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ABSTRACT Nitrite, a common form of inorganic nitrogen (N), can be used as a ni-
trogen source through N assimilation. However, high levels of nitrite depress photo- Received 25 October 2016 Accepted 13
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ter was inactivated and the donor side of photosystem Il was inhibited, as revealed
by changes in Chl fluorescence parameters and thermoluminescence and by immu-
noblot analysis. Our data suggest that nitrite stress is highly damaging to PSII and
disrupts PSII activity by a stepwise mechanism in which the acceptor side is the ini-
tial target.

Address correspondence to Qiang Wang,
wanggiang@ihb.ac.cn.

IMPORTANCE In our previous studies, an alga-based technology was proposed to
fix the large amounts of nitrite that are released from NOy-rich flue gases and
proved to be a promising industrial strategy for flue gas NO, bioremediation (W.
Chen et al., Environ Sci Technol 50:1620-1627, 2016, https://doi.org/10.1021/
acs.est.5b04696; X. Zhang et al., Environ Sci Technol 48:10497-10504, 2014, https://
doi.org/10.1021/es5013824). However, the toxic effects of high concentrations of ni-
trite on algal cells remain obscure. The analysis of growth rates, photochemistry, and
protein profiles in our study provides important evidence that the inhibition by ni-
trite occurs in two phases: in the first phase, electron transfer between Q,~ and Qg
is retarded, whereas in the second, the donor side of PSIl is affected. This is an ex-
cellent example of investigating the “early” inhibitory effects (i.e., within the first 6 h)
on the PSII electron transfer chain in vivo. This paper provides novel insights into
the mechanisms of nitrite inhibition of photosynthesis in an oxygenic phototrophic
cyanobacterium.

KEYWORDS PSII, Synechocystis sp. strain PCC 6803, nitrite stress

ver the past century, increased consumption of fossil fuels, a growing demand for
nitrogen in agriculture and industry, and pervasive inefficiencies in nitrogen use
have sharply increased anthropogenic nitrogen fluxes in the environment and conse-
quently altered the global nitrogen cycle (1, 2). Nitrite, as an intermediate of the
nitrogen cycle, is involved in at least three distinct biochemical pathways, namely,
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nitrification, denitrification, and dissimilatory or assimilatory nitrate reduction to am-
monium (3). Although nitrite is widespread, its concentration is in the micromolar range
in a healthy natural environment (4). However, there have been reports of high nitrite
concentrations occurring in both terrestrial and aquatic ecosystems (5-7). Imbalances
in nitrification and denitrification, resulting from the inhibition or disruption of steps in
these processes, can cause nitrite accumulation in aquatic systems (3, 8). Anthropo-
genic inputs of nitrite to the ecosystem arise from agricultural effluents, industrial
discharges, and the release of wastes and sewage (9, 10). Furthermore, large amounts
of nitrite have been proven to be transformed from NO,-rich flue gases, which are
discharged during combustion of fossil fuels (11, 12). In our previous study, we
developed a method to fix the salts in flue gas from the caprolactam production plant
of Sinopec’s Shijiazhuang Refining & Chemical Company in China. Use of the flue gas
fixed salts (i.e., NO,~ and NO5—, at a ratio of 19:1) for cultivation of microalgae has been
suggested to be a promising industrial strategy for flue gas biotreatment.

Nitrite, a common form of combined inorganic nitrogen, can be assimilated as the
nitrogen source for many species of plants and algae (13, 15). External nitrite is
transported into cells by an active nitrate/nitrite transporter (NRT) and then reduced to
ammonium by nitrite reductase (NiR), which is conserved from cyanobacteria to higher
plants (16-18). The resulting ammonium is incorporated into carbon skeletons via the
glutamine synthetase and glutamate synthase cycle. Although plants and cyanobacte-
ria have essentially the same metabolic pathways for nitrite assimilation, the types of
transporters in these organisms differ. Two types of NRT exist in cyanobacteria: the
ABC-type NRTs, comprised of the NrtA, NrtB, NrtC, and NrtD proteins; and the major
facilitator superfamily (MFS) family transporter, encoded by the nrtP gene (19, 20). The
cyanobacterial nitrite assimilation pathway has far fewer transporters, enzymes, and
regulators than does the nitrite assimilation pathway in eukaryotic cells and appears to
be much simpler. In organisms that perform oxygenic photosynthesis, nitrite reduction
is functionally linked to photosynthesis. Reduced ferredoxin (Fd), produced directly by
the photosynthetic electron transport (ET) system, has been shown in vivo to be the
electron donor for nitrite reductase in chloroplasts and cyanobacterial cells (21).

The optimal nitrite concentration for growth varies for different species of algae and
higher plants (22, 23). In the presence of excess nitrite, organisms can accumulate toxic
levels of NO,~ (24-26). Previous research showed that isolated chloroplasts subjected
to high concentrations of nitrite exhibited decreased chlorophyll (Chl) contents, re-
stricted photosynthetic electron transfer rates (27), and redistribution of absorbed
excitation energy between the two photosystems (PS) (28). Photosystem Il (PSIl) has
long been considered the target of excess nitrite in isolated thylakoid membranes (29,
30). Thermoluminescence studies (31) and loss of S, state multiline electron paramag-
netic resonance (EPR) signal (26, 32) in nitrite-treated samples suggest that nitrite acts
on the donor side of PSIl, most likely at the manganese (Mn) cluster of the oxygen-
evolving complex (OEC).

