus, Zn stress on plant growth and biomass
production was directly related to the accumulation of Zn
in leaves in which excess Zn would damage chloroplast
functioning.

References

Ali G, Srivastava P.S., Igbal M.: Morphogenic and biochemical
responses of Bacopa monniera cultures to zinc toxicity. —
Plant Sci. 143: 187-193, 1999.

Andreji¢ G., Gaji¢ G., Prica M. et al.: Zinc accumulation,
photosynthetic gas exchange, and chlorophyll a fluorescence in
Zn-stressed Miscanthus % giganteus plants. — Photosynthetica
56: 1249-1258, 2018.

Antosiewicz D.M.: Adaptation of plants to an environment
polluted with heavy metals. — Acta. Soc. Bot. Pol. 61: 281-299,
1992.

Baccio D.D., Tognetti R., Sebastiani L., Vitagliano C.:
Responses of Populus deltoids x Populus nigra (Populus %
euramericana) clone 1-214 to high zinc concentrations. — New
Phytol. 159: 443-452, 2003.

Bao Q.B., Tang Y., Tian G.M. et al.: [Effects of zinc stress on
photosynthesis and chlorophyll flouorescence characteristics
of Cannabis sativa L.] — Anhui Agr. Sci. 44: 85-88, 2016.
[In Chinese]

Baycu G., Gevrek-Kiirim N., Moustaka J. et al.: Cadmium-
zinc accumulation and photosystem II responses of Noccaea
caerulescens, to Cd and Zn exposure. — Environ. Sci. Pollut.
R. 24: 2840-2850, 2017.

Bernardini A., Salvatori E., Guerrini V. et al.: Effects of high
Zn and Pb concentrations on Phragmites australis (Cav.)
Trin. Ex. Steudel: Photosynthetic performance and metal
accumulation capacity under controlled conditions. — Int. J.
Phytoremediat. 18: 16-24, 2016.

Bricker T.M., Frankel L.K.: The structure and function of CP47
and CP43 in Photosystem II. — Photosynth. Res. 72: 131-146,
2002.

Chai L., Li H., Yang Z. et al.: Heavy metals and metalloids in
the surface sediments of the Xiangjiang River, Hunan, China:
distribution, contamination, and ecological risk assessment. —
Environ. Sci. Pollut. R. 24: 874-885, 2017.

Cheng D.D., Zhang Z.S., Sun X.B. et al.: Photoinhibition and
photoinhibition-like damage to the photosynthetic apparatus
in tobacco leaves induced by Pseudomonas syringae pv.

695



X.H. HUANG et al.

tabaci under light and dark conditions. — BMC Plant Biol. 16:
29, 2016.

Cheng S.: Effect of heavy metals on plants and resistance
mechanism. — Environ. Sci. Pollut. R. 10: 256-264, 2003.
CNEPA (China National Environmental Protection Agency):
[Environmental Quality Standard for Soils in China (GB15618-
2008).] National Environmental Protection Agency, China

2008. [In Chinese].

de Silva N.D.G., 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.

Dou Q.Q., Yuan H.H., Wang B.S.: [Researches and development
on Koelreuteria.] — Jiangsu Fore. Sci. 26: 52-54, 1999. [In
Chinese]

Enami I., Kitamura M., Tomo T. et al.: Is the primary cause of
thermal inactivation of oxygen evolution in spinach PS II
membranes release of the extrinsic 33kDa protein or of Mn? —
BBA-Bioenergetics 1186: 52-58, 1994.

Fang X., Tian D.L., Kang W.X.: [Analysis of potted plant test of
plant restoration in the slag wasteland in Xiangtan manganese
mine.] — J. Cent. South Univ. T. 27: 14-19, 2007. [In Chinese]

Foyer C.H., Noctor G.: Oxygen processing in photosynthesis:
regulation and signalling. — New Phytol. 146: 359-388, 2000.

Fu W.G., Wang F.K.: Effects of high soil lead concentration on
photosynthetic gas exchange and chlorophyll fluorescence
in Brassica chinensis L. — Plant Soil Environ. 61: 316-321,
2015.

GuoY., TanJ.: Recent advances in the application of chlorophyll a
fluorescence from photosystem I1. — Photochem. Photobiol. 91:
1-14, 2015.

