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Abstract

Mechanisms involving ammonium toxicity, excess light, and photosynthesis are scarcely known in plants. We tested the
hypothesis that high NH,* supply in presence of high light decreases photosynthetic efficiency of rice plants, an allegedly
tolerant species. Mature rice plants were previously supplied with 10 mM NH,* or 10 mM NO;~ and subsequently exposed
to 400 umol m~2 s™! (moderate light—ML) or 2000 umol m~2 s™! (high light—HL) for 8 h. HL greatly stimulated NH,*
accumulation in roots and in a minor extent in leaves. These plants displayed significant delay in D1 protein recovery in
the dark, compared to nitrate-supplied plants. These responses were related to reduction of both PSII and PSI quantum effi-
ciencies and induction of non-photochemical quenching. These changes were also associated with higher limitation in the
donor side and lower restriction in the acceptor side of PSI. This later response was closely related to prominent decrease in
stomatal conductance and net CO, assimilation that could have strongly affected the energy balance in chloroplast, favoring
ATP accumulation and NPQ induction. In parallel, NH," induced a strong increase in the electron flux to photorespiration
and, inversely, it decreased the flux to Rubisco carboxylation. Overall, ammonium supply negatively interacts with excess
light, possibly by enhancing ammonium transport towards leaves, causing negative effects on some photosynthetic steps.
We propose that high ammonium supply to rice combined with excess light is capable to induce strong delay in D1 protein
turnover and restriction in stomatal conductance, which might have contributed to generalized disturbances on photosyn-
thetic efficiency.
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Abbreviations Fo’ Light minimum fluorescence after the far-red
Aax Maximum net CO, assimilation rate illumination

Ci Intercellular CO, partial concentration Fs Light steady-state fluorescence

ETRI  Electron transport rate at PSI Fv/Fm Maximum quantum efficiency of PSII

ETRII  Electron transport rate at PSII Jc Electron flux to Rubisco carboxylation

Fm Dark maximum fluorescence Jmax Maximum electron transport rate

Fm' Light maximum fluorescence Jo Electron flux to Rubisco oxygenation

Fo Dark minimum fluorescence NPQ Non-photochemical quenching

OEC Oxygen evolving complex
PPFD  Photosynthetic photon flux density

Vcemax  Maximum Rubisco carboxylation rate
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Introduction

Ammonium (NH,*) is an important N-source particu-
larly for plant species cultivated in environments such as
flooded and paddy soils and/or after NH,*/urea fertiliza-
tion (Ishiyama et al. 2004a; Miller and Cramer 2005).
Although roots are able to uptake large amounts of this
cation and of its deprotonated form (NH;), commonly
they are toxic for the majority of the cultivated plants (Li
et al. 2012; Britto and Kronzucker 2013), whereas tox-
icity and N-source physiological preference are species-
dependent (Britto and Kronzucker 2005). In most aerated
soils, NO;™ is the prevailing N-source and plant species
are capable to uptake and store this anion in high con-
centrations in their vacuoles (Guan et al. 2016). Nitrate
and ammonium assimilation affects several biochemi-
cal and molecular mechanisms, altering various specific
physiological processes throughout plant development
(Liu and Von Wirén 2017). Photosynthesis is affected
by ammonium toxicity but the underlying mechanisms
are less understood, especially in tolerant plant species
(Velthuys 1975; Sharma and Sirohi 1987, 1988; Bendixen
et al. 2001; Silva et al. 2001; Lopes et al. 2004; Podgorska
etal. 2013).

For more than 40 years, several studies have supported
that ammonia in very high concentrations is able to bind
to oxygen evolving complex (OEC), decreasing the PSII
quantum efficiency. In a pioneer study, Velthuys (1975)
have suggested that NH; binds to OEC, probably compet-
ing with H,O in the S2 and S3 oxidation states. Later in
the 1980s, evidence emerged that chloride and ammonia
can compete for the same site and, consequently, ammonia
could inhibit oxygen evolution by displacing chloride from
an essential binding site in the OEC (Sandusky and Yocum
1983, 1984). Subsequently, Beck et al. (1986) demon-
strated that, in fact, the coordination binding of ammonia
to Mn site occurs suddenly after formation of the S2 state.
More recently, these conclusions were corroborated by
crystallography studies involving PSII of cyanobacteria,
which revealed that a secondary binding also occurs in
the outer shell of OEC amino acids, which might directly
compete with chloride and decrease PSII activity (Askerka
et al. 2015; Vinyard et al. 2016).

Despite several works have promoted the understanding
of biochemical mechanisms of ammonia interaction with
OEQC, the physiological consequences of these processes
are much less investigated to date. Indeed, NH;-OEC
binding might induce a delay in the electron transfer-
ence to reaction center, causing photodamage to PSII
(Dai et al. 2014). Currently, some studies employing the
cyanobacteria Arthrospira and the microalgae Chlorella
have evidenced that high NH," levels induce reduction in
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the PSII and PSI activities and gradual inhibition in the
O,-evolution complex (Markou et al. 2016). In addition,
some results have suggested that Fv/Fm recovery kinetics
display a clear trend to display a more intense delay in
NH,*-treated thylakoids compared to nitrate, suggesting
that D1 protein turnover could also be affected by excess
ammonium in cyanobacteria (Crawford et al. 2016). How-
ever, these toxic effects at physiological concentrations
(1-10 mM), on specific aspects of photosynthesis in higher
plants, such as inhibition in D1 protein turnover, have been
scarcely reported.

The majority of cultivated species are sensitive to excess
ammonium because in high concentrations this molecule
might trigger many metabolic disorders (Li et al. 2012;
Britto and Kronzucker 2013). In general, plants exposed to
excess NH,* display reduced growth, increased oxidative
stress and modifications in the mitochondrial and chloroplast
metabolism (Ariz et al. 2010; Cruz et al. 2011; Bittsanszky
et al. 2015; Yang et al. 2015). Plants that are highly NH,*
tolerant are able to activate efficient mechanisms to avoid
toxicity in roots, especially excluding it from leaf tissues
(Bittsdnszky et al. 2015). Rice is considered an NH,* very
tolerant plant species (Wang et al. 1993). This main feature
is largely attributed to leaf-NH,* exclusion and triggering
of an efficient GS/GOGAT cycle (glutamine synthetase/glu-
tamate synthase) in roots, avoiding the toxic effects of this
molecule/ion (Ishiyama et al. 2004b; Balkos et al. 2010).
However, several others protective mechanisms to prevent
NH," toxicity such as an efficient antioxidant system, have
been amply reported (Szal and Podgdrska 2012; Esteban
et al. 2016).

