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Abstract

The chloroplastic 2-oxaloacetate (OAA)/malate transporter (OMTL1 or DiT1) takes part in the malate valve that protects
chloroplasts from excessive redox poise through export of malate and import of OAA. Together with the glutamate/

malate transporter (DCT1 or DiT2), it connects carbon with nitrogen assimilation, by providing 2-oxoglutarate for the
GS/GOGAT (glutamine synthetase/glutamate synthase) reaction and exporting glutamate to the cytoplasm. OMT1 fur -
ther plays a prominent role in C  , photosynthesis: OAA resulting from phosphoenolpyruvate carboxylation is imported

into the chloroplast, reduced to malate by plastidic NADP-malate dehydrogenase, and then exported for transport to

bundle sheath cells. Both transport steps are catalyzed by OMT1, at the rate of net carbon assimilation. To engineer

C, photosynthesis into C 5 crops, OMT1 must be expressed in high amounts on top of core C 4 metabolic enzymes.
We report here high-level expression of  ZmOMT1 from maize inrice ( Oryza sativa ssp. indica IR64). Increased activity
of the transporter in transgenic rice was con rmed by reconstitution of transporter activity into proteoliposomes.
Unexpectedly, overexpression of ZmOMT1 in rice negatively affected growth, CO , assimilation rate, total free amino
acid content, tricarboxylic acid cycle metabolites, as well as sucrose and starch contents. Accumulation of high
amounts of aspartate and the impaired growth phenotype of OMT1 rice lines could be suppressed by simultaneous
overexpression of ZmDiT2. Implications for engineering C , rice are discussed.

Keywords: Carbon and nitrogen assimilation, G rice, gas exchange, glutamate/malate transporter, oxaloacetate/malate
transporter, photosynthesis.
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Introduction Redox balancing throughthe OMT1/DiT1-mediated malate

, i valve is expected to be more bene cial when photorespiratory
Population growth, climate change, and lack of arable 139¢hg are increased, since higher relative rates of photorespir

are causing greater dependence on crop yield improvemgii, increase the ATP/NAPDH demand of central metab
However, crop demand is already outpacing the yield 9aifiSm resulting in an excess of reduced NADPH in the plastid
achieved by conventional breeding and, hence, SepwWi§&mer and Evans, 20alkeret al, 2014. The malate valve
changes in crop yield are neede(ndijk and Long, 2016 45 serve to oxidize the over-reduced NADPH pool te re
Rice (Oryza sativa.) is a G grass and one of the top thrégenerate oxidized NADPcarriers that are needed to main
staple crops in the world. Its highest consumption is in ASjg electron transport. The NADH generated in the cytosol
(Muthayyaet al, 2014 where 60% of the world populationgom the malate valve activity is consumed in other reactions
existsBaiet al, 2019, with the highest and lowest rates of-povg,ch, a5 nitrate reduction. The resulting nitrite is imported into
erty and income, respective¥0, 201 ). Therefore, boosting cporoplasts where it is further reduced to ammonia that is
rice yield and performance is an important goal for IMprovigghsequently assimilated into glutamate by the GS/GOGAT
the quality of life for a large share of the global pOpUIaﬂ?@utamine synthase/glutamate synthase) patiaain (and
Engineering the gcrop rice to perform ¢ photosynthesis yamaya 200Belinski and Scheibe, 2018Iutamate itself is a
would greatly improve rice productivity by up to 50% per yegy;iiging block for the biosynthesis of many amino aEisle
(Wang et al, 201, through maximizing the conversion ohhq | ea 20070OMTL, jointly with the DiT2/DCT1 trans
the captured solar energy into chemical energy and biomagg (a glutamate/malate transporter), therefore connects
(Hibberdet al, 2008-_ o . carbon and nitrogen metabolism while equilibrating the ATP/
Cs photosynthesis performs both initial carbon Xatio§appH ratio in chloroplast stromaTgniguchiet al, 2002
and Calvin—Benson cycle reactions in the mesophyll.4In &G oshitaet al, 2011 Taniguchi and Miyake, 20} he strong,
photosynthesis, initial carbon xation and the CaIvin—Bensgigimy perturbed phenotypes aftlmutants in Arabidopsis
cycle are carried out separately in the mesophyll and OnWoshitaet al, 2013 and in tobaccoSchneidereiet al,
more layers of sheath cells (bundle and/or mestome shegifiyy con rm its crucial role in carbon and nitrogen assimi
surrounding the vascular tissue, respectively. This spatial sgpa| pathways as well as in plant growth and development.
ation concentrates C{around the enzyme Rubisco, thereby oymT1 also plays an important role in, @hotosynthesis.
reducing Rubisco oxygenase activity and the subsequentyfisSransporter imports OAA that is formed by cytosolic
of energy and previously xed CQluring photorespiration hosphoenolpyruvate carboxylase (PEPC) into mesophyll cell
(Sageet al, 2019). Suppressing the energy and Jas from choroplasts where it is reduced to malate by NADP-MDH.
photorespiration leads to greater plant biomass, and nitrogeiT1 also facilitates the export of malate to the cytosol. These
and water-use e ciencyGhannoumet al, 2013. C, photo-  yransport steps occur at the same rate gsa€€milation and
synthesis also represents an adaptation for coping with strggsfUty, engineering Jphotosynthesis into {rops such as
conditions, such as drought, high temperature, and light-int¢ge high expression and activity of OMT1 are required. In this
sity Edwardst al, 2010. study, as part of the e ort to engineej, fice, we introduced
_ Chloroplasts with their double-envelope membrane agg 7moMT1 gene from G maize into G rice to achieve suf
internal compartments play a critical role in carbon xatiogiently highly transport capacity for OAA and malate across
and photosynthesis. Since biological membranes form barfigrgnioroplast envelope. Additionally, singepBotosynthesis
for the di usion of hydrophilic metabolites, membrane t*a”ﬁequires a complex array of biochemical and anatomical com
porters are required for the selective ux of polar mOIeCUl%nents,we investigate whettBnNOMT1 expression triggers

and metabolites across the chloroplast membirierkamp 4natomical features found in ants, which could further aid
and Linka, 201p One of the transporters that resides in the ntinued G engineering e orts.

plastid inner envelope membrane is known as oxaloacetate
(OAA)/malate transporter 1 (OMT1) or dicarboxylate trans
porter 1 (DiT1). The gene is expressed ubiquitously in roots,
stems, leaves, orescences, and siliqgues of mature Arabid&f\@s‘i@rlaIS and methods
plants '('anlguchlet ".:ll’ 2009, ".ind the protein is an OAA/ Rice transformation and growth conditions
malate antiporter with 12-helical transmembrane domain . o

. . 0 express maizémOMT1 in rice mesophyll cells, we transferred the
OMT1/DIT1 functions to transport substrates according 105c11@moMT1:AcV5 construct intddryza sativappindicacultivar
the electrochemical gradient generated by solutes insidejRéwl (Mackill and Khush, 20)8The construct contains the full-length
outside the chloroplast membrangeper et al, 1995. This cDNA of the ZmOMT1 gene (GRMZM2G383088) from maiz&da
transporter, in concert with malate dehydrogenase (MDPgyar.B73) with a C-terminal AcV5 epitope tag, driven by the maize

