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Summary

e C, plants typically operate a CO, concentration mechanism from mesophyll (M) cells into
bundle sheath (BS) cells. NADH dehydrogenase-like (NDH) complex is enriched in the BS cells
of many NADP-malic enzyme (ME) type C, plants and is more abundant in C4 than in C3
plants, but to what extent it is involved in the CO, concentration mechanism remains to be
experimentally investigated.

¢ We created maize and rice mutants deficient in NDH function and then used a combination
of transcriptomic, proteomic, and metabolomic approaches for comparative analysis.

¢ Considerable decreases in growth, photosynthetic activities, and levels of key photosyn-
thetic proteins were observed in maize but not rice mutants. However, transcript abundance
for many cyclic electron transport (CET) and Calvin—Benson cycle components, as well as BS-
specific C4 enzymes, was increased in maize mutants. Metabolite analysis of the maize ndh
mutants revealed an increased NADPH :NADP ratio, as well as malate, ribulose 1,5-
bisphosphate (RuBP), fructose 1,6-bisphosphate (FBP), and photorespiration intermediates.

o We suggest that by optimizing NADPH and malate levels and adjusting NADP-ME activity,
NDH functions to balance metabolic and redox states in the BS cells of maize (in addition to
ATP supply), coordinating photosynthetic transcript abundance and protein content, thus

directly regulating the carbon flow in the two-celled C,4 system of maize.

Introduction

Plants use light energy to drive CO, assimilation into carbohy-
drates through photosynthesis. Rice and wheat are the most
widely consumed food crops, but the C3 photosynthesis in these
plants does not operate in an efficient way, with the assimilation
of CO, considerably compromised due to photorespiration
(Bauwe ez al., 2010; Raines, 2011). Crops such as maize and sor-
ghum have evolved a distinct and more efficient process, Cy4
photosynthesis. Typical C4 leaves display a special Kranz anat-
omy: vascular bundles of C4 maize leaves are sequentially sur-
rounded by functionally differentiated bundle sheath (BS) cells
and mesophyll (M) cells, which contain chloroplasts with differ-
ent ultrastructure and a specific distribution of metabolic
enzymes. In C4 plants, CO; is concentrated through intercellular
transport of Cy acids (such as malate and aspartate) from M cells
where CO, is captured, to the BS cells where Rubisco is present.
The C; acids are decarboxylated in the BS cells, raising CO, con-
centration around Rubisco, decreasing photorespiration, and thus
achieving more efficient assimilation of CO, and improved
photosynthesis (Furbank, 2017; von Caemmerer ez al., 2017).

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Two distinct Cy4 subtypes have been classified based on their
major decarboxylation enzyme, the NADP-malic enzyme (ME)
type and NAD-ME type, both inherently involving a supplemen-
tary phosphoenolpyruvate carboxykinase (PEPCK) cycle (Wang
et al., 2014). For the NADP-ME type C; plant maize, one dis-
tinctive feature of BS chloroplasts may be a strong ability to per-
form cyclic electron transport (CET). Cyclic electron transport
pathways are mainly mediated by the chloroplast NADH
dehydrogenase-like complex (NDH) and by the proton gradient
regulatory proteins, that is proton gradient regulation 5 (PGR5)
and PRG5-like photosynthetic phenotype 1 (PGRLI; John-
son, 2011; Shikanai, 2014; Suorsa, 2015; Yamori & Shika-
nai, 2016). The NDH complex binds to photosystem I (PSI) and
is specifically distributed in the nonstacking regions of thylakoids
(Koufil et al., 2014; Yadav ez al., 2017). By mediating CET from
the receptor side of PSI to plastoquinone (PQ), an NDH-
dependent proton gradient is established across the thylakoid
membrane to drive ATP synthesis (Wang ez al., 2006; Ishikawa
et al., 2016b; Strand ez al., 2017). In C; plants, CET is not pro-
minent under normal conditions, with CO, assimilation mainly
driven by linear photosynthetic electron transport (LET).
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However, under environmental stresses, such as high tempera-
ture, high light, and drought, LET is suppressed, while CET via
NDH is often upregulated, helping to decrease oxidative damage
and to replenish ATP (Burrows er al, 1998; Endo ez 4l., 1999;
Horvith ez al., 20005 Li ez al., 2004; Wang ez al., 2006; Ishikawa
et al., 2008; Yamori ez al., 2011; Suorsa, 2015). In the Cy4 plant
maize, BS chloroplasts lack the stacking grana thylakoids rich in
photosystem II (PSII) and instead possess a large number of non-
stacking stromal thylakoids rich in PSI and NDH complex
(Majeran & van Wijk, 2009; Ermakova ez al., 2020). As the BS-
specific upregulation of NDH has been confirmed at both tran-
script and protein levels (Kubicki ez al., 1996; Datrie et al., 2005,
2006; Takabayashi er al, 2005; Majeran et al, 2008; Friso
et al., 2010; Li er al, 2010; Brautigam ez al, 2011), the func-
tional significance of such enrichment has aroused great interest.

