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PUBLIC SUMMARY

m Synechocystis sp. undergoes hormesis, toxicity, and recovery over 400 generations of exposure to 6PPD-Q.
m 6PPD-Q accepts electrons from the photosynthetic electron transport chain of Synechocystis sp.

m 6PPD-Q may impact the carbon cycle by interfering with the photosynthetic electron transport of cyanobacteria.
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Photosynthetic carbon fixation by cyanobacteria plays a pivotal role in the
global carbon cycle but is threatened by environmental pollutants. To
date, the impact of quinones, with electron shuttling properties, on cyano-
bacterial photosynthesis is unknown. Here, we present the first study
investigating the effects of an emerging quinone pollutant, i.e., 6PPD-Q (N-
(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine-quinone), on the cyano-
bacterium Synechocystis sp. over a 400-generation exposure period. Syne-
chocystis sp. exhibited distinct sequential phases, including hormesis,
toxicity, and eventual recovery, throughout this exposure. Extensive evi-
dence, including results of thylakoid membrane morphological and photo-
synthetic responses, carbon fixation rate, and key gene/protein analyses,
strongly indicates that 6PPD-Q is a potent disruptor of photosynthesis.
6PPD-Q accepts photosynthetic electrons at the plastoquinone Qg site in
photosystem Il (PSIl) and the phylloquinone A; site in PSI, leading to a sus-
tained decrease in the carbon fixation of cyanobacteria after an ephemeral
increase. This work revealed the specific mechanism by which 6PPD-Q inter-
feres with photosynthetic carbon fixation in cyanobacteria, which is highly
important for the global carbon cycle.

INTRODUCTION

Photosynthesis is vital for Earth's primary productivity."” Cyanobacteria, as
primitive and widely distributed phototrophic organisms in both freshwater
and ocean environments, contribute to 20%—30% of the global primary produc-
tion on earth.%~° These organisms regulate biogeochemical cycles and influence
the dynamics of aquatic food chains.”~® Environmental factors, such as pH, nu-
trients, and light, affect the photosynthetic efficiency of cyanobacteria.® Addition-
ally, widespread chemical pollution poses a significant threat to global aquatic
ecosystems.”® Although acute and high-dose exposure to pollutants causes
growth inhibition, changes in cellular constituents, and photosynthetic damage
in cyanobacteria,” " long-term effects of pollutants at environmentally relevant
concentrations on primary production have received limited attention. Conse-
quently, the impact of pollutants in natural aquatic environments on the global
carbon cycle remains largely unrecognized.’

Quinones, which are both endogenous and xenobiotic compounds, are
commonly found in natural environments.'? However, their ecotoxicity toward
aquatic primary producers has received less attention than that of other pollut-
ants, such as antibiotics,'® nanomaterials,'* and microplastics.'® Xenobiotic qui-
nones, known for their high redox activity, have the potential to interfere with
biochemical redox reactions involving endogenous quinones.'®'” In the photo-
synthetic electron transport process, plastoquinones (Qa and Qg) in the photo-
system I (PSI) complex and phylloguinones (A1 and A;g) in the PSI complex'®
serve as crucial electron and proton carriers.' "' However, exogenous quinones
can participate in this quinone redox process. Moreover, synthetic benzoquinone
derivatives, known for their oxidant and electrophilic properties, have been iden-
tified as exogenous electron acceptors in photosynthesis.'*?° These xenobiotic
quinones are therefore exploited in biophotovoltaics to enhance photocurrent
generation by extracting charge from microalgal/cyanobacterial photosys-
tems.'®?° This raises concerns regarding the potential disruption of photosyn-
thesis by xenobiotic quinones in aquatic environments. The detrimental effects
of quinones on cyanobacteria are still a substantial knowledge gap in the assess-
ment of the ecotoxicity risk of quinone pollutants.

A highly toxic quinone, 6PPD-quinone (6PPD-Q; N-(1,3-dimethylbutyl)-
N’-phenyl-p-phenylenediamine-quinone), has been identified as the primary
culprit responsible for urban runoff mortality syndrome in coho salmon.?' This
compound is a quinone derivative of the tire antioxidant 6PPD, which is released
into the aquatic environment through the leaching of particles from tires onto
pavement and subsequent surface runoff.?! Given the extensive application of
its precursor compound 6PPD,%? 6PPD-Q is inferred to be a globally distributed
pollutant, with concentrations ranging from 0.8 to 19 ug/L in roadway runoff >’
80-370 ng/L in snowmelt”® and 0.38—2.30 pg/L in surface water?* ?® To
date, the toxicological effects of 6PPD-Q have gained intensive attention world-
wide.?'?"?% Nevertheless, the impact of 6PPD-Q on aquatic primary producers
and its subsequent ecological implications are poorly understood. Considering
the potential of quinones to shuttle electrons, it is plausible to hypothesize that
6PPD-Q can disrupt the photosynthetic process, causing adverse effects on
aquatic primary producers.