Harris G.C., Gibbs P.B., Ludwig G. ef al.: Mannose metabolism
in corn and its impact on leaf metabolites, photosynthetic gas
exchange, and chlorophyll fluorescence. — Plant Physiol. 82:
1081-1089, 1986.

He B., Gu M., Wang X. et al.: The effects of lead on photo-
synthetic performance of waxberry seedlings (Myrica rubra).—
Photosynthetica 56: 1147-1153, 2018.

Hladun K.R., Di N., Liu T.X., Trumble J.T.: Metal contaminant
accumulation in the hive: Consequences for whole-colony
health and brood production in the honey bee (Apis mellifera
L.). — Environ. Toxicol. Chem. 35: 322-329, 2016.

Hu H., Jin Q., Kavan P.: A study of heavy metal pollution
in China: current status, pollution-control policies and
countermeasures. — Sustainability-Basel 6: 5820-5838, 2014.

HuR., Sun K., SuX. et al.: Physiological responses and tolerance
mechanisms to Pb in two xerophils: Salsola passerina Bunge
and Chenopodium album L. — J. Hazard. Mater. 205-206:
131-138, 2012.

Huang L.B., Wang Q.M., Fan C. ef al.: [Studies on variation of
seed and seedling characters of free loss of flower of families
of Zelkova schneideriana Hand. Mazz.] — Jiangsu Fore. Sci.
Technol. 28: 1-3, 2001. [In Chinese]

Ignatius A., Arunbabu V., Neethu J., Ramasamy E.V.: Rhizo-
filtration of lead using an aromatic medicinal plant Plectranthus
amboinicus cultured in a hydroponic nutrient film technique
(NFT) system. — Environ. Sci. Pollut. R. 21: 13007-13016,
2014.

Islam E., Liu D., Li T.Q. et al.: Effect of Pb toxicity on leaf
growth, physiology and ultrastructure in the two ecotypes of
Elsholtzia argyi. — J. Hazard. Mater. 154: 914-926, 2008.

Jiang X., Wang C.: Zinc distribution and zinc-binding forms
in Phragmites australis under zinc pollution. — J. Plant
Physiol. 165: 697-704, 2008.

Jones L.H.P., Clement C.R., Hopper M.J.: Lead uptake from
solution by perennial ryegrass and its transport from roots to

696

shoots. — Plant Soil 38: 403-414, 1973.

Khatoon M., Inagawa K., PospiSil P. et al.: Quality control
of photosystem II: Thylakoid unstacking is necessary to
avoid further damage to the D1 protein and to facilitate D1
degradation under light stress in spinach thylakoids. — J. Biol.
Chem. 284: 25343-25352, 2009.

Kramer D.M., Johnson G., Kiirats O., Edwards G.E.: New
fluorescence parameters for the determination of Qa, redox state
and excitation energy fluxes. — Photosynth. Res. 79: 209-218,
2004.

Lan D.Z., Lei M., Zhou S. et al.: [Heavy metals pollution and
potential ecological risk in soils around Pb/Zn mine area in
Hunan Province.] — Environ. Chem. 8: 1307-1313, 2014.
[In Chinese]

Lang 1., Wernitznig S.: Sequestration at the cell wall and plasma
membrane facilitates zinc tolerance in the moss Pohlia
drummondii. — Environ. Exp. Bot. 74: 186-193, 2011.

Lavergne J., Trissl H.W.: Theory of fluorescence induction in
photosystem II: derivation of analytical expressions in a model
including exciton-radical-pair equilibrium and restricted
energy transfer between photosynthetic units. — Biophys. J. 68:
2474-2492, 1995.

Lee S.H., Ji WH., Lee W.S. et al.: Influence of amendments and
aided phytostabilization on metal availability and mobility in
Pb/Zn mine tailings. — J. Environ. Manage. 139: 15-21, 2014.

Liu J., Zhou G.Y., Yang C.W. et al.: Responses of chlorophyll
fluorescence and xanthophyll cycle in leaves of Schima
superba Gardn. & Champ. and Pinus massoniana Lamb. to
simulated acid rain at Dinghushan Biosphere Reserve, China. —
Acta Physiol. Plant. 29: 33-38, 2007.

