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ARTICLE INFO ABSTRACT

Keywords: The unprenylated benzoquinones 2,3,5,6-tetramethyl-1,4-benzoquinone (duroquinone), 2-chloro-1,4-benzoqui-
Herbicide none (CBQ), 2,6-dimethyl-1,4-benzoquinone (DMBQ), 2,6-dichloro-1,4-benzoquinone (DCBQ), and 2,6-dime-
Algicide- thoxy-1,4-benzoquinone (DMOBQ) were tested as putative antimetabolites of plastoquinone-9, a vital electron
Plastoql-Jmone and proton carrier of oxygenic phototrophs. Duroquinone and CBQ were the most effective at inhibiting the
g:;z:::z::e growth of the cyanobacterium Synechocystis sp. PCC 6803 either in photomixotrophic or photoautotrophic
Cyanobacteria conditions. Duroquinone, a close structural analog of the photosynthetic inhibitor methyl-plastoquinone-9, was
Plastids found to possess genuine bactericidal activity towards Synechocystis at a concentration as low as 10 pM, while at

the same concentration CBQ acted only as a mild bacteriostat. In contrast, only duroquinone displayed marked
cytotoxicity in axenically-grown Arabidopsis, resulting in damages to photosystem II and hindered net CO»
assimilation. Metabolite profiling targeted to photosynthetic cofactors and pigments indicated that in Arabi-
dopsis duroquinone does not directly inhibit plastoquinone-9 biosynthesis. Taken together, these data indicate
that duroquinone offers prospects as an algicide and herbicide.

1. Introduction

Blooms of toxin-producing cyanobacteria are a widespread problem
for freshwater and marine environments as well as for the sourcing of
drinking water, and raising temperatures associated with climate
change increasingly compound the issue (Huisman et al., 2018; Kosten
et al.,, 2012; Paerl and Paul, 2012). While short-term curative treatments
using copper or hydrogen peroxide can be used to quickly mitigate
cyanobacterial blooms, these methods often lead to the release of cya-
notoxins from the dying cells and exacerbate water pollution (Merel
et al., 2013; Lirling et al., 2014). Prevention of cyanobacterial blooms
(e.g. via nutrient reduction) is therefore the preferred control method
(Lirling et al., 2014). Similarly, herbicide-resistant weeds represent a
major challenge to agriculture, threatening crop production and global
food security worldwide (Powles and Yu, 2010; Peterson et al., 2018). In
particular, the emergence of cross resistance and multiple resistance to
herbicides often results in labor intensive and costly management
practices, such as tilling, selective weed removal, and use of cover crops
(Sosnoskie  and 2014; 2016).

Culpepper, Gerhards et al,

Understandably, potent and safe inhibitors of photosynthesis harboring
new modes of action are in strong demand (Duke and Dayan, 2022).

Studies have shown that interfering with the functions of the electron
and proton carrier plastoquinone-9, either via usage of competitive in-
hibitors or blockage of plastoquinone-9 biosynthesis, can result in
complete inhibition of photosynthesis (Boler et al., 1972; Block et al.,
2014; Kahlau et al., 2020). Plastoquinone-mediated electron transfer is
also the target of a large group of herbicides, including DCMU (diuron),
atrazine, metribuzin, phenisopham, and phenmedipham, that bind to
the Qp site of the D1 protein of photosystem II and block the electron
flow originating from Qa (Tischer and Strotmann, 1977; Oettmeier et al.,
1984; Metz et al., 1986).

Our group has recently uncovered the existence in cyanobacteria and
plastids of a selection pressure that prevents the enzyme
thylnaphthoquinol = C-methyltransferase from  cross-reacting with
plastoquinone-9 (Stutts et al., 2023). Specifically, this study demon-
strated that expression of a substrate promiscuous quinol C-methyl-
transferase in the cyanobacterium Synechocystis sp. PCC 6803 or in the
plastids of Arabidopsis thaliana (L.) Heynh (Brassicaceae) resulted in the
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production of a new-to-nature and acutely cytotoxic methylated variant
of plastoquinone-9 (Fig. 1; Stutts et al., 2023). Analyses of the corre-
sponding Synechocystis transformants and Arabidopsis transgenics indi-
cated that methyl-plastoquinone-9 was not only unable to function as an
electron carrier in vivo, but also acted as an inhibitor of plastoquinone-9
(Stutts et al., 2023). The present work leverages the basic knowledge
gained from our recent findings on the evolution of quinol C-methyl-
transferase in oxygenic phototrophs to search for synthetic benzoqui-
nones as potential new algicides and herbicides.