Here, we investigated the potential of 6PPD-Q to interfere with the photosyn-
thetic carbon fixation process in a model cyanobacterium (Synechocystis sp.
PCC 6803). We hypothesize that 6PPD-Q may compete with plastoquinones/
phyllogquinones for electrons in the photosynthetic electron transport chain
(ETC). This competition can result in alterations in the flow of photogenerated
electrons, ultimately affecting CO, reduction in cyanobacteria. To test our hy-
pothesis, we conducted a long-term study (100 days, approximately 400 gener-
ations) exposing Synechocystis sp. to environmentally relevant concentrations of
6PPD-Q. 6PPD-Q initially triggered a hormetic response in the cyanobacterium
during a 16-generation (4-day) exposure. However, this hormetic response con-
verted to toxicity over time and gradually recovered after 240 generations of
exposure. Furthermore, we elucidated the specific targets through which
6PPD-Q acts on the photosynthetic ETC and found that 6PPD-Q disrupted the
balance between the captured light energy and metabolic energy demand in
the cyanobacterium. Ultimately, 6PPD-Q caused a sustained decrease in carbon
fixation by Synechocystis sp..

RESULTS
Hormone response to 6PPD-Q

For acute exposure (4 days), the cell density of Synechocystis sp. presented an
inverted U-shaped dose-dependent response to 6PPD-Q ranging from 0.01 to
100 ng/L (Figure 14), indicating the hormetic response of Synechocystis sp. to
short-term exposure to 6PPD-Q. The greatest hormetic stimulation was observed
at a dose of 0.1 ng/L 6PPD-Q, resulting in an ~14% increase in cell density. In
contrast, 6PPD-Q exposure inhibited reactive oxygen species (ROS) production
and the activities of antioxidant enzymes, including superoxide dismutase
(SOD) and catalase (CAT) (Figure 1B). Alongside the stimulated growth, the
photosynthetic performance of Synechocystis sp. was enhanced by 6PPD-Q,
as reflected by the improved photochemical efficiency (Figure 1C). Intriguingly,
the hormetic responses observed in Synechocystis sp. did not occur under
light-activated heterotrophic growth conditions, suggesting that 6PPD-Q caused
hormesis specifically through its effects on photosynthesis (Figure S1). These
hormetic responses in Synechocystis sp. can be attributed to the overcompensa-
tion of photosynthesis stimulated by 6PPD-Q.2%'

Hormesis is not a “free lunch,” and hermetic stimulation cannot occur for
all traits under mild stress.®>** While 6PPD-Q stimulated cell proliferation
and photosynthesis, this promotion came at the expense of other
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Figure 1. Effects of 6PPD-Q on Synechocystis sp. (A—C) Cell density (A); oxidative stress (B), including ROS levels, SOD activity, and CAT activity; and chlorophyll fluorescence
parameters (C) of Synechocystis sp. exposed to 0—100 pg/L 6PPD-Q for 4 days (significant differences in cell density, ROS levels, SOD activity, and CAT activity among different
treatments are marked with different letters, one-way ANOVA). (D—K) Cell growth (D), ROS generation (E), SOD activity (F), CAT activity (G), and photosynthetic performance (H-K) of

Synechocystis sp. exposed to 6PPD-Q at 0, 0.1, and 100 pg/L across 400 generations.

important traits, such as decreased activity of antioxidant enzymes (Fig-
ure 1B) and CO,-fixing enzymes (Figure S2), which is a known hormetic
trade-off.

Three phases of long-term response: Hormesis, toxicity, and recovery

To uncover any potential risks that might be masked by hormetic responses, a
comprehensive 400-generation exposure test was carried out. Synechocystis sp.
exposed to 6PPD-Q for 400 generations underwent three distinct phases: horm-
esis (G0—G16), toxicity (G16—G240), and recovery (G240—G400) (Figures 1D—
1K). During long-term exposure, the hormetic responses of Synechocystis sp.
to 6PPD-Q were limited to the first 16 generations (GO—G16). Subsequently,
the detrimental effects of 6PPD-Q became apparent during G16—G240, followed
by a recovery phase (Figures 1D-1K). During the toxicity phase (G16-G80),
6PPD-Q exhibited subtoxic effects on Synechocystis sp., resulting in decreases
in cell density of approximately 3% and 7% when exposed to 0.1 and 100 pg/L
6PPD-Q, respectively (Figure 1D). However, the toxicity of 6PPD-Q increased dur-
ing the G80—G240 generations (Figure 1D), leading to significant reductions in
cell density of approximately 14% and 15% when the cells were continuously
exposed to 0.1 and 100 pg/L 6PPD-Q, respectively, for 240 generations. After
(G240, Synechocystis sp. began to exhibit biological adaptation. The cell density
of Synechocystis sp. exposed to 0.1 pg/L 6PPD-Q recovered to levels comparable
to those of the control at G288 and remained stable during G288-G400 (Fig-
ure 1D). Unlike at low concentrations, Synechocystis sp. exposed to high concen-
trations of 6PPD-Q (100 ug/L) failed to recover to the control level within 400 gen-
erations (Figure 1D). Overall, Synechocystis sp. experienced biomass losses of