R PP mesophyll-speci ZmPEPCpromoter (GRMZM2G083841; base
plastidic and cytosolic isoforms), forms the malate shunt a% ~1212 1o +1) from the pSC110 vectSupplementary Fig. 14t

plays a key role in exporting excess reducing compounds IJf':jlgtg]online).The forward and reverse primers giveisupplementary
the chloroplast, to protect PSII, and to balance stromal redgifie S)were used to clone the coding sequence via the pENTR vector
potential Gelinski and Scheibe, 2019 into the pSC110 expression vector utilizing the Gateway cloning system
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(Thermo Fisher Scienti c). The pSC110 vector was generated as pr&0ipl reaction with gene-speci c primers (Seplementary Table 51
ously describeddsbornet al, 2017%. The AcV5 epitope tag was placeddseEF-1a was used as a positive and quality control. The PCR conditions
downstream of thEmOMT1 coding sequence (CDS) for later detectiomere: pre-denaturation for 3 min, 95 °C; 40 cycles of the polymerization
of expressed protein using commercially available AcV5 antibody. fd@etion consisting of a denaturation step for 20 s at 95 °C, for 30 s at
nal construct was transferred into freshly harvested immature embB®SC, and an extension step for 45 s 72 °C; and a nal extension step
8-12 d after anthesis using Agrobacteritmediated transformation for 3 min at 72 °C.

protocol as describedYin et al.(2019) After 1 week of co-cultivation

and following 5 d on non-selective medium, emerging resistant calli were

selected with 30 mg*hygromycin B. The transgenic plants generatddeaf chlorophyll content and plant growth analysis

from hygromycin-resistant calli were transferred to Yoshida hydroponie upper fully expanded leaves at mid-tillering stage (50—60 d old) were
solution Yoshidaet al, 1979 for 2 weeks and then transplanted intgsed to determine leaf chlorophyll content using a SPAD chlorophyll
0.5 liter pots lled with soil. Plants were grown in a greenhouse at thfater (Konica Minolta, Japan). The plant height and tiller number were

International Rice Research Institute (IRRI, Los Bafios, Philippinggeasured at the booting stage from soil level to the base of the ag leaf
14°9'53.58"S 121°15'32.19"E). The average day/night temperatgfethe main tiller.

were 35+3 °C and 28+3 °C, respectively. The average and maximum
light intensities were 825 pmol photong re! and 2000 pmol photons
m? st respectively. Seeds of transgenic plants were germinated iryﬂis . . . .
tilled water for 1 week and transplanted into soil in 100 ml Rootrain gstern blot and immunodetection of recombinant protein
(http://rootrainers.co.uk). After 2 weeks, plants were transplanted to(ZMOMT1)
liter soil pots. Plants were grown at Heinrich-Heine University (HHUYhe presence of the AcV5-tagged ZmOMTL1 protein in leaf membrane
Diisseldorf, Germany under semi-controlled greenhouse conditionsedtfacts oZmOMT1 was checked by fractionating the isolated protein on
h day/8 h night and 25 °C). Assessment of leaf gas exchange, asawelo SDS—PAGE gel, followed by western blot analysis. Primary mouse
as metabolite, C:N ratio, total free amino acids, and transporter actatii-AcV5 tag 1:2000 (Abcam plc, UK) and peroxidase-conjugated sec
measurements were performed at HHU. ondary [goat amtnouse IgG (H+L) horseradish peroxidase (HRP),
1:2500,Thermo Fisher Scienti ¢, Germany] antibodies were used for the
) detection of the AcV5 tag. The stained protein on nitrocellulose-mem
PCR screening branes was visualized by a LAS-4000 Mini luminescence image analyzer
Homozygous transgenic lines were screened by performing gendfak Healthcare, Germany) using the ECL Western Blotting Detection
PCR using the KAPA 3G plant PCR kit (Kapa Biosystem, USA). Leakgsagents (GE Healthcare, Germany).
were harvested 7 d after transplanting plants into soil; scraped leaves
were directly used as the template for PCR ampli catiodraOMT1
in a 10 pl total volume employing the gene-speci c primers given PNA blot analysis
Supplementary Table SRCR conditions were: 95 °C for 5 min, 32 Genomic DNA was extracted from the mature leaves using the potas
cycles of 95 °C for 20 s, 60 °C for 15 s,and 72 °C for 30 s;and 72 °C §aim acetate method as describe@bijiemaut and Maréchal-Drouard
1 min using the plasmid DNA as a positive control and non-transgqlliggz)A total of 16 pg of genomic DNA was digested witindIl|
rice leaf tissue or water as negative controls. restriction endonuclease (NEB Biolabs, USA), separated by electrophor
esis on a 0.8% agarose gel, then transferred onto Hybond N+ membrane
L . (GE Healthcare, UK). Blots were hybridized with a digoxigenin (DIG)-
Quantitative real-time PCR (qRT-PCR) labeledmPEPCpromoter-speci ¢ probe synthesized using the primers
gRT-PCR was performed to quantifpsOMT1 and ZmOMT1 tran-  given inSupplementary Table @ihd the PCR DIG Probe Synthesis Kit
script expression levels in 8-week-old plants. Leaf RNA was extragRodche Diagnostics, Switzerland). The signals were detected by CDP-
using a QIAGEN RNeasy Mini Kit from three biological replicates. The8tar (Roche Diagnostics, Switzerland) following the manufacturer's
one-step cDNA synthesis using LunaScript™ RT SuperMix Kit (NEBstructions.
Biolabs, USA) was followed by total 20 pl volume master mix prepar
ation (Luna® Universal gPCR Master Mix NEB Biolabs, USA). PCRs
were performed in a 7500 Fast Real-Time PCR System (Invitrogémmunolocalization

USA), and guided using the primer pairs giveSupplementary Table The seventh leaf at the mid-tillering stage was xed and prepared for
S1The PCR conditions were: 95 °C for 60 s, 40 cycles of 95 °C f@fmmunolocalization analysis as describddniret al.(2016) The xed

15 s, and 60 °C for 30 s, followed by the measurement of the meltjagf sections were probed with the anti-AcV5 mouse monoclonal anti
curve after 40 cycles for primer speci city. The primer e ciency wagody (Abcam plc, UK) diluted 1:25 in blocking solution. Alexa Fluor
calculated as describedUgvardiet al.(2008)using di erent dilutions 488 ( uorescent dye) goat anti-mouse IgG (Invitrogen, USA) secondary
of cDNA together with a highly stable housekeeping gene from riggtibody was used for detection, and sections were examined on a BX61

OseEF-140s03g0177500)4inet al, 200§. The mean normalized X ysing the Disk Scanning Unit attachment microscope (Olympus, Japan)
pression (MNE) for calculation of average CT was used as describggthY uorescence functions.