It has been noted that NDH content is higher in a range of Cy4
leaves (both NADP-ME and NAD-ME types) than in Cs leaves,
leading to the idea that it provides increased ATP generation
required by the C4 pathway (Ishikawa ez al., 2016b). As evidence,
studies on several Cy4 plants have shown that the NDHH subunit
is increased in cell types requiring additional ATP for CO, con-
centration (e.g. BS cells of NADP-ME type and M cells of NAD-
ME type leaves; Takabayashi et al, 2005). In some C4 species,
only NDH-mediated CET is enhanced, while in others both
NDH and PGR5-PGRLI pathways are enhanced (Munckage
et al., 2010; Nakamura et 4/, 2013). On the other hand, whether
NDH plays other specific role apart from ATP production in the
C4 pathway is unknown. Further functions may be related to
the involvement of NDH-CET in NADPH turnover and redox
adjustment, and understanding the different redox needs in the M
and BS chloroplasts of C4 plants may be crucial for engineering
efficient C4 photosynthesis (Turkan ez 4/, 2018). In particular,
NADP-malic enzyme (NADP-ME) catalyzes the decarboxylation
of malate to yield CO, and pyruvate with the concomitant pro-
duction of NADPH (Drincovich ez 2/, 2001), the main source of
reducing power for BS chloroplasts in maize. Besides having
acquired an enriched BS expression, the C4-type NADP-ME dis-
plays a particular redox modulation in maize (Alvarez ez al., 2012).
Whether or how NDH-CET, as well as the ferredoxin/thioredoxin
system, are related to this modulation is of great interest.

Studies have found that mutations in the NDHN or NDHO
subunits of maize lead to increased photorespiration and reduced
carbon assimilation under high-light and saturated CO, condi-
tions (Peterson ez al., 2016). In the Cy4 species Flaveria bidentis,
knockout of the NDHN or NDHO subunit, but not PGR5 or
PGRLI, resulted in slow plant growth and decreased CO, assim-
ilation (Ishikawa e# al, 2016a; Ogawa ez al., 2023). These studies
indicate that NDH is crucial for photosynthesis and growth of
C, plants (at least in the NADP-ME subtype), but the mechan-
ism underlying the phenotype remains to be elucidated. In this
study, we took a reverse genetic approach and created mutants of
selected NDH subunits NDF6 and NDHU subunits), both in a
NADP-ME subtype C4 crop (maize) and a Cj crop (rice), and
then used a combination of transcriptomic, proteomic, and meta-
bolomic approaches to identify the mechanism by which loss of
NDH activity in Cy4 leaves leads to decreased CO, assimilation
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and growth. Our data highlight the importance of BS-localized
NDH activity in maize for the balancing of carbon flux and redox
state between the BS and M cells. The necessity of this regulation
is most prominent in the BS cells, which undergo continuous
import of malate and generation of NADPH as an essential part
of the C4 mechanism.

Materials and Methods

Plant growth conditions and trait measurement

Maize (Zea mays ssp. mays KN5585) plants were grown in 61
pots with a mix of 60% peat soil and 20% vermiculite. Rice
(Oryza sativa L. cv ZhongHuall) plants were grown in 61 pots
with field soil. The plants were grown in environmentally con-
trolled phytotron room (27°C:25°C, day: night, 600 pumol
photons m2s! photosynthetic photon flux density (PPFD),
16 h: 8 h, light : dark photoperiod, and ¢. 70% relative humidity)
with normal fertilizer application.

