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Abstract
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Abbreviations: ABS/RC – absorption flux (of antenna Chls) per RC (also a measure of PSII apparent antenna size); CE – carboxylation 
efficiency; Ci – intercellular CO2 concentration; DI0/RC – dissipated energy flux per RC at t = 0; F0 – minimal fluorescence yield of the 
dark-adapted state; FJ – fluorescence intensity at the J-step (2 ms); FK – fluorescence intensity at 300 μs; FM – maximum fluorescence yield 
of the dark-adapted state; FV/FM – maximum quantum use efficiency; gs – stomatal conductance; IP-phase – the efficiency of electron 
transport around the PSI; M0 – approximated initial slope of the fluorescence transient; MR0 – first reliable recorded fluorescence at  
0.7 ms; MRmin – the minimum fluorescence intensity; OEC – oxygen-evolving complex; PIABS – performance index; PN – maximum net 
photosynthetic rate; RE0/RC – the flux of electrons transferred from QA

– to final PSI acceptors per PSII at t = 0; Sm – normalized total 
complementary area above the OJIP transient (reflecting single-turnover QA reduction events); TR0/RC – trapped energy flux (leading 
to QA reduction) per RC at t = 0; VPSI – maximum decrease in slope in the range of 0.7–3 ms of MR/MR0; VPSI+PSII – maximum increase 
in slope in the range of 7–300 ms of MR/MR0; δR0 – efficiency with which an electron can move from the reduced intersystem electron 
acceptors to the PSI end electron acceptors; ΦE0 – quantum yield for electron transport; ψE0 – probability that a trapped exciton moves 
an electron into the electron transport chain beyond QA.
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Highlights 

● Nonstomatal factors reduced CO2 assimilation of Ligustrum lucidum and Melia 
    azedarach under Mn excess
● Mn excess caused the damage to PSII oxygen-evolving system in both species
● Ligustrum lucidum might be more tolerant to Mn stress than Melia azedarach
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Manganese (Mn) excess is a major abiotic stress for plant growth. In the present study, we investigated the effects 
of Mn on photosynthesis in Ligustrum lucidum and Melia azedarach leaves using chlorophyll fluorescence 
transients. Both plant species were exposed to two Mn concentrations (0.5 and 1 mmol) for 10 and 30 d. Results 
showed that excess Mn significantly inhibited photosynthesis. With the increase of Mn concentration and stress 
time, the inhibition was more serious. Mn stress impaired PSII at the donor and the acceptor side by damaging the 
oxygen-evolving complex and limiting electron transport downstream of QA in both trees. A significant decline in  
820 nm reflection curve absorption was observed in M. azedarach, suggesting that the oxidization-reduction reactions 
in PSI were inhibited but this phenomenon was not observed in L. lucidum. Therefore, excess Mn impaired the whole 
electron transport chain associated with inactive PSII reaction centers in Ligustrum lucidum and inhibited oxidization-
reduction reactions in PSI in M. azedarach.
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Introduction

With the extension and enhancement of human activities, 
such as mining and industrial disposal (He et al. 2012), 
heavy metals have become a worldwide concern. In 
nature, heavy metals are difficult to degrade in soil, so 
they can exist in soil for a long time. Plants growing in 
metal-contaminated areas show several disturbances 
related to physiological and biochemical processes, such 
as photosynthesis (Demmig-Adams et al. 2017). Photo-
synthesis is a process by which plants convert light energy 
into chemical energy to produce sugars and other organic 
compounds (Qiao et al. 2012). Plants affected by heavy 
metals have shown inhibition of stomatal conductance (gs), 
photosynthetic rate (PN), carboxylation efficiency (CE), 
and activity of PSI and PSII, leading to reduced plant 
growth and biomass. 

The disruptive effect of heavy metals on plant photo-
synthesis is a common phenomenon observed in a wide 
range of plants (Li et al. 2010, Moradi and Ehsanzadeh 
2015). Many studies (Miyata et al. 2015, Huang et al. 
2018) have shown that PSII, as the first protein complex 
in light-dependent reactions, is very sensitive to heavy 
metal stress. The damage caused by heavy metals to PSII 
includes that on the donor side (Dewez et al. 2005), the 
acceptor side (Barón et al. 1995), and the reaction centers 
(Fodor 2002). Previous studies have found that copper 
stress damages the oxygen-evolving complex (OEC) 
(Rijstenbil et al. 1994) and the electron transport of PSII 
(Yruela et al. 1996), resulting in a reduction in the quantum 
efficiency of PSII. The positive O-step, J-step, L-band, 
and K-band in chlorophyll (Chl) a fluorescence transients 
were observed in Mn-treated Citrus grandis seedlings, 
suggesting that Mn impairs PSII behavior (Li et al. 2010). 
Gururani et al. (2013) have reported that the positive 
K-bands and L-bands appear under heavy metal stress. 
Che et al. (2018) observed that under stress from excess 
copper, the Chl fluorescence transient curves change from 
OJIP to OKJIP. The positive K-band and the reduction of 
proteins of the OEC suggest that excess copper damages 
the OEC at the donor side of PSII and affects the activity 
of PSII. Liang et al. (2019) have reported that excess Mn 
inhibits PSII electron transport from the donor side to 
the acceptor side, which may be caused by the damaged 
OEC in L. lucidum. It has been also reported that damage 
caused by Cd toxicity on electron transport occurs on 
both the donor and acceptor sides of PSII (Sigfridsson et 
al. 2004). Farmer and Mueller (2013) found that heavy 
metals inhibit PSII and increase the production of 1O2. At 
the same time, the stress also causes the photoinhibition of 
the PSII (Aranjuelo et al. 2014, Yang et al. 2020). When 
the absorption of light is more than light requirments for 
photosythesis, singlet oxygen is produced in PSII which 
can cause photoinhibition of PSII. Pätsikkä et al. (1998) 
found that excess copper caused photoinhibiton of PSII 
for the electron transport from the donor side to P680