LuY., Gong Z.T., Zhang G.L., Burghardt W.: Concentrations and
chemical speciations of Cu, Zn, Pb and Cr of urban soils in
Nanjing, China. — Geoderma 115: 101-111, 2003.

Maxwell K., Johnson G.N: Chlorophyll fluorescence — a practical
guide. — J. Exp. Bot. 51: 659-668, 2000.

MEPC (Ministry of Environmental Protection of China): [Annual
Report on the State of the Environment of China 2010.]
Department of Environmental Monitoring, Beijing 2011.
[In Chinese]

Michael P.I., Krishnaswamy M.: The effect of zinc stress
combined with high irradiance stress on membrane damage
and antioxidative response in bean seedlings. — Environ. Exp.
Bot. 74: 171-177, 2011.

Michalak E., Wierzbicka M.: Differences in lead tolerance
between Allium cepa plants developing from seeds and bulbs. —
Plant Soil 199: 251-260, 1998.

Mlinari¢ S., Antunovi¢ Duni¢ J., Skendrovi¢ Babojeli¢ M. et al.
Differential accumulation of photosynthetic proteins regulates
diurnal photochemical adjustments of PSII in common fig
(Ficus carica L.) leaves. — J. Plant Physiol. 209: 1-10, 2017.

Nagajyoti P.C., Lee K.D., Sreekanth T.V.M.: Heavy metals,
occurrence and toxicity for plants: a review. — Environ. Chem.
Lett. 8: 199-216, 2010.

NIDEP: Soil Cleanup Criteria, Proposed Cleanup Standards for
Contaminated Sites, NJAC 7: 26D. New Jersey Department
of Environmental Protection, New Jersey 1996.

Prasad M.N.V.: Phytoremediation of metal-polluted ecosystems:
Hype for commercialization. — Russ. J. Plant Physiol. 50:
686-701, 2003.

Prieto P, Pefiuelas J., Llusia J. et al.: Effects of long-
term experimental night-time warming and drought on
photosynthesis, F./F, and stomatal conductance in the
dominant species of a Mediterranean shrubland. — Acta
Physiol. Plant. 31: 729-739, 2009.

Qiao X., Shi G., Jia R. et al.: Physiological and biochemical
responses induced by lead stress in Spirodela polyrhiza. —



EFFECTS OF Pb AND Zn ON CHLOROPHYLL FLUORESCENCE AND BIOMASS PRODUCTION

Plant Growth Regul. 67: 217-225, 2012.

Rapacz M.: Regulation of frost resistance during cold de-
acclimation and re-acclimation in oilseed rape. A possible role
of PSII redox state. — Physiol. Plantarum 115: 236-243, 2002.

Riley R.G., Zachara J.M.: Chemical Contaminants on DOE
Lands and Selection of Contaminant Mixtures for Subsurface
Science Research. Pp. 77. U.S. Department of Energy, Office
of Scientific and Technical Information, Washington 1992.

Rodriguez E., da Concei¢do Santos M., Azevedo R. et al.:
Photosynthesis light-independent reactions are sensitive
biomarkers to monitor lead phytotoxicity in a Pb-tolerant
Pisum sativum cultivar. — Environ. Sci. Pollut. R. 22: 574-585,
2015.

Romanowska E., Wroblewska B., Drozak A., Siedlecka M.: High
light intensity protects photosynthetic apparatus of pea plants
against exposure to lead. — Plant Physiol. Bioch. 44: 387-394,
2006.

Santos D., Duarte B., Cagador I.: Unveiling Zn hyperaccumulation
in Juncus acutus: implications on the electronic energy fluxes
and on oxidative stress with emphasis on non-functional Zn-
chlorophylls. — J. Photoch. Photobio. B. 140: 228-239, 2014.

Sgardelis S., Cook C.M., Pantis J.D., Lanaras T.: Comparison of
chlorophyll fluorescence and some heavy metal concentrations
in Sonchus spp. and Taraxacum spp. along an urban pollution
gradient. — Sci. Total Environ. 158: 157-164, 1994.

Sharma P., Dubey R.S.: Lead toxicity in plants. — Braz. J. Plant
Physiol. 17: 35-52, 2005.

Shen F., Liao R.M., Ali A. et al.: Spatial distribution and risk
assessment of heavy metals in soil near a Pb/Zn smelter in
Feng County, China. — Ecotox. Environ. Safe. 139: 254-262,
2017.

