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Abstract

High CO2 concentrations stimulate net photosynthesis by increasing CO2 substrate

availability for Rubisco, simultaneously suppressing photorespiration. Previously, we

reported that silencing the chloroplast vesiculation (cv) gene in rice increased source fit-

ness, through the maintenance of chloroplast stability and the expression of

photorespiration-associated genes. Because high atmospheric CO2 conditions dimin-

ished photorespiration, we tested whether CV silencing might be a viable strategy to

improve the effects of high CO2 on grain yield and N assimilation in rice. Under ele-

vated CO2, OsCV expression was induced, and OsCV was targeted to peroxisomes

where it facilitated the removal of OsPEX11-1 from the peroxisome and delivered it to

the vacuole for degradation. This process correlated well with the reduction in the

number of peroxisomes, the decreased catalase activity and the increased H2O2 con-

tent in wild-type plants under elevated CO2. At elevated CO2, CV-silenced rice plants

maintained peroxisome proliferation and photorespiration and displayed higher N

assimilation than wild-type plants. This was supported by higher activity of enzymes

involved in NO3
− and NH4

+ assimilation and higher total and seed protein contents.

Co-immunoprecipitation of OsCV-interacting proteins suggested that, similar to its role

in chloroplast protein turnover, OsCV acted as a scaffold, binding peroxisomal proteins.
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1 | INTRODUCTION

A range of anthropogenic factors is rapidly increasing atmospheric

CO2, causing significant changes in global temperature and thereby

precipitation patterns (Gamage et al. 2018). Since the industrial revo-

lution, global atmospheric CO2 concentrations have increased rapidly,

rising from 280 to 400 ppm (Tans & Keeling, 2016; Thompson,

Gamage, Hirotsu, Martin, & Saman, 2017). CO2 directly affects plant

metabolism in general and photosynthesis in particular (Dusenge,

Duarte, & Way, 2018). Ribulose-1,5-bisphosphate carboxylase/

oxygenase (Rubisco) is the key enzyme in the photosynthetic process,

catalysing two inseparable chemical reactions: (a) carboxylation or

Calvin–Benson reaction, where a five-carbon sugar RuBP (ribulose-1,-

5-bisphosphate) is combined with CO2 to produce two molecules of

glycerate-3-phosphate; and (b) oxygenation or photorespiration path-

way, a combination of RuBP with O2, that yields one molecule of

glycerate-3-phosphate and one molecule of phosphoglycolate. Higher

CO2 concentrations will stimulate net photosynthesis by increasing

CO2 substrate availability for Rubisco, simultaneously suppressing

photorespiration (Drake, Gonzàlez-Meler, & Long, 1997). Thus, high

CO2 will increase photosynthesis, improving carbohydrate production

(i.e., positive for growth and yield in crops), but will also cause several
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negative effects as carbon–nitrogen imbalance and/or decrease in the

number of grana-thylakoid structures (Cao, Jiang, Xu, Liu, & Meng,

2017; Teng et al., 2006). Although photorespiration induces a reduc-

tion in CO2 assimilation, it provides protection of leaves during stress

by dissipating excess reducing equivalents and energy, that is, adeno-

sine triphosphate, NAD(P)H, and reduced ferredoxin (Voss, Sunil,

Scheibe, & Raghavendra, 2013). Moreover, photorespiration has been

proposed as a necessary pathway for N assimilation in C3 plants

under elevated atmospheric CO2 (Bloom, 2015).

During photorespiration, peroxisomal and mitochondrial enzymes

cooperate to convert glycolate, produced in the chloroplast, to

glycerate to be recycled to the chloroplast for the Calvin–Benson

cycle. Glycolate oxidases, active during photorespiration, contribute

to the accumulation of peroxisomal H2O2, which is broke down into

water and molecular oxygen by the action of catalases in the peroxi-

some (Timm et al., 2013). In addition to photorespiration, peroxisomes

are involved in several catabolic and biosynthetic reactions, such as

reactive oxygen species production and detoxification, hormones syn-

thesis, and fatty acids β-oxidation (Kao, Gonzalez, & Bartel, 2018).

Peroxisomes are highly dynamic organelles, able to adjust their size

and number in response to environmental, developmental, and meta-

bolic factors. Peroxisomal fission and proliferation are controlled by

the peroxisome biogenesis factors PEROXIN11 (PEX11) protein family

and several transcription factors (Reumann & Bartel, 2016). Although

peroxisome functions are crucial in cell metabolism, the processes reg-

ulating peroxisomal dynamics are not clear in plants (Kao et al., 2018;

Kessel-Vigelius et al., 2013).

The nuclear gene chloroplast vesiculation (cv) encodes a protein

that plays a key role in the destabilization of the photosynthetic appa-

ratus during senescence and abiotic stress (Wang & Blumwald, 2014).

Upon stress, CV interacts with thylakoid membrane-bound proteins

(i.e., PsbO1 in photosystem [PS]II and CYP20 in PSI) and stromal pro-

teins (i.e., chloroplastic glutamine synthetase, GS2), inducing the for-

mation of vesicles. CV-containing vesicles mobilize thylakoid and

stroma proteins to the vacuole for degradation through a pathway

that is independent of authophagy and senescence-associated vacu-

oles (Wang &Blumwald, 2014; Sade et al., 2018). Previous work in

Arabidopsis and rice showed that CV silencing was a valuable strategy

to increase the tolerance of plants to water deficit through the main-

tenance of chloroplast integrity; rice CV-silenced plants (Oscv) dis-

played enhanced source fitness, maintaining chloroplast stability and

affecting N cytosolic assimilation through the regulation of nitrate

reductase (NR) (Sade et al., 2018). In addition, under water deficit,

Oscv displayed the enhanced expression of genes associated with

photorespiration (Sade et al., 2018). It is well established that in C3

plants, enhancing photorespiration resulted in an increased N assimila-

tion via NR (Bloom, 2015; Rachmilevitch, Cousins, & Bloom, 2004).

However, the relationship between CV, the photorespiratory pathway,

and NR-mediated N assimilation is not yet clear.