Paradoxically, despite the great importance of ammonium
nutrition and photosynthesis for plant growth, especially for
rice grown in paddy soils, few studies have been devoted
to these issues (Guo et al. 2007; Li et al. 2009; Ding et al.
2015). This problem deserves a special attention in the case
of rice plants cultivated in tropical regions, where is very
common the occurrence of high light intensities (Murchie
et al. 2015) and the co-occurrence of excess ammonium
due to anaerobic conditions of paddy soils (Britto and Kro-
nzucker 2002). Indeed, under HL conditions, NH4Jr flux
from roots towards leaves could be intensified (von Wirén
et al. 2000). Moreover, these environmental circumstances
also should favor the photorespiratory cycle since excess
light greatly stimulates photorespiration (Peterhansel and
Maurino 2011) as well as high ammonia concentrations
inside chloroplasts (Frantz et al. 1982). However, studies
involving rice and ammonium toxicity in presence of excess
photochemical energy have been neglected. Besides, the
scarce published reports commonly have been conducted
with moderate N H4Jr concentrations, short-term exposure,
and presence of mild light conditions. Overall, these studies
are focused on comparing the effects of NO;~ and NH,*
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nutrition on photosynthetic performance in different species
and not for evaluating toxicity (Guo et al. 2007; Li et al.
2009; Ding et al. 2015).

Despite the interaction between NH; and OEC is bio-
chemically well established, several gaps involving ammo-
nium toxicity and photosynthesis in higher plants remain to
be solved. This problem is especially meaningful in physi-
ological terms, since important crops might intensely utilize
that N-source in field conditions. In particular, the utilization
of rice plants, as a model, is essential since it is an alleg-
edly ammonium-tolerant species widely cultivated in soil
conditions where NH, " might be predominant. Particularly,
one important question could be raised here. Is excess NH,*
capable to affect some specific photosynthetic mechanism
such as D1 protein turnover in rice plants and could these
constraints be aggravated by high light?

In this study we tested the hypothesis that high NH,* sup-
ply in presence of excess light is able to induce disturbances
on photosynthetic apparatus of rice plants, affecting D1 pro-
tein turnover and decreasing PSII and PSI activities. Our
data provide evidence that in these conditions high ammo-
nium supply in presence of excess light causes generalized
disorders on the rice photosynthetic apparatus. These effects
are non-specific and widespread, reaching several photosyn-
thesis-related processes, including delay in D1 protein turno-
ver and stomatal conductance, which reflected in increases
of non-photochemical quenching (NPQ) and photorespira-
tion. These finds are discussed in terms of physiological
importance of the interaction between ammonium and high
light and its consequences for the photosynthetic efficiency
of rice, an NH,*-tolerant plant species.

Materials and methods
Plant material and growth conditions

Rice (Oryza sativa L.) seedlings of the Nipponbare cultivar,
which is adapted to lowland soils (Parent et al. 2010), with
10 days after germination, were transplanted to 3 L plas-
tic pots filled with 1/4 strength Hoagland-Arnon’s nutrient
solution (Hoagland and Arnon 1950), containing initially
2.5 mM NO;~ and 0.5 mM NH," as N-sources. Previous
studies carried out in our laboratory have demonstrated that
the Nipponbare is a facultative cultivar able to complete its
life cycle under exclusive nutrition of NO;~ or NH,* as a
sole N-source. When these ions are supplied separately at
10 mM concentration, rice plants display similar growth
under hydroponics and greenhouse conditions. The pH of
the nutrient solution was adjusted every 2 days to 6.0+0.5,
with 1 M KOH or 1 M HCI, and it was completely changed
weekly. After three weeks, plants were transferred to nutrient
solution with full-strength (10 mM NO;~ and 2 mM NH,*)

for another 2 weeks (until 35-day-old) inside a greenhouse
under the following conditions: day/night mean temperature
of 30/25 °C, mean relative humidity of 65%, maximum pho-
tosynthetic photon flux density (PPFD) of 600 umol m~2 s
at noon, and a photoperiod of 12 h.

Experiments

Initially, an experiment (Experiment I) was performed with
35-day-old intact plants previously grown in a complete
nutrient solution, as described above, and further transferred
to an N-free solution for 72 h in order to induce a transient
N-deprivation to trigger the expression of nitrate and ammo-
nium transporters. Afterwards, plants were transferred to a
controlled growth chamber (28/24 °C day/night tempera-
ture, 60% relative humidity, 400 umol m~2 s~! PPFD, and
12 h photoperiod) and exposed to a complete nutritive solu-
tion containing 10 mM NO;™ or 10 mM NH4+, as a sole
N-source, for 7 days. After this acclimation period, in the
last day the plants were exposed to moderate light—ML
(400 umol m~2 s~!) or high light—HL (2000 pmol m=2 s71)
for 8 h. Subsequently, specific in vivo assays of PSII and
PSI kinetics and gas exchanges analyses were performed in
presence of different light intensities.

A second experiment (Experiment II) was performed in
order to analyze the PSII quantum efficiency and D1 pro-
tein dark-recovery kinetics employing a single detached
mature leaf containing its respective sheath. These indi-
vidual leaves were obtained from plants previously grown
in 10 mM NO;~ or 10 mM NH,* in a growth chamber as
described above. These leaves were incubated in tubes con-
taining water (control) or 2 mM lincomycin in the dark dur-
ing 24 h. Afterwards, the maximum quantum efficiency of
PSII (Fv/Fm) was measured and then the detached leaves
were exposed to high light (2000 pmol m~2 s~!) throughout
60 min. Subsequently, the effective quantum efficiency was
measured immediately after the illumination phase and peri-
odically (over 80 min) during the dark-recovery. Detached
leaves (without sheath) were sampled for the D1 protein
immunodetection in the following conditions: (1) before the
light exposure (dark), (2) after 1 h of high light exposure,
and (3) after 30 min of dark-recovery.