Although experimental observations indicate that high levels of nitrite induce
donor-side damage in PSIl in vitro, this hypothesis remains to be tested in vivo. In
addition, most studies evaluating the effect of nitrite stress on PSIl in isolated systems
were carried out in the steady-state adapted stage. Little is known about how the initial
stages of nitrite stress affect the two photosystems. These early responses may be
crucial for determining the location of the primary site of damage induced by elevated
nitrite concentrations. In this work, we investigated the effect of nitrite stress on
photosynthesis in the cyanobacterium Synechocystis sp. strain PCC 6803 (here, Syn-
echocystis), a model system for photosynthetic studies. We conducted a time course
analysis of the structural and functional rearrangements of the photosynthetic appa-
ratus that occur during acclimation of cyanobacteria to high levels of nitrite.

RESULTS
Growth characteristics of Synechocystis at different nitrite concentrations. To
evaluate the dose effects of nitrite on Synechocystis growth, we measured the growth
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FIG 1 Growth curves of Synechocystis treated with various concentrations of NaNO,. The control, BG11
medium (solid circle), contained 17.6 mM NaNO; as the sole nitrogen source. Each value represents the
mean * SD of the results of at least five independent measurements.

rates of algal cultures exposed to NaNO, concentrations ranging from 17.6 to 70.4 mM
(Fig. 1). The increase in cell density was followed for 9 days until the stationary-growth
phase was reached for most treatments. After 12 h of exposure to nitrite, the
growth rates of the control cells and cells treated with nitrite differed. An analysis of
cells grown in the presence of 17.6 mM (1X), 35.2 mM (2X), or 52.8 mM (3X) NO, ™ in
modified BG11 media showed that the growth rate decreased with increasing concen-
trations of NO,~. For nitrite concentrations of above 70.4 mM (4X) NO,~, cell propa-
gation was completely inhibited. Interestingly, despite the complete inhibition of cell
growth at 4X NO,~, we did not observe any decrease in cell density during the 3-day
cultivation period in 4X NO,~. Furthermore, the cells retained their viability after 12 h
of treatment with 4X NO,~ if the cells were subsequently washed with N- medium and
transferred to agar plates containing BG11 medium (see Fig. S1 in the supplemental
material). In comparison, cell growth in the presence of 4X NO;~ showed growth rates
similar to those of the BG11 control, implying that growth inhibition mediated by 4 X
NO,~ is attributable to the added nitrite and not to general ion effects. Thus, 4X NO, ™
was used to induce nitrite stress in our subsequent analysis, as this concentration had
a strong effect on cyanobacterial growth.

The sensitivity of PSIl to nitrite stress. To investigate the effects of nitrite stress
on photosynthetic activity, Synechocystis cells in the mid-logarithmic-growth phase
were harvested, washed, and transferred to modified BG11 medium containing 4X
NO,~. The time course changes of light-saturated whole-chain and PSll-mediated
electron transport activities in intact cells were measured in response to nitrite stress
and are shown as percentages of the corresponding control values (Fig. 2), and their
absolute value changes were also plotted and are given in Fig. S2. As shown in Fig. 2,
the addition of 4X NO,~ immediately inhibited photosynthetic activity. After 30 min of
exposure to nitrite shock, the rate of PSII electron transport from water to phenyl-p-
benzoquinone (BQ), which accepts electrons from Qg, had decreased sharply to about
36% of the original activity and remained unchanged in the period of time that
followed. In contrast, the whole-chain activity (H,0-CO,) dropped to 90% of the original
activity in the first 1.5 h of nitrite treatments and subsequently slightly decreased with
time. Because the percentage of decrease in PSIl activity appeared to be greater than
that in whole-chain activity, we postulate that PSII has substantially higher sensitivity to
nitrite stress than does PSI.

To gain insight into the functional status of PSIl during acclimation to nitrite stress,
we determined the PSIl photochemical efficiency, i.e., the ratio of variable chlorophyll
fluorescence to maximum chlorophyll fluorescence (F /F,,), in the presence or absence
of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Time course analysis showed that
F./F,, decreased slightly during the first 3 h of excess-nitrite treatment (Fig. 3A). In
addition, PSIl-mediated electron transport activity was more sensitive to nitrite stress
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FIG 2 Time course changes of light-saturated whole-chain and PSIl-mediated electron transport activities
in intact cells in response to 70.4 mM (4X) NO,~. The data are given as percentages of the corresponding
control values. The activities corresponding to 100% for the untreated cells are about 137 and 234 umol
O, (mg Chl)~" h~" for whole-chain and PSII electron transport processes, respectively. Data are means *+
SD (n = 5).

than was the F /F,, parameter, suggesting that the changes in the PSII induced by
nitrite stress most likely occur at the oxidizing or reducing side of PSIl rather than at the
reaction center during the first 3 h. A second significant decrease in F /F,, (one-way
analysis of variance [ANOVA] test between cells with high nitrite treatment and control,
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FIG 3 Time course changes of Chl fluorescence parameters in Synechocystis cells incubated with 70.4 mM
(4X) NO,~. (A) Maximum quantum yields of PSIl (F/F,) with or without 20 uM DCMU. (B) Minimal
fluorescence level (F,) in the dark-adapted state and maximal fluorescence level (F ) in the presence of
20 uM DCMU at the closed PSII center. Values are given as means or means = SD (n = 5).
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FIG 4 The relative variable fluorescence parameters (A) and JIP-test parameters (B) in Synechocystis cells
at different periods after the addition of 70.4 mM (4X) NO,~. M,, the initial slope of the relative variable
fluorescence curve; i, the efficiency of electron transfer from Q,~ to Qg. Values represent means or
means * SD (n = 5).