Here, we show that under high CO2 atmospheric conditions (with

the concomitant decrease in photorespiration), OsCV directly inter-

acted with OsPEX11-1 in the peroxisome. The interaction between

these proteins was maintained during trafficking to the prevacuolar

compartment (PVC) and to the vacuole. Our results indicated the role

of OsCV in mediating peroxisomal turnover, contributing to the regu-

lation of photorespiration and N assimilation in rice plants under ele-

vated CO2.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Seeds of wild-type (WT) rice (Oryza sativa japonica “Kitaake”) and

two independent lines of transgenic RNAi-OsCV plants (Sade et al.,

2018) were germinated on moist germination paper for 10 days at

28�C in the dark. Seedlings were transplanted into 1.25-L pots filled

with 8-mm expanded clay aggregate pebble pellets (Hydro Crunch,

Walnut, CA, USA). The seedlings were grown at ambient conditions

(12-hr/12-hr day/night and 28�C/20�C 800 μmol m−2 s−1) in the

greenhouse for 7 days and then transferred to growth chambers with

ambient CO2 (440–450 ppm) or elevated CO2 (700 ppm) with a

12-hr/12-hr day/night at 28�C/20�C and 800 μmol m−2 s−1 of pho-

tosynthetically active radiation and relative humidity controlled

between 40% and50%. Plants were fertilized weekly with (N:75 ppm,

P: 20 ppm, K: 75 ppm, Ca: 25 ppm, Mg: 17 ppm, S: 55 ppm, Fe:

3.30 ppm, Mn: 0.50 ppm, Zn: 0.05 ppm, Mo: 0.01 ppm, and Cu:

0.02 ppm) for 3 weeks. Nitrogen in the fertilizer was supplied equally

in the forms of KNO3 and (NH4)2SO4. Leaf samples for RNA, bio-

chemical assays, and gas exchange measurements were taken after

3 weeks of growth in the chambers. The leaves were collected in the

morning, between 10.30 and11.30 a.m. (1.30–2.30 hr after the light

turned on) and immediately frozen in liquid nitrogen and kept at

−80�C until use.

2.2 | Constructs and generation of transgenic
plants

All the constructs in this study were generated using the Gateway

cloning system (Invitrogen, Carlsbad, CA, USA).

2.2.1 | RNAi-OsCV and EST::OsCV plants

The constructs and transgenic plants were generated as described

previously (Sade et al., 2018).

2.2.2 | Bimolecular fluorescence complementation

The vectors pDEST-GWVYNE and pDEST-GWSCYCE from the Gateway-

based bimolecular fluorescence complementation (BiFC) vector systems

(Gehl, Waadt, Kudla, Mendel, & Hänsch, 2009) were employed to fuse

OsCV (LOC_Os05g49940) and OsPEX11-1 (LOC_Os03g02590) with

the C-terminus of super cyan fluorescent protein (SCFPC) or the N-
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terminus of yellow fluorescent protein Venus (VenusN) to obtain the

constructs OsCV-SCFPC and OsPEX11-1-VenusN.

2.2.3 | In vivo OsCV and OsPEX11-1 interaction
and colocalization

For protein colocalization assays, the open reading frame of OsCV,

excluding the stop codon, was amplified from mature leaf cDNA

and cloned into pDONR207 and the destination vector pEarleyGate

102 (Earley et al., 2006) for CFP fusion. Using the same strategy,

OsPEX11-1 was fused with yellow fluorescent protein (YFP) of

pEarleyGate 101. All the constructs were introduced into

Agrobacterium tumefaciens GV3101. Transient expression was per-

formed in leaves of Nicotiana benthamiana as described previously

(Li, 2011).

2.3 | Gas exchange measurements

Rubisco carboxylation rate (Vc) and oxygenation rate (Vo) measure-

ments were recorded in intact plants using a Li-6,400 portable gas

exchange system (LI-COR, Nebraska, USA). Photosynthesis was

induced by saturating light (1,200 μmol m−2 s−1) with 700 μmol mol−1

or 350 μmol mol−1 CO2 surrounding the leaf (Ca) with or without

modifications of O2 concentrations. Relative humidity was around

40–50%. Vo was measured at 2% oxygen (balanced with nitrogen;

Praxair, Sacramento, CA, USA). The amount of blue light was set to

10% of photosynthetically active photon flux density (PPFD) to opti-

mize stomatal aperture. Block temperature was set to 28�C. Photo-

synthesis was measured every 10 s for 30 s (the three data points

were then averaged). Vc and Vo were calculated as described before

(Ripley, Gilbert, Ibrahim, & Osborne, 2007).

A second experiment was performed to confirm the first (data

shown in Figure S1). Plants were grown in the greenhouse, conditions

were kept at 12-hr/12-hr day/night and 28�C/20�C, under normal

and elevated CO2 conditions. Photosynthesis and rubisco oxygenation

activity were measured as described above with the following differ-

ences: measurements were made at two CO2 concentrations opti-

mized to be able to resolve photorespiration; “ambient”: 350 ppm and

“elevated” 500 ppm. PPFD was 500 μmol m−2 s−1 and leaf tempera-

ture averaged 27.6 ± 0.78�C. Relative humidity was not controlled

and varied from 22 to 42%; flow was set to 250 μmol s−1. Dark respi-

ration (Rdark) was estimated by measuring dark respiration at 21% O2

following the photosynthesis measurements.

Chlorophyll fluorescence measurements (ΦPSII) were made simul-

taneously to the gas exchange using the LI-COR6400 “multiphase

flash” routine to estimate maximum fluorescence. These measure-

ments were used to estimate a correction factor for oxygenation

based upon that proposed by Bellasio, Burgess, Griffiths, and Hibberd

(2014). Thus, Vo was corrected by the ratio of ΦPSII change with oxy-

gen concentration, that is, the change in total electron transport

through PSII as a result of the O2 change:

Vo,corrected =
2
3

A2%
ΦPSII 21%

ΦPSII 2%
−A21%

� �
,

where A2% and A21% are the gross assimilation rates at the respective

O2 concentrations (calculated as net assimilation + dark respiration).