Finally, a third experiment (Experiment III) was per-
formed in rice leaf segments in order to evaluate the
more direct effects of NO;~ and NH,* on the activity of
glutamine synthetase isoforms (GS1 and GS2). Three cm
length segments from fully expanded leaves were incubated
in a solution containing 10 mM NO;~ or 10 mM NH, " dis-
solved in 10 mM Hepes buffer (pH 6.0) and 0.01% (v/v)
Triton X-100 and kept under PPFD of 400 umol m~2s~! or
2000 umol m~2 s~! for 8 h. A previous vacuum-infiltration
for 5 min was applied to allow a more effective absorption
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into the leaf tissues. After light treatments, the activities of
GS1 and GS2 were assessed.

Measurements of NO;~ and NH,* contents in root
and leaf tissues

To quantify nitrate and ammonium contents in plant tissues,
lyophilized samples were incubated with distilled water at
90 °C for 1 h and filtered to obtain the crude extract. Subse-
quently, the nitrate concentration was measured by the sali-
cylic acid method of Cataldo et al. (1975) and ammonium
concentration was determined by the phenol-hypochlorite
method (Felker 1977).

Gas exchange and photochemical measurements

The gas exchange parameters were measured by using
a portable infrared gas analyzer system (LI-6400XT, LI-
COR, Lincoln, NE, USA), equipped with a leaf chamber
fluorometer (LI-6400-40, LI-COR, Lincoln, NE, USA), in
mature leaves of plants previously acclimated to growth
light conditions. For A-Ci and gy—Ci curves, PPFD and
temperature inside the measurement chamber were kept at
1500 pmol m~2 s~! and 28 °C, respectively, and the CO, par-
tial pressure was changed from 5 to 120 Pa involving the fol-
lowing 11 steps: 40, 30, 20, 10, 5, 40, 50, 70, 100, 120, and
40 Pa. The curve fitting was performed according to Ethier
and Livingston (2004) and the Vemax [maximum carboxy-
lation rate of ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco)], and J,,,, (maximum electron transport
rate) were estimated. For A-PPFD, Ci-PPFD and gg-PPFD
curves, CO, partial pressure and temperature inside leaf
chamber were maintained at 40 Pa and 28 °C, respectively,
and PPFD was changed from 2000 to 0 umol m~2 s~! accord-
ing to Huang et al. (2016). The A-PPFD fitting curve was
performed using a non-rectangular hyperbola, employing
the platform available in: http://www.landflux.org/Tools.php
(Marshall and Biscoe 1980; Thornley and Johnson 1990).
In all measurements, the amount of blue light was set up
to 10% of the PPFD to maximize stomatal aperture (Flexas
et al. 2008) and the leaf-to-air vapor pressure difference was
1.85+0.14 kPa. Measurements were recorded when the total
coefficient of variation was lower than 5% and temporal sta-
bility was achieved (on average, 3 min after the beginning
of each step).

After the light curve measurements, photosynthetic elec-
tron flow parameters were estimated according to the Far-
quhar et al. (1980) models. The electron transport rate at
PSII (ETRII) was calculated as: ETRII = ®PSII x PPFD x
0.5x0.84, where ®PSII represents the effective quantum
yield of PSII, 0.5 represents the distribution ratio of light
absorbed by chloroplast to PSII and 0.84 represents the ratio
of light absorbed by chloroplasts. The electron flow devoted
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to RuBP oxygenation (Jo) or RuBP carboxylation (Jc) and
the photorespiration rate (Pr) were determined according to
Valentini et al. (1995): Jo=2/3 X [ETRII—4 X (A +Rd)]; Jc
=1/3X[ETRII+8 X (A+Rd)], Pr=1/12X [ETRII -4 X (A
+Rd)], where A represents the net CO, assimilation and Rd
represents the rate of mitochondrial respiration in the dark.

The following in vivo chlorophyll a fluorescence and the
P700% absorbance were measured using a Dual-PAM 100
(Walz, Germany). The photochemical light curves were
performed employing increasing light intensities from 0
to 2000 pmol m~2 s~! and the leaves remained by 5 min
under each light intensity. For induction/recovery kinet-
ics, 2000 umol m~2 s~! of PPFD was employed for 40 min
(induction), followed by 40 min dark (recovery) and subse-
quently 40 min at 2000 umol m~2 s~! of PPFD (re-induc-
tion). The fluorescence parameters were measured using the
saturation pulse method (Schreiber 2004) and leaves were
previously acclimated to dark for 30 min. The intensity and
duration of the saturation pulse were 8000 umol m~2s~! and
0.6 s, respectively. The following parameters were assessed:
maximum quantum yield of PSII [Fv/Fm = (Fm —Fo)/Fm]
and effective quantum yield of PSII [®PSII = (Fm — Fs)/
Fm']. Photochemical and non-photochemical quenching
coefficient were calculated as qP = (Fm' — Fs)/(Fm' — Fo")
and NPQ = (Fm/Fm') — 1, respectively, whereas Fm was
determined at the onset of light induction kinetics. Fm and
Fo are the maximum and minimum fluorescence of dark-
adapted leaves, respectively; Fm' and Fs are the maximum
and steady-state fluorescence in the light-adapted leaves,
respectively; Fo' is the minimum fluorescence after the
far-red illumination of the previously light-exposed leaves
(Schreiber 2004). The quinone pool redox state was esti-
mated as 1-qP and ETRII were calculated as reported before.

The redox state of the PSI primary donor (P700) was
measured and the following parameters were assessed: (1)
photochemical quantum yield of PSI by [®PSI=(Pm'—P)/
Pm] and (2) estimated electron transport rate of PSI as [ET
RI=®PSIxPPFD x 0.5 x%0.84]. The donor side limitation
of PSI was calculated by [®(ND)= (P —Po)/Pm] and the
acceptor side of PSI limitation as [®(NA)=(Pm —Pm')/Pm]
(Klughammer and Schreiber 2008). In the second experi-
ment, for determination of induction/recovery kinetics a
PPFD of 2000 pumol m~2 s~! was employed for 1 h (induc-
tion phase) followed by 80 min of dark-recovery.