+. It 
is generally recognized that in most plants, environmental 
stress usually causes selective photodamage of PSII, 
while plants can protect PSI under environmental stress 

(Kono et al. 2014). The study has found that under 
stressful conditions, when the electron flow from PSII to 
PSI exceeds the capacity of PSI electron acceptors, the 
acceptor side becomes overreduced. As a result, PSI is also 
vulnerable to damage (Suorsa et al. 2012, Tikkanen et al. 
2014, Zhang et al. 2016). Millaleo et al. (2013) have found 
that PSI is the main target of Mn toxicity in Arabidopsis 
plants. They have also found that under the Mn excess, the 
state of P700 photooxidation (P700

+) significantly decreases 
as compared to controls.

The decrease in CE response to environmental stress 
may be caused by the impaired electron transport chain. 
González and Lynch (2006) have reported a reduction of 
leaf CE, which can be attributed to the significant decline  
of total Chl contents, rather than changes in  
stomatal conductance and transpiration rates. Chu et al. 
(2018) have found that in Schima superba plant, the 
electron transport of PSII acceptor and donor sides is 
blocked, and the reduction of CE is attributed to the 
inactivity of the photosynthesis rather than the stomatal 
limitation for the decrease in gs but the increase in inter-
cellular CO2 concentration (Ci). In contrast, the drought 
stress decreased PN significantly for the great decline 
in stomatal conductance in both sun and shade plants 
(Valladares and Pearcy 2002). Suresh et al. (1987) have 
observed that excess Mn decreases stomatal conductance 
and transpiration rate, indicating that Mn is involved 
in stomatal regulation. Under drought stress, stomatal 
limitation leads to the reduction of CO2 uptake, Ci, and 
CE of leaves (Flexas and Medrano 2002). The toxicity of 
heavy metals in plants depends on the type of heavy metal, 
the species of plant, and the concentration of heavy metals 
(Nagajyoti et al. 2010).

Mn is an essential trace element for plant metabolism 
and photosynthesis (Kitao et al. 1997, Li et al. 2010). 
However, excess Mn can decrease yield production and 
quality in crops (Xue et al. 2015). Mn excess is a major 
abiotic stress in plant agriculture worldwide (Xue et al. 
2015). Melia azedarach (M. azedarach) is a preferred 
tree species for afforestation in industrial and mining 
areas, and it is also one of the tree species used for 
artificial afforestation in abandoned coal-skilled stone 
fields (Khattak and Jabeen 2012). Ligustrum lucidum  
(L. lucidum) has been verified to be an excellent tree 
species for remediation of soil ecosystems polluted by 
heavy metals (Tong et al. 2011). For phytoremediation,  
the native plants may be a better choice because they are 
better adapted to local climate conditions (Trikshiqi and 
Rexha 2015). M. azedarach and L. lucidum are common 
native tree species in Southern China, which are widely 
used in afforestation. Previous study has found that they 
have high tolerance in Cd-, Hg- or As-contaminated soils, 
showing great potential in phytoremediation of heavy 
metal-contaminated environments (Tong et al. 2011, 
Su et al. 2017). In this study, we investigated the effects  
of Mn stress on the photosynthetic activity and CE of  
M. azedarach and L. lucidum. Besides, the different states 
of photosynthetic system of M. azedarach and L. lucidum 
under excess Mn stress were also discussed. Collectively, 
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our findings provided a theoretical basis for the selection 
of resistant tree species for the phytoremediation of Mn-
polluted environments.

Materials and methods 

Growth conditions and experimental design: This study 
was carried out in a greenhouse at Central South University 
of Forestry and Technology (CSUFT), Changsha City, 
Hunan Province of China (28°8'12''N, 112°59'36''E). 
The plants were cultured at temperatures of 30/25°C and  
under a 12/12-h day/night cycle and maximum PAR of 
about 1,400 μmol(photon) m–2 s–1. Non-heavy metal-
contaminated soil samples were collected at a depth of 
5–20 cm from a garden at the CSUFT campus. Soil 
samples were sieved through 5 × 5 mm sieves to remove 
large debris and rocks and then air-dried at room tempera-
ture. The chemical composition of the soil samples was 
as follows: pH 5.5, 0.36 g(N) kg–1, 12.18 g(C) kg–1, and 
463.53 mg(Mn) kg–1. 

In the present study, 2-year-old L. lucidum plants 
(average diameter of 9.0 mm and average plant height of 
133.0 cm) and 2-year-old M. azedarach plants (average 
diameter of 5.4 mm and average tree height of 73.3 cm) 
were purchased from a local nursery. The plants were 
individually transplanted into plastic pots (diameter of 
25.4 cm and height of 17.8 cm) with one plant per pot, 
and each plot was filled with 5 kg of air-dried soil. After 
transplantation, the pots were maintained in the greenhouse 
for four months before Mn treatment. About 400 mL of 
pure water was added into each pot every 2 d.

