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Abstract 
 

UV radiation of sunlight is one of harmful factors for earth organisms, especially for photoautotrophs because they 
require light for energy and biomass production. A number of works have already been done regarding the effects of UV-B 
radiation at biochemical and molecular level, which showed that UV-B radiation could inhibit photosynthesis activity and 
reduce photosynthetic electron transport. However quite limited information can accurately make out inhibition site of UV-B 
radiation on photosynthetic electron transport. In this study, this issue was investigated through measuring oxygen evolution 
activity, chlorophyll a fluorescence and gene expression in a model unicellular green alga Chlamydomonas reinhardtii. Our 
results indicated that UV-B radiation could evidently decrease photosynthesis activity and inhibit electron transport by 
blocking electron transfer process from the first plastoquinone electron acceptors QA to second plastoquinone electron 
acceptors QB, but not impair electron transfer from the water oxidizing complex to QA. The psbA gene expression was also 
altered by UV-B radiation, where up-regulation occurred at 2, 4 and 6h after exposure and down-regulation happened at 12 
and 24 h after exposure. These results suggested that UV-B could affects D1 protein normal turnover, so there was not 
enough D1 for binding with QB, which may affect photosynthetic electron transport and photosynthesis activity.  
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Introduction 
 

The level of UV radiation reaching the Earth’s 
surface have significantly increased due to destruction of 
stratospheric ozone, and in the Polar Regions (ozone 
holes) this increase is about 6% maximum per decade 
(Frederick&Lubin, 1988; Madronich et al., 1995). UV 
radiation, especially ultraviolet-B (UV-B, 280–320 nm) in 
solar light, can affect a multitude of photosynthetic 
process, including photosynthetic oxygen evolution, 
photosynthetic pigment synthesis, CO2 fixation and  
electron flow transport in the PSII (Sicora et al., 2003; 
Wang et al., 2010a; Rastogi et al., 2014; Mohajer et al., 
2015; Sompornpailin & Kanthang, 2015). Some 
researchers reported that the primary effect of UV-
damage occurs at the catalytic Mn cluster of photosystem 
(Sicora et al., 2006), and Mn cluster could be inactivated 
by released from water-oxidation complex and loss of the 
oxygen evolving activity under UV-B radiation. But Vass 
and colleague demonstrated UV-A radiation dominantly 
damage located at QB  quinone electron acceptor, leading 
to inhibition of electron transport (Turcsanyi & Vass, 
2000), and they also pointed out that UV-B radiation 
impairs PSII by modification of QB binding site and 
affects the binding of plastoquinone, which lead to loss its 
function and the inhibition in the electron transport chain 
(Vass et al., 2005). However, it is unclear about the 
primary inhibition site of photosynthetic electron 
transport chain by UV-B radiation, which is expected to 
be an important component to interpret UV-B damage. In 
this study, we used Chlamydomonas reinhardtii to carry 
out our research since this alga is a suitable model 

organism for photosynthesis research (Harris 2001; 
Merchant et al., 2007; Hu et al., 2014). We want to 
address this issue through measuring the biochemical and 
physiological parameters of Chlamydomonas reinhardtii 
under UV-B radiation, which included: (1) to investigate 
photosynthesis activity of Chlamydomonas reinhardtii 
under UV radiation; (2) to determine chlorophyll 
fluorescence of the alga after exposure to UV-B radiation 
to identify inhibition sites of the photosynthesis system; 
(3) to study gene expression of photosynthetic reactive 
center protein and then to discuss inhibition site of UV-B 
radiation on photosynthetic system in algae. 
 
Materials and Methods 
 
Algal culture and treatment with UV-B radiation: The 
Chlamydomonas reinhardtii wild type (WT) strain CC-
125 (kindly donated by Dr. Kenichi Wakabayashi, Tokyo 
University, Japan) was grown in liquid Tris-acetate-
phosphate (TAP) medium (Hema et al., 2007), at 23±1oC 
under aerobic incubation, and continuous illumination 
using cool fluorescent lights and light intensity of 100 ± 
5μmol photo m-2s-1.  