Leaf membrane damage and lipid peroxidation

Leaf membrane damage (MD) was measured as described
previously by Lima Neto et al. (2014). Leaf segments (5 cm
length) were placed in tubes containing 10 mL of deion-
ized water and incubated in a shaking water bath at 25 °C
for 24 h. After, the electric conductive in medium (L1) was
measured. Next, the segments were boiled at 95 °C for 1 h,
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cooled to 25 °C, and the electric conductivity (L2) was
measured and the MD was calculated using the following
equation: MD = (L1/L2) x 100. The lipid peroxidation was
measured based on the formation of thiobarbituric acid-reac-
tive substances (TBARS) in accordance with Cakmak and
Horst (1991). TBARS concentrations were calculated using
its absorption coefficient (155 mM~' cm™!) and the results
were expressed as nmol MDA g~! FM.

Activities of glutamine synthetase GS1 and GS2
isoforms

Fresh leaves were ground until obtaining a fine powder in
presence of liquid N,, 200 mM Tris—HCl buffer (pH 7.5)
containing 1 mM EDTA and 1 mM MgCl,. All extraction
stages were carried out at 4 °C. The activities of total GS
(EC 6.3.1.2) and GS1 were determined by the hydroxam-
ate biosynthetic method as described by Hirel and Gadal
(1980). For the GS total activity, the assay buffer consisted
of 50 mM Tris—HCl buffer, pH 7.8 containing 5 mM ATP,
12.5 mM MgSO,, and 25 mM Na-glutamate. For GS1
activity, 5 mM glucosamine 6-phosphate was added in the
assay buffer to inhibit the GS2 activity. The concentration
of the brown complex was determined by measuring the
absorbance at 540 nm. The blank consisted of the reaction
mixture in the absence of enzymatic extract. A control was
performed from omitting of hydroxylamine from the reac-
tion mixture. A standard curve was made with y-glutamyl
hydroxamate and the GS activity was expressed as pumol
y-glutamyl hydroxamate (GGH) g~! FW h™!. The GS2 activ-
ity was calculated as follow: GS2=GS Total — GS1.

D1 protein immunoblotting

Fresh leaves samples were ground until obtaining a fine
powder in presence of liquid N, ice-cold 100 mM K-phos-
phate buffer (pH 7.0) containing 1 mM EDTA and 2 mM
ascorbic acid. After centrifugation at 14,000xg for 30 min,
the supernatant was collected and used as protein extract.
The total soluble protein was measured according to the
Bradford’s method. Leaf protein extracts were first sepa-
rated by SDS-PAGE (Laemmli 1970). Equal amounts of
protein (10 ug) were electrophoretically transferred to a
nitrocellulose membrane (Towbin et al. 1979). Polypeptide
detection was performed using specific polyclonal antibod-
ies against PsbA (AS05084-Agrisera©, Sweden). Mem-
branes were blocked for 3 h with 5% non-fat milk in saline
Tris—HCI buffer (100 mM Tris—HCI, pH 7.6, 150 mM NaCl),
incubated with PsbA antibody overnight and afterwards
with alkaline phosphatase-conjugated secondary antibody
(A3812-Sigma-Aldrich©, USA) by 6 h. The protein detec-
tion was performed using NBT/BCIP (Sigma-Aldrich®©,
USA) by adding one tablet to 10 mL of deionized water

until bands were visualized. The bands abundance was cal-
culated using the SmartView Pro 1200 Imager System Ver-
sion 1.0.0.3 (Major Science).

Statistical analysis and experimental design

The experiments were arranged in a completely randomized
design, with four replicates per treatment. In the leaf seg-
ment experiment, one replicate was represented by one Petri
dish containing 40 leaf segments. In intact plants experi-
ments, a pot containing two plants represented one replicate.
For the detached leaves experiment a single detached leaf
represented one replicate. The data were subjected to analy-
sis of variance by ANOVA and averages were compared
by Tukey’s test or t-test at 5% of probability (p <0.05), as
mentioned in figure captions. All statistical analyses were
conducted using SigmaPlot 12.0 (Systat Software, San Jose,
USA).

Results

Rice plants exposed to high ammonium supply
under moderate light displayed an effective NH,*
exclusion mechanism from leaves but not when they
were exposed to high light

In order to evaluate NH,* accumulation in roots and leaves
of rice plants exposed to high exogenous ammonium supply
for a long-term exposure (7 days), was performed in pres-
ence of moderate or high light. When ammonium content
was measured in NH,-supplied plants and subsequently
exposed to HL, the results show increases in ammonium
accumulation of 32% and 40% in roots and leaves, respec-
tively, compared to ML, reaching contents of approximately
180 pumol g~! DW and 52 umol g~! DW (Fig. S1). Therefore,
the interaction of HL with high NH," supply was capable to
significantly enhance ammonium accumulation in both roots
and leaves of rice plants (Fig. S1). Leaf NH,* accumula-
tion in nitrate-supplied plants was much lower compared to
NH,*-supplied plants, reaching values threefold lower and
ammonia content was not enhanced by HL in this combina-
tion (Fig. S1). In addition, nitrate content in leaves was simi-
lar in all N-treatments and it was slightly decreased under
high light conditions, when compared to ML (Fig. S2).
Interestingly, after 7 days of exposure to high ammonium
concentrations, rice plants exhibited some leaf senescence
symptoms, especially in the older leaves, which were not
detected in nitrate-supplied plants (Fig. S3). This result is
interesting because most of the reports related to rice and
ammonium nutrition consider this species as an ammo-
nium specialist and this senescence phenomenon has not
been reported yet. Since changes in nutritive solution pH
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are constantly referred as important side effects caused by
ammonium uptake, we performed a rigorous procedure of
periodically to change the nutritive solution and to correct
the pH at every 2 days to adequate levels (Fig. S4). There-
fore, the leaf senescence presented by rice plants in response
to ammonium was not related to pH side effects in nutrient
solution.

High NH," supply generated a delay in PSII
dark-recovery and impairment in PSIl and PSI
quantum efficiencies

Since rice plants exhibited a light-dependent ammonium
accumulation in leaves, it was investigated if ammonium
toxicity could have induced imbalances in PSII and PSI
activities. An experiment using 35-day-old rice plants pre-
viously grown for 7 days under 10 mM NH,* or 10 mM
NO;™ was performed. Initially, a long-term kinetics revealed
that ammonium supplying induced an intense decrease in
effective quantum yield efficiencies of both PSII and PSI
(®PSII and ®PSI) at the steady-state level of the illumi-
nation phase. During this stage ®PSII and ®PSI values of
ammonium-treated plants corresponded to 65% of plants
grown under nitrate supply (Fig. 1).