Vo was also estimated using the approach of Valentini, Epron, Angelis,

Matteucci, and Dreyer (1995) as

Vo,Valentini =
2
3

Jtotal−4 A21%ð Þð Þ,

where Jtotal, the total electron transport through PSII, was estimated per

Genty, Briantais, and Baker (1989) as ΦPSII,21% × 0.85 × 0.5 × PPFD.

This approach assumes that alternative electron sinks are negligible.

2.4 | Quantitative PCR analysis

RNA was extracted from youngest fully expanded leaves of WT and

transgenic rice plants grown under ambient and elevated CO2. The

different sets of primers used for the amplification of the target genes

are listed in Table S1. Analysis of the relative gene expression was

performed according to the comparative cycle threshold (2−ΔΔCT)

method (Livak & Schmittgen, 2001) and calibrated using transcript

values relative to the endogenous rice transcription elongation factor

gene (Reguera et al., 2013; Sade et al., 2018; Tamaki et al., 2015).

There were no significant differences in expression of the examined

genes under ambient conditions (data not shown). Therefore, for sim-

plicity, results are presented only for elevated CO2.

2.5 | Metabolite profiling

Ground frozen powder of the youngest fully expanded leaves was

submitted to the West Coast Metabolomics Center (University of Cal-

ifornia, Davis), extracted, measured, and analysed by gas

chromatography–mass spectrometry (MS) (Gerstel CIS4–with a dual

MPS Injector/Agilent 6,890 GC-Pegasus III TOF MS) as described

before (Weckwerth, Wenzel, & Fiehn, 2004). Processes for the inte-

grated extraction, identification, and quantification of metabolites

were performed according to Fiehn et al. (2008). For the extraction,

solvent was prepared by mixing isopropanol/acetonitrile/water at the

volume ratio 3:3:2 and degassing the mixture by directing a gentle

stream of nitrogen through the solvent for 5 min. Solvent (cooled at

−20�C) was added to the ground tissue (1-ml solvent/20-mg tissue),

vortexed, and shaken for 5 min for metabolite extraction. After centri-

fugation at 12,800 g for 2 min, supernatant was concentrated to dry-

ness. The residue was resuspended in 0.5-ml 50% aqueous

acetonitrile and centrifuged at 12,800 g for 2 min. The supernatant

was concentrated to dryness in a vacuum concentrator, and the dried

extracts were stored at −80�C until use. Untargeted metabolomic

analysis was used. The signals were normalized with the sum of all

peak heights of the annotated detected metabolites as suggested by

CHLOROPLAST VESICULATION ROLE IN ELEVATED CO2 CONDITIONS 3



Fiehn et al. (2008). No internal standard was added in the analysis.

The equation used in this calculations was (for metabolite i of sample

j) metabolite ij,normalized = metabolite ij, raw / mTIC j * mTIC average.

2.6 | Enzyme assays

Enzyme activities were determined in youngest fully expanded leaves

of WT and transgenic plants exposed to ambient and elevated CO2.

The leaves were collected in the morning (9–10 a.m.). Whole leaves

from each plant were ground with liquid nitrogen, and the powder

was aliquoted and stored at −80�C until use. Enzyme activities are

expressed as moles of metabolite generated/consumed per milligram

of protein per unit of time. NR and GS activities were measured

according to Kaiser and Lewis (1984) with some modifications (Sade

et al., 2018) and O'Neal and Joy (1973), respectively. CAT activity was

determined by following the consumption of H2O2 (extinction coeffi-

cient 39.4 mM−1 cm−1) at 240 nm for 1 min (Aebi, 1984). The reaction

mixture contained 50-mM potassium phosphate buffer (pH 7.0),

10 mM H2O2 and 50 μl of enzyme extract in a 1-ml volume. The Brad-

ford assay (Bradford, 1976) was used for protein quantification using

bovine serum albumin as a standard.

2.7 | H2O2 quantification

The frozen leaves were ground, and 5–10 mg of samples were

extracted with 1 ml of 20-mM K2HPO4 (pH 6.5), homogenized for

5 min at 4�C, and then centrifuged for 3 min at 16,200 g at 4�C. The

H2O2 detection assay by Amplex Red (Thermo Fisher Scientific, Wal-

tham, MA,USA) was performed on the supernatant, as described in

Brumbarova, Le, and Bauer (2016) with some modifications, that is,

the reaction was incubated for 15 min instead of 30 min.

2.8 | 15N analysis

Plants were grown as described above with or without (control) sub-

stitution of either KNO3 or (NH4)2SO4 with 4% atom K15NO3 or

(15NH4)2SO4 (Cambridge Isotope Laboratories, Inc. Tewksbury, MA,

USA) to yield a 2% atom 15N at the final concentration for 2 weeks

before the sample collection. The youngest fully expanded leaves

were collected from WT and RNAi-OsCV rice plants and dried in an

oven at 80�C for 7 days before grinding. Samples (2–4 mg) of powder

were sent to the University of California, Davis, Stable Isotope Facility

for 15N analysis. Plant samples were analysed for 15N isotopes using

an Elementar Micro Cube elemental analyser (Elementar Anal-

ysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa

20–20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).

Samples are combusted at 1,000�C in a reactor packed with chromium

oxide and silvered copper oxide. Following combustion, oxides were

removed in a reduction reactor (reduced copper at 650�C). The helium

carrier then flowed through a water trap (magnesium perchlorate and

phosphorous pentoxide). CO2 was retained on an adsorption trap until

the N2 peak was analysed; the adsorption trap was then heated

releasing the CO2 to the IRMS.

During analysis, samples were interspersed with several replicates

of at least four different laboratory reference materials. Natural abun-

dance reference materials have been previously calibrated against

international reference materials, including IAEA-600, USGS-40,

USGS-41, USGS-42, USGS-43, USGS-61, USGS-64, and USGS-65.

Because no highly enriched 15N references exist, 15N values for

enriched laboratory references have been established by multiple iso-

tope dilutions. A sample's provisional isotope ratio was measured rela-

tive to a reference gas peak analysed with each sample. These

provisional values were finalized by correcting the values for the

entire batch based on the known values of the included laboratory

reference materials. For natural abundance samples, the long-term

standard deviation was 0.2 per mil for 13C and 0.3 per mil for
15N. Because there were no significant differences in the expression

of the examined genes from plants grown under ambient and elevated

CO2 conditions (data not shown), for simplicity, only the results

obtained from plants under elevated CO2 conditions are presented.