The artificial UV-B radiation was obtained by a 
combination of fluorescent lamps (He & Häder, 2002b). 
UV-B from the power of a 15 watts Cole Parmer UV light 
(wavelength 312 nm) and cellulose acetate was used to 
filter out UV-C. The irradiance was 60 μmol photo m-2s-1 

PAR and UV-B radiation was measured with an EW-
97503-00 luminance meter and an EW-97503-52 probe 
(Cole-Parmer Instruments). The four UV-B radiation 
treatment levels were 0 (control), 0.2, 0.4 and 0.8 W/m2.  
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Determination of photosynthetic oxygen evolution 
activity: The photosynthetic oxygen evolution rates of 
Chlamydomonas reinhardtii were measured with a 
Clark-type oxygen electrode (Hansatech Instruments 
Ltd, UK) according to the manufacturer’s instructions. 
Algae samples were kept at 23°C by a refrigerated 
circulator and at 100μmol photo m-2s-1 illumination 
under continuous stirring.  
 
Determination of photosynthetic activity by Phyto-
PAM: The potential maximum PSII quantum yield 
(Fv/Fm) was determined by using a Phyto-PAM (Walz, 
Germany). All samples are needed to be dark-adapted for 
15 min at 23°C prior to measurements. Phyto-PAM could 
measure the minimal fluorescence yield (Fo), the maximal 
fluorescence yield (Fm) and Rapid light curves (RLC) 
according to the manufacturer’s instructions. From these 
data, the potential maximum PSII quantum yield (Fv/Fm) 
were calculated as Fv/Fm = (Fm-Fo)/Fm (Ralph & 
Gademann, 2005). 
 
Determination of chlorophyll fluorescence by Handy 
PEA: Chlorophyll a fluorescence was determined at room 
temperature by a portable Handy-PEA (Instruments Ltd, 
UK). According to the method described by Strasser and 
Srivastava (Strasser & Srivastava, 1995), the 
measurements were carried out at 23°C after a dark 
adaptation period of 15 min.  
 
Determination of gene expression by quantitative RT-
PCR: Total RNA was extracted from algal cells using 
TRIZOL reagent (Invitrogen, USA) according to the 
manufacturer’s instructions. Then total RNA was 
extracted by adding RQ1 RNase-Free Dnase (Promega) at 
37°C for 30 min to digest DNA. First-Strand cDNA 
Synthesis were performed using an RT reagent Kit 
(TaKaRa, Tokyo, Japan). The PCR thermal cycles used 
were as follows: 5 min at 95°C for cDNA denaturation, 
followed by 30 cycles of 30 s at 95°C, 30 s at 55°C, and 
30 s at 72°C, and a final elongation was performed at 
72°C for 10 min. The 18S rRNA gene was used as the 
housekeeping gene to normalize the expression levels. 

Gene specific PCR primers synthesized by 
TianyiHuiyuan Life Science and Technology Company 
(Beijing, China) were used in this study as outlined in 
Table 1. The primers of 18s rRNA and psbA were used as 
suggested by Yoshida et al. (Yoshida et al., 2004) and 
Teramoto et al. (Teramoto et al., 2002), respectively. 

 
Table 1. Gene specific PCR primers. 

Gene Primer Sequence (5′–3′) 
18S rRNA Forward ACTGCTCTGCTCCACCTTCC 

 Reverse TATTCAGAGCGTAGGCCTGC 
psbA Forward GGCCAAGGTTCATTCTCTGA 

 Reverse CACCGAATACACCAGCAACAC 
 

Data analysis: All the experiments were carried out for 
three times with more than three replicates. All data are 
presented as mean ± SD and significant differences 
between the control and treated samples were determined 
by one way ANOVA and multiple comparisons with LSD 

using SPSS 16.0 for Windows. Differences in gene 
expression levels were analyzed by △△CT method ( 
Livak & Schmittgen, 2001; Hou et al., 2015). In addition, 
the graphs were obtained using Origin 8.0 data analysis 
software (Origin Lab Corporation, USA). 
 