During the dark-recovery phase, ammonium-treated
plants exhibited a severe delay in the ®PSII relaxing kinet-
ics (Fig. 1a). On the other hand, the photosystem I relaxation
kinetics in ammonium-supplied plants was much faster than
that of nitrate supplying, reaching the maximum relaxation
in the first minutes of dark exposure, whereas nitrate-treated
plants exhibited this maximum only after 15 min (Fig. 1b).
Remarkably, the re-induction kinetics revealed a greater
decrease in ®PSII and ®PSI steady-state values of plants
treated with ammonium compared to nitrate-supplied plants
(Fig. 1).

The 1-qP parameter has been widely employed to esti-
mate the pool of PSII acceptor redox state. Ammonium-
treated plants exhibited a slight increase in the reduced state
of quinones, after 40 min of HL exposure, in comparison
to nitrate-treated leaves (Fig. 2a). During the relaxation
phase, ammonium-supplied rice exhibited a severe delay in
the oxidation dynamics of the quinone pool. Nevertheless,
during the re-induction phase the ammonium-supplied rice
displayed a more intense difference of quinone pool reduced
state in comparison to induction phase, reaching 86% against
73% exhibited by nitrate references (Fig. 2a).

The non-photochemical quenching (NPQ) was greatly
stimulated in rice after ammonium exposure. Indeed, dur-
ing the first cycle of illumination, ammonium-treated plants
exhibited prominent induction of NPQ in comparison to
nitrate supplying (Fig. 2b). Moreover, during the relaxation
phase the induced state of NPQ persisted for a longer time
in high ammonium plants compared to nitrate-treated rice
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Fig. 1 Photochemical kinetics measured in leaves from intact rice
plants supplied with 10 mM NO,;~ or 10 mM NH," in a controlled
growth chamber for 7 days. During these experiments plants were
kept under a 12 h photoperiod with 400 umol m~2 s~! of continu-
ous light regime (Experiment I). a Effective quantum efficiency of
PSII (®PSII) and b effective quantum efficiency of PSI (®PSI). The
actinic light employed for induction kinetics was 2000 pmol m=2 s,
Photochemical parameters were noted in response to time (120 min),
with 40 min of light induction (0—40 min), 40 min of dark relaxation
(40-80 min) and 40 min of light re-induction (80-120 min). Repre-
sented values indicate the average of four independent replicates
(=SE)

and during the re-induction phase ammonium-treated leaves
also displayed higher NPQ values in comparison to nitrate-
supplied plants (Fig. 2b).

In order to understand the dynamics observed in both
PSII and PSI, two important parameters related to the extent
of P700 oxidation state were assessed: the limitation of
acceptor side of PSI — ®(ND) and PSI acceptor side limita-
tion — ®(NA). PSI donor side limitation in plants supplied
with ammonium reached higher values (circa 45%) in both
induction phases compared to nitrate references, but during
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Fig.2 Photochemical kinetics measured in leaves from intact rice
plants supplied with 10 mM NO,;~ or 10 mM NH," in a controlled
growth chamber for 7 days. During these experiments plants were
kept under a 12 h photoperiod with 400 pmol m~2 s~! of continuous
light regime (Experiment I). a quinone pool redox state (1-qP) and b
non-photochemical quenching (NPQ). The actinic light employed for
induction kinetics was 2000 umol m~2 s~!. Photochemical parameters
were noted in response to time (120 min), with 40 min of light induc-
tion (0—40 min), 40 min of dark relaxation (40-80 min) and 40 min
of light re-induction (80-120 min). Represented values indicate the
average of four independent replicates (+ SE)

the relaxation stage ®(ND) values of both treatments were
similar (Fig. 3a). In parallel, ®(NA) was higher in nitrate
reference than in ammonium-supplied plants and this differ-
ence also occurred during the first 5 min of dark relaxation
kinetics, but no significant differences were observed after
40 min of dark (Fig. 3b).

To investigate the mechanisms underlying the delay
of PSII recovery and role displayed by D1 protein in
NH,*-treated plants, an experiment using detached leaves
was performed. These leaves were subjected to a long-term
PSII induction/recovery kinetics, in presence of lincomycin,

O Nitrate
® Ammonium

®(ND)

0.4

0.2

®(NA)

0O 20 40 60 8 100 120
Time
(min)

Fig. 3 Photochemical kinetics measured in leaves from intact rice
plants supplied with 10 mM NO,;~ or 10 mM NH,* in a controlled
growth chamber for 7 days. During these experiments, plants were
kept under a 12 h photoperiod with 400 umol m~2 s~! of continuous
light regime (Experiment I). a PSI donor side limitation (®ND) and
b PSI acceptor side limitation (PNA). The actinic light employed for
induction kinetics was 2000 umol m~2 s~!. Photochemical parameters
were noted in response to time (120 min), with 40 min of light induc-
tion (0—40 min), 40 min of dark relaxation (40-80 min) and 40 min
of light re-induction (80-120 min). Represented values indicate the
average of four independent replicates (+ SE)

a chloroplast protein synthesis inhibitor. Dark acclimated
leaves of both NO,~ and NH,* treatments exhibited a similar
content of D1 protein under reference condition (without lin-
comycin) but in the presence of this inhibitor the abundance
of this protein was similarly decreased in both N-treatments
(Fig. 4a).