2. Results and discussion

2.1. Unprenylated benzoquinones inhibit the growth of Synechocystis
depending on the type of ring substitutions and growth conditions

As previous studies indicated that unprenylated quinones and phe-
nolics were readily absorbed and metabolized when supplied to cyano-
bacterial and plant cultures (Widhalm et al, 2009; Block et al., 2014;
Kruk, 2016), five unprenylated benzoquinones were
selected for pilot growth assays with the cyanobacterium Synechocystis sp.
PCC6803. These compounds include 2,3,5,6-tetramethyl-1,4-benzoqui-
none (duroquinone), 2-chloro-1,4-benzoquinone (CBQ), 2,6-dimethyl-1,
4-benzoquinone (DMBQ), 2,6-dichloro-1,4-benzoquinone (DCBQ), and
2,6-dimethoxy-1,4-benzoquinone (DMOBQ). Of those, duroquinone is the
most closely related to cytotoxic methyl-plastoquinone-9, the two mole-
cules differing solely by the decoration of carbon 5: duroquinone is
methylated at this position, while methyl-plastoquinone harbors a sol-
anesyl (C45) chain (Fig. 1; Fig. 2A). That duroquinone’s ring is fully
substituted thus precludes a priori its prenylation in vivo (Fig. 2A). In
contrast, the four other benzoquinones display two (DMBQ, DMOBQ,
DCBQ) to three (CBQ) unsubstituted carbons, which are available, at least
in theory, for prenylation in vivo (Fig. 2A). There exist precedents for such
prenylation of exogenously fed aromatic and quinoid molecules in cya-
nobacteria as well as in plants (Widhalm et al., 2009; Block et al., 2014;
Nowicka and Kruk, 2016).

With the exception of DMOBQ, whose low solubility prevented its
testing beyond 10 puM in our experimental setup, all benzoquinones
displayed various extent of growth inhibition activity when added to
photomixotrophic cultures of Synechocystis (Fig. 2A). Cell growth was
either fully or markedly inhibited at 25 pM, but not at 10 uM, for DMBQ
and DCBQ, respectively (Fig. 2A). No growth was observed for cultures
containing CBQ or duroquinone, either at 10 pM or 25 puM (Fig. 2A).
Similar results were obtained when growth assays were conducted in
photoautotrophic conditions, albeit doubling times of photoautrophic
cultures were 67 times lower than that of their photomixotrophic
counterparts, and some cell growth was observed at 25 uM DMBQ
(Fig. 2B). Of all the tested benzoquinone variants, CBQ and duroquinone
appear therefore to be the most effective at inhibiting the growth of
Synechocystis.

Nowicka and

2.2. Duroquinone and CBQ act as bactericide and bacteriostat on
Synechocystis, respectively

To establish if the underlying cytotoxicity of CBQ and duroquinone
resulted from bactericidal or bacteriostatic activity, photomixotrophic
cultures in exponential phase (T48 h) were spiked with CBQ and dur-
oquinone, each at a final concentration of 10 uM (Fig. 3A). CBQ addition
resulted in a temporary decrease in growth rate of ~30% (T72 h) as
compared to the mock treatment (Fig. 3A). Within ~24 h (T96 h) CBQ-
containing cultures reached the same stationary OD as that of the control
(Fig. 3A). In contrast, addition of duroquinone to Synechocystis cultures
abruptly halted cell growth (Fig. 3A). Furthermore, within 24 h
following duroquinone addition (T72 h), cells developed an increasingly
paler green pigmentation as compared to their color at the beginning of
the treatment, and by T144 h these cells were fully bleached (Fig. 3B).

Control and CBQ-treated Symechocystis cells, on the other hand,
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maintained their characteristic dark green hue (Fig. 3B).