Simon (2003)

Total leaf membrane protein isolation

Reverse transcription PCR (RT-PCR) For protein extraction, the fully expanded third leaves at the mid-tillering
To detect theZmOMT1 andZmDiT2 mRNA expression in OMT1/ stage were homogenized to a ne powder using a nitrogen-cooled
DiT2 double cross lines, RT-PCR analysis was performed in 8-week-ohdbrtar and pestle. Total leaf membrane protein was isolated from the
plants. Leaf RNA was extracted using TRIzol reagent (Invitrogen, US#wder using an extraction bu er consisting of 250 mM Tris (HCI, pH
and treated with DNase (Promega, USA). Using 1 ug of RNA, cDNA&.5), 25 mM EDTA, 30% (w/v) sucrose, 5 mM DTT, and appropriate
was synthesized by a rst-stand cDNA synthesis kit (Roche Diagnogticgease inhibitors. Two subsequent centrifugation steps at Z)(DDO0
Switzerland), normalized to 100 ng pand used for PCR analysis in anin) and 100 00@ (45 min) were then performed, using a benchtop
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centrifuge and ultracentrifuge, respectively. Ultimately, the isolated m@&RFD from 20 pmol photons ms! to 2000 pmol photons rh st at a

brane was resuspended in 50 mM HEPES (KOH, pH 7.5),5 mM EDT&, of 400 umol CQ mol! .The carboxylation e ciency (CE; umol C®

2 mM DTT, together with protease inhibitorBifrbanket al, 2002 Roell  m? s* pmol CO, mol'), CO, compensation point ( pmol CO, m?

et al, 2017. Finally, the protein concentration was measured utilizing tek), and quantum yield ( mol CO, mol® photons) were calculated as

Pierce BCA Protein Assay Kit (Thermo Fisher Scienti ¢, Germany) falescribed by.in et al.(2016) The dark respiration rat&{, pmol CO,

lowing the manufacturer’s instructions. m? s') was measured on leaves in darkness following an acclimation at
a PPFD of 1000 umol photonsrs® for 10 min at &C, of 400 pmol
CO, mol?, and calculated for 1100-1200 s in the dark.

Reconstitution of total leaf membrane into liposomes

In vitroanalysis of transporter activity was carried out using a freeze— ) .

thaw—sonication reconstitution procedure in concert with forward ek€af gas exchange and photosynthetic measurement in tandem

change of the substraa(mieriet al, 1995. Following reconstitution, with the metabolite analysis

the proteoliposomes were pre-loaded with unlabeled malic acid to a f@lnormalize metabolite pool sizes by photosynthetic ux, two sets of
concentration of 30 mM (pH 7.5). Reconstituted proteins were sepgice plants of di erent ages (set one, 30-35 d old; and set two, 50-55 d
ated from the non-reconstituted ones utilizing the size-based colus) were analyzed. To measérand collect the samples for metabolite
chromatography technique [Sephadex G-25M columns (PD-10 colurgRalysis under steady-state conditions, a custom gas exchange chamber
GE Healthcare, USA)] (for the detailed procedureRems| et al, 2017.  was interfaced with a LI-COR 6400XT portable photosynthesis system
(Supplementary Fig. SLBncasing the leaf to be measured within a low
14 gas-permeable sausage casing (5 cm diameter Nalophan, Kalle GmbH,
[“CIMalate uptake measurement Germany) to allow for rapid freeze-quenching of the sample. The
Uptake of radiolabeled substrates in counterexchange with nehamber was constructed using two stainless-steel pipe sections tted
labeled substrates was carried out at six di erent time points (2vith Swagelok connections to the LI-COR sample line, one of which
8, 16, 32, and 64 min). The reaction was started by adding 950vgk capped on the end with a welded end cap. Prior to each measure
of proteoliposomes into 50 ul ofC]malate diluted in transport ment, an ~20 cm section of sausage casing was positioned between the
medium (7 mM malic acid, pH 7.5), and stopped at each of tpie sections and sealed to the outside of the pipe sections using a small
above-mentioned time points by loading 150 pl of the reaction migmount of silicone vacuum grease. The proximal end of a leaf blade was
ture to an anion exchange resin column (acetate form, 100-200 mgsgin, sandwiched between two halves of a silicone stopper and inserted
Dowex AG1-X8 Resin, Bio-Rad, USA). The resin column was-preinto the open pipe section with the adaxial side up. Actinic light was de
viously equilibrated ve times using 150 mM sodium acetate (diered via an LED ring light (Model R300, F&N Lighting, USA) which
7.5). Unincorporated'{C]malate was replaced by acetate in the resiflowed constant, homogenous illumination of the leaf surface. Metabolic
column and the incorporated label was washed through a scintillatietivity was rapidly quenched by freeze clamping the leaves with a liquid
vial containing 10 ml of Rotiszint® eco plus scintillation cocktailitrogen-cooled copper disk attached to an aluminum handle. Fully ex
(Carl Roth, Germany). Finally, the uptake of radiolabeled substraéded leaves of di erent tillers from ve biological replicates were meas
was measured as counts per minute (CPM) by scintillation counturgd in the LICOR 6400XT that was attached to the sausage chamber.
To correct for background and false positives, the entire experimeiaiv through in the custom chamber was maintained at 700 rhol s
was repeated using proteoliposomes without pre-loading of the dight intensity at 500 mol photons & s, and CO, concentration
strate of interest (for the detailed procedureRseall et al, 2017. was set to 200, 400, or 1000 pmol €®ol'. Leaf surface area was
The uptake data were further assessed relative to both internal sigtdrmined by taking a photograph and analyzing in ImageJ v1.51m9
ards and total protein content (mg) in each sample. Related grgglhaneideet al, 2019. Leaf temperature was not controlled but ranged
were made using the one-phase association equation in Graph@agdeen 25 °C and 27 °C as determined from energy balance <calcula
Prism 6 fittp://www.graphpad.com/prism/prism.htm tions. Leaves were sealed within the chamber until steady-state net CO
xation rates were reached and gas exchange measurements were logged.
) o ) Next, the liquid nitrogen-cooled piston was inserted rapidly through the
Photosynthetic CO; assimilation, light response, and dark ring light onto the leaf and onto a plastic anvil, and then transferred rap
respiration rates idly to an aluminum foil pouch and into liquid nitrogen.To avoid peten

Leaf photosynthetic CQassimilation and dark respiration rates durifigl diurnal artifacts, all measurements (genotypes apdréximents)
the tillering were measured on the middle portion of fully expand@gre randomized and performed only during the peak photosynthetic
leaves (two leaves per plant, three plants per line) in the standardéiity of the rice plants between 09.00 h and to 15.00 h.

chamber of a portable photosynthesis system (LI-6400XT, LI-COR

Biosciences, USA) between 08.00 h and 13.00 h at a constant air. ow . .