After 1 h of HL exposure, the D1 protein amount strongly
decreased (by 51%) in ammonium + lincomycin compared
to nitrate-supplied plants (Fig. 4a). After dark-recovery,
the amount of D1 protein in ammonium-supplied leaves
did change and it was lower than nitrate treatment, indi-
cating that both single NH," and ammonium + lincomycin
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Fig.4 Changes in a D1 protein abundance and b photochemical
kinetics in detached rice leaves of plants supplied with 10 mM NO;~
or 10 mM NH," in a growth chamber. After 7 days, detached leaves
were exposed to lincomycin solution (L; 2 mM) or water (control; C)
by 24 h under dark (Experiment II). To D1 immunodetection, sam-
ples from detached leaves were collected previous light exposure
(dark), after 1 h of high light condition (HL; 2000 umol m~2 s™!) and
after 30 min of dark-recovery (30’; REC). The western blot image
represents the most representative of three repetitions. Bars repre-
sent the average of four independent replicates (n=4)+ SE. Differ-
ent letters represent significant differences at 5% level according to
Tukey’s test (p <0.05). For photochemical kinetics, Fv/Fm was pre-
viously measured in dark-adapted leaves. Subsequently, leaves were
exposed to HL (2000 umol m~2 s™!) and PSII quantum efficiency
was determined immediately after illumination (60") and during dark-
recovery (dark for 80 min). Values represented indicate the average
of three independent replicates (+ SE). N nitrate, ¢ ammonium, N + L
nitrate + lincomycin, A + L ammonium + lincomycin
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treatments did not display recovery in D1 synthesis (Fig. 4a).
In parallel to those changes observed in D1 protein abun-
dance, chlorophyll a fluorescence dynamics were also
studied in these conditions. The results obtained from this
experiment corroborated the previous data attained from
short-time kinetics and D1 protein abundance. Fv/Fm val-
ues in both treatments were very similar, but PSII quantum
efficiency and relaxation responses were decreased in ammo-
nium-treated plants after 1 h of HL exposure and during
dark-recovery, as compared to nitrate ones (Fig. 4b). In pres-
ence of lincomycin, these parameters (Fv/Fm and ®PSII)
decreased similarly in both N-sources (Fig. 4b).

High ammonium supply in presence of high

light decreased CO, assimilation and stimulated
photorespiration and cytosolic GS1 activity, but did
not affect plastidial GS2 activity

Considering that ammonium supply in presence of high light
exhibited a prominent decrease in photochemical activities
of PSII and PSI in parallel to decrease in the PSI acceptor
side limitation, it was performed A-PPFD curves to calculate
parameters related to CO, assimilation and photorespira-
tion. Under HL the ammonium-supplied plants displayed
a decrease of 23% in net CO, assimilation (A) and 15%
in A_,,, compared to nitrate-treated plants (Fig. 5a). The
gs-PPFD and Ci-PPFD curves also revealed a great increase
in the stomatal restriction and a slight decrease of Ci in
ammonium-supplied plants, as compared to nitrate refer-
ences, especially at high light intensities (Figs. 5b, S5). The
electron flux for Rubisco carboxylation (Jc) in ammonium-
treated plants was decreased by 16% whereas in opposition
the electron flux for Rubisco oxygenation (Jo) was intensely
increased by 104% (Fig. 5c). Jo/Jc ratios and Pr raised by
131% and 96%, respectively in ammonium-supplied rice
compared to nitrate treatment (Fig. 5d). Thus, ammonium
supply in presence of HL induced decreases in the PSII and
PSI activities and affected the electron flux towards CO,
assimilation. Inversely, electron flux directed to photorespi-
ration was significantly stimulated, probably contributing to
decrease the PSI acceptor side limitation, previously noticed
here.

Changes in A and gs in response to different intercel-
lular CO, partial pressure concentrations (A—Ci and gg—Ci
curves) were also evaluated. Net CO, assimilation was lower
in NH,*-treated plants, especially under high Ci concen-
trations, which was supported by reductions in Jmax (by
34%), whereas Vcmax decreased by 25% (Fig. 6a, b). A—Ci
curves revealed that stomatal conductance was much lower
in ammonium-supplied plants mainly in presence of high Ci
concentrations, as compared to NO;™ plants (Fig. 6¢).
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Fig.5 Light-response curves of net CO, assimilation (A-PPFD), sto-
matal conductance (gg-PPFD) and energy fluxes (Jc- and Jo-PPFD)
measured in leaves from intact rice plants previously grown with
10 mM NO;~ or 10 mM NH,* in a controlled growth chamber for
7 days. During these experiments, plants were kept under a 12 h pho-
toperiod with 400 umol m~2 s~ of continuous light regime (Experi-
ment I). a Net CO, assimilation, b stomatal conductance, ¢ electron
flux directed to Rubisco carboxylation activity (Jo) and d electron

In order to evaluate if the induction of photorespiration
by high ammonium supply in presence of HL was related
to ammonium accumulation and induction of GS activity,
an experiment was performed employing leaf segments
directly in contact with NH,* and NO;™. The activities
of both GS isoforms were not altered by N-sources under
ML but in the presence of HL, the GS1 isoform activ-
ity was stimulated in ammonium-supplied leaf segments
and, inversely, it was inhibited in nitrate treatment (Fig.
S6). Differently, GS2 activity did not change by the effect
of light regimes and N-sources despite it had presented

(umol m? s'1)

flux directed to Rubisco oxygenation activity (Jo). In graph A is high-
lighted maximum net CO, assimilation rate (A,,,; umol m=2 s71)
for nitrate-N and ammonium-A supplied plants. In d is showed (Jo/
J.) ratios and the photorespiration rate parameter (Pr). Each measure-
ment represents the average of four replicates (+ SE). Different let-
ters represent significant differences at 5% level according to #-test
(p<0.05)

higher values in all treatments compared to GS1 activities
(Fig. S6).

Photosynthetic disturbances in ammonium-treated
rice plants were not related to increase in oxidative
stress indicators in leaves