To estimate leaf total chlorophyll content, a SPAD 502 Plus
Chlorophyll Meter (Konica Minolta Sensing, Osaka, Japan) was
used. Plant height was measured from the soil surface to the col-
lar of the youngest fully expanded leaf.

Blue native (BN)-polyacrylamide gel electrophoresis (PAGE)
and Western blot

For BN-PAGE, thylakoid membranes were separated from maize
leaves, solubilized with 1.2% (w/v) n-dodecyl-B-maltoside
(DDM), and subjected to Native-PAGE. Excised BN-PAGE
lanes were soaked in SDS sample buffer and layered onto 12.5%
SDS polyacrylamide gels for two-dimensional analysis. Immuno-
blot analysis was performed according to standard procedure. See
Supporting Information Methods S1 for detailed process.

Monitoring chlorophyll fluorescence and P700 redox

Postillumination increase in chlorophyll fluorescence was moni-
tored after turning off the actinic light (200 pmol photons
m s~ !, white light, for 180's), using a PAM chlorophyll fluo-
rometer (PAM101; Walz, Effeltrich, Germany) attached with
emitter-detector assembly and 101ED unit, as described pre-
viously (Wang ez al., 2006). Fv/Fm, ETR, and NPQ were mea-
sured using a PAM-2000 chlorophyll fluorometer (Walz)
according to standard procedures.

The redox kinetics of P700 was recorded using a Dual-PAM-
100 instrument (Walz). Before measurements, the leaves were
dark-acclimated for 20 min. Far-red light (30s) was applied to
start the measurement, and the initial rate of P700" reduction
following termination of far-red light was calculated.

Photosynthetic gas exchange measurements

The photosynthetic rate of phytotron-grown plants 60d after
transplanting was measured using LI-6800 (for maize) or
LI-6400 (for rice) portable gas exchange systems (Li-Cor
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Biosciences, Lincoln, NE, USA). The temperature, relative
humidity, and PPFD were set at 28°C, 70%, and
1200 pmol m s, respectively, for the leaf chamber. CO, con-
centrations were set as 400, 200, 50, 100, 150, 200, 300, 400,
500, 600, 800, 1000, and 1200 ppm in a stepwise manner. The
Al C; curve of maize was fitted according to Zhou ez 4l. (2019).

Transmission electron microscopy

Maize leaf sections of 2 mm were fixed in 2.5% glutaraldehyde,
postfixed in osmium tetroxide, and embedded in Spurr’s resin,
and ultra-thin sections were imaged at 80 kV with a Hitachi H-
7650 transmission electron microscope (Hitachi High-tech,
Tokyo, Japan). See Methods S2 for more details.

Histological staining of ROS accumulation

Leaf fragments of 2 cm were stained with DAB staining solution
(1 mg ml~' DAB, 10 mM Na,HPOy, and 0.05% Tween-20) and
then processed with paraffin sectioning, and cross sections were
examined with light microscopy. See Methods S3 for more details.

Paraffin section and 1,—KI staining

Leaf sections were dissected and fixed in formaldehyde-acetic
acid-alcohol (FAA) solution, processed with standard paraffin
sectioning protocol as described in Methods S4, and starch was
visualized by iodine potassium iodide (I,—KI) staining.

RNA sequencing

For maize, leaves at the youngest fully expanded stage were
sampled, from 30-d-old plants. And for rice, samples were har-
vested from 60-d-old plants. Both maize and rice leaves were
sampled at ¢. 10:00 h with liquid nitrogen. Each biological repli-
cate consisted of leaves from four individual plants, and three
biological replicates (from 12 plants in total) were sequenced for
each sample. Library preparation followed standard procedure,
and the libraries were sequenced on Illumina Novaseq 6000 plat-
form using 150-bp paired-end sequencing strategy. The cleaned
reads of maize samples were mapped onto the Zm-B73-REFER-
ENCE-NAM-5.0 reference genome, and cleaned reads of rice
samples were mapped onto the RAP Gene ID reference genome,
both using Hisat2. The differentially expressed genes (DEGs)
were identified by DESEQ2 (v.1.16.1) with definition of fold
change >2 and false discovery rate (FDR) <0.01. See
Datasets S1, S2 for the original transcriptome data of maize and
rice and Dataset S3 for a summary of transcript abundance of
photosynthetic genes.