rate of 400 umol %, leaf temperature of 30 °C, and a leaf to air vapdfetabolite analysis (GC/MS)

pressure de cit of between 1.0 kPa and 1.5 kPa. Leaves were acclimdtedGC/MS-based metabolite measurements were performed as de
in the chamber for 30 min before measurements. The response cwegbed byFiehn (2007)using ribitol as an internal standard. Leaf

of the net rate of C@assimilation4, pmol CO, m? s!) to changing samples were collected by rapid freeze-quenching from the custom
intercellular CQ concentration;, pmol CO, mol! ) were acquired by gas exchange chamber describe above. Freeze-quenched tissue was
decreasin@, (CO, concentration in the cuvette) from 2000 umol €O ground into a ne powder in liquid nitrogen using a mortar and
mol! to 20 umol CO, mol! at a photosynthetic photon ux density pestle. Extracted metabolites were injected into a gas chromatograph
(PPFD) of 2000 pmol photons ms!.The 2 % oxygen entering the (Agilent 7890B GC System, Agilent Technologies, USA) that was in
cuvette was set by mixing nitrogen and oxygen in the, @&e air line with a mass spectrometer (Agilent 7200 Accurate-Mass Q-TOF
stream through two mass ow controllers (model GFC17, Aalborg M&S/MS, Agilent Technologies, USA). Metabolite peaks were evalu
Flow Systems, USA) at a ow rate of 1.5 ml rhirMaximum Rubisco ated using Mass Hunter Software (Agilent Technologies, UAS). The
activity V/¢ma) @nd maximum electron transport activily,{) were de  relative amount of each metabolite was calculated from the peak area,
termined using the PsFit Moddtgrquharet al, 198Q Bernacchiet al, considering both the initial fresh weight used for extraction and the
2001, 2003.The light-response curves were measured by increasingrtteynal standard.
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Total free amino acid (FAA) content transgenic T lines (DiT2-27, DiT2-39, and DiT2-44)Supplementary
FAA contents were measured using the ninhydrin colorimetric metHold- S24- The F progeny were selfed to produce segregatngppu-

as described bgmith and Agiza (1951)ith minor changes. Brie y, atlons.The_pSCllEle_TZ:AcVS construct used for generating DiT2
FAA contents of 10 pl of metabolite extract were measured using {igS contained the coding sequenc&wiDiT2 (GRMZM2G40933)
ninhydrin colorimetric method as describedSmith and Agiza (1951) from Zea maysf the B73 variety and included an AcVS epitope tag at
with minor changes. A 10 pl aliquot of metabolite extract together wi%ﬂ; C-terminal end of the coding sequerc@DIT2 was cloned using
40 I of a methanol:water mixture (2.5:1 ratio) were added to 50 pl of ¢ Primers shown iSupplementary Table S3omozygousZzmDiT2

M citrate (NaOH, pH 5.2) and 100 pl of 1% (w/v) ninhydrin (prepareanes, were selected by PCR analysis, and.proteln accumulation-was de
in methanol:HO, 2.5:1 ratio), and then heated to 95 °C for 20 min. Th&€rmined on western blotSpplementary Fig. SpB

solution was then transferred to a microwell plate after a short centrifuga

tion of 10 s at 10 000 rpm.The total amino acid content was then meas

ured in a Synergy HT p_Iate reader (BioTek, Ggrmany) at a wavelengtR@suylts

550 nm. Data were adjusted based on tl&icine standard curve and

related dilution factor. Three independent single transgene insertion lines
accumulate ZmOMT1 protein in mesophyll cells
Starch and sucrose contents A total of 198 T, plants were generated, of which 87 wereposi

The youngest fully expanded leaf during the tillering stage was harvegtedfor ZmOMT1 as determined by PCR analysis of genomic
at 10.00 h, frozen immediately, and ground in liquid nitrogen usin?A and 40 of which carried a single copy of ZraROMT1

mortar and pestle. A 50 mg aliquot of homogenized leaf powder was . .
extracted in 500 pl of ice-cold 0.7 M perchloric acid and centrifuged rﬁsgene as determined by DNA gel blot analysis. Three

21 100gfor 10 min at 4 °C to separate the soluble and insoluble fractis89l€ insertion lines (OMT1-79, OMT1-80, and OMT1-87;
The insoluble fraction containing the starch was further washed ve tifs$pplementary Fig. $3vere advanced to succeeding -gen
with 1 ml of 80% (v/v) ethanol. After centrifugation, the supernatant wagations to obtain homozygous lines. Homozygous plants in
discarded, the pellet was air-dried and resuspended in 500 pl of waterdfigfer the T or T, generation were used for all subsequent
gelatinized by boiling for 4 h and hydrolyzed overnight at 37 °C wi : ] : .
0.5 U of amyloglucosidase and 5 U eémylase.The starch content was. periments.To Comp‘?‘re steady-state transcript levels of native
measured as describecinith and Zeeman (2008he soluble fraction [ic€ OSOMT1and the introducedmOMT1, qRT-PCR was
containing sucrose was neutralized to pH 6 with neutralization bu ergerformed. Expression of the nat®@eOMT1was not a ected
M KOH, 0.4 M MES, 0.4 M KClI). After centrifugation at 21 1@Jor 10 by expression &@mOMT1 in any of the three overexpressing
min at 4 °C, the supernatant was assayed for sucrose content by enzyjRl¢ with transcript levels observed similar to those in wild-
determination as described$mith and Zeeman (2006) type rice Fig. 1A). ZmOMT1 transcripts accumulated in all
three lines, with the highest levels in OMT1-79 and the lowest
Carbon:nitrogen (C:N) ratio measurement in OMT1-80 (Fig. 1A). To test whether the high amounts of
The ratio of carbon to nitrogen as well aSC were analyzed basedMOMT1 mRNA in the transgenic lines were accompanied
on leaf dry weight (mg) of 30-day-old and 50-day-old transgenic plaloys increased transporter protein abundance, the amounts of
using the ISOTOPE cube elemental analyzer connected to an ISopiragOMT1 protein in extracted total membrane leaf ro
100 isotope ratio mass spectrometer (Elementar, Germany). e yin \vere examined via western blot, taking advantage of the
ratio is expressed as parts per thousand (%0) using the |nternat8_r{eedrminal ACV5 tag. The ZMOMT1 brotein was clearhv-de
standard of the Vienna Pee Dee Belemnite (VPDB). A g p ¥
tectable in all three lines (OMT1-79, OMT1-80, and OMT1-

o _ 87) by immunoblottingKig. 1B). As with the transcript levels,
Transmission electron microscopy OMT1-79 and OMT1-87 lines accumulated more ZmOMT1
Rice seeds were germinated in Petri dishes in distilled water for ﬁrdtein than the OMT1-80 line. We further examined the
and then placed on a oating net in distilled water in a 19 liter binﬁf;ial localization of ZMOMT1 in the transgenic lines by

greenhouses at the University of Toronto. Seedlings were fertilized w| o .
1/3 strength hydroponic media at day three after transfer and then Wi unolocalizationFigure 1C shows that the ZmOMT1

full-strength media every 4 ¥akino and Osmond, 1991Plants were Protein accu_mulated primarily in chloroplasts of mesophyll
sampled from 09.30 h to 11.00 h when day length was >11.5 h @ells. Collectively, these data show tha@imd®EP Cpromoter

light intensity in the unshaded greenhouse regularly exceeded 1400 grfes expression @mOMT1 predominantly in mesophyll

phggondsln? f 3\1 - Tg? mict’déei :tecgopnrgf tihe mos: ’e‘ierc‘j“i);] fxlly; d?txclgélg of rice leaf tissues and that the protein can be detected in
panded leat was dissected Into pieces, prepare alie chloroplasts of those cells.