Result  
 
UV-B radiation inhibited photosynthesis activity of 
algae: In order to determine the effects of UV-B exposure 
on Chlamydomonas reinhardtii cells, samples were 
irradiated with different intensities of UV-B (0.2, 0.4, and 
0.8 W/m2). Figs. 1 and 2 showed respectively the 
inhibition effect of UV-B radiation on the oxygen 
evolution rate and maximum quantum yield (Fv/Fm) in 
alga. Oxygen evolution rate and Fv/Fm are frequently 
considered as the effective indicator to determinate 
photosynthesis efficiency in vivo (Longstaff et al., 2002). 
The values of oxygen evolution rate and Fv/Fm in the 
control group exhibited a relatively stability during whole 
experiment time, which were different significantly from 
data in the UV-B radiation group (Figs. 1 and 2). At 0.2 
W/m2 level, oxygen evolution rate values were almost 
unchanged compared to the control (Fig. 1), while Fv/Fm 
steadily decreased with increasing exposure time (Fig. 2). 
After 24 h the Fv/Fm values decreased from 0.76 to 0.64. 
Under 0.4 W/m2 UV-B radiation, the oxygen evolution 
rates and Fv/Fm values gradually decreased with the 
extension of treatment, while Fv/Fm value seems to be 
more sensitive than oxygen evolution rate (Figs. 1 and 2). 
0.8 W/m2 UV-B radiation caused an 83.7% inhibition in 
oxygen evolution rate and Fv/Fm value decreased 87.3% 
after 24 h UV-B exposure, compared to the control group 
(Figs. 1 and 2). This result reflected that UV-B radiation 
damaged PSII reaction centers to oxidize water to product 
molecular O2 and the photosynthesis process was almost 
destroyed. Hence, the effect of inhibition depended on 
UV-B radiation level and exposure time. 
 
UV-B radiation reduced electron transport rate in the 
whole photosynthetic system: Fig. 3 indicated that rapid 
light curves of Chlamydomonas reinhardtii under 
different treated groups clearly showed distinctive shapes. 
Rapid light curves (RLC) are generated from the relative 
electron transport rate (rETR) responds to the different 
PAR irradiance during the rapid light curve steps (0, 32, 
64, 192, 320, 448, 576, 704, 960, and 1216 μmol photons 
m-2s-1 PAR). The relative electron transport rate (rETR) is 
considered to be an approximation rate of electrons 
pumped through the electron transport chain; hence it 
reflects the photosynthetic activity. In the control group, 
the light curve of the control group steadily increased 
with incremental light intensity (PAR) ranging from 0 to 
1216 μmol photons m-2s-1 and the maximum rETR was 
assumed to be much higher than 1200 μmol photo m-2s-1 
(PAR). However, the light curve of the 0.8 W/m2UV-B 
treatment group, reached a plateau at near 600 μmol 
photons m-2s-1 (PAR) and begun slightly declines, which 
was an obvious photoinhibition phenomenon and was a 
result of an imbalance rates between damage and the 
repair to photosystem. 
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Fig. 1. Changes in photosynthetic activity (oxygen evolution 
rate) in Chlamydomonas reinhardtii exposed to different levels 
of UV-B radiation. 
 

 
 
Fig. 2. Changes in photosynthetic activity (Fv/Fm) in Chlamydomonas 
reinhardtii exposed to different levels of UV-B radiation. 

 

 
 
Fig. 3. The rapid light curves (RLC) of Chlamydomonas 
reinhardtii exposed to different levels of UV-B radiation. 

 
 
Fig. 4. Radar plots of chlorophyll a fluorescence parameters in 
Chlamydomonas reinhardtii exposed to different levels of UV-B 
radiation for 6 h. 

 

 
 
Fig. 5. psbA gene expression in Chlamydomonas reinhardtii 
exposed to 40 μW/ cm2 UV-B radiation. 
 

 
 
Fig. 6. A modified working model of the energy fluxes in the 
photosynthetic apparatus. 
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Table 2. Changes in photosynthetic rETRmax, Ik and α (alpha) in Chlamydomonas reinhardtii  
exposed to different levels of UV-B radiation. 