Three treatments with different Mn contents were 
set up in this study as follows: (1) soil sample + Mn 
solutions until the soil contained 4,365 mg of Mn per pot 
(designated as L1), (2) soil sample + Mn solutions until  
the soil contained 8,730 mg of Mn per pot (designated 
as L2), and (3) soil sample + distilled water (designated  
as the control). For the Mn-treated soil, distilled water 
containing 0.5 mmol and 1 mmol from MnCl2‧5H2O was 
added to the pots every other day at a rate of 400 mL 
per day for 20 d. For the control (CK), about 400 mL of 
distilled water without Mn was added into the pots. Each 
Mn treatment was replicated five times. Thirty pots were 
set in this experiment including 15 pots (5 pots for CK,  
5 pots for L1, and 5 pots for L2) for L. lucidum and 15 
pots (5 pots for CK, 5 pots for L1, and 5 pots for L2) for  
M. azedarach. Each pot contained one plant. All measure-
ments were conducted on three fully expanded and similar-
sized leaves from each L. lucidum and M. azedarach plant 
and a mean value was then obtained.

Gas exchange: PN, CE, gs, and Ci were determined by 
LI-COR 6400 portable photosynthesis system (LI-COR 
Bioscience, Lincoln, NE, USA). Under the conditions of 
greenhouse temperature (30°C) and light intensity [1,400 
μmol(photon) m−2 s−1], concentrations of ambient CO2 
(400, 350, 300, 250, 200, 150, 100, 50 ppm) were set to 
determine PN and Ci of the same leaf, and the response 
curve of PN–Ci was drawn. The initial slope of the curve 
was CE, CE = PN/Ci.

Chl fluorescence parameters (FPs) and JIP-test: Fast 
Chl a fluorescence was determined by M-PEA (Multi-
functional Plant Efficiency Analyzer, Hansatech Instru-
ment, UK). The OJIP transient was induced by the red light 
of about 5,000 μmol(photon) m–2 s–1, provided by an array 
of three light-emitting diodes (peak 650 nm), recorded 
at 128 points and measured daily at 8:30–11:00 h. All 
measurements were conducted with dark-adapted plants 
at room temperature. The OJIP transient was analyzed by 
the JIP-test (Stirbet et al. 2018), which defines the flux 
ratios [ΦE0 (= ET0/ABS), ψE0 (= 1 – VJ), δR0 (= RE0/ET0)], 
performance indexes [PIABS = (RC/ABS × [φP0/(1 – φP0)] × 
[ψE0/(1 – ψE0)])], the maximum quantum use efficiency  
[FV/FM (= (FM – F0)/FM)], normalized total complementary 
area above the OJIP transient (reflecting single-turnover 
QA reduction events) [Sm (= Area/FV)], approximated 
initial slope of the fluorescence transient [M0  = (4[F300 µs – 
F0]/[FM – F0])], and the specific energy fluxes (per active 
PSII) [ABS/RC (= [M0/VJ]/φP0), TR0/RC (= M0/VJ),  
RE0/RC (= [M0/VJ] × ψR0), and DI0/RC (= ABS/RC –  
TR0/RC)].

WOK indicated the relative fluorescence between O and 
K, while ΔWOK indicated the difference between the CK 
groups and the treated groups: 

WOK = (Ft – F0)/(FK – F0)

ΔWOK = WOK – WOK(control)

Vt indicated the relative fluorescence between O and P, 
while ΔVt indicated the difference between the CK groups 
and the treated groups:

Vt = (Ft – F0)/(FM – F0)
ΔVt = Vt – Vt(control)

IP-phase indicates the amplitude of the IP-phase or the 
last and slowest rate-limiting step of the photosynthetic  
electron transport chain (Ceppi et al. 2012).
IP-phase = (Ft – FI)/(FI – F0)

F0 is the minimal recorded fluorescence intensity, FK 
and FI are the fluorescence intensities at K-step (300 μs) 
and I-step (30 ms) of OJIP, respectively, and FM is the 
maximal recorded fluorescence intensity, at the peak P of 
OJIP.

The kinetics of prompt fluorescence and modulated  
820-nm reflection: The red-light absorbance at a wave-
length of 820 nm was measured by the Multifunctional 
Plant Efficiency Analyzer (M-PEA, Hansatech, Norfolk, 
UK). The 820-nm red light absorbance was induced by 
a red-light pulse of about 5,000 μmol(photon) m–2 s–1, 
recorded at 128 points, and measured daily at 8:30–11:00 h. 
Before measuring, the leaves were dark-adapted at room 
temperature for 40 min. 

The oxidation of P700 and plastocyanin (PC) can 
increase the absorbance in the 800–850 nm range. After 
dark adaptation, most of P700 and PC were in the 
reduced state. Once exposed to activated light, the two 
photosystems were activated successively and P700 began 
to oxidize. When the absorbance of P700 and PC+ at  
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820 nm increases, the MR/MR0 will show a downward 
trend (fast phase). Subsequently, as the electrons from 
PSII reach P700 and PC, the oxidation rate of P700 is 
slowed down, and the absorbance gradually decreases, 
which makes the reflection absorption curve of MR/MR0 
rise again, which is called the slow phase. ΔMR/MR0 was 
defined as the maximum reducible/oxidizable amplitude. 
The calculation equation is given according to Strasser  
et al. (2010) and Gao et al. (2014): 

ΔMR/MR0 = (MR0 – MRmin)/MR0

where MR0 is the value at 0.7 ms and MRmin is the lowest 
point in 820-nm reflection curve.

