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The herbicidal effects of harmaline extracted from Peganum harmala seed on cell growth and photosyn-
thesis of green algae Chlorella pyrenoidosa were investigated using chlorophyll a fluorescence and ther-
moluminescence techniques. Exposure to harmaline inhibited cell growth, pigments contents and
oxygen evolution of C. pyrenoidosa. Oxygen evolution was more sensitive to harmaline toxicity than cell
growth or the whole photosystem II (PSII) activity, maybe it was the first target site of harmaline. The JIP-

’lfleyw‘"dsf test parameters showed that harmaline inhibited the donor side of PSIl. Harmaline decreased photo-
hytotoxin chemical efficiency and electron transport flow of PSII but increased the energy dissipation. The charge

Charge recombination .. . .

Photosystem II recombination was also affected by harmaline. Amplitude of the fast phase decreased and the slow phase

increased at the highest level of harmaline. Electron transfer from Qa to Qg was inhibited and backward
electron transport flow from Qa to oxygen evolution complex was enhanced at 10 pg mL~! harmaline.
Exposure to 10 ug mL~! harmaline caused appearance of C band in thermoluminescence. Exposure to
5 ug mL~! harmaline inhibited the formation of proton gradient. The highest concentration of harmaline
treatment inhibited S3Qg charge recombination but promoted formation of QzYp, charge pairs. P. harmala
harmaline may be a promising herbicide because of its inhibition of cell growth, pigments synthesis, oxy-
gen evolution and PSII activities.

Qa~ reoxidation
Proton gradient
Thermoluminescence

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Allelopathy exists widely in nature. Plant, extracts of plant or
plant chemical compounds can produce direct or indirect effect
on another plant or microbe by releasing phytotoxins [1,2].
Recently, as an environmentally safe method, allelopathic sub-
stances are often suggested as potential natural products to control
algal or cyanobacterial blooms in lakes [3]. There is an increasing
interest in identifying the allelopathically active macrophyte spe-
cies as control measures for bloom-forming algae or separating
potential natural phytotoxins as effective biological algaecides [4].
Many macrophyte species inhibit growth of cyanobacteria [4,5].

Most allelopathic compounds are more biodegradable and envi-
ronmentally friendly than traditional herbicides. Some commercial
herbicides, such as diuron, atrazine and hexazinone, are photosys-
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tem II (PSII) inhibitors by competing with plastoquinone at Qg
binding site of D1 protein in reaction center and inhibiting energy
transfer while other herbicides, such as paraquat, act on photosys-
tem I (PSI) [6]. Phytotoxins can produce inhibitory effects as com-
mercial herbicides but may act on different target sites on other
plants or algae. Some phytotoxins could influence the growth of
neighbor plants or algae [3,7] and change their respiration, photo-
synthesis, membrane permeability, cell division and development,
protein synthesis and enzyme activity [8]. Some phytotoxins
directly inhibit photosystem II (PSII) activity, dark respiration
and ATP synthesis and induce damage to the antioxidant system
[9-11], or inhibit photosynthetic oxygen evolution of intact cyano-
bacteria, or shift the maximum temperature of the B-band (S,Qz
recombination) to higher temperatures [9], or inhibit the electron
transport [11,12].

Peganum species distribute wildly in Africa, Middle East, central
Asia, South America, Mexico and southern USA [13]. More specifi-
cally, the medicinal herb Peganum harmala L. is distributed
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throughout northwest China [14] and is used to treat some dis-
eases [15]. Extract of P. harmala is phytotoxic, decreases seed ger-
mination [16] and inhibits growth of neighboring plants [14].
Alkaloids, such as harmaline, harmine and harmalol, are the main
chemical ingredients extracted from P. harmala, which are respon-
sible for the antimicrobial, antidepressant and analgesic activities
of P. harmala [14,17]. Dicot seedling growth is inhibited by
5ugmL~! harmaline [14]. However, mechanisms of herbicidal
effects of harmaline on the physiological processes are still not
fully understood. To better understand the effects of harmaline
on photosynthesis, its effects on cell growth, electron transport
and charge recombination in PSII of the model green algae, Chlo-
rella pyrenoidosa, were investigated using in vivo chlorophyll fluo-
rescence and thermoluminescence techniques.