UV-B (W/m2) 0 0.2 0.4 0.8 
rETRmax (μmol m-2s-1) 209.7 ± 18.9 158.3 ± 1.2 43.6 ± 9.2 17.6 ± 6.9 
IK(μmol m-2s-1) 664.2 ± 49.4 582.6 ± 7.2 301.8 ± 36.7 238.2 ± 69.9 
α 0.286 ± 0.008 0.272 ± 0.003 0.179 ± 0.003 0.082 ± 0.008 

 
As showed in Table 2, the value of rETRmax of the 

control group was significant different from all of the 
UV-B treated groups (0.2, 0.4 and 0.8 W/m2). Hence the 
reduced value of rETRmax of treated groups indicated 
that UV-B radiation caused some inhibition in the 
electron transport chain within thylakoid membranes, 
which result to reduce the activity of photosystem. 
Several derived parameters of rapid light curves, such as 
half-maximum photosynthesis (IK) and maximum 
photosynthetic efficiency (α), would further 
quantitatively illustrate the degree of photodamage 
caused by UV-B radiation. The control group had the 
highest IK value (664.2±49.4μmol m-2s-1) and α value 
(0.286±0.008), while the 0.8W/m2 UV-B treatment 
group had the lowest value IK (238.2±69.9μmol m-2s-1) 
and α value (0.082±0.008) (Table 2). 
 
UV-B radiation brought inhibition sites in the electron 
transport chain: Based on the analysis data from 
chlorophyll a fluorescence transient, the “JIP-test” has 
been developed for monitoring photosynthesis process 
under environment stress. “JIP-test” results can be 
showed as a spider-plot to present that the energy fluxes 
transfer though per reaction center (RC). Fig. 4 showed 
that different levels UV-B radiation significantly affected 
chlorophyll a fluorescence in Chlamydomonas reinhardtii 
after exposing for 6 hours. Compared with the control 
group, ETO/TRO, TRO/ABS and ETO/ABS of the 0.8 
W/m2 treated group decreased 16.9%, 19.3% and 17.8% 
respectively. In contrast to this repression, up-regulation 
of ABS/RC parameters was detected in 0.8 W/m2UV-B 
group compared to control group. However, TRo/RC is 
no significant between all the groups. 
 
UV-B radiation altered photosynthesis-related gene 
expression: The psbA gene encode D1 protein, which is a 
core subunit of the photosystem II providing QB-binding 
site. Under 0.4 W /m2 UV-B exposure, the psbA gene 
expressions were strongly induced to up-regulated 37.1%, 
62.4%, 78.3%, 18.3% folds compared with the control 
group after exposure for 1h, 2 h, 4h, and 6h, respectively 
(Fig. 5). But at 12, 24 h, the expressions of psbA gene 
were significantly repressed and reduced to75.0% and 
49.1% of the control group respectively (Fig. 5). 
 
Discussion 
 

Many previous researches demonstrated the 
detrimental effects of UV-B radiation on organisms 
include dimerization of pyrimidine bases, membrane 
damage, protein destruction and hormone inactivation 
(Pfeifer & Besaratinia, 2012; Malloy et al.,1997; He & 
Häder, 2002a; Rastogi et al., 2010), and photosystem II is 

always the first and major target of UV radiation 
(Sangtarash et al., 2009; Wang et al., 2008; Wang et al., 
2010b), but the mechanism of UV-B damage with more 
detailed information and the inhibition sites of UV-B 
radiation in the electron transport chain are still not clear. 

Oxygen evolution rate is intimately related to 
photosynthesis activity and Fv/Fm reflects the potential 
open degree of the PSII reaction center (Hu et al., 2013). 
Our data clearly showed that UV-B radiation strongly 
impaired oxygen evolution and reduced photosynthetic 
efficiency (Figs. 1 and 2). Furthermore, those inhibitions 
depended on UV-B radiation level and exposure time. 
The similar reports were documented in barley (Carkirlar 
et al., 2008) and in algae (Franklin et al., 2003), which 
showed that UV-B radiation declined photosynthetic rate 
due to the reduction in Rubisco levels and adverse effect 
on electron transport under UV-B radiation (Carkirlar et 
al., 2008). 