In parallel, cells were harvested from culture aliquots immediately
prior to (T48 h) and 24 h after (T72 h) the addition of CBQ and dur-
oquinone (Fig. 3A). Cell pellets were washed, and resuspended cells
were then plated via serial dilutions on photomixotrophic medium
(Fig. 3C). After 9 days of culture, inocula corresponding to CBQ-exposed
Synechocystis cells displayed a slight decrease in colony density as
compared to the mock-treated cells; this was most visible at the 10~2and
1073 dilutions (Fig. 3C). In stark contrast, almost no growth was
observed for duroquinone-exposed Synechocystis cells and inocula had
fully bleached (Fig. 3C). No significant difference in colony density was
observed for the inocula corresponding to cultures sampled prior to CBQ
and duroquinone addition, verifying that identical numbers of live cells
were present in all cultures (Fig. 3C). It therefore appears that dur-
oquinone possesses genuine bactericidal activity towards Synechocystis
when present at a concentration as low as 10 pM, comparable to the
effectiveness of antibiotics, while at the same concentration CBQ acts
only as a mild bacteriostat.

2.3. Duroquinone impairs photosynthesis in arabidopsis

When added to solid Musharige & Skoog medium, duroquinone
inhibited the growth of Arabidopsis plants (Fig. 4). Here again, dur-
oquinone displayed pronounced cytotoxicity already at 10 pM (Fig. 4).
However, unlike the situation observed with Synechocystis, none of the
other tested benzoquinones had any visible impact on Arabidopsis
growth (Supplemental Fig. 1).

Measurement of photosynthetic parameters showed that after 10 days
of treatment, the maximum quantum -efficiency
duroquinone-treated plants was significantly lower than that of the con-
trols, resulting in lower photosynthetic efficiency (Table 1). Duroquinone-
treated plants also exhibited a collapse in chlorophyll a fluorescence
decline ratio (Rgg; Table 1), indicating that net CO, assimilation was
severely hindered (Lichtenthaler and Miché, 1997). Such decreases in
maximum quantum efficiency and chlorophyll a fluorescence decline
ratio are remindful of those observed in plastoquinone-9 biosynthetic
and methyl-plastoquinone-9-accumulating transgenics, the
plastoquinone-9 pools of which had been severely depleted (Block et al.,
2014; Stutts et al., 2023). A small decrease in chlorophyll a fluorescence
decline ratio (Rg) was also measured for the CBQ-treated plants as

of leaves from

mutants

compared to the controls (Supplemental Table 1).

2.4. Duroquinone treatment results in decreased levels of chlorophyll and
[-carotene, but has effect on plastoquinone-9 content

To further investigate the mechanism of duroquinone-induced
photosynthetic inhibition in Arabidopsis, the leaves of ten-day-old
plants grown in presence of duroquinone were subjected to metabolite
profiling targeted to photosynthetic cofactors and pigments. The moni-
tored metabolites included chlorophylls a and b, plastoquinone-9
(reduced and oxidized), plastochromanol-8, the cyclized product of
plastoquinol-9 via the action of tocopherol cyclase (Kruk et al., 2014), a-

and y-tocopherols, which share homogentisate as a biosynthetic

0 Q
H,C AdoMet AdoHcy H.C CH,
H,C R H.C R
0 Q

Plastoquinone-9 Methyl-plastoquinone-9

Fig. 1. Conversion of plastoquinone-9 into methyl-plastoquinone-9 by sub-
strate promiscuous quinol C-methyltransferase COQS5. Note that methyl-
plastoquinone-9 is highly cytotoxic to oxygenic phototrophs and is not known
to occur in nature. It can, however, be transiently produced by metabolic en-
gineering in cyanobacteria and plastids. AdoMet, S-adenosyl-L-Methionine;

AdoHcy, S-adenosyl-L-Homocysteine; R, Solanesyl.
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Fig. 2. Growth curves of Synechocystis sp. PCC 6803. A) Synechocystis cells were grown in liquid BG-11 medium containing glucose (photomixotrophic conditions) in

presence (10 or 25 uM) or absence (0 puM) of the unprenylated benzoquinones 2,3,5,6-tetramethyl-1,4-benzoquinone (duroquinone), 2-chloro-1,4-benzoquinone
(CBQ), 2,6-dimethyl-1,4-benzoquinone (DMBQ), 2,6-dichloro-1,4-benzoquinone (DCBQ), and 2,6-dimethoxy-1,4-benzoquinone (DMOBQ). B) Same as in A)
except that Synechocystis cells were grown without glucose (photoautrophic conditions). Open circles (0 pM benzoquinones), open squares (10 uM benzoquinones),

open triangles (25 uM benzoquinones). Note that the poor solubility of DMOBQ prevented its testing at 25 pM. Data represent the means of two biological replicates