Chlorophyll (Chl) a fluorescence technique is a sensitive and
reliable method to examine the action mode of herbicide on pho-
tosynthesis of algae in vivo [6,18]. Upon exposure to a strong acti-
nic light, the increase in Chl a fluorescence intensity of dark-
adapted photosynthetic materials will follow a triphasic kinetic
curve starting from its initial level (F,) , two intermediate level
(Fy and F;) and to its maximal level (Fy or Fp) [19] (called as OJIP).
This OJIP curve reflects the successive but overlapping filling-up of
photosystem II electron acceptor pools as Qa, Qg and PQ, whose
redox states are controlled by PSII functions [19]. It can be used
to analyze changes in electron transfer reaction on both donor
and acceptor sides of PSII [20,21]. Based on the OJIP transients,
Strasser and his team developed the “JIP” test. The JIP test trans-
lates the original data to biophysical parameters that can quantify
the energy flow through the reaction center of PSII [22]. The decay
of chlorophyll fluorescence (the relaxation kinetics of flash-
induced fluorescence) specially provides information of the reoxi-
dation of Qa via forward electron transport to Qg and back reac-
tions with the S, state of the oxygen evolving complex [23,24].
Thermoluminescence (TL) is another particular technique to study
luminescence, which can reveal different types of charge pairs and
subtle changes in charge recombination events in PSII photochem-
istry [25-27]. In the present study, tests of Chl a fluorescence rise
transient and relaxation kinetics of flash-induced fluorescence and
thermoluminescence techniques were used to probe the targeted
action sites of harmaline on electron transport chain in PSII of C.
pyrenoidosa.

2. Materials and methods
2.1. Extraction and isolation of harmaline

Three hundred grams of P. harmaline seeds were ground into
powder and extracted with 500 mL of 80% ethanol [14]. The etha-
nol extract was concentrated under reduced pressure to yield 52 g
of dark red residue which was subsequently dissolved in 200 mL of
5% HCI and filtered. The filtrate was then partitioned three times
with 200 mL of chloroform; the chloroform extracts were com-
bined and dried under reduced pressure to give 250 mg of sub-
stances, which did not show any major spots on a TLC plate and
was then discarded. The aqueous acid layer was made alkaline to
pH 9 with NH4OH and extracted four times with 200 mL of chloro-
form to yield 8 g of dry chloroform extract. The chloroform extract
was then recrystallized in ethanol to give 3.5 g of yellowish crude
crystals of total alkaloids. The crystals were further separated on a
silica gel column eluted with a step gradient elution (EtOAc/MeOH
at 1:0, 98:2, 96:4, 9:1, 8:2, 7:3, 6:4, 1:1, 0:1). Fractions were col-
lected based on TLC profiles and purified to give 140 mg harmaline
(detailed method refers to Shao et al. [14]). Structures of com-
pounds were identified by comparing spectral data with published
literature [14]. The purified harmaline was used for phytotoxicity

test. Harmaline was dissolved in DMSO and diluted to the desired
concentrations. 0.1 mL of deionized water or various concentra-
tions of harmaline was added into 20 mL of cell suspension sam-
ples to obtain the final nominal harmaline concentrations of 0,
0.5, 1, 5 and 10 pgmL~". The same volume of harmaline-free
DMSO solution was used as control.

2.2. Culture of C. pyrenoidosa

C. pyrenoidosa (FACHB-9) was obtained from the Institute of
Hydrobiology, Chinese Academy Sciences. The algae cells were cul-
tivated in BG-11 medium at 25 °C under 30 pmol photons m 2 s~!
illumination with a 12/12 h light/dark period. Cells in the exponen-
tial growth phase were transferred into 50 mL conical flasks for

toxicity experiments.
2.3. Measurement of cell growth

After exposure to harmaline for 0, 24, 48, and 72 h, the optical
density at 680 (ODggp) of C. pyrenoidosa cultures was measured
with a UV-vis spectrophotometer (UV2800, Unico, Shanghai,
China).

The inhibitory effect (ICso) of 72 h treatment of harmaline on
the algal growth was estimated from the data that shows a 50%
reduction in cell growth of harmaline treated samples compared
to control.

2.4. Measurement of pigments content

72 h after exposure to harmaline, C. pyrenoidosa cells were har-
vested by centrifugation at 8000 r min~! at 4 °C for 5 min and the
pigments were extracted with 96% ethanol for 24 h at 4 °C in the
dark followed by centrifugation (8000 rmin~!, 4°C, 5min).
Absorption at 470, 649 and 665 nm of the supernatant was mea-
sured with the spectrophotometer (UV2800, Unico, Shanghai,
China). Chl g, Chl b and carotenoids contents were calculated [28].