approximately 9% and 37% during 100 days of exposure to 0.1 and 100 pg/L
6PPD-Q, respectively.

In response to the hormetic effect, the level of ROS and SOD and CAT activities
in Synechocystis sp. decreased within G16 (Figures 1E—1G). Afterward, during
G16-G80, the ROS levels were comparable to those in the control group but
increased notably from G80 to G240 (Figure 1E). Similar trends were observed
for the activities of SOD and CAT, with a slight delay during G80—G240
(Figures TF and 1G), indicating an activated antioxidant response to the stress
caused by 6PPD-Q. Moreover, the levels of ROS and SOD and CAT activities
were greater in Synechocystis sp. exposed to 100 pg/L 6PPD-Q than in those
exposed to 0.1 pg/L 6PPD-Q. During the recovery phase of G240-G400, the
elevated ROS levels in Synechocystis sp. exposed to 0.7 pug/L 6PPD-Q gradually
decreased to levels comparable to those of the control by G288, along with a de-
layed recovery of SOD and CAT activities (Figures TE=1G). The recovery of Syn-
echocystis sp. from exposure to 100 pg/L 6PPD-Q was more challenging than
that from 0.1 pg/L 6PPD-Q.

The chlorophyll fluorescence parameters, including the maximmum quantum ef-
ficiency of PSII (Fv/Fm), the efficiency of electron transport from PSII to PSI
(®@E0), and the quantum yield for the reduction of the end electron acceptors
at PSI (®Ro), were stimulated by 6PPD-Q during the first 16 generations. These
parameters then fluctuated at levels similar to those of the control group from
G16 to G80 before decreasing significantly between G80 and G240
(Figures TH=1J). A similar pattern was observed for the performance indices
(Plaps) (Figure TK). This indicates that photosynthetic dysregulations occurred
in Synechocystis sp. during prolonged exposure to 6PPD-Q. Moreover, the
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deterioration of the photosynthetic performance between G80 and G240 was
more prominent in Synechocystis sp. exposed to 100 pg/L 6PPD-Q than in those
exposed to 0.1 pg/L 6PPD-Q. Similarly, the inhibited photosynthetic parameters
gradually returned to levels comparable to those of the control during the recov-
ery phase (G240—G400), supporting the recovery of Synechocystis sp. during this
period. Similarly, the photosynthetic pigments also exhibited similar phasic
changes (Figure S3).

Phasic changes in photophysiological performance

To investigate the assumption that 6PPD-Q affects photosynthesis in Syne-
chocystis sp., the substructure of thylakoid membranes, where the light-driven re-
actions of photosynthesis occur, was examined. Cells exposed to 0.1 and
100 ng/L 6PPD-Q for 400 generations showed no apparent cell damage (Fig-
ure S4), in agreement with the sublethal toxicity of 6PPD-Q. However, there
were significant changes in the distances between thylakoid layers. In the horm-
esis phase, the interthylakoidal distance increased by approximately 20% (51.8 +
9.2 nm for the 0.1 pg/L 6PPD-Q treatment group and 52.4 + 8.5 nm for the
100 pg/L 6PPD-Q treatment group, n = 120) compared to that of the control
group (43.4 £ 7.8 nm, n = 120) (Figure 2A). In the toxicity phase, the distances
decreased by approximately 10% (40.5 + 6.2 nm for the 0.1 ng/L 6PPD-Q treat-
ment group, n = 120) compared to those of the control group (43.8 + 7.9 nm, n =
120) (Figure 2B). During the recovery phase, there was no significant difference
compared to the control (42.9 + 8.2 nm, n = 120) (Figure 2C). Three-dimensional
tomogram reconstruction (Figures 2D—2F) further confirmed these changes.
The space between the thylakoid layers should be sufficient for double-row
light-harvesting antenna complexes (phycobilisomes [PBSs]).***> Therefore,
the enlarged and shrunken spaces between the thylakoid layers in the hormesis
and toxicity phases, respectively, indicate the up- and downregulated light-har-
vesting ability in Synechocystis sp. upon 6PPD-Q exposure.