VPSII = VPSI +VPSI+PSII

where VPSI indicates the maximum decrease in slope in the 
range of 0.7–3 ms of MR/MR0:

VPSI = (MR0.003s – MR0.0007s)/[MR0 × (t0.003s – t0.0007s)]

and VPSI+VPSII indicates the maximum increase in slope in 
the range of 7–300 ms of MR/MR0:

VPSI+VPSII = (MR0.3s – MR0.007s)/[MR0 × (t0.3s – t0.007s)]

Total Mn content and translation factor: The different 
organs (roots, stems, and leaves) of the harvested  
L. lucidum and M. azedarach were washed with pure 
water. The plant materials were kept at 105℃ for killing 
out and then dried at 75℃ for 48 h. The different organs 
were powdered and used to determine the Mn contents 
of different organs by ICP-AES (Optima 8300, American 
Platinum Elmer, USA) after digestion with HNO3–HClO4 
(Han et al. 2016). Translation factor = Mn content in the 
leaves/Mn content in the roots.

Data analysis: Data were expressed as the mean value 
of each group consisting of three independent replicates. 
Results were presented as means ± standard error (SE). 
Statistical differences between measurements were 
analyzed using one-way analysis of variance (ANOVA), 
followed by the least significant difference (LSD) test by 
SPSS 21. Pearson's correlation analysis was used to address 
the relationships between Mn contents and photosynthetic 
parameters in leaves on day 30 in M. azedarach and  
L. lucidum. All graphs were made by Origin 9.1. A p<0.05 
was considered statistically significant.

Results

The contents of Mn in roots, stems, and leaves: The total 
Mn content in the Mn-treated M. azedarach and L. luci-
dum roots, stems, and leaves on day 30 was significantly 
increased compared to that of the control groups, and such 
elevation corresponded to the increasing Mn treatment. 
This increasing trend was observed under all treatment 
groups in all components of both tree species, except for 
the roots in the L1-treated group compared to that of the 
L2-treated group of M. azedarach. The Mn concentrations 
were the highest in the roots, followed by that of the leaves 
and stems (Fig. 1).

Fig. 1. The contents of Mn in roots (A), stems (B), and leaves (C) 
and the translocation factor (D) of Melia azedarach and Ligustrum 
lucidum in the Mn-treated groups on day 30. L1 – 0.5 mmol Mn 
treatment; L2 – 1 mmol Mn treatment. The data represent mean ± 
SE, n = 5. Different capital letters represent significant difference 
between different Mn treatments in the same organ of plant 
and the same tree species (p<0.05). Different lowercase letters 
represent significant difference between different tree species in 
the same organ of plant and the same Mn treatment (p<0.05)
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The Mn content in the stems of L. lucidum under 
Mn treatments was significantly higher compared to 
M. azedarach in L1 and L2 treatment. There was no 
significant difference in the roots and leaves of L. lucidum 
and M. azedarach in all Mn-treated groups, except for that 
in the roots of the L2-treated group (Fig. 1). 

The translation factors of both tree species increased 
with the increase of Mn concentration. The increased 
amplitude of the translation factor in M. azedarach was 
higher than that of L. lucidum.

Gas exchange: Mn stress decreased the PN, gs, and CE but 
increased the Ci for both tested tree species compared with 
controls (Table 1). For gs and Ci, there was no significant 
difference between the Mn treatment groups and the 
control for both tested tree species (Table 1). PN and CE 
significantly decreased in L2-treated groups compared 
with those of the control in both tree species, and there was 
no significant difference between the L1-treated groups 
and the control in both tree species (Table 1).

OJIP curve and light-induced modulated 820-nm 
reflection (MR/MR0) kinetics: All OJIP transients from 
the leaves of the Mn-treated groups and the controls  
showed a typical polyphasic rise, and the basic process 
was OJIP. The values of F0 showed a gradual increase 
in response to Mn treatment of M. azedarach and  
L. lucidum (Fig. 2A,F). The fluorescence induction 
curve of M. azedarach and L. lucidum did not show a 
considerable change in response to Mn excess on day 
10. However, M. azedarach and L. lucidum exhibited a 
prominent rise of fluorescence intensity at L, K, J, and I 
points of the transient curve in response to Mn excess on 
day 30. In L2-treated groups on day 30, the increases of 
L, K, J, and I were higher in M. azedarach compared to  
L. lucidum (Fig. 2B,C,G,H). The maximum amplitude of 
the IP-phase progressively decreased with the increase of 
Mn concentration and the treatment time for both tested 
tree species. M. azedarach showed a faster decrease in the 
IP-phase compared to L. lucidum (Fig. 2D,I).

Under Mn stress, MR/MR0 kinetics were changed 
in both tree species. As shown in Fig. 2, the rate of fast 
decline of the MR/MR0 curve changed from 10 to 30 d 
of Mn stress. MRmin increased and the time to reach the 
MRmin shifted forward. VPSI decreased but not significantly 
in response to Mn treatment of L. lucidum on 10 and  

30 d (Table 2). The VPSI of M. azedarach decreased but 
not significantly on day 10 but decreased significantly in 
the L1- and L2-treated groups compared with that of the 
controls (Table 2). For the slow rising phase of MR/MR0, 
the VPSI+PSII decreased but not significantly in response 
to Mn treatment of L. lucidum on 10 and 30 d (Table 2). 
VPSI+PSII of M. azedarach decreased but not significantly on 
day 10 but decreased significantly in the L1- and L2-treated 
groups compared with that of the controls. VPSII decreased 
but not significantly in response to Mn treatment of  
L. lucidum on 10 and 30 d. VPSII of M. azedarach decreased 
but not significantly on day 10 but decreased significantly 
in the L1- and L2-treated groups compared with that of the 
controls (Fig. 2E,J; Table 2). 