2.5. Measurement of oxygen evolution

Oxygen evolution was measured with a Clark-type oxygen elec-
trode (Oxygraph, Hansatech Instruments Ltd., King’s Lynn, Norfolk,
England). 2 mL of algal cell suspension was added into the reaction
cuvette for 5 min oxygen evolution. A white light with illumination
on the surface of the cuvette of 150 umol photons m2s~! were
continuously provided during measurement of O, evolution

(nmol mL~! min~1) [29].

2.6. Measurement of polyphasic fast fluorescence induction and
calculation of JIP test

The polyphasic fast fluorescence induction was performed by
using a double-modulation fluorometer (FL3500, PSI, Brno, Czech).
The cells used for Chl a fluorescence measurements were dark-
adapted for 30 min before each test. The polyphasic fluorescence
transient was measured with a 1s multiple turnover flash and
recorded every 10 s for the first 2 ms and every 1Tms up to 1s
[30].

The JIP-test was calculated to analyze each of Chl a fluorescence
transient [22]. F, (fluorescence intensity at 50 ps), Fj (fluorescence
intensity at around 2 ms) and F; (maximal fluorescence intensity,
usually reached at 200-500 ms) from the original measurements
were used. F3qp s are required for calculation of the initial slope
(M,) of the relative variable fluorescence (V) kinetics. Some
selected JIP-test parameters were derived from the fluorescence
induction kinetics according to Strasser et al. [31]: Vj, relative var-
iable fluorescence at ] level; M,, the initial slope, indicating the net
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closing rate of the reaction centers; ¥,, probability that a trapped
exciton moves an electron into the electron transport chain beyond
Qa (at t = 0); @po, the maximum quantum yield for primary photo-
chemistry (at t=0); @g,, quantum Yyield of electron transport
(at t=0); @po, quantum yield of energy dissipation (at t=0); RC/
CS, density of reaction centers; Plags, photosynthesis performance
index on absorption basis; Fy/Fy, the maximal PSII photochemical
efficiency; ABS/RC, TR/RC, ET/RC and DI/RC, absorption flux,
trapped energy flux, electron trans- port flux and dissipated energy
flux per reaction center (at t = 0), respectively [29].

2.7. Measurement of Q4 reoxidation kinetics

The relaxation of the flash-induced increase in Chl a fluores-
cence yield reflects the reoxidation of Q4 via forward electron
transport to Qg and back reactions with the S, state of the oxygen
evolving complex [23]. The double-modulation fluorometer
(FL3500, PSI, Brno, Czech) was also used to measure Qa reoxidation
kinetics. The measurement of Qa reoxidation kinetics was per-
formed by a single turnover flash. In this study the Qa reoxidation
kinetics curves after a single turnover flash were measured in
400 ps-10 s time range. Both actinic (30 ps) flashes and measuring
(2.5 ps) flashes were provided by red LEDs.

2.8. Thermoluminescence (TL) measurement

After 6 h of exposure to harmaline, TL measurements of algal
cells were performed with the FL2000-S/F thermoluminescence
instrument attached to the FL-3500 Double-Modulated Fluorome-
ter (PSI, Brno, Czech). The volume of the samples for each measure-
ment was 0.1 mL. After 5 min of dark adaptation at 25 °C, the cells
were cooled to —2 °C and illuminated with one single-turnover
flash. Then the cells were warmed up to 65 °C at a heating rate
of 0.5°Cs~! and the TL light emission was measured during the
heating [26]. For these TL measurements, one single turnover flash
was used. Flash dependency of the bands was examined in order to
tell the Q band from B band and confirm the AG band. In addition,
TL curves for both non-frozen samples (cooling to 1 °C) and in fro-
zen samples (cooling to —5 or —10 °C) and proton gradient were
determined to identify the AG band.

2.9. Measurement of proton gradient (ApH)

Transthylakoid proton gradient (ApH) and membrane potential
(AY) were measured automatically through extended emitter-
detector modules as P515/535 with Dual-PAM-100 system [32].
After longer dark times are given, the P515 displays complex relax-
ation kinetics for differentiation between Ay and ApH compo-
nents of the overall proton motive force (pmf) [33]. According to
Kramer and Sacksteder [34] the relative amplitudes of Ay and
ApH can be estimated from the characteristic levels observed dur-
ing the light-off response. The difference between the steady state
signal and the “dark baseline” reflects Ay during steady state illu-
mination. The “undershoot” below the “dark baseline” is consid-
ered to be a measurement of the steady state of ApH. When light
is off the accumulated protons are rapidly released from the lumen
to the stroma via the ATP-ase, and there is a sudden excess of neg-
ative charge at the internal side of the membrane, which results in
an inversed P515. Before measurement, samples (control and sam-
ples treated with 5 ug mL~! harmaline) were kept for 30 min in
darkness. The 550-515 nm signal curves were recorded at dark-
light-dark cycle by the Dual-PAM-100 software. The original dif-
ference of signals were measured in Volt units, which were trans-
formed into Al/I units with the help of the calibration routine. Ay
and ApH components of the overall proton motive force (pmf)
were calculated in AI/I units [32].