P < 0.05) occurred between the 6- and 12-h time points, declining to 63% of the initial
value observed in untreated cells by 12 h. The sharp decrease in F /F, after 6 h of high
nitrite treatment was due to a considerable increase in the minimal fluorescence level
(F,) (one-way ANOVA test between cells with excess-nitrite treatment and control, P <
0.01) and a significant decrease in F, (one-way ANOVA test between cells with
excess-nitrite treatment and control, P < 0.05) (Fig. 3B). The pronounced increase in F,
during this period can be attributed to inactivation of the PSIl photochemical reaction
and to detachment of phosphate-buffered saline (PBS) from the PSIl reaction center
complexes (33).

Polyphasic Chl a fluorescence induction kinetics. To localize the action site of
nitrite stress in the PSII electron transport chain, we monitored the polyphasic rise of
Chl a fluorescence induction (Fl) kinetics in Synechocystis cells exposed for 12 h to 4X
NO, . Before the high-nitrite treatment, Synechocystis cells exhibited a typical Fl kinetic,
called the O-J-I-P fluorescence transient, similar to that described previously (34-36)
(see Fig. 4). The J, |, and P steps occurred at about 2 ms, 30 ms, and 400 ms, respectively.
The O-J-I-P transient represents the successive reduction of the electron acceptor pools
of PSII. The J step reflects the peak concentrations of Q,~Qg and Q, Qg™ (with Q4 and
Qg being the first and second quinone electron acceptors of PSIl, respectively), as
demonstrated by experimental results and theoretical simulations (37). It has also been
suggested that the intermediate | step reflects accumulation of Q,~Qg?~, whereas the
P step indicates accumulation of Q,~Qg2~ and PQH, (34).
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Figure S3 shows the original FI curves of the samples measured at different periods
of exposure to excess levels of nitrite. The fluorescence intensity of the O-J-I-P curve
was slightly reduced during the first 3 h of high-nitrite treatment. Compared to the
initial FI curve, significant differences were observed between 6 and 12 h after treat-
ment. During this period, the curve corresponding to the J-I-P phase leveled off. The
O-J-I-P curve showed an increase at the O step and a large depression at the P step, in
line with the results of the Chl fluorescence experiment (Fig. 3). The higher fluorescence
emission at O and corresponding decrease in maximum fluorescence F, (Fig. S3) might
be attributable to an increase in the concentration of Qg-non-reducing PSII centers.

In Fig. 4A, the Fl traces are normalized between F_ and F,,, and plotted as V, changes
on a logarithmic scale [V, = (F, — F,)/(F,,, — F.)l. From these curves, it is clear that the
relative variable intensity at the J step (V,) was enhanced in the first 3 h of high-nitrite
treatment. A similar increase at the J step was also observed in previous studies
examining the effect of NaCl stress on cyanobacterial Spirulina platensis cells (38). This
increase in V, was due to a reduction in the rate of Qz-mediated Q,~ reoxidation.
However, the intermediate J-I phase is clearly diminished during 6 to 12 h after nitrite
stress. It has been reported that a deactivated reaction center and the absence of a
transmembrane proton gradient in PSIl could be related to the lack of the intermediate
I level (35). In addition, an early step around 300 us after exposure to high-intensity
actinic light, which has been labeled K, emerged at 6 h of nitrite stress and became
more apparent thereafter. The appearance of the K step is used as a convenient stress
indicator and is specifically attributed to damage of the OEC on the electron donor side
(39). Our results indicate that the structure of the thylakoid membrane was severely
damaged both on the donor side and at the reaction center of PSIl between 6 and 12
h after high-nitrite treatment. Further, V, was reduced and the J step occurred more
than 2 ms after exposure to actinic light in cells that had been subjected to a 12-h
treatment with 4XNO,~, due to the loss of the | step and the occurrence of the K step
in the presence of high levels of nitrite.

To investigate the effect of nitrite stress on electron transport at the acceptor side
of PSIl, we obtained quantitative information from the JIP-test parameters (see Mate-
rials and Methods). During the first 3 h of exposure to high-nitrite levels, M, (the initial
slope of the relative variable fluorescence curve) increased by about 23% and s, (i.e.,
the probability that a trapped exciton moves an electron into the electron transport
chain beyond Q,) decreased by 40% (Fig. 4B). We can therefore deduce that electron
transfer on the acceptor side of PSIl between Q, and Qg is inhibited by nitrite stress
during the first 3 h of excess-nitrite treatment. In addition, the absence of the | phase
during 6 to 12 h after nitrite stress, which was caused by inactivation of PSIl reaction
center, reduced M, and increased s, over time. Also, the changes of JIP parameters
cannot characterize the damage of the acceptor side in this period.

The results described above indicate that the response of PSIl photochemistry to
high nitrite levels in Synechocystis cells consists of two distinct phases. The first phase
occurs within 3 h of exposure to excess nitrite. The changes in JIP-test parameters and
the negligible reduction in Chl fluorescence parameters indicate that electron transfer
between Q,~ and Qg is greatly retarded. The second phase occurs after 6 h of
excess-nitrite treatment. A significant decrease in F /F,,, the loss of the intermediate |
level, and the occurrence of the K step suggest that nitrite stress during this phase
damages the donor side of PSIl, as well as the reaction center.

Effects of nitrite stress on thermoluminescence (TL) characteristics. Thermolu-
minescence (TL) is a useful technique for monitoring the functioning of the OEC and of
the quinone electron acceptors. When preilluminated samples are cooled and then
heated in darkness, the positive charges stored in the S, and S; oxidation states of the
water-oxidizing complex recombine with electrons stabilized on the reduced Q, and Qg
acceptors of PSII, leading to characteristic TL emissions (40). The TL intensity is pro-
portional to the amount of recombining charges, whereas the peak temperature
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FIG 5 Thermoluminescence glow curves of Synechocystis cells exposed to 70.4 mM (4X) NO,~ for up to
12 h. The cells were excited with a single-turnover saturating flash at 0°C in the absence (A) and presence
(B) of 20 wM DCMU for the B and Q bands, respectively. Values represent means of the results of five
independent measurements.

reflects the energetic stabilization of the separated charge pair; the higher the peak
temperature, the greater the stabilization.