To further evaluate the impact of 6PPD-Q exposure on photosynthetic activity,
changes in oxygen exchange were measured. In the hormesis phase (G16),
photosynthetic activity was stimulated, while respiration activity was inhibited,
leading to an increase in carbon use efficiency (Figures S5A and S5B). In contrast,
in the toxicity phase (G240), photosynthetic activity decreased, while respiration
activity increased (Figures S5C and S5D), resulting in lower carbon use efficiency
and cell density than in the control (Figures S5C and S5D). During the recovery
phase (G400), photosynthetic activity increased, and respiratory activity
decreased again (Figures S5E and S5F), enabling energy accumulation for self-
rescue. These findings provide insights into the dynamic modulation of photo-
synthetic and respiratory activities in response to 6PPD-Q exposure.

To elucidate the mechanisms by which 6PPD-Q affects photosynthetic pro-
cesses (Figure 3A), we examined electron generation (PSIl and PSI activity), en-
ergy transduction (ATP and NADPH levels), and electron terminal consumption
for CO, fixation (Rubisco and Rubisco activase [RCA] activity) (Figure 3A). In
the hormesis phase, PSII activity was significantly enhanced under 0.1 pg/L
6PPD-Q exposure (Figure 3B). However, no significant difference was observed
in PSI activity over 400 generations of exposure (Figures 3B—3D). Photochemi-
cally generated electrons travel from water through PSII, cytochrome bf (Cyt
bf), and PSI to reduce NADP*-coupled generation of NADPH and ATP (Fig-
ure 3A).°°* The increased PSII activity coincided with a notable increase in
NADPH and ATP levels at G16 (Figure 3B). NADPH and ATP serve as chemical
energy sources for the Calvin-Benson-Bassham (CBB) cycle, which drives carbon
assimilation (Figure 3A). CO, is the terminal acceptor of photosynthetic electrons
in the CBB cycle>” and photosynthetic CO, reduction is catalyzed by Rubisco.*
The activity of Rubisco and RCA, enzymes involved in CO, fixation, was severely
inhibited in G16 (Figure 3B). Therefore, the enlarged electron source, increased
electron flow for NADPH synthesis, and reduced carbon assimilation caused
the accumulation of ATP and NADPH during the hormesis phase (Figure 3E).
In addition to NADPH, oxygen serves as another electron sink in cyanobacteria
and can be reduced by photosynthetic electrons to generate ROS (Figure 3A).*°
An increase in the NADPH sink resulted in reduced electron leakage to molecular
oxygen, thereby decreasing ROS generation (Figure 1E).

PSlI activity was significantly inhibited during the toxicity phase (G16—G240),
and the levels of NADPH and ATP gradually decreased (Figures 3C, S6A, and
S6B). Notably, the two electron sinks, ROS (Figure 1E) and NADPH (Figures 3B
and 3C), exhibited opposite trends. This suggests that 6PPD-Q redirects elec-
trons toward the oxygen reduction pathway, reducing the availability of electrons
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for NADPH synthesis during G16—G240. Moreover, the suppressed activities of
Rubisco and RCA gradually recovered from G16 to G160 and were promoted at
G240 (Figures 3C, S6C, and S6D). Overall, in cells in the toxicity phase, the photo-
synthetic electron source was damaged, resulting in increased electron leakage
to oxygen for ROS generation. The production of NADPH and ATP decreased,
while the activity of the CO,-fixing enzyme Rubisco increased (Figure 3F). During
the recovery phase, the suppressed PSII activity observed during the toxicity
phase was alleviated. The ATP and NADPH levels gradually returned to the con-
trol levels at G400, and the activities of Rubisco and RCA also recovered
(Figures 3D and S6). These results suggest that photosynthetic electron produc-
tion, the distribution of electron sinks, and the consumption of electrons for CO,
reduction established a new balance after prolonged exposure to 6PPD-Q
(Figure 3G).

Dysfunction of photosynthesis-associated genes and proteins

To gain a comprehensive understanding of the molecular responses induced
by 6PPD-Q, transcriptomic and proteomic profiling was performed. Transcrip-
tome-based clustering (Mfuzz) revealed that genes across 400 generations
were grouped into ten clusters (Figure S7A). The genes in each cluster were map-
ped to KEGG pathways (Figure S7A). Clusters 1-3 showed similar trends to
those of cell density (Figure 4A), and these clusters were enriched in photosyn-
thesis-related pathways (Figure 4B). Further analysis using gene set enrichment
analysis revealed that photosynthesis-related gene sets were significantly en-
riched during the hormesis phase (G16) (Figure 4C) and gradually downregulated
between G80 and G240 (Figures 4D—4F). However, during the recovery phase
(G320—-G400), the expression of photosynthesis-related genes did not signifi-
cantly differ between the treatment and control groups (Figures 4G and 4H).
Moreover, genes involved in the photosynthetic ETC were activated during the
hormesis phase (G16) (Figure 4l) but suppressed during the toxicity phase
(G80—G240) (Figures 4J and S8A—-S8C). In the recovery phase, the suppressed
photosynthetic chain was partly restored (Figures 4K and S8D).