epoxy resin, and sectioned for TEM as describeidhoghravesiet al.
(2017) Sections were imaged with a Phillips 201 transmission electron

microscope eql;]ip_ped with an Advantage HR camera system (Advags§®fT1 membrane transporter activity is signi cantly
Microscopy Techniques, USA). increased in transgenic rice lines

Generation of rice lines overexpressing both ZmOMT1 and TO test whether expression of thQMTl transgene I_ed to
ZmDiT2 increased OMTL1 transporter activity in transgenic lines, we

To generate transgenic rice plants co-expreEsi@MT1 andZmDiT2, measured malate counterexchange activity in liposomes recon

homozygouZmOMT1 single transgenic,Tines (OMT1-79, OMT1-  Stituted with mer_nbra_ne proteins isolated from Fhe_ wild type
80, and OMT1-45) were crossed with homozygdmeDiT2 single and overexpressing lindsg. 2A). We detected signi cantly
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higher malate—malate counterexchange activity in liposotoager tillers compared with the wild typEig. 3A Table J
reconstituted with membrane proteins from overexpressard did not have a lesion-mimic phenotypéey( 3B). Despite

lines as compared with those reconstituted with membraine di erent lesion-mimic phenotypes, chlorophyll content
proteins isolated from the wild type.These data clearly indicadées similar in the youngest fully expanded leaves of all three
that the recombinantly introduced ZmOMT1 transporter-prairansgenic lines and the wild tygalfle 9. These results sug

tein is active in riceHig. 2B. gest that high levels @mOMT1 expression in rice inhibit
plant growth and induce a lesion-mimic phenotype in ma
ture leaves, without altering chlorophyll content in young
leaves. The symptom is due to the accumulation of the sub
strates transported by OMT1 and shows the clear phenotypes
The transgenic plants with the highest ZmOMT1 proteiim more mature leaves.

levels (OMT1-79 and OMT1-87) displayed perturbed pheno

types at the whole-plant level. The OMT1-79 and OMTL1
87 lines were shorteFig. 3A Table ) than the wild type
and displayed lesions in mature leaves in IFRJ. (3B). An
ELISA test for detection of infection caused by tungro virliz examine the e ect of overexpressing ZmOMTL1 on photo
was negative (data not shown), indicating that the lesions wsgrehesis in response to changing light conditions, theaGO

not caused by tungro virus infection. The OMT1-80 line thatimilation rateX) in response to PPFD was measured at ambient
accumulates lower levels of ZMOMTHig. 1) had more and CO, conditions (400 pmol C@mol'). The transgenic lines

Slower growth and leaf lesion phenotypes of OMT1
lines

Photorespiratory-de cient phenotypes ofZmOMT1
transgenic lines

A) B)
g = ZmomT1
- - M 0soMT1
;ﬁ OMT1-79 OMT1-80 OMT1-87
‘zg WT 1 2 3 1 2 3 WT 1 2 3
C) OMT1-87 OMT1-80 OoMT1-79 Wild-type

Mesophyll

Green Signal

Bundle Sheath

¥

Fig. 1. Transcript accumulation ofOsOMT1 and ZmOMT1 genes detected by gRT-PCR analysis on leaf blades of transgenic rice OMT1 lines (OMT1-79,
OMT1-80, and OMT1-87). Wild-type plants (WT) served as a control. Data represent the mean normalized expression +SEM of three and two biological
and technical replicates, respectively (A). Assessment of expressed ZmOMTL1 protein in transgenic lines (OMT1-79, OMT1-80, and OMT1-87) together
with WT rice as a control via western blot using 12% SDS—-PAGE and two-step antibody immunodetection with 5 s exposure time. The calculated
molecular mass of OMT1-AcV5 is ~60 kDa; however, 40 kDa is the size shown on the blot. Samples were loaded based on equal leaf area of 0.396cm
(B). Immunolocalization oZmOMT1-AcV5 protein in leaves of WT, OMT1-79, OMT1-80, and OMT1-87 plants in which the green signal is easiest to see
in line OMT1-79 where the levels are highest. Anti-AcV5 tag primary antibody diluted 1:25 plus Alexa Fluor 488 ( uorescent dye) goat anti-mouse IgG
secondary antibody diluted 1:200 was used to probe for the AcV5 tag (shown in green color). Chlorophylls are shown as a red auto uorescence. The cell
wall was co-stained with calco uor white and is shown in blue. Magni cation: x200. Scale bar: 5 m (C).
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Fig. 2. lllustration of proteoliposome uptake assay after reconstitution of total leaf membrane protein from transgenic lines and wild-type controls.
Uptake of [*C]malate (from outside into the inside of liposome) was measured with 30 mM or without (w/0) pre-loading of unlabeled malate inside the
proteoliposome. Transport was initiated by addingf'C]malate to a nal concentration of 0.3 mM (A). Uptake of malate into liposomes reconstituted

with total crude membrane protein isolated from three different transgenic OMT1 lines, overexpressigghOMT1 (OMT1-79, OMT1-80, and OMT1-

87), preloaded with either 30 mM malate (closed squares) or without preloading (closed circles) respectively. Liposomes reconstituted with total crude
membrane protein isolated from WT plants, preloaded with either 30 mM malate (open squares) or without preloading (open circles) respectively served
as controls. Values represent the arithmetic means + SEM) = 3 (B).

with highestZmOMT1 expression (OMT1-79 and OMT1- OMT1-79 and OMT1-87 lines compared with the wild type
87) had slightly lower C@assimilation rates than the wild typand the OMT1-80 line Fig. 4B. OMT1-79 and OMT1-87
whereas OMT1-80 had a similar rakég( 4A). At 2000 pmol lines also had lower CEs and OMT1-79 had higher, C@m
photon n? s', photosynthesis in the OMT-80 line and wildpensation points § (Table 9. Under low photorespiratory cen

type was already saturated, but this was not the case for Qdiitibns (2% ), the wild type, OMT1-80, and OMT1-87 had

79 and OMT-87 lines. ThmOMT 1-overexpressing lines hadsimilar photosynthetic rates at ~40 pmol @@ s* , and similar
similar quantum e ciency (QE) from the initial slope of light (Fig. 40. Above aC; of 400 umol CQ mol!, the assimi
response curves (PPFD <100 umol photofsah) to the wild lation rate was lower in OMT1-79 and OMT1-87 lines. The
type (Table 2, suggesting that overexpressing ZmOMT1 protemaximum rate of Rubisco carboxylation.(,) and the max

does not a ect the e ciency of using light energy to x GO imum rate of electron transpot},{) were reduced in OMT1-

in rice plants. The dark respiration rates were twice as higif9and OMT1-87 lines under high photorespiratory conditions
OMT1-79 and OMT1-87 lines compared with OMT1-80 and(Supplementary Table Sibgether, these results indicate that the
the wild type Table 3, suggesting that the carbon balance is ptansgenic lines are Rubisco limited under high photorespiratory
sibly altered in OMT1-79 and OMT1-87 compared with theconditions (21% ¢) and that wheZmOMT1 is expressed, ribu

wild type. Moreover, the CQassimilation raté\] in response to lose 1,5-bisphosphate (RuBP) regeneration is limited at high
intercellular CQ concentration@;) under non-photorespiratory CO, concentrations. Together, these data indicateZth&iMT1

(2% Q) versus photorespiratory (21%) Gonditions was meas overexpression leads to higher rates of photorespiration, a sug
ured under saturating light intensity of 2000 umol photoAs ngestion supported by the observation that transgenic lines have a
s'. At 21% Q, lower photosynthetic rates were observed figher than the wild type at 21% but not at 2%.O
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Fig. 3. Representative pictures of wild-type, OMT1-79, OMT1-80, and OMT1-87 lines grown under ambient conditions; 70 d post-germination. Scale
bar: 15 cm (A). Representative pictures of the youngest fully expanded leaves (Day 0) and the same leaves after 4 d (Day 4) of wild-type, OMT1-79,
OMT1-80, and OMT1-87 plants. The middle portions of the youngest fully expanded leaves were taken when their next leaf needles started to emerge
(Day 0) and the same positions from the same leaves were taken after 4 d (Day 4). Scale bar: 1 mm (B).