2.9 | NO3
− and NH4

+ contents

Ground dried leaf tissue (100 mg) was used for NH4
+ and NO3

− quan-

tification. For the measurement of NH4
+ tissue content, the tissue

was agitated for 2 hr in 2-M KCl. After filtration, NH4
+ was deter-

mined as described according to Krom (1980). NO3
− was determined

according to Zhao and Wang (2017).

2.10 | Electron microscopy

For standard transmission electron microscopy, the youngest fully

expanded leaves were fixed in Karnovsky's fixative (2.0% paraformal-

dehyde and 2.5% glutaraldehyde; Electron Microscopy Sciences,

Hatfield, PA) in 0.1-M sodium phosphate buffer, pH 7.4. Samples

were post-fixed with 1% OsO4 in the same buffer. Ultrathin cross-

sections (70 nm) of the rice mesophyll cells were obtained using a

Leica Ultracut UCT ultramicrotome and stained with uranyl acetate

followed by lead citrate. The samples were observed with a Philips

CM120 Biotwin lens (F.E.I.).

2.11 | Immunolabeling transmission electron
microscopy

Fourteen-day-old seedlings of EST::OsCV-green fluorescent protein

(GFP) transgenic plants and Col-0 were sprayed with 50-μM

β-estradiol 24 hr before sampling. The induced leaves were fixed in

4% paraformaldehyde and 0.1% glutaraldehyde in 0.1-M sodium

phosphate buffer. Co-immunolabeling was performed on ultrathin

sections on Formvar-coated grids using a mouse anti-GFP monoclonal
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antibody (Novus Biologicals, Littleton, CO, USA) and a rabbit anti-

GOX (Agrisera, Vännäs, Sweden) antibody and then labeled with a

goat anti-mouse secondary antibody conjugated with 10-nm gold par-

ticles (Electron microscopy sciences, Hatfield, PA, USA) and a goat

anti-rabbit secondary antibody conjugated with 20-nm gold particles

(Abcam, Cambridge, MA, USA). All the grids were stained with uranyl

acetate and lead citrate before being observed on a Philips CM120

Biotwin. Images were taken with a Gatan MegaScan digital camera

(Model 794/ 20).

2.12 | Immunoblot analyses

The youngest fully expanded leaf tissues were weighed, frozen in liq-

uid N2, and ground in three volumes of extraction buffer (50-mM

HEPES, 100-mM NaCl, 10-mM KCl, and 0.4-M sucrose) containing

1-mM PMSF and 1% of protease inhibitor cocktail (Sigma-Aldrich,

St. Louis, MO, USA). Total proteins were denatured by mixing with

Laemmli sample buffer, then separated by SDS-PAGE, transferred to a

polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA), and

probed as described previously (Wang et al., 2011). Antibodies raised

against NR and GS were obtained from Agrisera (Vännäs, Sweden).

Horseradish peroxidase-conjugated secondary antibodies were pur-

chased from Santa Cruz Biotechnology (Dallas, TX, USA).

2.13 | Fluorescence and confocal microscopy

Fluorescence microscopy was performed using an inverted Zeiss LSM

710 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Ger-

many) equipped with a 40× water immersion objective. The excita-

tion/emission wavelengths were as follows: GFP (488 nm/500 to

530 nm), YFP (514 nm/ 527 to 572 nm), CFP (405 nm/ 463 to

498 nm), red fluorescent protein (RFP) (561 nm/600 to 660 nm), and

chlorophyll (633 nm/650 to 720 nm).

2.14 | Immunoprecipitation and LC–MS/MS

One-week-old seedlings of WT and transgenic EST::OsCV-GFP were

cultured in one half MS medium containing 20 μM of β-estradiol or

0.01% dimethyl sulfoxide for 24 hr. The plant shoots were harvested,

ground in liquid N2, and incubated at 4�C for 4 hr with lysis buffer

provided in the μMACS GFP isolation kit (Miltenyl Biotec, Bergisch

F IGURE 1 OsCV expression and growth of wild-type (WT) and CV-silenced rice under elevated CO2. (a) Quantitative RT-PCR analysis of
OsCV gene expression in the youngest fully expanded leaves of wild type and two independent lines of transgenic RNAi-OsCV plants (RNAi14
and RNAi15) in response to elevated CO2, relative to OsCV expression of WT plants grown under ambient CO2. Values are the mean ± standard
error (n = 5). The asterisks indicate significant differences by Student's t-test (p ≤ .05). (b) Carboxylation rate of Rubisco (Vc) of WT and RNAi-
OsCV plants under ambient and elevated CO2. Growth (c), grain yield (d), and seed protein content (e) of WT and transgenic CV-silenced rice
plants under ambient CO2 and elevated CO2 (700 ppm). Values are the mean ± standard error (n = 6, 12, and 5, respectively). The different letters
above the bars indicate significant differences by one-way analysis of variance and Duncan's test (p ≤ .05)
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Gladbach, Germany), containing 1% protease inhibitor cocktail (Sigma-

Aldrich, St. Louis, MO, USA), and 1 mM PMSF. Co-

immunoprecipitation was performed using anti-GFP magnetic beads

from the μMACS GFP isolation kit (Miltenyi Biotec, Santa Barbara,

CA), and cell lysis was incubated with beads at 4�C for 4 hr. Liquid

chromatography (LC)–MS/MS analysis was performed as described

previously (Shipman-Roston, Ruppel, Damoc, Phinney, & Inoue, 2010).

Scaffold (version Scaffold 4; www.proteomesoftware.com) was used

to validate tandem MS-based peptide and protein identification. The

results were filtered with a false discovery rate of less than 0.5% on

the peptide level and 1% on the protein level with a minimum of two

unique peptides required for identification (Fan et al., 2016).

2.15 | Statistical analysis

The SPSS 25 statistical package was used for statistical analyses. The

experiments were based on a randomized complete block design.