2.10. Statistics analysis

The experiments were done in triplicate for all treatments.
Analysis of the data was done using the software Origin 6.0 (Origin
Lab Corporation, USA). The statistical significance between control
and harmaline treated samples were calculated in one-way ANOVA
(SPSS V16.0) with posthoc Fisher’s least significant difference (LSD)
test.

3. Results
3.1. Effect of harmaline on the cell growth

Cell growth of C. pyrenoidosa was inhibited by harmaline treat-
ment and the inhibitory effect was dose-dependent (Fig. 1A). After
24 h of exposure to harmaline, there is difference in growth rate
between the control and the cells treated with 5 and 10 pg mL™!
harmaline. 5 pg mL~! harmaline reduced cell growth by 39% after
24 h of exposure. 72 h after exposure to harmaline, cell growth
for 5 and 10 pg mL~! harmaline treatments was reduced by 47%
and 55%, respectively in comparison with the control. The 72 h-
ICso value was calculated to be 6.7 pg mL™".

3.2. Effect of harmaline on O, evolution

After 6 h of exposure to various concentrations of harmaline, O,
evolution rate of C. pyrenoidosa was substantially reduced (Fig. 1B).
Treatment with 0.5 and 10 ug mL™~! harmaline for 6 h led to a 10%
and 47% inhibition of O, evolution relative to the control.

3.3. Effect of harmaline on the content of pigments

Chl a, Chl b and carotenoids contents decreased as harmaline
concentration increased from 1 to 10 ug mL~! (Fig. 1C). For exam-
ple, Chl a content decreased by 15% at 1 pg mL~! harmaline com-
pared to control. Chl b content decreased by 47% and 60% at 5
and 10 pgmL~' harmaline, respectively. Carotenoids content
decreased by 21% at 1 ugmL~! harmaline and decreased more
with elevated harmaline concentration. Chl a/b ratio was calcu-
lated as shown in Fig. 1D. Chl a/b ratio was not affected at
0-1 pg mL~! harmaline, and had an increase from 1 to 10 pug mL™!
harmaline (p < 0.05, between 1 and 10 pg mL~! harmaline).

3.4. Effect of harmaline on the fast fluorescence rise transient

Effect of harmaline on the fast rise fluorescence transient of C.
pyrenoidosa was concentration-dependent (Fig. 2A). Fy; decreased
drastically and the J-P phase leveled off at 5-10 pg mL~' harma-
line compared to control, indicating that 5-10 ug mL~! harmaline
had strong inhibitory effect on the photochemical activity of C. pyr-
enoidosa. There is no remarkable difference between control and
samples treated with 0.5-1 pg mL~! harmaline for JIP-test param-
eters (Table 1).5 and 10 ug mL™! harmaline concentration resulted
in an increase of Vj, M, and the effective antenna size per reaction
center (ABS/RC), and decreased electron transport flux (¢g,) and
the density of the active photosynthetic reaction centers (RC/CS)
(Table 1). These changes resulted in an increase in the dissipated
energy flux per reaction center (DI/RC), and finally decreases in
the performance index (Plags) and maximum quantum yield for
primary photochemistry (@po, Fy/Fu). After exposure to 5 pug mL™!
harmaline, V; (the relative variable fluorescence) and M, (the initial
slope) increased by 24% and 29%, respectively; ¥, (probability that
a trapped exciton moves an electron into the electron transport
chain beyond Qa) and ¢g, (quantum yield of electron transport)
decreased by 14% and 22%, respectively; ¢p, (quantum yield of
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Fig. 1. (A) The optical density at 680 nm (ODgso) of C. pyrenoidosa cultures at various concentrations of harmaline after different exposure time. Data were means + SE (n = 3,
*p <0.05, **p < 0.01). (B) O, evolution rate of C. pyrenoidosa untreated and treated with various concentrations of harmaline for 6 h. Data were means + SE (n = 3). (C) Contents
of Chl a, Chl b and carotenoids of C. pyrenoidosa untreated and treated with various concentrations of harmaline for 72 h (n = 3). (D) Ratio of Chl a and Chl b of C. pyrenoidosa

untreated and treated with various concentrations of harmaline for 72 h (n=3).

energy dissipation) and DI/RC increased by 21% and 38%, respec-
tively; ABS/RC and TR/RC (flux trapped energy flux per reaction
center) increased by 14% and 4%, respectively; RC/CS and ET/RC
(electron transport flux per reaction center) decreased by 18%
and 11%, respectively; and Plags and Fy/Fy decreased by 54% and
9%, respectively.