Quantum efficiency and FPs: On day 10, PIABS, FV/FM, 
Sm, ΦE0, ψE0, and δR0 decreased but not significantly in L1- 
and L2-treated groups compared with those of the controls 
(Fig. 3). M0 and WK increased but not significantly for both 
tree species in L1- and L2-treated groups compared with 
those of the controls (Fig. 3B,D). The WK in L. lucidum 
in L2-treated groups significantly increased compared 
with that of the controls (Fig. 3D).

For M. azedarach, WK in L2-treated groups and M0 
in L1 and L2 treatment groups significantly increased 
compared with those of the controls, while PIABS, FV/FM, 
and ΦE0 in L2 treatment groups significantly decreased 
compared with those of the controls on day 30 (Fig. 3). 
PIABS and FV/FM in L1 treatment groups significantly 
decreased compared with those of the controls on day 30 
(Fig. 3A,E). Sm, δR0, and ψE0 decreased but not significantly 
compared with those of the controls in L1 and L2 treatment 
groups on day 30 (Fig. 3C,F,H).

For L. lucidum, WK and M0 in L2 treatment groups 
significantly increased compared with those of the 
controls, while PIABS, FV/FM, and Sm in L2 treatment 
groups significantly decreased compared with those of 
the controls on day 30. ΦE0, δR0, and ψE0 decreased but not 
significantly compared with those of the controls in L1 and 
L2 treatment groups on day 30 (Fig. 3).

Effect of special energy fluxes or activities per reaction 
center: Mn stress increased but not significantly ABS/RC, 
TR0/RC, and DI0/RC on day 10 but decreased RE0/RC  
in M. azedarach. The ABS/RC, TR0/RC, and DI0/RC 
increased significantly compared with those of the 

Table 1. Changes in net photosynthetic rate (PN), stomatal conductance (gs), intercellular CO2 concentration (Ci), and carboxylation 
efficiency (CE) in the control and Mn-treated groups on day 30 in Melia azedarach and Ligustrum lucidum. The data represent  
mean ± SE (n = 5) and values followed by different capital letters represent significant difference between Mn treatments in the same 
tree species (p<0.05). CK – control; L1 – 0.5 mmol Mn treatment; L2 – 1 mmol Mn treatment.

Melia azedarach Ligustrum lucidum
CK L1 L2 CK L1 L2

PN [μmol m–2 s–1] 5.61 ± 0.58A 4.83 ± 0.23AB 3.52 ± 0.44B 5.46 ± 0.23A 5.16 ± 0.41AB 4.02 ± 0.48B

gs [mol m–2 s–1] 0.057 ± 0.008A 0.045 ± 0.004A 0.035 ± 0.001A 0.033 ± 0.001A 0.033 ± 0.002A 0.031 ± 0.007A

Ci [μmol mol–1] 213.94 ± 16.23A 203.63 ± 7.93A 211.00 ± 14.15A 119.87 ± 2.76A 121.27 ± 16.87A 158.84 ± 18.28A

CE [mol m–2 s–1] 0.051 ± 0.005A 0.030 ± 0.002AB 0.023 ± 0.003B 0.078 ± 0.002A 0.050 ± 0.002AB 0.033 ± 0.002B
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Fig. 2. Effects of excess Mn on the 
different expressions of relative 
variable fluorescence derived from 
the average OJIP transient and the 
kinetics of prompt fluorescence 
and modulated 820-nm reflection 
of Melia azedarach (A–E) and 
Ligustrum lucidum (F–J) on day 
10 and day 30. CK – control; L1 –  
0.5 mmol Mn treatment; L2 – 1 mmol 
Mn treatment. F0 – minimal recorded 
fluorescence intensity; ΔWOK –  
the difference between the CK groups 
and the treated groups in the relative 
fluorescence between O and K;  
ΔVt – the difference between the CK 
groups and the treated groups in the 
relative fluorescence between O and 
P; IP-phase – the amplitude of the 
IP-phase; MR/MR0 – the maximum 
reducible/oxidizable amplitude.
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controls, but the RE0/RC increased in the L2 treatment 
group compared with the controls of L. lucidum on day 10 
(Table 3). 

Mn stress significantly increased TR0/RC, ABS/RC, 
and DI0/RC in the L2 treatment groups compared with 
those of the controls for M. azedarach and L. lucidum on 
day 30. RE0/RC increased but not significantly in the L1 
and L2 treatment groups compared with that of the controls 
for L. lucidum but decreased but not significantly in the L1 
and L2 treatment groups of M. azedarach (Table 3).

Correlation analysis: In L. lucidum, Pearson's correlation 
analysis showed that PIABS was significantly positively 
correlated to ΦE0 and CE. The Mn concentration in leaves 
was significantly negatively correlated to PIABS. The Mn 
concentration in leaves was significantly negatively 
correlated to ΦE0. There were no significant relationships 
between CE and VPSI, CE and VPSII (Table 4). 

In M. azedarach, Pearson's correlation analysis 
showed that PIABS was significantly positively correlated to 
ΦE0 and CE. ΦE0 was significantly positively correlated to 
CE. VPSI and VPSII were significantly positively correlated 
to CE. The Mn concentration in leaves was significantly 
negatively correlated to PIABS, ΦE0, VPSI, and VPSII (Table 4). 