Considering that in this current study rice plants decreased
photosynthesis and increased photorespiration, we inves-
tigated if ammonium supply could have induced accumu-
lation of reactive oxygen species (ROS) in comparison to
nitrate reference plants. Two stress indicators related to ROS
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Fig.6 Intercellular CO, partial pressure-response curves of net
CO, assimilation (A—Ci) and stomatal conductance (gg—Ci) and
parameters estimated from A-Ci curves (Vcmax and Jmax) meas-
ured in leaves from intact rice plants supplied with 10 mM NO;~ or
10 mM NH,* in a controlled growth chamber for 7 days. During
these experiments, plants were kept under a 12 h photoperiod with
400 pmol m~2 57! of continuous light regime (Experiment I). a Net
CO, assimilation, b maximum Rubisco carboxylation rate, maximum
electron transport rate and ¢ stomatal conductance. Each measure-
ment represents the average of four replicates (+ SE)

accumulation (oxidative stress) and cellular integrity were
evaluated in leaves: thiobarbituric acid-reactive species con-
tent—TBARS (lipid peroxidation indicator) and membrane
damage index (indicated by electrolyte leakage), respec-
tively. None of these stress markers pointed for differences
between leaves of nitrate- and ammonium-supplied plants
under ML conditions (Fig. 7). In HL conditions, membrane
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Fig.7 Changes in a membrane damage index (electrolyte leakage)
and b thiobarbituric acid-reactive species (TBARS) content meas-
ured in leaves from intact rice plants previously supplied with 10 mM
NO;~ or 10 mM NH," in a controlled growth chamber for 7 days.
In the last day, plants were exposed to 8 h of moderate light (ML—
400 pumol m~2s7") or high light (HL—2000 pmol m2s™") (Experi-
ment I). Each bar represents the average of four replicates (+ SE) and
different capital and lowercase letters represent significant differences
between light and N-treatments, respectively, according to Tukey’s
test (» <0.05)

damage increased in NH,"-treated plants as compared to
NO;™ plants in the same light regime (Fig. 7a). This stress
indicator was not affected by the light regimes within of each
N-source (Fig. 7a). The concentration of TBARS increased
in both N-treatments under HL conditions when compared to
ML but it was not affected by N-sources regardless of light
regimes (Fig. 7b).

Discussion
In this study rice plants exposed to high ammonium sup-

ply were able to accumulate high NH,* levels in roots and,
in a minor extent in leaves and this response was strongly
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stimulated by excess light. In parallel, generalized distur-
bances in photosynthesis were evidenced in some processes
such as PSII quantum yield, D1 protein turnover, quinone
redox state, and PSI quantum yield. These responses are
unexpected since rice is an allegedly NH,*-tolerant species
and additionally no report has been published reporting sim-
ilar results. This fact could have occurred simply because
most of the works involving rice and photosynthesis have
employed low ammonium concentrations in root medium,
combined with moderate light regimes (Guo et al. 2007; Li
et al. 2009; Gao et al. 2010; Ding et al. 2015). Thus, our pre-
viously raised hypothesis that high light is able to aggravate
toxic effects induced by ammonium on the photosynthetic
apparatus should be accepted and PSII is an important target
for ammonium toxicity.

Balance encompassing D1 protein degradation and de
novo synthesis are the main mechanisms responsible by
changes in PSII quantum yield during illumination (Tik-
kanen and Aro 2012). Accordingly, we hypothesized that D1
turnover could be a potential target for ammonium toxicity
in rice plants. Indeed, evidence assembled here involving
photochemical induction/recovery in presence of lincomycin
suggests that high ammonium supply induces a delay in D1
dark-recovery. Investigating ammonia toxicity in the cyano-
bacteria Synechocystis, Drath et al. (2008) have reported
that high ammonia concentrations are able to trigger a rapid
photodamage on PSII and that the FtsH2-deficient mutant
is more sensitive to NH,* and these responses are related
to a prominent decrease in PSII activity. Moreover, the
increased sensitivity to ammonia exhibited by that mutant
suggests an important role for the D1 repair mechanism to
avoid ammonium-induced photodamage. These responses
are in accordance with our obtained data, suggesting that a
similar negative effect related to D1 repair could have also
occurred in rice plants.

A more recent work with isolated thylakoids of the same
cyanobacteria stripe has evidenced that ammonium directly
accelerates photodamage of PSII and also affects the repair
of photodamaged PSII, but in a minor extent (Dai et al.
2014). In that study, the psbA expression was essential for
ammonium tolerance and PSII repair, evidencing that D1
protein is important for photosynthetic protection against
NH,* toxicity. These results are in agreement with our cur-
rent study since during the illumination phase the PSII activ-
ity is drastically decreased by ammonium. Moreover, during
dark-recovery, ammonium-treated plants exhibit a significant
delay in PSII relaxation. In addition, in presence of lincomy-
cin these plants display a similar performance compared to
nitrate, evidencing that PSII repair involving D1 synthesis
represents a crucial target for ammonium toxicity. In other
plant species, in vivo photochemical studies in response to
NH,* supply are relatively superficial and controversial (Zhu
et al. 2000; Bendixen et al. 2001; Podgorska et al. 2013) and

they do not allow establishing a confident assumption on the
importance of D1 protein.

Since 1970s several studies have reported that ammonia
at very high concentrations can bind OEC and consequently
generating impairment in PSII efficiency (Velthuys 1975;
Delrieu 1976; Sandusky and Yocum 1984; Beck et al. 1986;
MacLachlan et al. 1994; Askerka et al. 2015). In fact, these
important studies provided several insights concerning a
direct molecular mechanism of ammonia toxicity in the PSII
core. However, exhaustive studies addressing an integrative
view of photosynthesis during a condition of ammonium
supplying to higher plants directly in their root medium are
still lacking, especially in combination with an excess light
environment. Indeed, this current study provides evidence
for a toxicity mechanism involving high ammonium, excess
light, and D1 protein repair. The link between occurrence
of NH; coordinate binding to OEC and PSII dark-recovery,
however, is still a remaining open question and deserves
further investigation, especially in higher plants exposed to
high but physiological ammonium concentrations.

In this study, a decrease in the quantum yield of PSI
occurred in parallel to decreased PSII activity of ammo-
nium-supplied plants. This response can be related to two
distinct restriction mechanisms: the donor side limitation—
®(ND) and the acceptor side limitation—®(NA) of the PSI
(Klughammer and Schreiber 2008). The data obtained here
reveal that changes in @(ND) are much larger than that dis-
played by complementary ®(NA), evidencing that modifi-
cations in this late PSI limitation could have been simply
caused by the much higher ®(ND). In addition, we have
postulated that at least in part these alterations induced by
ammonium and HL on PSI activity are related to reduction
in PSII activity. In fact, the responses displayed in ®(ND)
are consistent with previous observation that PSII reaction
center activity is affected by restriction in the D1 protein
synthesis, restringing the electron flux to PSI.