Positive correlations between proteins and genes were observed in samples
across the 400 generations (Pearson; p = 0.027, R? = 0.001) (Figure S9). The
changes in proteins within clusters 1—3 were consistent with the corresponding
gene expression patterns (Figure 4A). Furthermore, long-term changes in photo-
synthesis, i.e, upregulation, downregulation, and subsequent recovery, were
confirmed by both transcriptomic and proteomic analyses (Figure S10). The find-
ings suggest that 6PPD-Q affects the growth of Synechocystis sp. by impacting
photosynthesis, as shown by the similar trends observed in cell growth and
photosynthetic processes. Moreover, among the five components of the photo-
synthesis pathway (PSIl, PSI, Cyt bf, photosynthetic electron transport, and
ATPase), the most pronounced variations were observed in PSIl and PSI
(Figure S10).

Additionally, the changes in genes and proteins involved in light-harvesting
PBS (Figure S11) supported the plastic regulation of interthylakoidal distances
(Text S1). Central carbon metabolism (Figure 4L) suggested imbalances be-
tween energy capture and release, which contributed to the growth fluctuations
in Synechocystis sp. (Text S2). During the hormesis phase, energy uptake ex-
ceeds energy metabolism, resulting in greater cell density (Figure 4L). In contrast,
during the toxicity phase, energy metabolism outweighed energy capture
(Figures 4L and S12), leading to reduced cell density. Ultimately, in the recovery
phase, balanced regulation of energy capture and release enabled the rescue of
cells from toxicity (Figures 4L and S12).

6PPD-Q accepted photosynthetic electrons at the Qg in PSIl and at the A,
in PSI

The photophysiological and omics results provided strong evidence that
6PPD-Q disrupts photosynthesis. To further investigate its mechanism of action,
specific targets of 6PPD-Q involved in the photosynthetic process were identified.
6PPD-Q exhibits an appropriate redox midpoint potential (Em) to accept elec-
trons from photosynthetic electron chains because of its more positive Em value
(+0.341 V vs. standard hydrogen electrode [SHE]) than that of the typical exoge-
nous electron acceptor 2,6-dichloro-1,4-benzoquinone (Em = +0.315 V vs. SHE)
(Figure 5A). According to the biophotovoltaic test (Figure 5B), the addition of
6PPD-Q significantly enhanced photocurrent generation (Figure 5C). This effect
was observed only in the presence of Synechocystis sp. cells, under illumination,
and in the presence of 6PPD-Q, indicating that 6PPD-Q can serve as an electron
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Figure 2. Ultrastructure of thylakoid membranes at the exponential growth phase in Synechocystis sp. (A—C) Distance between adjacent thylakoid membrane layers for Syn-
echocystis sp. exposed to 6PPD-Q for 16 (G16), 240 (G240), and 400 (G400) generations (n = 120 cells from three independent biological replicates for each group). Boxplots show the
median value (center line), interquartile range (box), and 1.5 times the interquartile range (whiskers). Representative transmission electron microscopy images are provided above the
respective boxes (scale bars, 100 nm). Asterisks indicate significant differences compared to the cells in the control groups, while ns represents nonsignificant differences according
to one-way ANOVA; significant differences are shown as **p < 0.01 and ***p < 0.001. (D—F) Morphological transformation of Synechocystis sp. exposed to 6PPD-Q at 0.1 ug/L three-
dimensional (3D) reconstructions of cells in the control phase, hormetic phase (G16), and toxicity phase (G240) were obtained via focused ion beam scanning electron microscopy; the
images show the outer membrane in blue, the plasma membrane in purple, the thylakoid membranes in green, the lipid bodies in red, the carboxysomes in orange, the polyphosphate
bodies in yellow, and the phycobilisomes in pink. The parts marked by red boxes with dotted lines were selected to further show the details of the thylakoid membranes. Scale bars,
500 nm. Each 3D segmentation was reconstructed from a 150-nm-thick tomographic section of a unique cell that consisted of single slices with a thickness of 5 nm.

carrier between cells and electrodes by accepting photosynthetic electrons to
promote extracellular electron transfer in Synechocystis sp..