Sun Y., Zhou Q., Xie X., Liu R.: Spatial, sources and risk
assessment of heavy metal contamination of urban soils in
typical regions of Shenyang, China. — J. Hazard. Mater. 174:
455-462, 2010.

Szarek S.R., Ting I.P.: Seasonal patterns of acid metabolism and
gas exchange in Opuntia basilaris. — Plant Physiol. 54: 76-81,
1974.

Takahashi S., Murata N.: How do environmental stresses
accelerate photoinhibition? — Trends Plant Sci. 13: 178-182,
2008.

Van Assche F., Clijsters H.: Inhibition of photosynthesis in
Phaseolus vulgaris by treatment with toxic concentrations of
zinc: effects on electron transport and photophosphorylation. —
Physiol. Plantarum 66: 717-721, 1986.

Verma S., Dubey R.S.: Lead toxicity induces lipid peroxidation
and alters the activities of antioxidant enzymes in growing
rice plants. — Plant Sci. 164: 645-655, 2003.

Wang L.J., Loescher W., Duan W. et al.: Heat acclimation induced

acquired heat tolerance and cross adaptation in different grape
cultivars: relationships to photosynthetic energy partitioning. —
Funct. Plant Biol. 36: 516-526, 2009.

Woch M.W., Stefanowicz A.M., Stanek M.: Waste heaps left
by historical Zn-Pb ore mining are hotspots of species
diversity of beech forest understory vegetation. — Sci. Total
Environ. 599-600: 32-41, 2017.

Wu G.R., Hong H.L., Yan C.L.: Arsenic accumulation and
translocation in mangrove (4egiceras corniculatum L.) grown
in Arsenic contaminated soils. — Int. J. Environ. Res. Pu. 12:
7244-7253, 2015.

Wyber R., Malenovsky Z., Ashcroft M.B. ef al.: Do daily and
seasonal trends in leaf solar induced fluorescence reflect
changes in photosynthesis, growth or light exposure? —
Remote Sens.-Basel 9: 604-623, 2017.

Xue R.L., Wang S.Q., Xu H.L. ef al.: Progesterone increases
photochemical efficiency of photosystem II in wheat under
heat stress by facilitating D1 protein phosphorylation. —
Photosynthetica 55: 664-670, 2017.

Yang L.P., Zhu J., Wang P. et al.: Tolerance, accumulation and
stress response of Koelreuteria paniculata to cadmium. —
Chin. J. Plant Ecol. 53: 1419-1427, 2017. [In Chinese]

Yang N., Wang C.L., He W.P. et al.: Photosynthetic characteristics
and effects of exogenous glycine of Chorispora bungeana
under drought stress. — Photosynthetica 54: 459-467, 2016.

Ye B., Wu Y.B., Shao W., Yang J.: Effects of combined stress of
elevated temperature and drought and of re-watering on the
photosynthetic characteristics and chlorophyll fluorescence
parameters of Broussonetia papyrifera seedlings. — Chin. J.
Ecol. 33: 2343-2349, 2014. [In Chinese]

Yu R.L., Yuan X., Zhao Y.H. et al.: Heavy metal pollution in
intertidal sediments from Quanzhou Bay, China. — J. Environ.
Sci. 20: 664-669, 2008.

Yuan Y.H., Shu S., Li S.H. et al.: Effects of exogenous putrescine
on chlorophyll fluorescence imaging and heat dissipation
capacity in cucumber (Cucumis sativus L.) under salt stress. —
Plant Growth Regul. 33: 798-808, 2014.

Yun K., Wu D.C., Weng J.B. et al.: [Study on heavy metals
pollution in vegetables and soils in Xiangtan manganese
mine.] — Sichuan Environ. 31: 23-27, 2012. [In Chinese]

Zhou H., Zeng M., Zhou X. et al.: Assessment of heavy metal
contamination and bioaccumulation in soybean plants from
mining and smelting areas of southern Hunan Province,
China. — Environ. Toxicol. Chem. 32: 2719-2727, 2013.

Zivédk M., Olsovska K., Slamka P. et al.: Measurements
ofchlorophyll fluorescence in different leaf positions may
detect nitrogen deficiency in wheat. — Zemdirbyste 101: 437-
444,2014.

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.

697