Rapid light curves (RLCs) reflect the physiological 
state of photosynthetic apparatus in PSII, and also provide 
detail information on the electron transfer process (Belshe 
et al., 2007). The fluorescence parameters (rETRmax, 
alpha and Ik) are derived from RLC, which can 
respectively reflect photosynthetic capacity (ETRmax), 
the photosynthetic efficiency (alpha) and tolerance to 
light (IK) during immediate short-term changes in PAR 
irradiance. We found that UV-B radiation diminished 
these derived fluorescence parameters (rETRmax, alpha 
and Ik) in Chlamydomonas (Table 2), which was 
consistent with other research in Microcystis aeruginosa 
(Yang et al., 2014). Fig. 3 indicated that UV-B radiation 
decreased ETRmax values, which implied that UV-B 
radiation impaired the photosynthetic electron transport 
chain and reduced electron transfer from light harvesting 
antenna to the whole PSII. Consequently, the less light 
energy was converted into chemical energy (ATP and 
NADPH) through electron transport chain, which could 
be seen from the lower photosynthetic efficiency (alpha) 
under UV-B radiation. It is noteworthy that 
photoinhibition occurred obviously at 0.8 W/m2 UV-B 
group (Fig. 3) and corresponding IK value of this UV-B 
group dropped to 238.2μmol m-2s-1, which only accounts 
for 35.9% of the control group (Table 2). This result 
meant that the absorbed light energy by photosynthetic 
pigments exceeds utilization of energy in chloroplasts, 
which leads to decrease IK. The similar result also 
occurred in hybrid rice (Yu et al., 2013), Althenia 
orientalis (Karsten & Holzinger, 2012) and Stylophora 
pistillata (Itay et al., 2013). Therefore, it is reasonable to 
infer that UV-B radiation may block some sites in 
photosynthetic electron transport chain. 

To more precisely understand the potential inhibition 
sites in the electron transport chain under UV-B radiation 
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stress, “JIP-test” was investigated to analyze 
photosynthesis process, which provides more detailed 
information about the energy fluxes per reaction center. 
Based on theory of the energy fluxes in the biomembrane, 
Strasser and his collaborators developed a highly simplified 
working model (Strasser et al., 2000) (as shown in Fig. 6). 
In this model，the photosynthesis started from the flux of 
photos (ABS) absorbed by antenna pigment (Chl). And 
then the energy was transferred to photosynthetic reaction 
centers (RC). In the reaction center (RC), some transferred 
energy was used to reduce the electron acceptor QA to QA

-, 
which was defined as trapping flux (TR). Similarly, 
electron transport (ET) referred to the energy flux that 
reoxidized QA

- to QA via forward electron transport to 
secondary quinone QB. Hence, the specific energy fluxes 
parameters (ABS/RC, TR/RC and TR/RC) were introduced 
to calculate energy fluxes and flux ratios within 
biomembranes. And those parameters respectively 
represented the energy absorbance (ABS), trapping (TR) 
and electron transport (ET) in per reaction center (RC). 
This simplified model could calculate the energy fluxes 
distribution and flux ratios from light absorption to electron 
transport chain in the photosynthetic apparatus. Hence it 
had been applied to various photosynthetic materials under 
different environment stresses (Strasser et al., 2000).  

In this study, we found that there were significant 
increase in ABS/RC and no significant change in TRo/RC 
in algae after exposure 6 hours UV-B radiation (Fig. 4). 
ABS/RC represents electron transport distribution process 
from energy absorption by antenna pigments to the PSII 
reaction center (RC) and TRo/RC represents the maximal 
rate of an exciton trapped by the RC, leading to the 
reduction of QA to QA

-. Hence, the results of chlorophyll 
fluorescence parameters (ABS/RC and TRo/RC) implied 
that UV-B radiation did not affect the electrons transport 
from oxidation of water to pheophytin molecule (Phe), 
and subsequently passed on to reduce QA. These findings 
were also consistent with research in Cyanobacterium 
Synechocystis, where UV-B radiation does not affect the 
increased reduction of QA