3 | RESULTS

3.1.1 | OsCV silencing induced grain yield increase
and high seed protein content in rice plants grown
under elevated CO2

High atmospheric CO2 concentrations inhibit both photorespiration

and shoot nitrate assimilation, with the associated decrease in plant

protein contents (Bloom, Burger, Asensio, & Cousins, 2010). We have

shown previously that OsCV-mediated chloroplast degradation was

associated with the regulation of nitrogen assimilation during stress-

induced senescence (Sade et al., 2018). We assessed whether the

silencing of CV would improve plant growth under elevated CO2.

OsCV expression was induced by elevated CO2, whereas OsCV

expression in transgenic RNAi-CV plants was reduced to 3–5% of that

of WT plants (Figure 1a). Although not significant, WT plants showed

an increase in the rate of carboxylation by Rubisco, whereas the CV

silencing did not affect this rate under high level of atmospheric CO2

F IGURE 2 CV-silenced rice maintained a higher photorespiration under elevated CO2. (a) A schematic representation of the photorespiratory
pathway of C3 plants. 1, rubisco small subunit (RbcS); 2, 2-phosphoglycolate phosphatase (PGP); 3, glycolate oxidase (GOX); 4, glutamate:
glyoxylate aminotransferase (GGAT); 5, glycine decarboxylase (GCD); 6, serine: glyoxylate aminotransferase (SHMT); 7, NAD+ hydroxypyruvate
reductase (HPR); 8, glycerate kinase (GLYK). (b) photorespiration rate (Vo) of wild-type (WT) and RNAi-OsCV plants under ambient and elevated

CO2. Values are the mean ± standard error (SE; n = 6). (c) Relative expression of selected transcripts associated with photorespiration (1–8 as
shown in panel a) of WT and RNAi-OsCV plants under elevated CO2. Values are the mean ± SE (n = 5). The asterisks indicate significant
differences by Student's t-test (p ≤ .05). (d) Selected metabolite contents of WT and RNAi-OsCV plants under elevated CO2. The dashed line
represents the value of each metabolite under ambient conditions. Values are the mean ± SE (n = 4). (e) Glycine:serine ratio of WT and RNAi-
OsCV plants grown under elevated CO2. Values are the mean ± SE (n = 4), and the asterisks indicate significant differences by Student's t-test
(p ≤ .05). The different letters above the bars indicate significant differences by one-way analysis of variance and Duncan's test (p ≤ .05)

6 UMNAJKITIKORN ET AL.



F IGURE 3 OsCV has a role in the mobilization of the peroxisomal biogenesis factor 11 (OsPEX11-1) from peroxisome to vacuoles.
(a) Bimolecular fluorescence complementation (BiFC) design: SCFPC and VenusN were fused at the C-terminus of OsCV and OsPEX11-1,
respectively. (c–d) BiFC analysis of in vivo interactions between OsCV-SCFPC and OsPEX11-1-VenusN (CV + PEX11) by transient expression in
Nicotiana benthamiana. (b) BiFC signals obtained 1 day after infiltration. Most of the signals overlapped with the peroxisome marker mCherry-SKL
(blue arrows). (c) BiFC signals obtained 2 to 3 days after infiltration. Signals overlapped with chloroplasts and the prevacuolar compartment
marker RabF2a-RFP. (d) BiFC signals obtained 4 days after infiltration. Signals overlapped with the vacuolar marker VAMP711-RFP. (e–f) Co-
immunodetection of CV-GFP and OsGOX (peroxisome marker) in peroxisomes. (e) EST-CV-GFP transgenic plants were induced by 50-μM
β-estradiol, labelled with anti-GFP mouse (10-nm gold particles, red arrows) and anti-GOX rabbit (20-nm gold particles, yellow arrows) and
observed by immunolabeling transmission electron microscopy. Red arrows indicate OsCV presence in both chloroplast and peroxisomes. Black
and white squares indicate CV localization in peroxisomes. (f) A higher magnification of the area from black square in (e)
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(Figure 1b). High CO2 enhanced plant growth in a similar manner in all

genotypes (Figure 1c). Elevated CO2 enhanced grain yield production

in both WT and CV-silenced plants; however, the yield increase was

significantly higher in CV-silenced plants than in WT (Figure 1d). Seed

protein contents decreased in WT plants under elevated CO2,

whereas it remained constant in CV-silenced plants (Figure 1e).

3.1.2 | OsCV silencing induced higher
photorespiration under elevated CO2

When grown under elevated CO2, CV-silenced rice plants displayed

higher Rubisco oxygenation (Vo) than WT plants, which was similar to

that grown under control conditions (Figure 2b). A second experiment

optimized to measure oxygenation rates confirmed this pattern

(Figure S1a). Gene expression and metabolite analyses of RNAi-OsCV

rice plants grown under elevated CO2 revealed the enhanced expres-

sion of photorespiration-associated genes (Figures 2b,c). The expres-

sion levels of genes encoding Rubisco small subunit (RbcS);

2-phosphoglycolate phosphatase (PGP), glycolate oxidase (GOX), glu-

tamate:glyoxylate aminotransferase (GGAT), glycine decarboxylase

(GCD), serine:glyoxylate aminotransferase (SHMT), NAD+ hydro-

xypyruvate reductase (HPR), and glycerate kinase (GLYK) were signifi-

cantly higher than WT grown under elevated CO2. Of the

photorespiration pathway-associated metabolites tested, glycolate,

serine, glycerate, and malic acid were higher in CV-silenced plants

than in WT plants (Figure 2d). In addition, we calculated the glycine:

serine ratio resulting significantly higher in WT compare with CV-

silenced plants under high CO2 conditions (Figure 2e).