=+ SD.

precursor with plastoquinone-9 (Fiedler et al., 1982), the carotenoids,
phytoene and p-carotene, and phylloquinone, which
light-dependent electron carrier from chlorophyll a to the iron-sulfur
cluster Fx in photosystem I (Sigfridsson et al., 1995). Chlorophyll con-
tent was decreased by half in duroquinone-treated plants as compared to
the controls (Fig. 5A). As expected, such a drop in chlorophyll content
was paralleled by a pronounced boost in the level of o-tocopherol

s€rves as a

(Fig. 5B), the phytyl moiety of which is known to serve as a sink for the

salvaging of phytol released during chlorophyll degradation (Vom Dorp
2015). Plastochromanol-8 level increased by ~40 % in
duroquinone-treated plants (Fig. 5B). This result could be explained by
an increase in the reduction of plastoquinone-9 or an increase in
tocopherol cyclase activity or both. Total plastoquinone-9 content in
duroquinone-treated plants was not statistically different from that of
the controls, indicating that duroquinone toxicity does not directly
result from the inhibition of plastoquinone-9 biosynthesis (Fig. 5C).

et al,
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Fig. 3. Tests of the bactericidal activity vs. bacteriostatic activity of dur-
oquinone and CBQ on Synechocystis sp. PCC 6803. A) Growth curves of Syn-
echocystis cells in liquid BG-11 medium containing glucose, with or without
(control) duroquinone or CBQ. The vertical red arrow indicates addition of
duroquinone or CBQ at T48 h. Data represent the means of two biological
replicates = SD. B) Imaging of the cell cultures corresponding to the growth
curves shown in A). C) Serial dilution growth assays of Synechocystis cells on
solid BG-11 medium containing glucose. Cells were harvested immediately
prior to (T48) and 24h after (T72) the addition of CBQ and duroquinone,
washed, and then quantified by absorbance. Initial inocula contained identical
numbers of cells. Plates were imaged after 9 days.

B-carotene content was decreased by ~50% in duroquinone-treated
plants as compared to the control, suggesting a possible loss of photo-
systems (Fig. 5D). That chlorophyll content in duroquinone-treated
plants decreased by a similar level (Fig. 5A) is congruent with this hy-
pothesis.  Similar  symptoms are observed in response to
DCMU-treatment, which to trigger photodestruction of
B-carotene and chlorophyll-protein complexes (Ridley, 1977). Our data
do not support the scenario of an inhibition of plastid terminal oxidase,

is known

the enzyme that couples
biosynthesis via the activity of phytoene desaturase (Carol et al., 1999).
Indeed, in contrast to the Arabidopsis plastid terminal oxidase mutant,

plastoquinol-9 re-oxidation to carotenoid

which accumulates phytoene (Wetzel et al., 1994), no statistically sig-
nificant in phytoene content was observed between
duroquinone-treated plants and the controls (Fig. 5D). Similarly,
duroquinone-treated plants did not display the variegation phenotype
that typifies plastid terminal oxidase knockout mutants (Wetzel et al.,
1994). No methyl-plastoquinone-9 was detected confirming that dur-

difference

oquinone is not prenylated in vivo. No statistically significant difference
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0 uM duroquinone 10 uM duroquinone

25 uM duroquinone 50 pM duroquinone

Fig. 4. Growth inhibition of Arabidopsis by duroquinone. Ten-day-old Arabi-
dopsis plants (Col-0) were grown on MS medium containing 1% sucrose (w/v)
and 0, 10, 25, or 50 uM duroquinone.

Table 1
Fluorescence parameters of Arabidopsis rosette leaves.

0 uM (Control) 10 puM duroquinone

0.626+ 0.006*
—0.014 + 0.033*
20.356+ 0.763*

Fv/Fm 0.786=+ 0.002
Rg 0.502+ 0.017
Damage to PSII (%) -

Values are from 5 experimental replicates each comprising 4 biological repli-
cates =+ SE. Asterisks indicate significant differences from the control plants as
determined by Fisher’s test (p < 0.05) from an analysis of variance.

in the contents of phylloquinone and fy-tocopherol was observed in
duroquinone-treated plants as compared to the controls (Fig. 5B).