- (Vass et al., 1999). 
In contrast, there were the decrease values of 

ETo/TRo and ETo/ABS in algae under UV-B radiation 
(Fig. 4), which suggested that the electron transport flux 
(ET) became to diminish, and/or the less light energy 
could be continually transferred into the energy transport 
chain after passing QA. Thus the electron transfer step 
was seriously blocked from QA to QB. Vass also had 
observed the lower rates of electron transport between 
QA and QB, due to modification of the QB site (Vass, 
1997). Moreover, the chlorophyll fluorescence 
parameters (VJ) would further support our result. Since 
VJ value represents the amounts of accumulated QA

-, 
UV-B radiation could significant increase VJ value in 
Fig. 6, which implied the electron was blocked in the 
downstream of QA. 

Hence combining these results and the simplified 
working model (Fig. 6), we could draw a conclusion that 
UV-B radiation does not influence the electron transfers 
from light-induced oxidation of water to QA in the PSII, 
but can block the electron transport flux from QA to QB. 
So QB could be the primary inhibition site of 

photosynthetic electron transfer chain. Many studies 
demonstrated that the inhibition of electron transfer 
between QA and QB could frequently be observed under 
various unfavorable environment conditions as like salt 
stress (Strasser et al., 2000). Hence, the block of electron 
transport between QA and QB lead the decreased energy 
converts to chemical energy and finally reduces 
photosynthetic activity. 

D1 proteins, the core proteins of PSII, maintain the 
stability of the PSII reaction center, and provide binding 
sites for redox cofactors of electron transport (include 
QB) (Teramoto et al., 2002). Many previous studies had 
demonstrated that D1 protein was quite sensitive to UV-
B radiation and the expression of psbA gene (encode D1 
protein) plays an important role in the repair UV-B-
damage (Chaturvedi et al., 1998). To further analysis the 
connection between electron transport inhibitions sites 
in the QB and the loss of D1 proteins under UV-B 
radiation stress, the real time-PCR technology was 
applied to detect psbA gene expression. Our results with 
real-time PCR showed that the expression of psbA gene 
was excessive induced after 2, 4, and 6 h UV-B radiation 
exposure, which may be considered an adaptation 
response to UV-B radiation (Fig. 5). Since UV-B 
radiation induced degradation of D1 proteins can be 
repaired via the increasing psbA gene expression to 
synthesis newly D1 protein. The similar psbA gene 
expression also occurs at Cyanobacterium Synechocystis 
6803 by low intensity UV-B stress (Mate et al., 1998), 
which can protect against UV-induced damage. Due to 
this efficient repair system, the damage induced by UV-
B radiation becomes limited during the first 6 hours. 
However, the expression of psbA gene decreased after 
12 and 24 h exposure to UV-B radiation, which implies 
that the photodamage induced by UV-B radiation (more 
than 12 hours) would not be repaired efficiently, and 
then UV-B radiation directly affected psbA gene 
transcription process and further inhibited D1 protein 
repair. Similar results could be obtained in pea using 
Northern blot (Mackerness et al., 1997) and Western 
blot in wheat exposed to UV-B (Chaturvedi et al., 1998).  

Based on these results, it was clearly demonstrated 
that UV-B radiation reduced the photosynthesis activity 
and inhibited electron transport process. Our results also 
showed that UV-B radiation induced psbA gene 
expression, which implied that there was more damaged 
D1 protein and less normal D1 protein in PSII. Less 
normal D1 protein cannot provide enough binding sites 
for QB and then affected electron transport between QA 
and QB, which finally reduced photosynthetic activity. 
Therefore, the inhibition site of UV-B radiation on 
photosynthetic electron transport should be located in QB, 
and the damage of UV-B on D1 protein may be the cause 
of this inhibition. 
 
Abbreviations: PAR, photosynthetically active radiation; 
PSII, photosystem II; QA, first plastoquinone electron 
acceptors; QB, second plastoquinone electron acceptors; 
RC, reaction center; RLC, Rapid light curves; rETR, 
relative electron transport rate. 
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