Excitation of Synechocystis cells with a single saturating light flash at 0°C prior to
freezing yielded a typical B-band, which appears at around 40°C and arises largely from
S,Qg~ recombination. The amplitude of the B band was rapidly reduced within 1.5 h of
excess-nitrite treatment (Fig. 5A). The TL intensity of the B band continued to decline
over time. In all cases (41), a loss in the intensity of the S,Q;~ peak is considered to be
indicative of the inhibition of electron transfer from reduced Q, to Qg. In addition, the
B band did not shift in the first phase, whereas it was partly and fully upshifted to 45°C
at 6 h and 12 h, respectively (Fig. 5A), confirming the increased energetic stability of the
S,Qg~ charge pair.

If electron transfer between Q, and Qg is blocked by DCMU, the Q band, originating
from S,Q,~ charge recombination at around 5°C, appears in place of the B band. As
shown in Fig. 5B, the Q band intensity rapidly declined within 12 h of exposure to
high-nitrite levels. Moreover, nitrite stress resulted in an upshift of the peak tempera-
tures for S,Q,~ charge recombination, relative to results seen with untreated cells.
Since the increased stabilizations of the S,Qz~ and S,Q,~ charge recombination
occurred approximately in parallel during the second phase, it seems most likely that
these changes were due largely to a modification of the OEC specifically affecting the
properties of the S, state.

Figure 6 shows the flash-induced oscillation of the B band intensity in nitrite-
stressed Synechocystis cells, which reflects the redox cycling of the S states. In control
cells not subjected to nitrite treatment, the B band oscillated with a periodicity of 4,
with the maximum emission occurring after the second flash. This is the same type of
oscillation as that observed in the cyanobacteria (42, 43). In the 6-h period following the
addition of excess nitrite, the cells showed a oscillation pattern similar to that seen in
the control. However, the period-4 oscillation pattern was barely observable at 12 h,
indicating that advancement of the S-state cycle of the OEC was blocked beyond S, and
that the OEC was impaired. Considering that the reaction center was deactivated after
6 h of excess-nitrite treatment, as revealed by the Chl fluorescence parameters (Fig. 3)
and O-J-I-P transient (Fig. S3), we conclude that the donor side of PSll is less sensitive
to nitrite stress than is the reaction center during the second phase.

Effects of nitrite stress on Q,~ reoxidation kinetics. The O-J-I-P traces and TL
glow curves described above indicate that the reoxidation of Q,~ was likely retarded
in response to high nitrite levels. This possibility was verified by measuring the Q,~
reoxidation kinetics in cells exposed to nitrite for different periods of time (Fig. 7).
Quantitative evaluation of these decay curves was performed by fitting these curves to
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FIG 6 Flash-induced oscillation of the B thermoluminescence band in Synechocystis cells at different
intervals after the addition of 70.4 mM (4X) NO, . The samples were excited by 1 to 6 single saturating
flashes at 0°C, and the intensity of the thermoluminescence B band was measured. The B band intensity
(indicated in a.u. [arbitrary units]) is plotted as a function of the number of saturating flashes.

a three-exponential component decay equation (44). The fast phase is attributable to
the reoxidation of Q,~ by Qg. The middle phase arises from Q,~ reoxidation in the PSlI
reaction center that has an empty Qg site at the time of the flash and has to bind to a
plastoquinone (PQ) molecule from the PQ pool. The slow phase reflects Q,~ reoxida-
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FIG 7 Q,~ reoxidation kinetic curves of Synechocystis sp. treated with 70.4 mM (4X) NO,~ for various
periods of time. (A) Fluorescence decay in the absence of DCMU. (B) Fluorescence decay in the presence

of 20 uM DCMU. Each value represents the mean of the results from five replicates.
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TABLE 1 Decay kinetics of flash-induced variable fluorescence in Synechocystis®

Fast-phase T1 (us)/ Middle-phase T2 Slow-phase T3 (s)/

Time (h) A1 (%) (ms)/A2 (%) A3 (%) A0 (%)

Without DCMU
0 128 £29/363 =28 13+0.5/388+0.3 0.06+0.04/17.7 £58 72*+27
0.5 206 =11/38.0*+13 32*0.1/376 0.5 0.60*+0.11/16.1 =05 84*=0.3
1.5 242 +5/394+26 33*0.1/378+04 1.82+033/157*+23 7.1%£09
3 226 =4/39.1+19 28+0.2/388+04 1.71+048/15.8*+18 6.3 *0.7
6 198 £ 14/39.2 0.2 26+0.1/382+04 0.99+0.33/147*06 79*+04
12 136 +9/37.8 0.3 3.9+03/373+02 0.50*0.30/158+0.8 9.5+*1.0

With DCMU
0 0.96 +0.02/920+1.2 80+ 1.2
0.5 0.96 £ 0.00/91.7 =10 83 *06
1.5 1.06 £0.02/91.6 = 1.1 84 =* 1.1
3 1.01 £0.03/91.1 = 0.5 89*0.5
6 1.05+0.11/889+19 11.1*+x1.9
12 1.15+0.24/869 =26 13.1*£26

aSynechocystis cells were treated with 70.4 mM (4X) NO,~ for the indicated periods of time, and relaxation
of the flash-induced fluorescence yield with or without 20 uM DCMU was measured. The curves were
analyzed in terms of three exponential components (fast, middle, and slow phases).