The electron-accepting sites for 6PPD-Q were unequivocally identified. The
presence of 6PPD-Q effectively reversed the inhibition of electron transport
caused by 2,5-dibromo-3-methyl-6-isopropylbenzoquinone but not by 3-(34-
dichlorophenyl)-1,1-dimethylurea (DCMU) (Figure 5D). This suggests that
6PPD-Q can accept photosynthetic electrons at the Qg site, which is after Qq
and before the Cyt bf complex (Figure 5D). Moreover, 6PPD-Q underwent photo-
reduction when electron transport from plastocyanin to the reducing side of PSI
was active, while the electrons from PSII were inhibited by DCMU and 2,6-dichlor-
ophen-olindophenol with the addition of ascorbate (DCPIPH,) as an artificial elec-
tron donor (Figure 5D). This phenomenon is similar to the electron transfer from
DCPIPH, to methyl viologen (MV) at PSI, where DCPIPH, acts as the electron
donor and MV acts as the electron acceptor (Figure 5D). These results indicate
that 6PPD-Q can also accept electrons on the reducing side of PSI. Lotina-
Hennsen et al.'® previously suggested that 2,5-diamino-p-benzoquinone deriva-

tives with low water solubility accept electrons at the lipophilic site of PSI, where
phylloguinone Ay is located. Similarly, 6PPD-Q, an exogenous electron mediator
with high hydrophobicity (logKy, = 5-5.515),?' can also harvest electrons at
A to Fy in PSI. Docking studies further confirmed that 6PPD-Q can occupy the
same binding pocket as plastoquinones and phylloguinones in PSIl and PSI,
respectively (Figures 5E—5H; Text S3). The docking scores indicated a good fit
between 6PPD-Q and these binding pockets, with all docking scores below
—7.0 keal/mol, in the order of Qg < Aja < Qa < Ag (Table S2). This suggests
that compared with Qa, 6PPD-Q has a greater propensity to acquire electrons
from Qg and A;.

Outcome of disturbed photosynthesis: Decrease in carbon fixation

To examine the impact of 6PPD-Q on the photosynthetic electron transfer, we
assessed the downstream effects on carbon fixation rates. Initial changes in the
13C assimilation of Synechocystis sp. were observed within 18 h of continuous
illumination using Raman microscopy (Figures 6A and S13). Subsequently, we
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Figure 3. Photosynthesis of Synechocystis sp. upon 6PPD-Q exposure (A) Schematic representation of photosynthetic electron transport pathways in Synechocystis sp. PCC 6803.
Linear electron flow is the dominant path for photosynthetic electron flow, which transports electrons from water to NADP+ and provides reducing equivalents (NADPH) and energy
(ATP) for the CBB cycle (the major sink for photosynthetic electrons). When the sink capacity of the CBB cycle is insufficient, alternative electron flows are responsible for dissipating
excess electrons to alternative sinks such that flavodiiron proteins (including Flv1—FIv4) and respiratory terminal oxidases (including Cyd and COX) catalyze the reduction of oxygen to
water to avoid the generation of damaging ROS. NADH dehydrogenase-like complex 1 (NDH-1) mediates cyclic electron flow around PSI, providing only ATP for the CBB cycle. Excess
electrons that cannot be consumed by sinks leak to oxygen and generate superoxide anions (O, ~), which are scavenged by superoxide dismutase (SOD) and catalase (CAT). (B—D)
PSII activity, PSI activity, NADPH content, ATP content, Rubisco activity, and Rubisco activase (RCA) activity of Synechocystis sp. exposed to 6PPD-Q during (B) hormesis (the 16th
generation [G16]), (C) toxicity (G240), and (D) recovery (G400) phases. Asterisks indicate significant differences compared to the cells in the control groups according to one-way
ANOVA,; significant differences are shown as *p < 0.05, **p < 0.07, and ***p < 0.001. (E-G) The electron transfer between PSII and PSI, distribution of electron sinks for NADPH
generation and ROS production, and electron consumption into the CBB cycle at the (E) hormesis, (F) toxicity, and (G) recovery phases. Red and blue lines indicate upregulation
and downregulation, respectively, while the gray line represents an insignificant difference between the 6PPD-Q treatment group and the control group.

quantified the carbon fixation rates of Synechocystis sp. using an isotope mass
spectrometer. During the hormesis phase (G16), exposure to 0.1 pg/L 6PPD-Q
resulted in a slight increase of approximately 7% in the carbon fixation rate (Fig-
ure 6B). This suggests that the improved activity of PSIl and enhanced electron
transfer efficiency in the light-dependent reactions compensated for the reduced