Table 1. Leaf chlorophyll content, plant height, and tiller number
of wild-type and OMT1 lines

Chl (SPAD value) Tiller number Plant height (cm)

Wild type 42.1 £ 0.7ns 9+0.5ab 56.4+11a
OMT1-79 42.4 + 1.4ns 8+2b 423+04c
OMT1-80 41.3+ 1ns 12+1a 60+15a
OMT1-87 42.2 +0.8ns 6.8+09b 478+29b

Chlorophyll SPAD values are the average +SEM of three leaves from four
plants at mid-tillering stage using the upper fully expanded leaves. Tiller
number and plant height are the average +SEM of four individuak plants;
70 d post-germination. Different letters within groups indicate that values
are statistically differenf 0.05, Tukey’s multiple comparison test. ns
indicates non-signi cant, P>0.05.

Chloroplast ultrastructure is perturbed in OMT1
transgenic lines

chloroplasts. In contrast to wild-type plants, mesophyll cell
chloroplasts of the OMT1 lines developed a peripheral re
ticulum (PR;Fig. 5 which is an internal network of tubules
and vesicles continuous with the chloroplast inner envelope
(Rosado-Alberioet al, 1968 Laetsch, 1974 Plastoglobules
(PGs), not observed in wild-type plants, were alse pre
sent in chloroplasts of the overexpressing lines. PGs are lipid
microcompartments posited to function in lipid metabolism,
redox and photosynthetic regulation, and thylakoid repair and
disposal during chloroplast biogenesis and st@sst et al,
2015 van Wijk and Kessler, 2017

CO, assimilation rate and leaf metabolite pro les of
transgenic lines

The photosynthetic rate of the older ZmOMTL1 transgenic

The macroscopic and physiological phenotypes of OMT1 lingants (50-55 d old) measured in our custom-built gas ex
were accompanied by ultrastructural changes in mesophyllatelhge cuvetteSupplementary Fig. SiBias a ected more
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plants and only one line had a signi cantly lower photosyn
thetic rate as compared with the wild type under 200 ppm
CO, (Fig. 6B.

Metabolite pro les of ZmOMTL1 lines and wild-type rice
reveal altered steady-state pools of TCA intermediates
and aspartate

The metabolic state of 30- to 35-day-@dhOMT1 transgenic

rice lines and the wild type under di erent G@onditions was
examined using GC-MS analysis. Large dierences were ob
served among the measured metabolites of the mitochondrial
tricarboxylic acid (TCA) cycle between the transgenic lines and
the wild type. Malic acid, fumaric acid, iso-citric acid, succinic
acid, and 2-oxoglutarate were signi cantly lower iZzellOMT1
transgenic rice lines than in the wild type under di erent,CO
concentrationsHig. 7A). Among photorespiratory intermedi
ates, only glyceric acid displayed a lower amount in OMT1 lines.
Others, such as glycolic acid, glycine, and serine, were similar to
the wild type or tended to be higher, in some cases signi cantly
(Fig. 7B. Of the substrates transported by OMT1 and DiT2, as
partic acid was signi cantly increased in the overexpression lines
(Fig. 70. Malic acid and 2-oxoglutarate, as previously mentioned,
were signi cantly lower and glutamic acid remained unchanged
for all three OMT1 transgenic rice lines in comparison with the
wild type under di erent CQ concentrationsHig. 7A C).We
further calculated the aspartate/malate ratio for all transgenic rice
lines and compared them with the wild type.As shovifign7D

the aspartate to malate ratio was signi cantly higher in transgenic
ZmOMTL1 lines relative to the wild type under dierent GO
concentrations.

Total free amino acids, carbon:nitrogen ratios, and
carbohydrate contents are decreased in leaves of
ZmOMTL1lines

The absolute FAA contents &AinOMTL1 lines and wild-type
Fig. 4. Rate of CO, assimilation f) in response to photosynthetic photon rice were determined to assess the e ect of altered plastidial
ux density (PPFD). Light-response curve measurements were carried : ; : ; ;
out under 400 mol CO, mol* and leaf temperature of 30 °C. Values dlcarboxylate tlranspprt I((:japatilty Ogmag“no ?.‘Cld m%tabmlsm'
represent the mean +SEM of two leaves of four individual,plants of Amounts were lower in older p ar_]ts MT1 'ne_s (5 =95
OMT1 lines (OMT1-79, OMT1-80, and OMT1-87) and wild-type rice (wT) d old) under all CQ concentrations but were signi cantly
(A). Rate of CQ assimilation in response to intercellular Coconcentration  decreased under ambient €@400 ppm) compared with
(C) at 21% (B) and 2% Q (C). The measurements were carried out under WiId-type rice Fig- 8;5). As plants aged the C:N ratio also
i i i 2 1 - . ’ . - i
alight intensity of 2000 mol photons m® s at a leaf temperature of decreased signi cantly BmOMT1 transgenic lines, but the
30 °C. Values represent the mean +SEM of two leaves of four individual T 136 val did di b h ild d .
plants of OMT1 lines (OMT1-79, black square; OMT1-80, white square; . Va_‘ ue did not di er between the wild type an trgnsgenlc
and OMT1-87, black circle) and WT rice, white circle. lines Fig. 8B. Sucrose and starch amounts were signi cantly
reduced in the OMTL1 lines compared with wild-type plants
than that of younger plants (30-35 d okig( 6AandB). In  (Fig. 80.

younger plants, there was no signi cant di erence in photo

synthetic rate between the wild type and any o2imOMT1 Simultaneous expression 0ZmOMT1and ZmDiT2

transgenic plants. However, in'older plants, the phqtos_y nthm'ﬁansgenic rice lines restored the wild-type growth
rate was signi cantly lower imOMT1 transgenic “nesghenotype

under ambient CQ concentration (400 ppm) in each of th
transgenic line§ig. 6B.The photosynthetic rate was partiallye hypothesized that the phenotypes observed in rice
restored under high CQOconcentration (1000 ppm) for oldedines overexpressingmOMT1 might be caused by an
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Table 2. Comparison of photosynthesis parameters.