tion with the S, state of the oxygen-evolving complex, thus causing backward electron
transport through the equilibrium of Q,~Qg and Q,Qz~. The parameters of Q,~
reoxidation kinetics are summarized in Table 1. We found that Q,~ reoxidation kinetics
rapidly respond to high levels of nitrite. Nitrite stress resulted in a significant increase
in the decay half-life of the fast and middle phases. The time constant of the fast phase
increased from 128 us in control cells to 242 us in cells subjected to a 3-h treatment
with 4X NO, ™. Furthermore, the time constant of the middle phase increased to 3.3 ms
after 3 h of nitrite stress versus 1.3 ms in untreated control cells. However, high-nitrite
treatment had no significant effects on the amplitudes of either the fast phase or the
middle phase. These results suggest that salt stress retards Qg-mediated Q,~ reoxida-
tion and inhibits the binding of PQ molecules at the Qg binding site. On the other hand,
the total fluorescence amplitudes were greatly decreased after 6 h of high-nitrite
treatment, indicating a loss in Q, reduction, which correlates well with previous Chl
fluorescence parameters (Fig. 3) and the original Fl curve (Fig. S3).

When Q,~ reoxidation kinetics are determined in the presence of 20 uM DCMU, the
fluorescence decay reflects Q,~ reoxidation via charge recombination with the S, state
of the OEC (45). Analyses of these fluorescence relaxation curves showed that the fast
and middle phases are converted to a slow phase with an approximately 2-s time
constant (Table 1). In the first phase, there was no significant change in the time
constant and its relative amplitude for this slow component. In contrast, the increase in
the nondecaying component of fluorescence indicated that Q,~ is unable to recom-
bine with the S, state, possibly because nitrite stress inactivates or reduces the Mn
cluster during the second phase. In addition, the decrease in total fluorescence ampli-
tudes in the presence of DCMU indicates that the reaction center is impaired. It has
been suggested that total fluorescence amplitude in the DCMU-treated sample does
not depend on the OEC as long as the reaction center is active, because a single
electron provided by TyrZ or TyrD is sufficient to fully reduce Q, (46).

Flash-induced fluorescence measurements of PSIl, centers. Measurements of
the electron-transport capacity of the PSII reaction center reveal two distinct popula-
tions, active PSIl (PSll,) and inactive PSIl (PSlly) centers (47). In PSIl, centers, the
oxidation of Q,~ is fast (occurring in a few milliseconds or less), while in PSll, centers,
the oxidation of Q,~ is much slower (48). We analyzed the fluorescence decay
curves induced by a series of single-turnover flashes to determine the proportions
of PSIly and PSll, in whole cells. The analysis is based on the fact that the
fluorescence decay is controlled largely by the reoxidation kinetics of Q,~. Results
of the S-state test of Synechocystis treated with excess nitrite for 12 h are shown in
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FIG 8 The proportion of PSIl, centers of Synechocystis treated with 70.4 mM (4X) NO,~ for various
periods of time. Values are means = SD (n = 5).

Fig. S4. The proportion of PSll, in whole cells was further estimated by conducting
an S-state test (Fig. 8). The addition of nitrite resulted in a rapid increase in the
percentage of PSll,, from 4.8% at the beginning to 10.8% after 30 min. The
population of PSll, centers increased linearly with prolonged exposure time, indi-
cating that the proportion of Qg that cannot oxidize Q,~ increased.

Effects of nitrite stress on PSIl proteins. To investigate if the decreased PSlI
activity in nitrite-stressed cells was associated with changes in the contents of PSII
proteins, we further examined the effects of nitrite stress on several major PSII proteins.
SDS-PAGE analysis of total cellular proteins isolated from untreated and salt-stressed
cells did not reveal any pronounced changes in the polypeptide pattern (Fig. 9A). A
more quantitative analysis of the PSIl proteins was obtained by immunoblot analysis
using antibodies (Fig. 9B). Compared with the results from untreated cells, the D1 and
PsbO proteins were stable in the first phase of the response to excess nitrite. In contrast,
the amounts of D1 protein during the second phase were decreased to about 16% and

Oh 05h 1.5h 3h 6h 12h

B e =

B Oh 05h 15h 3h 6h 12h

FIG 9 Immunoblot analysis of PSII proteins. (A) SDS-PAGE of total proteins isolated from Synechocystis
cells treated with 70.4 mM (4X) NO,~ for the indicated periods of time. Each sample corresponds to 10
g protein. *, protein ladder. (B) Immunoblotting of the samples whose results are depicted in panel A
was performed using antibodies specific for D1 and PsbO.
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12% of the original value, respectively. PsbO was shown to degrade significantly only
at the last time point, to a lesser extent than D1, with its amount declining to about
58% of that of total cellular proteins in untreated cells. Thus, excess-nitrite treatment
damages the reaction center even faster and to a greater extent than it does the donor
side of PSIl in the second phase of the response to excess nitrite.

DISCUSSION

External nitrite, which is transported via the same transporter as nitrate, can be
transported into cells and used as the sole nitrogen source to support optimal growth.
However, high nitrite concentrations are harmful to algae and higher plants (13, 22).
Inhibition of photosynthesis has been reported to be one of the main targets of the
toxic effects of high levels of nitrite. Consistent with these studies, Synechocystis proved
to be sensitive to nitrite treatment, and millimolar concentrations of NO,~ drastically
decreased the photosynthetic activity after short periods of incubation (Fig. 1). For
nitrite to be assimilated by eukaryotic cells, it must be transported to the chloroplast
across two membranes, where nitrite reductase catalyzes its reduction to ammonium.
Reducing power for nitrite reduction is mainly supplied by the photosynthetic electron
transport chain, which generates the requisite reduced Fd. Therefore, nitrite reduction
is functionally coupled with photosynthesis, supporting the notion that photosynthetic
processes are the prime targets of NO, ™~ toxicity.