2.5. Duroquinone concentrations that are lethal for cyanobacteria and
plants do not impact the growth of Escherichia coli and yeast

To examine to what extent the cytotoxicity of duroquinone was
specific to oxygenic phototrophs, duroquinone was added to cultures of
E. coli and yeast (Saccharomyces cerevisiae) at the same final concentra-
tions (10 and 25 uM) for which lethal effects were observed in Syn-
echocystis and Arabidopsis (Fig. 6). For both E. coli and yeast, no
significant difference in growth was observed between the cultures
containing duroquinone and their corresponding controls (Fig. 6).
Although duroquinone is known to serve as a generalist electron carrier
for various oxidoreductases, including those associated with the mito-
chondrial respiratory chain and the plasma membrane (Ruzicka and
Crane, 1971; Zhu and Beattie, 1988; Valenti et al., 1990), our data
indicate that duroquinone is significantly more toxic to oxygenic pho-
totrophs than to non-photosynthetic bacteria and yeast. Similarly, dur-
oquinone has been shown to trigger the production of reactive oxygen
species in mammalian cells (Canchola et al., 2022; Wu and O’Shea,
2020), however, one should emphasize that this
observed for concentrations of duroquinone more than three orders of

effect has been

magnitude higher than those used in the present study.
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Fig. 5. Metabolite content in the rosette leaves of in vitro grown Arabidopsis
plants. A) Chlorophyll @ (chl @) and chlorophyll 5 (chl b). B) a-tocopherol
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(Phyllo.). C) Plastoquinone-9. Bars represent total plastoquinone-9 i.e. quinone

y-tocopherol plastochromanol-8 (PC-8), phylloquinone
and quinol forms. D) B-carotene (B-Car.) and phytoene. Data are means of four
biological replicates + SE. Asterisks indicate significant differences from con-
trol plants (no duroquinone treatment) as determined by Fisher’s test (p < 0.1)

from an analysis of variance.
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Fig. 6. Growth curves of Escherichia coli and Saccharomyces cerevisiae. Cells
were grown in LB medium at 37 °C (E. coli) or YPD medium (S. cerevisiae) at

30 °C with (10 or 25 puM) or without (duroquinone). Data represent the means

of two biological replicates &= SD. Open circles (0 uM duroquinone), grey circles

(10 pM duroquinone), black circles (25 uM duroquinone).

3. Conclusions

Out of the five unprenylated benzoquinones tested in this study,
duroquinone, CBQ, DMBQ, DCBQ, and DMOBQ, duroquinone most
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consistently and effectively mimics the antimetabolite activity of
methyl-plastoquinone-9 towards plastoquinone-9 in both Synechocystis
and Arabidopsis. This finding implies that prenylation of the benzo-
quinone ring in ortho of the methyl is not required for cytotoxicity; such
a feature not only considerably facilitates the synthesis of the inhibitor
at scale, but also likely its uptake by plant cells and cyanobacteria. As
plastoquinone-9 is required for numerous key cellular processes in
photototrophs, including operation of the photosynthetic
redox sensing and signaling, scavenging of
reactive oxygen species, and carotenoid biosynthesis (Havaux, 2020), it
is likely that duroquinone owes its cytotoxicity to pleiotropic effects.
This proof-of-concept study shows that usage of duroquinone for

oxygenic
electron transfer chain,

managing herbicide-resistant weeds as well as for mitigating cyano-
bacterial blooms merits further investigations in the field. In particular,
since duroquinone is stable for several days in aqueous solutions, it of-
fers prospects for preventive control of cyanobacterial blooms when
standard management practices, such as reduction in nutrient load, are

not feasible.
4. Experimental
4.1. Chemicals and reagents

Ubiquinone-9, ubiquinone-10, a-tocopherol, y-tocopherol, dur-
oquinone, 2,6-dimethlybenzoquinone, 2,6-dimethoxy-1,4-benzoqui-
none, 2,6-dichloro-1,4-benzoquinone and 2-chloro-1,4-benzoquinone
were from Sigma-Aldrich. Plastoquinone-9 and plastochromanol-8 were
HPLC-purified from Arabidopsis leaf extracts (Block et al., 2013). Plas-
toquinol and ubiquinol standards were prepared by reduction of their
corresponding quinone versions with sodium borohydride. Phytoene
was obtained from the white sectors of the leaves of the Arabidopsis
immutans (Wetzel et al., 1994). B-Carotene was from Alfa Aesar. Phyl-
loquinone and Murashige and Skoog medium were from MP Bio-
medicals, LLC. Unless mentioned otherwise, other reagents were from
Fisher Scientific.