Discussion

Mn-induced decrease of the PSII activity: It is well 
known that the functions of PSII (donor and acceptor 
sides) and the electron-transfer chain might be damaged 
by the toxicity of heavy metals (Belatik et al. 2013, Li 
and Zhang 2015, Lin and Jin 2018). The Chl fluorescence 
transient (OJIP transient) can be used as a tool to assess 
photosynthesis (Kalaji and Loboda 2007). The O–J reflects 
the state of the reduction of the acceptor side of PSII. The 
Mn-induced K-step in the OKJIP at 300 µs was consistent 
with the results obtained from wheat under Mn stress 
(Fig. 2C,H) (Macfie and Taylor 1992). The increase in WK 
might be related to an inactivation of the oxygen-evolving 
complex (OEC) (Strasser 1997, Stirbet et al. 2014, Chang 
et al. 2017), and the OEC splits water molecules to provide 

electrons to PSII reaction centers. Schmidt et al. (2016) 
found that the positive K-band can be observed in the 
seeds of two barley genotypes under Mn deficiency for a 
damaged and dysfunctional OEC. The same phenomenon 
was observed in our study. With the increase in Mn 
content and duration of stress, WK gradually increased 
and reached the maximum in L2 groups on day 30. 
These results indicate the photodamage to the OEC that 
leads to a disturbance of electron transfer from the donor 
side to the acceptor side of PSII (Fig. 2). The K-band in  
M. azedarach was higher than that in L. lucidum, indicating 
that the OEC in M. azedarach is more vulnerable to Mn 
toxicity. The J-step represents the redox state of the first 
electron acceptor of PSII (QA) and the accumulation of QA 
(Mehta et al. 2010). The relative fluorescence intensity 
(ΔVt) of the J-step was higher in Mn-treated groups in both 
trees compared with that of the controls, indicating that 
the electron transfer chain of PSII was inhibited, leading 
to the accumulation of QA

– (Jiang et al. 2008, Mlinarić 
et al. 2017). The J–I phase represents the change of the 
PQ pool (Fig. 2C,H). The relative fluorescence intensity 
(ΔVt) of the I-step was higher in Mn-treated groups in both 
trees compared with that of the controls, indicating the 
accumulation of QA

–QB
– (Gomes et al. 2012). In the present 

study, we found that electron transport downstream of QA 
was significantly reduced by Mn stress in both trees. This 
result is supported by the significant increase in M0 and the 
significant decrease in Sm (Fig. 3B,F). When the electron 
transport downstream of QA was inhibited by DCMU 
(Strasser et al. 1995), the M0 increased. Sm reflects the size 
of the PQ pool on the receptor side of the PSII reaction 
center and the energy required to completely reduce QA. 
The more electrons that enter the electron transfer chain 
from QA

–, the longer it takes to reach FM, the greater 
the value of Sm. But in the present study, the Sm and FM  
(Figs. 2D,I; 3F) decreased significantly in L2 groups on 
day 30, suggesting that Mn excess decreased the size of the 
PQ pool and inhibited the acceptor of PSII. These results 
were supported by the decreased value of ψE0 and ΦE0  
(Fig. 3C,G), leading to an inhibition in the acceptor side 
of PSII. 

Table 2. The parameters of the kinetics of prompt fluorescence and modulated 820-nm reflection on day10 and 30 in Melia azedarach 
and Ligustrum lucidum. The data represent mean ± SE (n = 5) and values followed by different capital letters represent significant 
difference between different Mn treatments in the same tree species and stress time (p<0.05). VPSI – maximum decrease in slope in the 
range of 0.7–3 ms of MR/MR0; VPSI+PSII – maximum increase in slope in the range of 7–300 ms of MR/MR0; VPSII – the PSII activity.

Melia azedarach Ligustrum lucidum
CK L1 L2 CK L1 L2

Mn-stress for 10 days
VPSI 1.672 ± 0.211A 1.511 ± 0.003A 1.301 ± 0.213A 1.676 ± 0.117A 1.630 ± 0.001A 1.475 ± 0.119A

VPSI+PSII 0.021 ± 0.035A 0.019 ± 0.000A 0.017 ± 0.035A 0.022 ± 0.147A 0.024 ± 0.003A 0.018 ± 0.150A

VPSII 1.693 ± 0.052A 1.530 ± 0.002A 1.318 ± 0.054A 1.698 ± 0.160A 1.655 ± 0.001A 1.493 ± 0.161A

Mn-stress for 30 days
VPSI 1.618 ± 0.152A 1.301 ± 0.001B 0.806 ± 0.154B 1.619 ± 0.042A 1.458 ± 0.001A 1.434 ± 0.043A