Rubisco activity in the CBB cycle. In the toxicity phase (G240), the carbon fixation
rate decreased to 72% of that of the control (Figure 6C). In the recovery phase,
although the suppression of carbon fixation was alleviated, it remained at approx-
imately 80% of that of the control (Figure 6D). These findings indicate a long-term
adverse effect of 0.1 pg/L 6PPD-Q on carbon fixation in Synechocystis sp.
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Figure 4. Gene and protein expression signatures during 6PPD-Q exposure (A) Clustering of genes in Synechocystis sp. exposed to 6PPD-Q for 16, 80, 160, 240, 320, and 400
generations (G16, G80, G160, G240, G320, and G400). Three clusters consistent with changes in cell density are shown here. (B) KEGG pathway enrichment of genes/proteins in each
cluster. The gene ratio represents the proportion of genes mapped to KEGG pathways to the total number of genes in the pathway. (C—H) Gene set enrichment analysis (GSEA)
enrichment of genes in the KEGG photosynthesis pathway (KEGG: syz00195) at G16, G80, G160, G240, G320, and G400. (I-K) Transcripts of photosynthetic electron transport chain
(ETC)-associated genes (G16, G240, and G400) were selected to represent the hormesis, toxicity, and recovery phases, respectively. Genes involved in photosynthetic electron transfer
are colored according to the fold changes in transcription. Gene names represented by each block and the results of G80 and G160 in the toxic phase and G320 in the recovery phase
are given in Figure S9. (L) Central carbon metabolism of Synechocystis sp. exposed to 6PPD-Q for 400 generations. Top, study overview depicting central carbon metabolism, including
energy capture (1, antenna proteins; 2, photosynthesis; and 3, Calvin cycle) and energy release (4, glycolysis/gluconeogenesis; 5, citrate cycle; and 6, oxidative phosphorylation)
pathways, as well as the GSEA results for these pathways (Table S1). Bottom, ridgeline curves showing the fold change distribution of genes in 6 pathways. Each point represents

a gene.

Additionally, 700 ng/L 6PPD-Q consistently inhibited carbon fixation in Synecho-
cystis sp. over 400 generations. The carbon fixation rates decreased by approx-
imately 6%, 30%, and 29% at G16, G240, and G400, respectively (Figures 6B—6D).

Additionally, the fate of 6PPD-Q in culture was also determined and is dis-
cussed in Text S4. The reduction in 6PPD-Q in the medium solutions predomi-
nantly resulted from cell metabolism (~40% and 21% for the 100 ng/L and
100 pg/L 6PPD-Q exposure groups, respectively), followed by hydrolysis and pho-
todegradation (~36% and 33% for the 100 ng/L and 100 pg/L 6PPD-Q exposure
groups, respectively). Intracellular accumulation did not significantly differ across
generations, and the transfer of 6PPD-Q between exposure batches due to accu-
mulation was minimal. Hence, the observed biological responses are primarily
attributable to newly introduced 6PPD-Q in each exposure batch rather than
carryover from previous exposures.

DISCUSSION

This study revealed the sequential responses of cyanobacteria to 6PPD-Q,
including the hormesis, toxicity, and recovery phases, all of which occurred at
environmentally relevant concentrations over 400 generations of exposure. To
our knowledge, this is the first study documenting such long-term effects of envi-
ronmental pollutants on cyanobacteria. Hormetic stimulation is increasingly
common in cyanobacteria exposed to toxicants, "' but few studies have
tracked the long-term development of toxin-induced hormesis. In this study, Syn-
echocystis sp. experienced adverse effects from 6PPD-Q for an extended period
(~60 days) following short-term stimulation (~4 days). Although eventual recov-
ery through self-adaptation was observed, the cumulative loss of biomass during
this long-term exposure cannot be overlooked. These findings underscore the
importance of considering the chronic and long-term effects of chemicals at
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Figure 5. Evidence for 6PPD-Q accepting electrons from the photosynthetic ETC (A) Cyclic voltammograms of 6PPD-Q (red) and the typical exogenous electron acceptor 2,6-di-
chloro-1,4-benzoquinone (DCBQ) (blue). (B) Schematic illustration of a biophotovoltaic system employing cyanobacteria at the anode. In the indirect extracellular electron transfer
pathway, 6PPD-Q mediates the electron transfer between the electrode surface and Synechocystis sp. 6PPD-Q in the oxidized form (Q) can be reduced (QH,, the reduced form) after
accepting electrons from the ETC. QH, is oxidized by the anode, producing currents and Q for new cycles. (C) Chronoamperograms of Synechocystis sp. with and without 6PPD-Q
(1 mg/L). (D) The action sites of 6PPD-Q in the photosynthetic ETC. The target sites of 6PPD-Q in the ETC were measured by the oxygen evolution/consumption of Synechocystis sp.
with photosynthesis inhibitors. The red dashed lines indicate the target sites of the inhibitors (3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 2,5-dibromo-3-methyl-6-iso-
propylbenzoguinone (DBMIB), which inhibit electron transfer from Q, to the Qg and from the plastoquinone (PQ) pool to the Rieske iron—sulfur (FeS) center, respectively. The target
sites of the artificial electron donor reduced 2,6-dichlorophen-olindophenol (DCPIPH,) and acceptor (methyl viologen [MV]) are indicated by red and blue dotted lines, respectively, with
arrows. The results are expressed as the percentage of oxygen evolution/consumption in Synechocystis sp. treated with inhibitors with or without the addition of 6PPD-Q, and results
greater than 100% indicate that 6PPD-Q was successfully photoreduced by photosynthetic electrons. Green shading highlights the electron-accepting sites of 6PPD-Q. (E-H) The
docking positions of 6PPD-Q in the Qa-binding pocket, Qg-binding pocket, Aja-binding pocket, and A;g-binding pocket of PSII/PSI in Synechocystis sp. 6803. The docked ligands (i.e.,
6PPD-Q) are depicted in green and yellow in PSIl and PSI, respectively. The interacting residues are presented as yellow and cyan sticks in PSIl and PSI, respectively. The interactions,
including - stacking and hydrogen bonding, are represented by red and green dashed lines, respectively.