In our experiments, PSll-dependent (H,0-BQ) electron transport was inhibited to a
much greater extent than was whole-chain activity (Fig. 2), indicating that the primary
site of inhibition is localized to PSII rather than PSI or the intersystem electron transport
(ET) components. Previous studies demonstrated that nitrite treatment inhibits the
electron transport through PSII and stimulates electron flow through PSI by causing
redistribution of the absorbed light energy in favor of the PSI (26, 28). Therefore, we
contend that the PSII electron transfer was damaged more seriously than the whole-
chain electron transfer and that the difference was possibly due to redistribution of
absorbed excitation energy between two photosystems. The decrease in maximum
chlorophyll fluorescence further demonstrates that PSII activity is inhibited by excess
nitrite (Fig. 3).

As Synechocystis cells are more directly exposed to NO,™ in the environment than
are plants, it is not surprising that cyanobacteria can absorb a considerable amount of
nitrite in a relatively short period of time. Given that PSII activity in Synechocystis cells
is inhibited rapidly in response to nitrite stress, the effects of nitrite stress on PSII could
be manifested fast enough to separate the initial and subsequent effects. On the basis
of the observations described above, the response of PSII to high levels of nitrite in
Synechocystis cells can be divided into two phases. In the first phase, the relative
variable fluorescence at the J step in nitrite-treated cells rises rapidly, reflecting the
accumulation of Q,~ (Fig. 4A). This is in accordance with the observed changes in the
JIP-test parameters. Nitrite stress resulted in a decrease in the efficiency of electron
transfer from Q,~ to Qg (i,), along with an increase in the initial slope of the relative
variable fluorescence (M,) (Fig. 4B). In addition, the proportion of PSlly centers, in which
Qg cannot oxidize Q,~, increases in response to excess-nitrite treatment, as demon-
strated by the S-state test (Fig. 8). Further, the Q,~ reoxidation kinetics showed that
high levels of nitrite increased the half-life of the fast-phase and middle-phase com-
ponents, indicating that the electron transport after Q, was hindered (Fig. 7 and Table
1). These results provide circumstantial evidence that the initial possible target of nitrite
stress is the acceptor side of PSIl and that inhibition of the acceptor side results in the
inhibition of electron transfer from Q,~ to Qg.

The retarded electron transfer between Q,~ and Qg may be due to the presence of
a binding site for NO,~ near the plastoquinones on the stromal side of PSIl. On the
electron acceptor side of PSIl, Q, (a one-electron acceptor plastoquinone) takes up one
electron from Phep, ™ and transfers it to Qg (a two-electron acceptor plastoquinone).
On the stromal side, the Q4 binding pocket is formed by D2 and, analogously, the Qg
pocket by D1. A bicarbonate ion (HCO;™) is bound to a nonheme iron (Il) located
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between Q, and Qg (36). The rate of electron transfer between plastoquinones depends
on the coordinative properties of the nonheme iron (Il) and the corresponding HCO5~
(49). It was previously reported that the inhibition induced by nitrite can be alleviated
by the addition of bicarbonate (29). The accumulation of reduced Q,~ weakened the
bond between bicarbonate and iron (50). Thus, we speculate that NO,~ competes with
bicarbonate and binds to the nonheme iron (ll), resulting in the inhibition of electron
transfer from Q,~ to Qg.

In the second phase of the response to NO,~ treatment, the F /F,, ratio, which
reflects the quantum efficiency of primary photochemical reactions, decreased mark-
edly. The decrease in the F/F,, ratio in nitrite-treated samples observed in this study
suggests that the quantum efficiency of the reaction center is reduced. In parallel with
F./F.. nitrite stress resulted in a marked decrease in F,, and an increase in F, (see Fig.
S3 in the supplemental material). The increase in F, was accompanied by a significant
increase in the proportion of the Qg-non-reducing PSII centers (Fig. 8). Moreover, the
level at the | step of the relative variable fluorescence curve was diminished after
exposure to nitrite stress. Nitrite stress also resulted in decreases in the fluorescence
levels at phases J, |, and P in the original FI curve. The O-J-I-P transient almost levelled
off (Fig. S3). The effects described above are normally explainable by the impairment of
the donor side or inactivation of the reaction center instead of inhibition of electron
transport at the acceptor side of PSII.