4.2. Biological material and growth conditions

Synechocystis sp PCC 6803 was cultured in BG-11 medium with
(photomixotrophic conditions) or without (photoautotrophic condi-
tions) 5 mM glucose in continuous light (50 pmol photons m_zs_l) at
30 °C. For growth assays in liquid medium, 3 day-old photomixotrophic
or 11 day-old photoautotrophic starter cultures in exponential phase
were used to inoculate corresponding 25 ml cultures (OD739 pm = 0.05)
with shaking (125 rpm). For recovery assays on plates, liquid culture
aliquots were harvested (5 min; 2200%g), cell pellets were washed 3
times with BG-11 medium, and resuspended cells (~1 ml) were spotted
via serial dilutions (OD739 = of 0.1, 0.01, 0.001, or 0.0001) on BG-11
solid medium and grown photomixotrophically for 9 days at 24 °C.
Pilot experiments showed there was no difference in benzoquinone
toxicity at 24 “C and at 30 °C. Arabidopsis thaliana (Columbia-0) was
germinated on Murashige and Skoog agar plates supplemented with 1%
(w/v) sucrose and grown for 10 days at a light intensity of 110 pmol
photons m~2s7!in 12-h days at 22 °C. For E. coliand S. cerevisiae growth
assays, overnight starter cultures were used to inoculate 25 ml cultures
(ODgpo nm = 0.05) of LB and YPD media, respectively. Cell cultures were
carried out at 37 “C (E. coli) and 30 °C (yeast) with shaking (245 rpm).
Quinone analogues (oxidized forms) were prepared in 95% (V/v)
ethanol resulting in a final concentration of ethanol in the cell or plant
cultures of 0.0095% (v/v). Ethanol was added at the same final con-
centration to the control treatments.

4.3. Metabolite analyses

Analyses of plastoquinone, phylloquinone, tocopherols, chloro-
phylls, and carotenoids were performed on flash-frozen leaf tissues
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(14-37.9 mg) of 10-days-old Arabidopsis seedlings. Samples were ho-
mogenized in 0.5 ml of 95% (v/v) ethanol using a 5-ml Pyrex tissue
grinder. The grinder was washed with 0.2 ml of 95% (v/v) ethanol, and
the wash was combined with the original extract. The sample was then
centrifuged (5 min; 18,000%<g) and immediately analyzed by reverse-
phase HPLC on a 5 puM Supelco Discovery C-18 column (250 x 4.6
mm, Sigma-Aldrich) thermostatted at 30 °C and developed in isocratic
mode at a flow rate of 1.5 ml min~! with 100% methanol. Compounds
were monitored either via diode array spectrophotometry (phylloqui-
none, 246 nm; plastoquinone-9, 255 nm; phytoene, 286 nm; chlorophyll
a, 432 nm; carotenoids, 440 nm; and chlorophyll b, 470 nm) or via
fluorescence (plastoquinol-9, plastochromanol-8, and tocopherols; 290
nm excitation and 330 nm emission). Retention times were 5.1 min
(chlorophyll b), 5.4 min (y-tocopherol), 6 min (a-tocopherol), 7.7 min
(chlorophyll @), 9.4 min (phylloquinone), 13.1 min (plastoquinol-9),
21.9 min (phytoene), 22.6 min (B-carotene), 26 min (plastochromanol-
8), and 37.1 min (plastoquinone-9).

4.4. Measurements of photosynthetic parameters

Induction, detection, and analyses of chlorophyll fluorescence were
performed on dark-adapted (20 min) 10-day-old Arabidopsis seedlings
using a FluorCam 800 MF imaging system and its associated software
(Photon Systems Instruments). Fluorescence parameters were calculated
as follows: Maximum quantum yield of PSII, QY max = (Fys - Fp)/Fyy,
where F);is the measured maximum fluorescence in dark-adapted state,
and Fj is the measured minimum fluorescence in dark-adapted state;
fluorescence decline ratio in steady-state, which linearly correlates with
net CO, assimilation (Lichtenthaler and Miché, 1997), Ry = (Fp -
Fy 15)/F; s» Where Fp is the peak fluorescence measured during the
initial phase of the Kautsky effect and F; ; is the measured steady-state
fluorescence in the light; to PSII = 1-(QY max (inhib-
itor)/QY max (Mock)).
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