VPSI+PSII 0.021 ± 0.109A 0.016 ± 0.001B 0.011 ± 0.110C 0.023 ± 0.085A 0.019 ± 0.002A 0.019 ± 0.087A

VPSII 1.639 ± 0.100A 1.317 ± 0.001B 0.817 ± 0.101B 1.642 ± 0.199A 1.477 ± 0.002A 1.453 ± 0.200A
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Fig. 3. Changes of yields or flux ratios (ψE0, δR0), PIABS, WK, Sm, ψE0, ΦE0, and FV/FM in the control and Mn-treated groups on day 10 
and 30 in Ligustrum lucidum and Melia azedarach. CK – control; L1 – 0.5 mmol Mn treatment; L2 – 1 mmol Mn treatment. The data 
represent mean ± SE (n = 5) and values followed by different lowercase letters represent significant difference between different Mn 
treatments in the same tree species and stress time (p<0.05). FV/FM – maximum quantum use efficiency; M0 – approximated initial slope 
of the fluorescence transient; ψE0 – probability that a trapped exciton moves an electron into the electron transport chain beyond QA; WK – 
relative variable fluorescence at the K-step to the amplitude FJ – F0; PIABS – performance index; Sm – normalized total complementary 
area above the OJIP transient (reflecting single-turnover QA reduction events);ΦE0 – quantum yield for electron transport; δR0 – efficiency 
with which an electron can move from the reduced intersystem electron acceptors to the PSI end electron acceptors.
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The JIP-test can be used as a tool to detect and quantify 
the changes in photosynthetic apparatus under heavy metal 
stress (Kalaji and Loboda 2007, Leplat et al. 2016). The 
increased F0 and the decreased FM can be observed in this 
study for both trees in L1 and L2 treatment on day 10 and 
day 30 (Fig. 2A,D,F,I). This phenomenon is most apparent 
in L2 treatment groups on day 30. According to previous 
studies (Yamane et al. 1997, Kalaji et al. 2017), these 
results may suggest that the increased F0 and decreased 
FM might be related to the inactivation of the PSII reaction 
center and the destabilization of PSII. The significant 
increase in both ABS/RC and TR0/RC (Table 3) might 
indicate inactivation of a certain part of PSII RCs, which 
was most likely due to inactivation of the OEC as well as 
the transformation of active RCs to silent ones (Strasser  
et al. 2004, Zhang et al. 2017). Additionally, the significant 
increase in ABS/RC and the positive L-band reflect the loss 
of connectivity and PSII RCs become more vulnerable to 
damage (Li et al. 2010). As a result, the DI0/RC increased 
significantly in L2 treatment on day 30 in both tested trees. 
Combined with the changes in the above parameters, Mn 
caused a decrease in overall PSII activity supported by the 
significant decrease in PIABS (Fig. 3B).

Mn-excess affected the oxidation and reduction of PSI: 
The IP-phase is associated with the number of reduced 

end acceptors at the PSI acceptor side, and the reduced 
δR0 represents the electron flow to the PSI acceptor side 
if inhibited (Li et al. 2010, Desotgiu et al. 2012). The 
reduction in amplitude of the IP-phase (Fig. 2D,I) and δR0 
(Fig. 3H) may be caused by the inactivation of the PSI 
acceptor side or the inhibition in electron transport from the 
donor side of PSII to the acceptor side of PSI. In this study, 
with an increase of Mn concentration and stress duration, 
it can be observed that the 820-nm absorption value of the 
fast phase gradually decreased, indicating that the rate of 
independent oxidation and reduction of P700 slowed down 
before electron transport from PSII to P700 (Gao et al. 
2014). This phenomenon was supported by the significant 
decrease in VPSI in M. azedarach in the L2 treatment group 
on day 30, indicating that the photochemical activity of PSI 
decreased. Furthermore, the reoxidation rate of PQH2 after 
illumination was affected by Mn stress (Table 2). Similarly, 
the VPSI+PSII also decreased significantly in M. azedarach in 
the L1 and L2 treatment groups on day 30, which means 
that the rate of electron reoxidation and reduction of P700 
and PC from PSII slowed down, and the coordination of 
electron transport between the PSI and PSII decreased. 
VPSII represents the rate of electron transfer from PSII 
to P700 (Fig. 2E,J). The significant decrease of VPSII in  
M. azedarach in the L2 treatment group on day 30 reflected 
that the electron transfer from PQH2 to PSI was blocked 

Table 3. Mn effect on the special energy fluxes or activities per reaction center on day10 and 30 in Melia azedarach and Ligustrum 
lucidum. The data represent mean ± SE (n = 5) and values followed by different capital letters represent significant difference between 
different Mn treatments in the same tree species and stress time (p<0.05). ABS/RC – absorption flux (of antenna Chls) per RC (also a 
measure of PSII apparent antenna size); TR0/RC – trapped energy flux (leading to QA reduction) per RC at t = 0; RE0/RC – the flux of 
electrons transferred from QA

– to final PSI acceptors per PSII at t = 0; DI0/RC – dissipated energy flux per RC at t = 0.

Melia azedarach Ligustrum lucidum
CK L1 L2 CK L1 L2

Mn-stress for 10 days
ABS/RC 2.32 ± 0.19A 2.22 ± 0.07A 2.46 ± 0.23A 1.58 ± 0.00A 1.69 ± 0.08AB 1.91 ± 0.11B

TR0/RC 1.89 ± 0.16A 1.81 ± 0.05A 1.99 ± 0.17A 1.32 ± 0.01A 1.41 ± 0.07AB 1.58 ± 0.08B

RE0/RC 0.24 ± 0.03A 0.20 ± 0.02A 0.20 ± 0.02A 0.15 ± 0.01A 0.15 ± 0.01A 0.16 ± 0.01A 
DI0/RC 0.43 ± 0.03A 0.42 ± 0.02A 0.46 ± 0.06A 0.26 ± 0.01A 0.28 ± 0.02AB 0.33 ± 0.02B

Mn-stress for 30 days
ABS/RC 2.21 ± 0.19A 2.44 ± 0.19AB 2.96 ± 0.05B 1.59 ± 0.04A 1.93 ± 0.15AB 2.19 ± 0.09B

TR0/RC 1.80 ± 0.14A 1.94 ± 0.13AB 2.33 ± 0.04B 1.34 ± 0.03A 1.58 ± 0.11AB 1.76 ± 0.08B 

RE0/RC 0.20 ± 0.01A 0.18 ± 0.00A 0.18 ± 0.01A 0.16 ± 0.01A 0.17 ± 0.02A 0.17 ± 0.01A

DI0/RC 0.41 ± 0.05A 0.50 ± 0.05AB 0.63 ± 0.01B 0.26 ± 0.01A 0.36 ± 0.04B 0.44 ± 0.01B

Table 4. Pearson's correlation coefficients between Mn concentration, CO2 fixation, and photosynthesis parameters in leaves on day 30 
in Melia azedarach and Ligustrum lucidum. *Correlation is significant at the 0.05 level (p<0.05). **Correlation is significant at the 0.01 
level (p<0.01). CE – carboxylation efficiency; PIABS – performance index; VPSI – maximum decrease in slope in the range of 0.7–3 ms of 
MR/MR0; VPSII – the activity of PSII; ΦE0 – quantum yield for electron transport; Mn – the Mn concentration in leaves.