QE (umolCO, m? s? Ry (umol CO, m? (umol CO, CE (umol CO, m? st (umol CO, CE (umol CO,
umol photons mol 1) st) m?2 st umol CO, mol 1) m?2 st m?2 s® umol
CO, mol 1)
21% O, 2% O,
Wild type 0.05 + 0.003ns 0.42+0.26 a 54.86 + 5.23 b 0.12+0.01a 13.72£1.93 ns 0.23+0.013 a
OMT1-79 0.043 = 0.003ns 0.93+0.20 ab 64.55+3.47b 0.08 + 0.01 bc 17.89 £ 4.76 ns 0.12+0.02b
OMT1-80 0.047 + 0.002ns 041+021a 53.81+3.17b 0.11 £ 0.01 ab 22.63+0.8ns 0.22+02a
OMT1-87 0.037 + 0.011ns 1.06+0.12b 679+7.23a 0.07+0.02c 12.55+ 6.54 ns 0.17 £ 0.05 ab

Measurements of quantum ef ciency (QE) were made at 400mol CO, mol® and a leaf temperature of 30 °C. Values represent the mean +SEM of
two leaves from four individual T generation plants. Measurements of dark respiration rateR() were made on leaves dark adapted for 1100 s. Values
represent the mean +SEM of measurements made every 10 s for 100 s from two leaves of four individual@eneration plants. Measurements of CQ
compensation point ( ) and carboxylation ef ciency (CE) were made at a photosynthetic photon ux density (PPFD) of 200@nol photons m? s* and a
leaf temperature of 30 °C at either 21% or 2% Q. Values represent the mean +SEM of two leaves of four individua), §eneration plants. Different letters
within groups indicate that values are statistically differeri? 0.05, Tukey’s multiple comparison test. ns indicates non-signi cant, P>0.05.

Fig. 5. Transmission electron micrographs illustrating chloroplasts without peripheral reticulum in the wild type (A) and with peripheral reticulum (black
arrows) in OMTL1 transgenic lines OMT1-79 (B), OMT1-80 (C), and OMT1-87 (D). White arrows mark plastoglobules; C, chloroplast; Scale bar=500 nm.

imbalance between the transport capacities for malate, Odaler ambient conditions=ig. 9. Leaf chlorophyll content,

and 2-oxoglutarate (transported by OMT1), and glutamatember of tillers, and plant height were comparable with those
and aspartate (transported by DiT2). If this assumption @fathe wild type in two of three independe@mOMT1/

true, then the phenotypes amOMTL1 single transgenic lineZmDiT2 double overexpressing plants.

should be rescued by simultaneous overexpressomnf 2.

We hence generated double transgenic lines in which bEﬂ%CUSSion

ZmOMT1 and ZmDiT2 were expressedS(@pplementary

Figs S5, 96Notably, double transgenic lines displayed simifay plants require a higher transport capacity for OAA and
physiological phenotypes as wild-type plants when gromalate across the chloroplast envelope of leaf mesophyll cells
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Fig. 6. Impact of three CO, concentrations (200, 400, and 1000 mol CO, mol') on the rate of CQ assimilation f) measured inside a custom gas
exchange cuvette of two different plants sets [OMTL1 lines (OMT1-79, OMT1-80, and OMT1-87) and the wild type (WT)]; younger, 30-35 d old (A) and
older, 50-55 d old (B). For both experiments, the youngest, fully expanded leaf was chosen for each treatment. Values represent the mean +SBEM|-5.
Signi cant differences from the WT are indicated byP 0.05 and ** P 0.01, Tukey’s multiple comparison test.

because OAA generated by the PEPC reaction in the cy@, species of grasses and eudicots, although, in comparison

plasm is further converted to malate by plastidial NADRith C; grasses, the PR in,Gpecies is much more abundant

MDH. Malate is then exported from mesophyll chloroplagtsaetsch, 1968969 Rosado-Albericet al, 1968 Szczepanik

and transported to the carbon-concentrating sheath cellsarid Sowinski, 2034Chloroplast envelope proliferation in asso

this study, as part of the e ort to engineef e, transgenic ciation with overexpression of envelope proteins has been pre

rice lines were generated that overexpress the gene encodingly reportedRBreuerset al, 2012, supporting the idea that

the chloroplast envelope OAA/malate/2-oxoglutaratdhhe ZmOMT1 transporter is accumulating to high amounts

antiporter OMT1 from maize&ZmOMT1. in the inner envelope of mesophyll chloroplasts. Given that
A striking feature of chloroplasts in tr&mOMT1- the presence of the PR is posited to be correlated with high

overexpressing lines was the development of the PR.This pates of metabolite exchandéllfard and West, 197 Gracen

ipheral matrix of tubules and vesicles is continuous with #tal, 1972, by Laetsch, 19734the PR phenotype iZmOMT1

inner envelope which is the site where metabolite excharigasgenic lines is consistent with the altered metabolic pro les

occurs Pottosin and Shabala, 2p1&lthough PR has been observed.

reported to be present in mesophyll and bundle sheath cells general, OAA transported by OMT1 enters the chioro

of other G; grasses such as whé&acgepanik and Sowinskiplast and is subsequently converted either to malate by NADP-

2014, this cellular feature has not been observed in otMIDH or to aspartate by plastidial aspartate aminotransferase.

Oryzaspecies or cultivars (Sage 8ade, 20Q%iulianiet al, Whereas malate can be transported back to the cytosol by

2013.The PR is also present in mesophyll and sheath cell©®BIT1, export of aspartate out of chloroplasts requires the
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Fig. 7. Relative amount of metabolites involved in the citric acid cycle (A), in photorespiration (B), in the key substrates of OMT1 and DiT2 membrane
transporters (C), and the aspartate/malate ratio (D) of OMT1 lines (OMT1-79, OMT1-80 and OMT1-87) and wild-type (WT) rice leaves under different CO
concentrations [ mol CO, mol* ] (200, black; 400, white; and 1000, dashed pattern). Values represent the mean +SEMz=5; signi cant differences from

the WT are indicated by P 0.05, Student’s t-test.

activity of DiT2. Enhanced accumulation of aspartate in tivere signi cantin the plants measured in the Philippines and in
transgenic line$ig. 7D) indicates that this metabolite cannatlder plants grown in Diisseldorf, Germarig$ 4A6B).This

be further metabolized in chloroplasts and thus that metdécrease in photosynthesis is only partially explained by in
olite ux between chloroplasts and mitochondria is blockemteases iRy (Table 9. Interestingly, this decrease in photesyn
This outcome could explain the lower amounts of intethesis could be rescued by minimizing photorespiration under
mediate metabolites in the TCA cycle of mitochondria (ttedme measurement and growth conditions, but not others.
energy machinery}-{g. 74 among which a few are commonSpeci cally, the photosynthetic ratesZzshOMT1 transgenic
substrates of the OMT1 transport&ig( 7A C). All these lines were not rescued by elevated @@ reduced Q when
intermediates are pivotal for e ective function of plant metemeasured under growth conditions in the Philippifkés. 4B

bolic pathways. For instance, malate, a primary substrat€)pfout were rescued in the plants grown in Disseldorf,
OMT1, participates as an intermediate in many vital mech&ermany when measured under elevated, (Fly. 6). One