The obtained data concerning the quinone pool redox
state (1 — gP) reinforce that, during HL illumination, the
ammonium supply induces a highly reduced state of the PSII
reaction centers. Two processes could have strongly aggra-
vated this condition: stomatal restriction and impairment in
CO, assimilation induced by NH,*, which might have con-
tributed to decrease the electron flow in thylakoids, increas-
ing the lifetime of P700", and consequently rendering higher
@O(ND) (Bukhov et al. 2002). In parallel, a decrease in elec-
tron sink for CO, assimilation could have induced ATP accu-
mulation associated with an energy unbalance, lowering the
rate of ATP synthesis due to a decrease in ADP concentra-
tion and thus, leading to enlargement in the proton gradient
that could favor NPQ formation (Ruban 2018). Moreover,
since ATP synthase activity is reversible, excess ATP may
become hydrolyzed during the return to darkness, maintain-
ing a high proton gradient enough to sustain increased NPQ
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over a longer period of time in ammonium-supplied plants
at relaxation phase (Gilmore and Yamamoto 1992). Thus,
besides the delay in D1 turnover, other processes could have
contributed to alter PSII activity in NH,*-treated plants.

Intriguingly, high ammonium-supplied plants showed
lower stomatal conductance (gg) under different light
intensities and CO, concentrations (Figs. 5, 6). Nitrate is
a well-known counter ion of K* during stomatal open-
ing mechanism (Guo et al. 2003). This could suggest
that NO; -enriched plants have higher gg compared to
NH,*-supplied plants given their high amount of NO;~ in
leaves. However, no difference in nitrate content between
NO;™- and NH,*-supplied plants was observed in both light
regimes (Fig. S2), evidencing that gg is not strictly depend-
ent on nitrate or ammonium supply during 7 days. These
results suggest that the effects induced by high ammonium
supply on the stomatal closure in rice plants are probably
indirect. Indeed, high NH,* levels in the root medium might
reduce K* uptake and alter the ionic balance in leaves (Voigt
et al. 2009; Coskun et al. 2017) changing the regulation of
stomatal movement. As expected, the reduction in gs greatly
affected CO, assimilation but the noted reduction in Vcmax
suggests that biochemical restrictions displayed by Rubisco
activity also should have occurred. Further experiments are
needed to better understand the role of NH,* supply in sto-
matal movement regulation.

Other important aspect highlighted in this current study
lies in the fact that ammonium-treated plants display higher
photorespiration (Hall et al. 1984). Certainly, HL and
ammonia are two environmental factors that individually
are known to stimulate this process (Zhu et al. 2000; Busch
et al. 2018). Electron flux towards photorespiration (Jo)
was strongly enhanced in ammonium-supplied inversely
to the electron transport rates to Rubisco carboxylation as
revealed by Jc and Jo/Jc ratios. It is interesting to highlight
that supplying and recycling of ammonia and amino acids
in chloroplast during photorespiration is an important mech-
anism to sink excess energy from PETC, as this pathway
is responsible for the consumption of electrons and ATP
(Busch et al. 2018). Thus, this mechanism could mitigate, at
least in part, the stressful effects caused by high ammonium
levels on photosynthesis of rice plants (Heber et al. 1996).
Interestingly, high ammonium supply in presence of excess
light strongly stimulated GS1 activity, but did not change
GS2, highlighting the importance of the cytosolic isoform
in ammonium detoxification in leaves, as previously reported
for Arabidopsis and tobacco plants (Oliveira et al. 2002;
Guan et al. 2016).

Previous studies have reported that NH," toxicity in
plants is related to an over-accumulation of reactive oxygen
species (ROS) and oxidative stress (Podgérska et al. 2013).
Indeed, ROS are frequently reported as important chemical
species involved with photoinhibition of PSII, especially
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due to generating protein carbonylation at the reaction cent-
ers (Kale et al. 2017) and inhibition of the activity of the
elongation factor Tu, delaying the synthesis of chloroplas-
tic proteins (Jimbo et al. 2018). In this vein, we analyzed
whether ammonium supply was able to induce ROS over-
accumulation in leaves, to establish if these substances
could have contributed to delayed D1 turnover. Based on
the absence of any significant signals of oxidative stress
in leaves of NH,*-treated plants, either in moderate- or in
high light conditions, this likelihood is currently rejected.
However, further accurate studies employing additional and
more sensitive tools are needed to definitely rule out the
possibility of an NH,-induced ROS accumulation in the
PSII reaction center.

In conclusion, our results evidence that high ammonium
supply in presence of high light causes disturbances in
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Fig.8 Hypothetical model highlighting the main effects induced by
high ammonium supply and excess light on photosynthesis of rice
plants. Initially, high light stimulates the accumulation of NH,* in
rice leaves. Subsequently, two important and non-excluding mecha-
nisms are involved in ammonium toxic effects on photosynthesis: (1)
NH,* accumulation induces delay in D1 dark-recovery, which could
affect PSII activity, limiting electron transport to PSI and contribut-
ing to increasing donor side limitation of PSI; (2) NH,* stimulates
decrease in stomatal conductance and subsequently reduction in Ci
and Vcmax, generating an energetic unbalance between light capture
and utilization in Calvin-Benson cycle, leading to ATP accumulation
and subsequently contributing to increase NPQ and donor side limi-
tation of PSI. In parallel, ammonium accumulation also stimulated
greatly electron transport to photorespiration in detriment of Rubisco
carboxylation
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some important photosynthetic processes in rice plants, an
allegedly tolerant species. We are proposing some of the
possible mechanisms underlying these responses (Fig. 8).
These stressful effects could be explained mainly by two
non-excluding mechanisms: (1) an NH,*-induced delay in
the D1 protein recovery which could have affected the PSII
integrity, limiting electron transport to PSI and contributing
to increasing donor side limitation of PSI; and (2) a decrease
in Calvin-Benson cycle functioning as a consequence of
restrictions in stomatal conductance and Rubisco activity,
which can have provoked an energy unbalance between light
capture and utilization by CO, assimilation, inducing ATP
accumulation and subsequently contributing to increase
NPQ. In parallel, ammonium also stimulated electron trans-
port to photorespiration in detriment of Rubisco carboxyla-
tion. Further studies are needed to explain completely how
high ammonium concentrations but, at physiological levels,
can directly affect specific photosynthetic targets in higher
plants exposed to high light environments.
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