To investigate the effects of nitrite stress on the donor side of PSIl, we measured the
changes of the TL glow curves in the absence and presence of DCMU. Both the B and
Q TL bands depend on the S, states of the oxygen-evolving complex, and the parallel
upshift of the peak temperatures of two bands in the second phase after the addition
of nitrite (Fig. 5) reflects the increase in the redox stability of the S, state. The period-4
oscillation of the B band was more highly damped as a function of time after exposure
to high-nitrite treatment than was the case with untreated control cells (Fig. 6). Our TL
data are consistent with the observation of Sahay et al. (31) that nitrite inhibited the
OEC on the donor side of PSII, as indicated by the suppression of the Q band and the
upshift of the B band in nitrite-treated isolated chloroplasts. The increase in the stability
of the S, state arises from the inactivation of the donor side (43). It has been reported
that a mutant lacking the PsbO protein exhibits upshifts in the peak temperatures of
S,Q,~ and S,Qgz~ recombination, based on the TL profiles in a cyanobacterium,
Synechocystis sp. strain PCC 6803 (42). In addition, removing PsbO from PSII prepara-
tions in vitro leads to an increase in the stability of the S, state, as revealed by the TL
profiles and by the deactivation kinetics of the S states (51). Taking the data together,
we propose that the increased stability of the S, state in the nitrite-stressed cells is due
to the decreased amount of PsbO protein in these cells. To explore this possibility, we
investigated the time course changes of the PsbO protein content. We found that
nitrite stress indeed resulted in significant degradation of PsbO protein after 12 h.
Immunoblot analysis (Fig. 7) also shows that the amount of D1 protein decreases
together with PSII fluorescence and TL, further supporting our assumption that the
decrease in PSIl activity is accompanied by inactivation of the reaction center. Based on
comparisons of the rates and extents of degradation between D1 and PsbO protein, we
conclude that nitrite stress damages the reaction center even more rapidly and to a
greater extent than the donor side of PSIl in the second phase.

In light of our results and the published data, we propose that high levels of
nitrite affect the photosynthesis of Synechocystis cells in two distinct phases. The
first phase occurs within the first 3 h of exposure to excess nitrite. In this phase, the
acceptor side of PSIl is damaged, which greatly retards electron transfer between
Q,~ and Qg. In the second phase, which proceeds from 6 to 12 h after nitrite
treatment, nitrite inactivates the reaction center and inhibits electron transfer at the
donor side, which are results associated with the degradation of D1 and PsbO
proteins in PSII. Furthermore, the reaction center is a more sensitive target of nitrite
stress than is the donor side of PSII. Our results therefore broaden the incomplete
view that the donor side of PSIl is the primary target of nitrite stress (31).
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MATERIALS AND METHODS

Growth conditions and nitrite treatment. Synechocystis sp. strain PCC 6803, provided by the Culture
Collection of Pasteur Institute in Paris, France, was grown photoautotrophically in BG11 medium containing
17.6 mmol liter—" NaNO; (52). Cultures were aerated with filtered air at 30°C and illuminated continuously
with white fluorescent light consisting of 40 wmol photons m=2 s-'. BG11 lacking NaNO, was used as
N-deficient medium (N-medium). For nitrite treatment, cells in the exponential-growth phase (optical density
at 730 nm [OD,,,], 0.8 to 1.0) were harvested, washed twice with N-medium, and resuspended in modified
BG11 medium (using NaNO, instead of NaNO; as the N source). Nitrite solution was filtered through a
0.22-mm-pore-size filter membrane before use and then added to the modified BG11 medium to achieve final
nitrite concentrations of 17.6, 35.2, 52.8, and 70.4 mM (1%, 2X, 3%, and 4X NO, -, respectively). The initial cell
density was set to an OD,,, of 0.1. The algal pellet was incubated in BG11 media under the same conditions
as were used for the control. The growth of cell cultures was assessed by monitoring the optical density at
730 nm with a UV-1800PC spectrophotometer (Shanghai, China).

Chl fluorescence analysis. Chl fluorescence was detected using an AquaPen-C AP-C 100 instrument
(Photon Systems Instruments, Brno, Czech Republic). After the cells were fully dark adapted for 15 min, the
minimal fluorescence level (F,) was measured under conditions of illumination with weak blue light (<1 umol
m~2s7") at 450 nm that was sufficiently low in intensity to avoid inducing any significant variable fluorescence.
An 800-ms flash of saturating white light (8,000 wmol m=2 s-') was then given to determine the maximal
fluorescence level (F,,) with or without 20 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) as described
by Ogawa and Sonoike (53). The maximum quantum yields of PSIl photochemistry were calculated as F /F,,
= (F,, — F,)/F,, in accordance with the method described by Genty et al. (54).

Estimation of electron transport activities. The whole-chain or PSll-mediated electron transport rates
in intact cells were estimated by measuring O, evolution using a Clark-type electrode (Oxylab 2; Hansatech,
UK) at 30°C as described by Wang et al. (55). Cell cultures were adjusted to an OD,,, of 2.0 with fresh BG11
for all of the measurements. The whole-chain electron transport (H,O to CO,) rate was measured using water
as the electron donor in the presence of 10 mM NaHCO,. The PSIl-mediated reaction mixture (5 mM NH,Cl,
4 mM K;FeCN, and 1 mM phenyl-p-benzoquinone [BQ]) was used to measure the rate of electron transport
from H,O to Qg through PSII. O, evolution was followed at a saturating light level of 500 wmol photons m—2
s~1 for 5 min, and the rate was calculated accordingly (56).

Polyphasic Chl a fluorescence induction and the JIP test. Polyphasic Chl a fluorescence induction
(FI) was carried out at room temperature using an FL-3500 dual-modulation kinetic fluorometer (Photon
Systems Instruments, Brno, Czech Republic), as described elsewhere (34, 35). Briefly, 3-ml samples of
microalgal cells (OD,,, of 1.0) were dark adapted for 20 min prior to measurement. Since the maximum
detected fluorescence value for the FL-3500 fluorometer is 3.0000 V, a 20% detector gain setting was
used for all measurements to ensure that the highest value (P step) did not exceed two-thirds of the limit.
Under conditions of continuous red actinic light (625 nm) at high intensity, the Fl was recorded for a
period of 1 s on a logarithmic time scale, with data acquisition every of 10 us for the first 2 ms and for
every ms thereafter. The Fl kinetics are given as the fluorescence value F, at any time t. The fluorescence
rise follows a regular pattern of O-J-I-P, with two intermediate steps, J (at 2 ms) and | (at 20 ms), between
the initial O (F,) and the maximum P (F,) fluorescence. Different samples may exhibit fluorescence signals
of different amplitudes. To convert these signals into a form that can be used for comparisons, the
relative variable fluorescence V at any time t is obtained by a mathematical equation defined as
V, = (F, — F)/(F,, — F,). The variable part of any fluorescence induction kinetics can thus be presented
on a scale from zero to unity (0 =V, = 1).