3.1.3 | OsCV interacts in vivo with OsPEX11
(peroxisome biogenesis factor 11)

To elucidate the mechanism(s) by which OsCV might affect photo-

respiration, we identified putative CV-interacting proteins by co-

immunoprecipitation and subsequent MS-based identification of the

interacting proteins. Immunoprecipitated proteins interacting with

F IGURE 4 CV silencing contributed to more coherence of organelles necessary for photorespiration and detoxification of H2O2. (a, b)
Transmission electron micrographs showing the ultrastructure of WT (a) and RNAi-OsCV (b) leaf mesophyll cells, under elevated CO2. Organelles
were labeled as M, mitochondria; P, peroxisomes. (c) Numbers of organelles involved in photorespiration of WT and RNAi-OsCV leaf mesophyll
cells under elevated CO2 as observed by transmission electron microscopy. Values are the mean ± standard error (n = 30 cells from three
different plants). The asterisks indicate significant differences by Student's t-test (p ≤ .05). (d–f) Catalase activity (d), H2O2 content (e) and MDA
content (f) of WT and RNAi-OsCV leaves under elevated CO2. Values are the mean ± standard error (n = 5). The different letters above the bars
indicate significant differences by one-way analysis of variance and Duncan's test (p ≤ .05). WT, wild type
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OsCV-GFP were obtained from total protein extracts of β-estradiol-

treated transgenic plants expressing inducible OsCV-GFP. Protein

extracts from WT plants and EST::CV-GFP plants treated with

dimethyl sulfoxide (no induction) were used as controls to identify

proteins binding non-specifically to the anti-GFP beads. A number

of peroxisome-associated proteins were identified by LC MS/MS

only in the protein complexes obtained from EST::CV-GFP plants,

among them the peroxisome biogenesis factor 11–1 (OsPEX11-1;

Table S2). BiFC was used to confirm the OsCV-OsPEX11 interaction

(Figure 3a). The transient expression of the fusion genes OsCV-

SCFPC and OsPEX11-VenusN in N. benthamiana resulted in BiFC

fluorescence (Figures 3b–d), confirming the in vivo interaction

between OsCV and OsPEX11-1. The colocalization of the BiFC com-

plex and mCherry-SKL fluorescence indicated the peroxisomal local-

ization of the BiFC complex (Nelson, Cai, & Nebenfuhr, 2007), 1 day

after induction (Figure 3b). To assess whether, similar to other pro-

tein degradation pathways, the OsCV/OsPEX11-1 complex was

mobilized to the vacuoles, the BiFC constructs were transiently

coexpressed with Rab2a-RFP, a PVC rab5 GTPase Rha1 (Foresti

et al., 2010; Figure 3c) and VAMP711-RFP, encoding a tonoplast R-

SNARE (Uemura, Tomonari, Kashiwagi, & Igarashi, 2004) in

N. benthamiana leaves (Figure 3d). The CV-PEX11 BiFC complex was

transported through the endomembrane system to the PVC and vacu-

oles, as indicated by its colocalization with RabF2a-RFP after 2–3 days

and with VAMP711-RFP after 4 days following infiltration, respec-

tively (Figure 3c,d). We also transiently coexpressed CV-CFP together

with PEX11-YFP in N. benthamiana leaves. Cells that coexpressed both

CV-CFP and PEX11-YFP showed the colocalization of both proteins at

peroxisomes (Figure S2a), PVCs (Figure S2b), and vacuoles (Figure S2c).

In cells expressing only PEX11-YFP, PEX11-1 was mostly localized to

peroxisomes 4 days after infiltration (Figure S2d). We further con-

firmed the localization of OsCV in peroxisomes by electron microscopy

using gold-labeled OsCV-GFP and GOX (glycolate oxidase and peroxi-

some marker). In addition, OsCV was enriched in both at chloroplast

thylakoid membranes and peroxisomes (Figure 3e,f). These results indi-

cated the interaction of OsCV with PEX11 in peroxisomes and a role

for OsCV in PEX11 turnover.

3.1.4 | CV expression induced a decline in number
of chloroplasts, mitochondria, and peroxisomes

Chloroplasts, mitochondria, and peroxisomes are the cell organelles

associated with photorespiration. WT plants grown under elevated

F IGURE 5 CV-silenced rice maintained N metabolism under elevated CO2. (a, d) Relative expression of nitrate reductase (NR) and chloroplastic
glutamine synthetase 2 (GS2) of wild type (WT) and RNAi-OsCV plants under elevated CO2. Values of expression at ambient conditions were
normalized at 1. Values are the mean ± standard error (SE; n = 5). (b, e) NR activity and GS activity of WT and RNAi-OsCV plants under elevated CO2.
Values are the mean ± SE (n = 4). (c) Western blots showing abundance of NR and GS proteins. (f) Relative intensity of bands appearing on Western
blots of NR and GS. Values are the mean ± SE (n = 3). The asterisks indicate significant differences by Student's t-test (p ≤ .05)
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CO2 displayed a significant decrease in the numbers of these three

organelles (Figure 4a,c), whereas CV-silenced plants maintained the

same numbers of organelles per cell as plants grown under ambient

conditions (Figure 4b,c). OsCV localized to the chloroplast (Sade et al.,

2018; Wang & Blumwald, 2014) and to the peroxisomes (Figure 3f,g).

Natural or stress-induced senescence activated CV expression

(Wang & Blumwald, 2014). CV migrated to the chloroplasts and pene-

trated the chloroplast envelope while disrupting the chloroplast integ-

rity. It inserted into the thylakoid membranes, mediating the

formation of vesicles that were trafficked to the vacuole, transporting

the N-rich photosynthetic enzymes for proteolysis in the vacuole

(Sade et al., 2018; Wang & Blumwald, 2014). In order to assess

whether CV could play similar roles in the peroxisomes, we monitored

catalase activity and H2O2 contents in plants grown under ambient

and elevated CO2 concentrations (Figure 4d,f)). Peroxisomes contain

large amounts of catalase, an enzyme critical for the detoxification of

the highly toxic H2O2, and the measurement of catalase activity is a

good indicator of peroxisome integrity and functionality (Sheikh,

Pahan, Khan, Barbosa, & Singh, 1998). CV-silenced rice plants

maintained catalase activity under elevated CO2, whereas WT plants

displayed a 28% decrease in activity (Figure 4d). H2O2, the substrate

of catalase, was also significantly higher in WT plants under elevated

CO2 than in CV-silenced rice, where it remained at control levels

(Figure 4e). These results indicated that consistent with the physical

interaction of OsCV with OsPEX11-1, CV associated with peroxisomes

under elevated CO2,

F IGURE 6 OsCV-silenced enhanced nitrogen assimilation, total protein content, and amino acid content under elevated CO2 compared with
plants grown at ambient CO2. (a) δ15N of wild type (WT) and RNAi-OsCV, under elevated CO2 conditions. Values are the mean ± standard error
(SE) (n = 4–5). The dashed lines represent the average δ15N contents under ambient conditions. (b) Total protein contents of WT and RNAi-OsCV