3.5. Effect of harmaline on Qx reoxidation

In order to understand the effects of harmaline on the function
of the donor side and the acceptor side of PSII, Qa reoxidation
kinetics test was performed. The Q4 reoxidation kinetic curves of
the control and the samples treated with various concentrations
of harmaline were shown (Fig. 2B). The curves were fitted by the
triexponential equation. The parameters derived from Qx reoxida-
tion kinetic curves were summarized in Table 2. At 0.5-5 pug mL™!
harmaline, the fast component dominated the Qa reoxidation
kinetics with small fractions of the middle and slow components,
and harmaline had little effect on Qa reoxidation kinetics. At
10 g mL~! harmaline, the fast component decreased to 65.9%
while the middle and slow component increased to 23.6% and
10.4%, respectively. Meanwhile, the time constant of fast compo-
nent slowed from 337 for the control to 986 ps at 10 pg mL™!
harmaline.

Thermoluminescence was used to investigate the effect of har-
maline on the redox properties of the acceptor and donor sides of

PSII, i.e., charge stabilization and subsequent recombination in
PSII. TL glow curves were influenced by harmaline (Fig. 3A).
The TL curves were well fitted with two or three decomposition
components with B1 band (T.x the temperature of the maxi-
mum, at around 15 °C), B2 band (Tyax at around 35 °C), and C
band (Tpmax at around 62 °C, it only appeared at 10 pg mL™' har-
maline) (Fig. 3B). The flash dependency of the TL band at around
15 °C was confirmed to be B1 band by the shift of this band with
flash number (Fig. S1). The TL band at 44 °C was not AG band
because freezing only increased the thermoluminescence inten-
sity in comparison with unfrozen sample (Fig. S2) and freezing
and harmaline treatment both inhibited the formation of proton
gradient (Fig. 4).

The peak temperature and intensity were listed in Table 3.
B1 band intensity and the T,.x of B1 band decreased with
increasing harmaline concentration. The intensity of B2 band
decreased at 5 ug mL~! harmaline. After exposure to 10 ug mL™!
harmaline, the C band appeared. The appearances of the C band
was accompanied with the decrease of B1 band at 10 ug mL™!
harmaline.

3.6. Effect of harmaline on the formation of proton gradient
The effect of harmaline on proton gradient was shown in Fig. 4.

The proton gradient (ApH) was formed for control but its forma-
tion was obviously inhibited by 5 g mL~" harmaline.
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Fig. 2. (A) Fast fluorescence rise transient of the control and the samples treated
with various concentrations of harmaline for 6 h. Data were means of triplicate. (B)
Qx reoxidation kinetic curves of the C. pyrenoidosa untreated and treated with
various concentrations of harmaline after 6 h exposure time. Data were means of
triplicate.

4. Discussion

The site of action of harmaline on cell growth, pigments concen-
tration, oxygen evolution and PSII activity of C. pyrenoidosa were
investigated using in vivo Chl a fluorescence tests and thermolumi-
nescence techniques.

Cell growth was inhibited by 10-55% after 24 h of exposure to
1-10 pg mL~" harmaline and the strong inhibitory effect remained
until 72 h (Fig. 1A). Inhibition of cell growth is usually an impor-
tant index of many herbicides including some phytotoxins
[35,36]. In the present study, 72 h-ICso of harmaline was
6.7 g mL~!, suggesting that harmaline has strong inhibitory effect
on green algae compared with other reported herbicides [37].