environmentally relevant concentrations, as the true toxicity of pollutants can be
masked by minor variations or hormesis during a limited exposure period.

This study has elucidated the previously unknown toxicological mechanisms
of 6PPD-Q in aquatic organisms. These findings provide strong evidence that
6PPD-Q disrupts photosynthesis by acting as an exogenous electron acceptor
and interfering with photosynthetic electron transport. During the initial exposure
to 6PPD-Q, Synechocystis sp. increased photosynthetic electron production as a
defense strategy against electron extraction but reduced Rubisco activity in the
CBB cycle, creating a hormetic trade-off. This leads to an energy source-sink

imbalance, resulting in the accumulation of NADPH and ATP. To dissipate excess
energy, Synechocystis sp. upregulated the following endogenous photoprotective
pathways: electron flux to flavodiiron proteins* and respiratory terminal oxi-
dases™ (Figure S14). Simultaneously, they reduced light absorption, downregu-
lated PSIl and PSI activity, and inhibited linear electron flow, thereby correcting
the energy source-sink imbalance (Figures 4 and S14). In this context, 6PPD-Q
competes for electrons, reducing light energy utilization for cell growth and exhib-
iting toxic effects on Synechocystis sp. (G16—G240). Surprisingly, the activity of
Rubisco gradually increased during prolonged exposure to 6PPD-Q, expanding
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Figure 6. Carbon fixation rates of Synechocystis sp. (A) Raman images of cells incubated with '*C-NaHCO3 for 18 h under light conditions. Scale bars, 6 um. (B—D) Carbon fixation
rates of Synechocystis sp. with a 14:10 h light-dark cycle detected by isotope mass spectrometry (significant differences in carbon fixation rates among different treatments are

marked with different letters; one-way ANOVA).

the sinks for CO, assimilation (Figures S6 and S14). This improvement in CO,
assimilation ability enabled the recovery of previously inhibited cell growth, even-
tually reaching a level comparable to that of the control (G240—G400). Ultimately,
the cells establish new energy homeostasis by continuously regulating the bal-
ance between sources and sinks. This adaptive response allows them to cope
with prolonged exposure to 6PPD-Q and maintain their growth (Figure S14).

CO, is the ultimate electron acceptor for photochemically generated electrons
in the process of photosynthesis.?” 6PPD-Q intercepts photoelectrons from the
photosynthetic ETC, inducing a decrease in CO, assimilation. The carbon fixation
rate showed a sustained reduction at G240 and G400 following an initial increase
at G16 upon exposure to 0.1 ug/L 6PPD-Q (Figures 6B—6D). This reduction in
biomass and carbon fixation rates highlights the significant impact of 6PPD-Q
on primary production in aquatic environments.

In addition to influencing photosynthesis, 6PPD-Q may also regulate CO,
assimilation in cyanobacteria through its potential impact on the respiratory
ETC. Despite the involvement of the PQ pool in both the photosynthetic and res-
piratory ETCs, the observed changes in CO, assimilation upon 6PPD-Q exposure
were primarily attributed to photosynthetic dysregulation. However, the contribu-
tion of respiration regulation cannot be excluded. Further investigation is required
to determine whether 6PPD-Q disturbs respiratory electron transfer and contrib-
utes to the observed changes in carbon fixation.

Quinone-type compounds, including synthetic quinones such as 6PPD-Q, can
disrupt the flow of photoelectrons to the organic carbon sink, thereby impacting
the carbon fixation of primary producers. This common feature of quinones sug-
gests that they can disturb the photosynthetic carbon fixation process in cyano-
bacteria. These findings enhance our understanding of the toxic effects of
quinone pollutants on cyanobacteria and provide a valuable framework for study-
ing the effects of quinone compounds on photosynthetic carbon fixation in
cyanobacteria.

MATERIALS AND METHODS
See the supplemental information for details.
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