plants under ambient and elevated CO2 conditions. Values are the mean ± SE (n = 4). (c) Amino acid contents of WT and RNAi-OsCV plants under
elevated CO2. The dashed lines represent the average amino acid contents under ambient conditions. Values are the mean ± SE (n = 4). The
asterisks indicate significant differences from WT for each amino acid by Student's t-test (p ≤ .05)
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3.1.5 | Silencing CV facilitated N assimilation in
plants grown under elevated CO2

Transgenic RNAi-OsCV maintained higher photorespiration and seed

protein contents (Figures 1e and 2). Because photorespiration has

been proposed to facilitate N assimilation (Bloom, 2015 and refer-

ences therein), we examined the ability of the CV-silenced plants to

assimilate nitrogen. We assessed the expression of NR and GS and

NR and GS activities, the enzymes at the rate-limiting steps of NO3
−

and NH4
+ assimilation, respectively. Our results showed that when

grown under elevated CO2, NR and GS expression was enhanced in

CV-silenced rice (Figure 5a,d), which resulted in higher amounts of NR

and GS proteins (Figure 5c,f) and enzymatic activities (Figure 5b,d).

Using 15NO3
− or 15NH4

+, we observed a decrease of 10% and 25% in

NO3
− and NH4

+ assimilation, respectively, in WT rice plants grown

under elevated CO2, but not in CV-silenced rice plants (Figure 6a),

resulting in higher 15NO3
− amounts in CV-silenced plants than in

WT. The total protein contents of WT and CV-silenced rice plants

grown under ambient CO2 were similar, whereas WT plants showed a

30% decrease in total protein contents when grown under elevated

CO2 (Figure 6b). The amino acid contents of WT declined 11–38%

under elevated CO2, whereas no decrease was observed for CV-

silenced plants (Figure 6c).

4 | DISCUSSION

Atmospheric CO2 has increased substantially in the last few decades

(Tans & Keeling, 2018), and many questions had been raised regarding

this phenomena on plant metabolism and productivity. Regarding pho-

tosynthesis, a rising concentration of atmospheric CO2 is known to

benefit plants by enhancing carbon fixation and plant growth

(Damage et al., 2018). The primary effect of high atmospheric CO2 is

the increase of the CO2/O2 ratio at the site of CO2 fixation, increasing

the carboxylation efficiency of Rubisco by lowering the rate of photo-

respiration (Bowes, 1991). However, productivity gains at elevated

CO2 are often lower than predicted (Novack et al., 2004; Easlon &

Bloom, 2013; Newingham, Vanier, Charlet, & Ogle, 2013). Decreased

photorespiration may be one of the main factors limiting plant pro-

ductivity at high CO2 concentration because of its close relationship

with N assimilation (Bloom, 2015; Rachmilevitch et al., 2004).

Previously, we reported that CV silencing in rice increased source

fitness, through the maintenance of chloroplast stability and N metab-

olism during water-deficit stress. OsCV-silenced rice plants also dis-

played high expression of photorespiration-associated genes under

water-deficit stress (Sade et al., 2018). Because high atmospheric CO2

conditions diminished photorespiration, we tested whether CV silenc-

ing might be a viable strategy to improve the effects of high CO2 on

grain yield and N assimilation.

OsCV-silenced plants displayed higher oxygenation rates than WT

in two independent experiments (Figure 2 and Figure S1), and the

higher rates were supported by the enhanced expression of

photorespiration-associated genes and metabolite production

(Figure 2). Low photorespiration in the WT at elevated CO2 was asso-

ciated with a large change in PSII function (Figure S1b); the relative

lack of change in the OsCV-silenced plants may be due to greater

chloroplast stability (Sade et al., 2018). If so, it is unclear that PSII-

based corrections (e.g., Bellasio et al., 2014) can be applied to improve

the estimate of oxygenation. If the correction is made, then the geno-

type differences in oxygenation rates are diminished at elevated CO2

(Figure S1c). An alternative method is based upon the assumption that

all electrons passing from PSII are used in either carboxylation or oxy-

genation at Rubisco (Valentini et al., 1995). If oxygenation is calcu-

lated in this manner, then the OsCV-silenced RNAi15 mutant had

similar rates under ambient and elevated CO2, whereas the WT did

not (Figure S1d). However, the OsCV silencing change alternative

electron sinks such as nitrate reduction (Figure 5), which would make

the results of this method difficult to interpret.

Recently, photorespiration has been shown to be a positive regu-

lator of growth and productivity of C3-plants, particularly under

stressful conditions, where photorespiration play critical roles in sev-

eral physiological processes (Busch, Sage, & Farquhar, 2018; Lopez-

Calcagno et al., 2018; Rivero, Shulaev, & Blumwald, 2009). Photores-

piration stimulate the assimilation of N, limited by high atmospheric

CO2 levels or other environmental factors (Bloom et al., 2010; Busch

et al., 2018). At elevated CO2, CV-silenced rice plants displayed a

higher N assimilation than WT plants. This was supported by

(a) higher activity of NR and GS, key enzymes in NO3
− assimilation

and NH4
+ assimilation, respectively (Figure 5); (b) higher total and

seed protein contents (Figures 1 and 6); and (c) 15N enrichment analy-

sis (Figure 6).