The contents of Chl a and carotenoids were reduced by
1 ug mL~! or higher concentrations of harmaline while Chl b con-
tent was affected at over 5ugmL~' harmaline (Fig. 1C). This
implies that Chl a and carotenoids are more vulnerable to harma-
line toxicity than Chl b. Reduction of Chl a and carotenoids well
agreed with other studies [3,35]. The reduction of pigments con-
tent observed is most likely due to the reduced biomass of green
algae as shown in Fig. 1A. The decrease of Chl a after exposure to
harmaline indicates a decrease in the antenna size of photosyn-
thetic reaction center complexes [38]. Carotenoids play an impor-
tant role in non-photochemical quenching (NPQ) and dissipation of
excess energy under high light stress to prevent damage to algae

Table 1

The selected JIP-test parameters of the control and 6 h of harmaline treated samples. Vj, the relative variable fluorescence; M,, the initial slope; ¥, probability that a trapped exciton moves an electron into the electron transport chain

beyond Qa (at t

=0); Plags, photosynthesis performance index on

0); ®po, quantum yield of energy dissipation (at t

0); @po, maximum quantum yield for primary photochemistry (at t

0). @go, quantum yield of electron transport (at t =

0) respectively; RC/

absorption basis; Fy/Fy, the maximal PSII photochemical efficiency; ABS/RC, TR/RC, ET/RC and DI/RC, absorption flux, trapped energy flux, electron trans- port flux and dissipated energy flux per reaction center (at t

CS, density of reaction centers. *p < 0.05 (LSD test).

M, v, Pro Ppo Plags FulFw ABS/RC TR/RC ET/RC DI/RC RC/CS

Y

Harmaline

(ug mL™)

1.16 £ 0.01
1.28 +0.01
1.12+£0.01
0.95 £ 0.00

0.41+0.01
0.39 £0.01
0.42 £0.01
0.57 £0.04

0.62 £0.02
0.60 £ 0.01
0.61 £0.03

0.99 £ 0.02
0.93 £0.02
0.98 £ 0.04

1.40 £ 0.02
1.32+0.03
1.40+0.05

0.71 £0.01
0.71 £ 0.00
0.70 £0.01

2.86+0.28
3.33+0.14
2.80£0.12

0.30 £0.01
0.29 £ 0.00
0.30£0.01

0.44 £0.01
0.46 + 0.00
0.44 £0.01

0.63 £0.01
0.65 +0.00
0.63 £ 0.00

0.37 £0.01
0.33 £0.01
0.37 £0.01

0.37 £0.01
0.35 £ 0.00
0.37 £0.00

0.5

0.54 +0.02* 0.35+0.02* 0.36+0.01* 1.32£0.23" 0.64 +0.01* 1.60 + 0.06* 1.03+0.02 0.55 + 0.00*
1.92 +0.02*

0.48 +0.02*

0.46 + 0.02*

0.48 +0.02* 0.79 £0.02* 0.71£0.01*

1.13+0.02*

0.65 £ 0.00* 0.43 £0.01* 0.25 +0.01* 0.41+0.01" 0.55 £ 0.05* 0.59 £0.01*

0.58 £0.01*

10

27
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Table 2
Kinetic deconvolution of Q4™ reoxidation kinetics of C. pyrenoidosa untreated and treated with various concentrations of harmaline (n = 3). A;-A3 are the amplitudes; T;-Ts are the
time constants.”p < 0.05 (LSD test after one way ANOVA).

Harmaline (ug mL™1) Fast component Middle component Slow component

Ay (%) Ty (us) A (%) T, (ms) As(%) T5 (s)
0 98.4+0.5 337 +67 1.1+03 13.3+6.1 04+0.2 1.9+09
0.5 98.0+0.1 393+8 14+0.1 16.7+£23 0.7+0.0 35+1.0
1 98.3+0.6 35279 13x04 15.7+£7.2 0.5+0.2 1.6+£0.7
96.9 + 0.5 397 £47 22+03 7.5+3.1 1.0+0.2 0.6+0.3
10 65.9+1.8" 986 + 108* 23.6+1.2" 159+2.7 104 +0.6* 0.6+0.2
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Fig. 4. Effect of 5 ug mL~' harmaline on P515 signals. P515 signals were measured

B as described in Section 2. Samples were illuminated with 126 pmolm~2 s~! of
0.6 photons light and return to darkness.
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£ [39]. Decrease of carotenoids content will decrease oxygen evolu-

8 tion [40] and reduce the dissipation of harmful excess excitation
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8 max energy [39], which was confirmed by the decreased O, evolution

(73 . . .