isms in the cytosol and vacuole (redox homeostasis, pH lev&lgr di erence in these measurements was the light intensity
and carbon storageffgrnie and Martinoia, 20P9Loss-of- used (2000 mol n? st for the A—C; curves versus 500 mol
function mutations iNOMT1 in the C; plants Arabidopsism? s! for the metabolite assays), meaning that phenotypic
(Kinoshitaet al, 2011 and tobaccoSchneidereiét al, 200§ rescue may only occur under subsaturating light intensities. As
caused an increase in levels of 2-oxoglutarate and malate phdtarespiratory rates increase, the increased demand for ATP
decrease in levels of aspartate, the opposite trend to that seefative to NAD(P)H pushes the redox status of the NADP
ZmOMT 1-overexpressing rice plants. Surprisingly, any disrlfADPH pools to be more reduced unless processes either de
tion to OMT1 activity (either an increase or a decrease) lead=sase plastidic NADPH (malate valve) or increase ATP pro
to lower photosynthetic rates than the wild type, suggestihgetion (cyclic electron ux around PSI). The oxidation of
that OMTL1 transporter activity must be precisely regulatS\DPH, which could be increased with increased export of
to maintain optimal photosynthetic performance.The reducerhlate, must be nely balanced with metabolic demand so
photosynthetic rates BMOMT1 transgenic rice plants reveads not to directly compete with NADPH pools needed to
possible relationships between photosynthesis, photeresppply the Calvin—Benson cycle or photorespiration. Under
ation, and cellular redox status. Di erences in photosynthasissaturating light, there are numerous lines of evidence
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suggesting that the malate valve regulates this balance; paatitdibiosynthesis are relying on each otNanés-Neskt al,

larly under photorespiratory conditiortsrgmer and Evans,2010. Correspondingly, in all three OMT1 transgenic lines,
2011 Walkeret al, 2014 Shameeket al, 2019. In particular, both sucrose and starch contents were decreased signi cantly
this event leads to the reduced provision of carbon skelemmapared with wild-type riceHg. 8C). It is known that a

for nitrogen assimilation and to a signi cant reduction of tipart of the photoassimilated carbon during the day will be
leaf C:N ratio Fig. 8B together with the reduction of FAA partitioned and stored as starch to be used later during the
in the older OMT1 transgenic lines under 400 ppmOn night as a source of energy supply for sink tissues as well as
centration Fig. 8A). Principally, both carbohydrate and aminfatty acid and amino acid biogeneSigtand Zeeman, 20).2

Fig. 8. Absolute amounts of total free amino acid (FAA) content (A), and the C:N ratio and®C value (B) of OMT1 lines (OMT1-79, OMT1-80, and
OMT1-87) and wild-type (WT) rice. (A) Samples collected under different G@oncentrations [ mol CO, mol*] (200, black; 400, white; and 1000, dashed
pattern). Values represent the mean +SEMy=5. (B) Samples collected from 30- and 50-day-old OMT1 lines and WT rice. Values represent the mean
+SEM, n=3. Signi cant differences from the WT are indicated by P 0.05, ** P 0.01, and *** P 0. 001, Tukey's multiple comparison test

Fig. 9. Growth phenotype of the wild type and of double overexpressor lines OMT1-79/DiT2-44, OMT1-80/DiT2-39, and OMT1-45/DiT2-27. All plants
were grown under ambient conditions; pictures were taken 90 d post-germination. Scale bar: 10 cm.
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Fig. 10. Schematic of the metabolic scenarios in single OMT1 and double OMT1/DiT2 transgenig@ce plants. We hypothesize that in single OMT1
overexpressing lines, OAA imported by OMT1 is converted to Asp, which is trapped inside the chloroplasts due to higher OMT1 than DiT2 activity.
Overexpression of DiT1 in OMT1 lines rescues the phenotype by providing suf cient capacity for Asp export from chloroplasts.

in single OMT1 transgenic lines. Our assumption is supported
by the nding that providing an exit pathway for aspartate
by introducing an additional plastidial transporter (ZmDiT2)
Chl (SPAD value) ~ Tiller number  Plant height suppresses the phenotype of OMTL1 overexpresBign10.

Table 3. Leaf chlorophyll content, plant height, and tiller number
of the wild type and OMT1/DiT2 double overexpressed lines

(cm) These double overexpressor OMT1/DiT2 lines grew similarly
wild type 438+11la 17.3+ 1.6ns 99.3+38ab to the wild type, and plant height along with numbers of tillers
OMT1-79/DiT2-44  39.9 + 1.6 ab 247+64ns  97.7+x18a  were recoveredi@ble 3. Our results indicate that coordinated
OMT1-80/DiT2-39 ~ 40.9 + 1.6 ab 13+£0.7ns 9%.7+31ab  expression of OMT1 and DiT2 is needed for engineerigg C
OMT1-45/DiT2-27 36.6+15b 18 + 3.3ns 87.7+4.7b rlce plants

Chlorophyll SPAD values are the average +SEM of three leaves from three
plants at mid-tillering stage using the upper fully expanded leaves. Tiller
number and plant height are the average +SEM of three individual F
plants at 90 d post-germination. Different letters within groups indicate that
values are statistically differenP 0.05, Tukey’s multiple comparison test.

ns indicates non-signi cant, P>0.05.

Supplementary data

The following supplementary data are availahlXBonline.

Fig. S1. Schematic of the pSCIABOMTI1:AcV5
On the other hand, sucrose biosynthesis is occurring dugagstruct.
the day (from the triose-phosphate pathway) and the nighfig. S2. Representative pictures of wild-type, DiT2-44,
(from various enzymatic reactions involved in starch degril2-39 and DiT2-27 lines grown under ambient conditions;
ation) Kunz et al, 2014. Therefore, the metabolism of starcBO d post-germination.
and sucrose tightly depend on each other, and both are-orchdsig. S3. DNA blots showing that the OMT1 lines (OMT1-
trated by the amount of the xed carbon during photesyr79, OMT1-80, and OMT1-87) carry a single copy of the
thesis.Taken together, apparently too high or too low amoud®OMT1 CDS and are homozygous at thegéneration.
of OMT1 protein a ect the coordination of the C and N Fig. S4. Relative amount of some individual amino acids
assimilation pathways. in OMT1 lines (OMT1-79, OMT1-80, and OMT1-87) and
wild-type (WT) plants under dierent C® concentrations
(200, 400, and 1000 ppm).

Fig. S5.Western blot analysiZofOMT1 and ZmDiT2 pro-
Our results present evidence on the crucial roles of the OM{EIn expression in rice cross lines of OMT1/DiT2 (1,2, 3,and 4).
transporter in rice plants. We suggest a hypothetical modélig. S6. RT-PCR ofZmOMT1 andZmDiT2 mRNA ex-
(Fig. 10 in which aspartate accumulates in chloroplastsprdssion in OMT1/DiT2 double transgenic lines together
single OMT1 transgenic lines in comparison with wild-typsith the wild type (WT).
rice Fig. 7D).We propose that the accumulated aspartate imTable S1. Primers used in this study.
pairs the ux between the inside and outside of the chloroplasfable S2V,..andJ,.,based o/ C; data at 21% or 2%,0
causing the growth and photosynthetic de ciency phenotypesng the PsFit Model.

Concluding model
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