Moreover, higher malate contents in CV-silenced plants

(Figure 2d) support the link between photorespiration and N assimila-

tion. Malate can serve various purposes; in the cytosol, it can be

converted into oxaloacetate to produce NADH for nitrate reduction

via NR, but it can also be used to support ammonia assimilation, facili-

tating the import of 2-oxoglutarate into the chloroplast and the export

towards the peroxisome of glutamine from the GS/GOGAT cycle,

resulting in 2-oxoglutarate/glutamate exchange without a net malate

import (Wingler, Lea, Quick, & Leegood, 2000 Sheibe, 2003). Under

high CO2 concentrations, CV-silenced plants displayed higher GS

expression and GS activity than WT. It has been shown that most of

the NH4
+ being used by GS (particularly chloroplastic glutamine syn-

thetase; GS2) is the product of NH4
+ from photorespiration (Keys,

2006; Masclaux-Daubresse et al., 2010). The reassimilation of NH4
+

released from photorespiration is up to 10 times higher than the pri-

mary NH4
+ assimilation from fertilizer uptake (Oliveira, Brears, Knight,

Clark, & Coruzzi, 2002). In addition, the NO3
− and NH4

+ contents

were not different among all genotypes and treatments (Figure S3),

implying that CV silencing did not alter the ability of uptake and stor-

age NO3
− and NH4

+ in plants grown under ambient or elevated CO2

but rather affected the reassimilation and incorporation of N into

amino acid and proteins.

Here, we showed the direct interaction between OsCV and

OsPEX11-1 in vivo (Figure 3). The OsCV/OsPEX11-1 complex was

evident in the peroxisome and through its trafficking to the PVC and
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the vacuole. Moreover, when OsPEX11-1 was expressed without

OsCV, it remained confined to the peroxisome and did not translocate

to either the PVC or the vacuole (Figure S2). Peroxisome biogenesis

factors (peroxins; PEXs) are a group of proteins involved in peroxi-

some biogenesis, including peroxisomal matrix protein importers, per-

oxisomal membrane biogenesis factors, proteins involved in

peroxisome proliferation, and peroxisome inheritance (Distel et al.,

1996). Evidence from genetic and biochemical analyses of yeast,

mammals, and plants suggested that 25 PEX proteins were required

for peroxisome biogenesis (Eckert & Erdmann, 2003). PEX11-1 is

involved in promoting peroxisomal proliferation and has a role in lipid

catabolism (Li & Gould, 2002; Orth et al., 2007; Cui et al., 2016;).

Overexpression of AtPEX11c (the closest Arabidopsis homolog to

OsPEX11-1) led to an increased number of peroxisomes without any

apparent phenotype, whereas RNAi-AtPEX11c showed a reduction in

peroxisome number (Orth et al., 2007).

Under elevated CO2, OsCV expression was induced, and OsCV

was targeted to peroxisomes where it facilitated the removal of

OsPEX11-1 from the peroxisome and delivered it to the vacuole for

degradation (Figure 3). This process correlated well with the reduction

in the number of peroxisomes, the decreased catalase activity and the

increased H2O2 content in WT plants under elevated CO2 (Figure 4).

Both OsCV and OsPEX11-1 are membrane-bound proteins. In mam-

mals, PEX11 proteins bound to coat protein 1 (COP1) and recruited

(ADP)-ribosylation factor (ARF1), promoting membrane vesiculation

(Anton et al., 2000; Passreiter et al., 1998). In plants expressing CV,

CV acted as a scaffold targeting chloroplast proteins, promoting pro-

tein turnover through the formation of vesicles that mobilized the

chloroplast proteins to the vacuole (Sade et al., 2018; Wang &

Blumwald, 2014). Peroxisome degradation and protein turnover are

mediated by the action of proteases (e.g., LON; Baker and Paudyal,

2014; Farmer et al., 2013) and autophagy-mediated, termed

pexophagy (Avin-Wittenberg & Fernie, 2014; Luo & Zhuang, 2018).

Co-immunoprecipitation of OsCV-interacting proteins suggested that,

similar to its role in chloroplast protein turnover, OsCV acted as a scaf-

fold, binding peroxisomal proteins, facilitating their mobilization to the

vacuoles for degradation. Interestingly, autophagy related proteins or

proteases were not identified among the proteins interacting with

OsCV (not shown). In contrast to the CV-mediated vesicle formation

during the degradation of thylakoids (Wang & Blumwald, 2014), no

vesicles originating from degrading peroxisomes were detected.

It has been suggested that photorespiration is not solely regulated

by the atmospheric CO2 concentration or energy limitation but also

by the physical association between chloroplasts, peroxisomes, and

mitochondria (Oikawa et al., 2015; Rivero et al., 2009; Shai,

Schuldiner, & Zalckvar, 2016). Interestingly, in addition to maintaining

chloroplast stability (Sade et al., 2018) and the number of peroxi-

somes, CV-silenced plants also maintained a higher number of mito-

chondria than WT plants under elevated CO2 (Figure 4). In yeast, the

physical interaction between mitochondria and peroxisomes has been

demonstrated, that is, Pex11/Mdm34 (Mattiazzi et al., 2015) and

Pex34/Fzo1(Shai et al., 2018). In plants, Oikawa et al. (2015) used in

situ laser analysis to demonstrate the physical interaction between

chloroplasts, peroxisomes, and mitochondria. These interactions were

photosynthesis-dependent, suggesting that adenosine triphosphate

from chloroplasts was required to drive the movement of the organ-

elles. Stress-induced OsCV expression promoted chloroplast turnover

and the formation of CV-mediated vesicle formation at the thylakoids,

mediating N-mobilization through the traffic of photosynthetic pro-

teins to the vacuole (Wang & Blumwald, 2014). The exposure of rice

plants to high atmospheric CO2 induced OsCV expression. OsCV inter-

acted directly with OsPEX11-1, increasing peroxisome turnover with

the concomitant decrease in photorespiration. Notably, no CV-

containing vesicles were formed from peroxisomes, suggesting differ-

ences between the mechanism(s) associated with the turnover of

chloroplasts and peroxisomes. In order to assess these differences in

organelle turnover and the role(s) of OsCV in regulating peroxisome

proliferation, we are currently identifying membrane-bound com-

plexes interacting with OsCV via proximity-dependent biotin labeling

(Khan, Youn, Gingras, Subramanian, & Desveaux, 2018) and MS-based

identification of the protein partners.
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