] (Fig. 1B) and increased ¢p, after exposure to harmaline. Because

§ 0.3 about 90% of Chl b is bound to LHCII (light-harvesting chlorophyll

5 B2 band (tmax=32°c) a/b - protein complex of PSII), the decrease of Chl b means the

% “* degradation of the LHCII at 5-10 pg mL~" harmaline [41]. Chl a/b

£ 0.2 ratio was not affected at 0-1 pug mL~! harmaline but increased at
E——— 1-10 ug mL~" harmaline (p <0.05). The increased Chl a/b ratio

indicates that the decrease of Chl b content was greater than the
decrease of Chl a content at 10 pg mL~! harmaline. This suggests
that harmaline affects the light-harvesting antenna around PSII
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Fig. 3. (A) Effect of harmaline on the thermoluminescence (TL) curves of Chlorella
pyrenoidosa cells untreated and treated with various concentrations of harmaline.
Data were means of triplicate. (B) Sample of deconvoluted TL glow curves for algae

and decreases absorption of light energy to avoid more damage
from stress.
Oxygen evolution was more sensitive to harmaline toxicity than

. 4 ;
cells treated with 5 g mL~" harmaline. cell growth, pigments content and PSII activity. For example, the

Table 3
Peak temperature and intensity of TL bands in the control and samples treated with various concentrations of harmaline (n = 3). The intensities were obtained by calculating the
area under the respective peaks. *p < 0.05, **p < 0.01 (LSD test after one way ANOVA).

Harmaline B1 band B2 band C-band
(ng mL™") Tinax Intensity Tinax Intensity Tinax Intensity
0 18.4+0.6 6.78 +1.63 364+1.6 2.99+0.92 - -
0.5 16.3+0.5™ 7.31+0.51 358+1.3 2.40+0.36 - -
1 15.6 £ 0.3** 6.40+1.34 36.0+1.5 2.22+0.28 - -
5 12.8 £0.2* 3.45+0.64* 32.0+2.0 236+0.71 - -
10 12.29 £ 0.4*" 2.07 £0.09™ 394+1.6 4.63+0.30 63.1+0.6 2.10+0.61
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oxygen evolution decreased by 10% compared to control after
exposure to 0.5 pg mL~! harmaline for 6 h but cell growth and pig-
ment content were not obviously affected, which was in consistent
with some reports about herbicides or other allelochemicals [9].
This implies that photosynthetic apparatus, especially the oxy-
gen-evolving complex, is a very sensitive target site of harmaline
exposure. Oxygen evolution is measured with whole cells and a
lot of processes influence the activity of oxygen evolution. Effects
on fluorescence induction and thermoluminescence were observed
at much higher harmaline concentrations. This also indicates that
the first target of harmaline may be not the PSII but different sites
such as CO, fixation, the proton gradient and ATP-synthesis.

Electron transfer is usually recognized as a main target of inhi-
bition, which is targeted by many artificial or natural herbicides
[9,11]. In the present study, fluorescence transients and the JIP-test
parameters changed drastically after exposure to 5-10 pug mL™!
harmaline (Table 1), indicating that PSII was an important target
of harmaline. The decrease in fluorescence intensities at J-1-P steps
were normally explained with the inhibition of the electron trans-
port at the donor side of PSII, which resulted in the accumulation of
P680* [30]. The impacts of harmaline on O, evolution and Chl a
also confirmed the inhibitory effects of harmaline on the donor
side of PSII. The JIP-test parameters further confirmed that harma-
line had inhibitory effects on the donor side of PSII (Table 1). This
can be concluded from the decrease in the maximum quantum
yield for primary photochemistry (¢p,) when the cells were trea-
ted with 5-10 ug mL~! harmaline. Increase of ABS/RC indicates
the change of the antenna size of PSII RC due to the change in
the number of LHC complexes per PSII RC or due to the inactivation
of RCs and formation of non-Q, reducing RCs [42]. All these sup-
port the fact that harmaline inhibited PSII on the donor side. The
decrease of ET/RC showed that harmaline reduced the electron
transport of PSIIL.

The acceptor side of PSIl is also the target of various commercial
herbicides, and they compete with the native electron acceptor
plastoquinone for binding at the Qg site in the D1 subunit and thus
block the electron transfer from Qa to Qg [11,43]. The decrease of
¥, suggests that the light-independent electron flow from Qa to
Qg was blocked and harmaline might occupy the binding site of
Qg on the reaction center complexes [44]. 5-10 pg mL~! harmaline
increased the quantum yield of energy dissipation (¢p,) and dissi-
pated energy flux (DI/RC), which means that excess excitation
energy has been converted to thermal dissipation in order to keep
the energy balance between absorption and utilization [29,39].
These changes together caused the drastic decrease of the overall
photosynthesis performance index (Plags).