The JIP test was developed for quantitative analysis of the O-J-I-P transient according to Strasser et
al. (57). In the present study, the following JIP test parameters were calculated to quantify PSIl behavior
as follows: V, [V, = (F, — F)/(F,, — F.)], relative variable fluorescence at level J; M, or (dV/dt), [M, = 4
(Fs00 s — F/(F, — FJ)l, the initial slope, indicating the net closing rate of the reaction center; iy,
(Y, = ET/TR, = 1 — V), the probability that a trapped exciton moves an electron into the electron
transport chain beyond Q, (at t = 0). For the last equation, the energy flux corresponding to the electron
transport beyond Q,~ is indicated as ET; the excitation energy flux which reaches the reaction center and
gets trapped there (in the sense of leading to Q, reduction) is indicated as trapping flux TR.

Measurement of Q,~ reoxidation kinetics. The Q,~ reoxidation kinetics after a single-turnover
flash were monitored with an FL-3500 dual-modulation kinetic fluorometer (Photon Systems Instruments,
Brno, Czech Republic), as described by Nedbal et al. (58). All samples were concentrated to an OD,;, of
1.0 and dark adapted for 20 min prior to measurement. The experimental protocol in this instrument
measures F, executes a single-turnover flash to reduce the Q, acceptor, and follows the subsequent
decline of fluorescence that reflects the reoxidation kinetics. Both the measuring flash (4 ws) and actinic
flashes (50 ws) were provided by computer-controlled light-emitting diodes.

According to Beauchemin et al. (44), the Q,~ reoxidation kinetics curves are fitted by the following
three-component exponential equation:

F(t) =Ayexp (—t/T)) +Ayexp (—t/T,) + Asexp (—t/T3) + A,

where F(t) is the variable fluorescence yield, A, to A; are the amplitudes, and T, to T; are the time
constants from which the half-life values can be calculated as t,,, = In 2T.

S-state test. To further determine the proportion of inactive PSII centers (PSIl,), S-state tests were
performed (47, 48). The F, fluorescence was measured during the first 1-ms exposure to measuring light.
Ten actinic flashes were then fired in 100-ms intervals to advance the S states. After each actinic flash,
the fluorescence decay was measured on a logarithmic time scale with 8 data points per decade. The
population of PSIl, centers was estimated by the difference between F_ and the fluorescence level
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measured at 100 ms after the fourth flash (AF, = F o o/Fo
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— 1), which is controlled almost entirely by

inactive centers. Given the decreased relative variable fluorescence, a revised equation was proposed
according to Pan et al. (59), as follows: PSlly (%) = AF, X 100/(F500 m/Fo

Thermoluminescence measurements. Thermoluminescence (TL) measurements of whole cells were

performed with a TL 400/PMT thermoluminescence system (Photon Systems Instruments, Brno, Czech
Republic). The cultures were concentrated to an OD,,, of 5.0, and 50 ul of the samples was taken for each
measurement. After 20 min of dark adaptation at 30°C, the cells were cooled to 0°C and illuminated with one
single-turnover flash. The cells were then warmed to 60°C at a heating rate of 1°C - s=7, and the TL light
emission was measured during the heating. The Q TL band was detected in the presence of 20 uM DCMU
to block the electron flow beyond Q, before the flash illumination. To detect period-4 oscillation of the B
band, cells were illuminated with a short series of single-turnover flashes (ranging from 1 to 6 flashes).

SDS-PAGE analysis and immunoblotting. Total cellular proteins were extracted from Synechocystis

cells as described by Chen et al. (60) with minor modifications. Cells were harvested and resuspended in
lysis buffer (40 mM Tris-HCI [pH 8.0]) supplemented with 1 mM phenylmethanesulfonyl fluoride (PMSF)
as the protease inhibitor. The cells were lysed using sonication (3 s on, 3 s off) for 20 min on ice with a
JY92-1IN sonicator (Ningbo Scientz Biotechnology Co., Ltd.), which had an output of 135 W. The
whole-cell lysate was centrifuged (Eppendorf 5810R centrifuge) at 1,800 X g for 10 min at 4°C to remove
cell debris. Protein concentrations were estimated with the Bradford assay.

Equal amounts (10 ng) of proteins were separated by 12% SDS-PAGE, stained with Coomassie

brilliant blue R250, or transferred to polyvinylidene fluoride (PVDF) membranes (GE Healthcare). After
blocking for 1 h with 5% milk was performed, membranes were probed using rabbit primary anti-D1 and
anti-PsbO antibodies (1:5,000), followed by secondary antibody conjugated to horseradish peroxidase
(1:5,000). The labeled proteins were detected by chemiluminescence using SuperSignal West Pico
chemiluminescent substrate (Thermo Fisher Scientific), and the signals were visualized using an Im-
ageQuant LAS 4000 Mini system (GE Healthcare).

Statistical analyses. The experiments were performed in biological triplicate, and the results are

presented as means or means = standard deviations (SD). Data analysis was performed using SPSS-13,
and significance was determined at a confidence limit of 95% or 99%. The significant differences
between the control and test values were tested using one-way ANOVA, and differences were considered
to be significant at a P value of <0.05 or a P value of <0.01.
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