Melia azedarach Ligustrum lucidum
PIABS ΦE0 VPSI VPSII PIABS ΦE0 VPSI VPSII

CE   0.877**   0.779*   0.891**   0.891**   0.717*   0.447   0.525   0.529
Mn –0.771* –0.731* –0.852** –0.853** –0.837** –0.802** –0.318 –0.321
ΦE0   0.964**   1   0.623   0.623   0.910**   1   0.509   0.512
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due to the disordering of electron transport downstream 
of QA (Fig. 2E,J; Table 2). Mn stress decreased the PSII 
activity, inhibited the re-reduction of P700, and affected 
the ability of electron transfer on the acceptor side of 
PSII (included the PSI), suggesting that the connectivity 
between PSI and PSII was damaged under Mn excess in 
M. azedarach in the L1 and L2 treatment groups on day 
30 (Fig. 2E,J). But in L. lucidum, the parameters (VPSI, 
VPSI+PSII, VPSII) decreased but not significantly; this may 
be because PSI still maintains activity under Mn stress  
(Fig. 2E,J; Table 2) (Gao et al. 2014, Chu et al. 2018).

Mn excess affected the leaf CO2 assimilation: Great 
decreases in net photosynthetic rate (PN) and leaf CO2 
assimilation (CE) in the L2 groups revealed the vulnera-
bility of photosynthesis in M. azedarach and L. lucidum 
to Mn treatment (Table 1). In a previous investigation, 
Li et al. (2010) have shown that the decrease in CE in 
response to excess Mn is caused by impaired electron 
transport capacity rather than stomatal factors. In the 
current study, since the decrease in stomatal conductance 
(gs) was accompanied by an increase in intercellular CO2 
concentration (Ci) (Table 1), Mn excess caused nonstomatal 
factors to impact photosynthesis in M. azedarach and  
L. lucidum (Xie et al. 2018). 

Jiang et al. (2008) have found that the decreased CE 
in response to aluminum (Al) stress for the impaired 
electron transport chain is accompanied by the limitation 
in the reduction of the PSI end electron acceptors through 
the positive relationship between CE and the IP-phase. 
In L. lucidum, the decrease of CE was significantly and 
negatively related to the increase of the Mn concentration, 
but significantly and positively related to the decrease 
of PIABS on day 30 (Table 4). There was no significant 
relationship between the CE and VPSI or the Mn concen-
tration and VPSI. These results suggest that excess Mn 
impaired the activity of PSII but the PSI of L. lucidum was 
stable under the Mn excess. The decrease in CE might be 
related to the damage of PSII and the electron transport 
chain from the donor side of PSII to QA. However, different 
results were shown in M. azedarach. In M. azedarach, 
the Mn concentrations in leaves were significantly and 
negatively related to PIABS, VPSI, VPSII, and ΦE0, while CE 
was significantly and positively related to PIABS, VPSI, VPSII, 
and ΦE0 (Table 4). These results suggest that the excess 
Mn damaged the activity of PSII and changed the state 
of oxidation and reduction of PSI. As a result, it further 
affected the electron transfer chain and its stability between 
PSII and PSI. The decreased CE might be related to the 
damaged electron transfer chain and the inactive PSII and 
the state of oxidation and reduction of PSI.

Notably, reduction of PN and CE was more significant 
under Mn excess in the L2 treatment group in M. azedarach 
than in L. lucidum (Table 1). This phenomenon may be 
caused by the fact that when compared to M. azedarach, 
L. lucidum still maintained relatively stable photosynthetic 
capacity and showed better tolerance under the Mn excess. 
Another possible reason is that the translation factor of  
M. azedarach was higher than that of L. lucidum, indicating 
that more Mn2+ was transported from the roots to the 

leaves in M. azedarach. This result was consistent with the 
findings of Bernardini et al. (2016) that zinc is transported 
to the leaves of plants, leading to the decrease of CE, while 
lead (Pb) was accumulated mainly in the roots, which has 
a slight effect on gas-exchange parameters. 

Conclusions: In this study, we concluded that excess Mn 
harmed photosynthesis in L. lucidum and M. azedarach. 
The reduction in leaf CO2 assimilation and the net 
photosynthetic rates in both tested trees were mainly 
caused by the damage of the photosynthetic electron 
transport chain from the donor side of PSII to the reduction 
of end acceptors of PSI. The change of the specific energy 
fluxes (per active PSII) suggested that the reaction center  
of PSII was inactivated under Mn excess in both tested 
trees. Mn excess decreased the activity of PSII owing to 
the inactive OEC and the limitation in electron transport 
downstream of QA

– in both tested trees. The state of the 
oxidation and reduction in PSI under Mn was different 
in both tested tree species. The rate of photochemical 
activity of PSI decreased (only in M. azedarach) for the 
independent oxidation while reduction of P700 was slowed 
down. Comparatively, Mn stress exerted less inhibitory 
effects on photosynthesis in L. lucidum. Therefore, the 
photosynthetic performance showed more tolerance in  
L. lucidum compared to M. azedarach under Mn stress.
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