Qa reoxidation kinetics was done to detect the effects of harma-
line on the function of the donor side and acceptor side of PSII of C.
pyrenoidosa. Three components were identified from the Qa reoxi-
dation kinetics. The fast phase arises from the reoxidation of Q4 by
PQ9 molecules bound to the Qg site before the flash [45]. The mid-
dle component, originating from Qa reoxidation in centers where
the Qg site was empty at the time of the flash [45], changed consid-
erably with increasing harmaline concentration. The slow phase
arises from back reaction of Q4 with the S, state of the water-
oxidizing complex, which is populated via the equilibrium
between QaQg and QAQg. There were a decrease of amplitude of
the fast phase and an increase of amplitude of the slow phases at
10 ug mL~! harmaline (Table 2), implying that electron transfer
from Qa to Qg was inhibited by harmaline, more Q4 was reoxidized
via S3(QaQg)~ charge recombination [30,44]. The change may lar-
gely be due to modification of the oxygen-evolving complex, espe-
cially the alteration of the charge transfer characteristics of the S,
state, which agreed well with the result that oxygen-evolving com-
plex was an important target of harmaline toxicity. The increase of
the slow component reflects the fraction of Q4 reoxidation through

back reactions with the S, state of the oxygen evolving complex
increased after exposure to harmaline. When the Qa to Qg
electron transfer step was inhibited by harmaline, the reoxidation
of Qa proceeds via charge recombination with donor side compo-
nent, mainly with the S, state, implying that harmaline has similar
effect to DCMU. A significant alteration of the decay kinetics was
only observed at the highest harmaline concentration. These
data indicate again that the first site of inhibition is most likely
not PSIL.

The proton gradient (ApH) component is the key regulatory sig-
nal for initiation of nonphotochemical quenching (NPQ) of excita-
tion energy. In the present study, the formation of proton
gradient (ApH) components of algae cells was inhibited after expo-
sure to 5 pg mL~! harmaline, suggesting that the formation of zea-
xanthin was affected under harmaline stress, H" efflux from the
lumen to the stroma via thylakoid ATP-ase was reduced, and the
nonphotochemical quenching was influenced. In our previous
study, mercury stress decreased the proton gradient of aquatic
plant [46]. Increase of energy dissipation in chlorophyll fluores-
cence test also indicates that nonphotochemical quenching regula-
tion was influenced.

The thermoluminescence technique is also suitable to study the
damage to donor and acceptor sides of PSII induced by chemicals
[47]. The intensity and position of TL peaks reflect the number
and the redox state of the participating charged molecules, respec-
tively [27]. Tmax of the B1 band is around +20 °C with S3Qg charge
recombination and T,,x of the B2 band near +30 °C is associated
with S,Qp charge recombination [27]. Exposure to 10 pg mL~! har-
maline caused a decrease of B1 band intensity and a slight increase
of B2 band intensity (Fig. 3A and Table 3), suggesting that the S3Qg
charge recombination is inhibited but S,Qg charge recombination
is increased after exposure to harmaline. This is different from pre-
vious studies. Generally, B band intensity was decreased under
environmental stress [48]. Horvath et al. found that Cu®* gradually
decreased the intensity of B band with a stepwise shift in its peak
position toward the lower temperature [49]. The downshift of B
band indicates the inhibition of harmaline of donor side of PSII.
The C band with T, at about 50 °C may arise from recombination
of the QaYp pair [27]. The C band appeared only for samples trea-
ted with 10 pg mL~! harmaline. This implies that recombination of
the QaYp pair was enhanced in the presence of harmaline, which
confirmed that the inhibition of harmaline of the acceptor side. It
is reported that the intensity of C band is enhanced by high con-
centration of DCMU [50], which means that harmaline has similar
effect.

5. Conclusions

Harmaline inhibited cell growth, reduced pigments content, O,
evolution, electron transport on both donor and acceptor sides of
PSII of C. pyrenoidosa. Oxygen evolution is more sensitive to harma-
line toxicity than cell growth or pigment synthesis and it may be
the first target site of harmaline. Harmaline exerted influence on
the donor side and the acceptor side of PSII. The light-independent
electron flow from Qs to Qg was blocked and harmaline may
occupy the binding site of Qg on the reaction center complexes.
Harmaline increased the quantum yield of energy dissipation and
reduced the electron transfer in PSIl. The charge recombination
in PSII was also affected by harmaline which was confirmed by
both the Qa4 reoxidation and thermoluminescence data. The S;Qg
charge recombination was retarded but charge recombinations of
QaYp pair were promoted at highest concentration of harmaline.
P. harmala harmaline is a promising herbicide because of its inhibi-
tion of cell growth, pigments synthesis, oxygen evolution and PSII
activities.
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