Transcript abundance analysis

RNA extraction, cDNA synthesis, and qRT-PCR were carried
out using commercial kits as detailed in Methods S5. Relative

transcript abundance was calculated by comparison with
ZmEFIo (Hughes & Langdale, 2020).
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Separation of BS strands

Bundle sheath strands were isolated using a method modified
from Chang et al. (2012), as described in Methods S6. Each bio-
logical replicate for the following mass spectrometry analysis con-
sisted of leaves from six individual plants, and three biological
replicates were used for each sample.

Mass spectrometry analysis of protein samples

Equal amount of proteins (20 pg) were used for mass spectrome-
try analysis. See Methods S7 for detailed sample processing. Rela-
tive protein amounts and the fold changes in zmndf6 mutant
relative to the wild-type (WT) were presented. See Dataset S4 for
the original BS cell proteomics results.

Metabolite profiling

Maize and rice samples were harvested at ¢. 10:00 h from the
same stages of plants used for RNA-seq. Each biological replicate
consisted of four leaf disks (diameter =8 mm) from one indivi-
dual plant, and at least six biological replicates (six plants from
three different mutant lines) were prepared for measurement. For
each biological replicate, four leaf disks (c. 40 mg) were flash-
frozen (dropped into liquid nitrogen within 1 s after cutting) and
ground in a tissue grinding machine, 30 Hz x 1 min, three times.
The ground powder was mixed with 800 pl extraction buffer
(methanol : chloroform=7:3 (v/v), —20°C precooled), shaken
in the tissue grinding machine (30 Hz for 3 min), and the mix-
ture was kept in —20°C for 3—4 h. The mixture was added with
560 pl cold distilled water, shaken in the tissue grinding machine
(30 Hz for 5 min), and put back in —20°C for 10 min. The sam-
ple was centrifuged at 2200 g for 10 min at 4°C, and the super-
natant (c. 800 pl) was transferred to a new tube and kept in
—20°C. For a 2™ extraction, 800 il of 50% methanol was added
to the pellet and the tube was carefully vortexed for 15 s before
put back in —20°C. After 30 min, it was centrifuged again at
2200 g, for 10 min at 4°C, and the supernatant (c. 800 pl) was
combined with last extraction. The total supernatant (¢. 1.6 ml)
was filtered by 0.22 pm filter, and 5 pl was injected for HPLC-
MS/MS analysis or for quality control.

Luna NH2 column (3 pm, 100 mm X 2 mm; Phenomenex
Co. Ltd, Torrance, CA, USA) was used in liquid chromatogra-
phy, and the separation was conducted with a gradient set of
solution A (20 mM Ammonium acetate in 5% acetonitrile solu-
tion, adjusted to pH 9.5 with ammonia water) and solution B
(acetonitrile): 0—1 min, 15% A and 85% B; 1-8 min, 70% A and
30% B; 822 min, 95% A and 5% B; 22-25min, 15% A
and 85% B. Mass spectrometry analysis of the eluent was per-
formed with QTRAP 6500+ (AB Sciex Co. Ltd, Framingham,
MA, USA) in multireaction monitoring (MRM) mode, para-
meters (could be found in Dataset S5) were referred from pre-
vious work (Tang e al., 2022), and data analysis was performed
using Analyst™1.6 software. Metabolites detected were identified
by aligning the retention time to features of standard samples
processed on the same platform. The relative amounts of each
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metabolite in different samples were calculated by the chromato-
graphic peak areas, and the changes in the metabolites relative to
the averaged values of the WT were presented. We have checked
in the pilot experiments to ensure that the amount of samples we
injected (dilute when necessary) resulted in values within the lin-
ear range. The data presentation was adopted from Li
et al. (2020).

Results

Construction of NDF6 and NDHU subunit deficient
mutants in maize and rice

Chloroplast NDH is structurally divided into five subcomplexes:
A, B, M (membrane), L (lumen), and ED (electron donor;
Fig. Sla). Subcomplex B is composed of five subunits (PnsB1-5)
and is specific to chloroplast NDH (Shikanai, 2016; Ma
et al., 2021). By data mining, we found that the transcript abun-
dance of NDF6 (gene assigned as PnsB4 recently) and NDHU
(NDHU belongs to subcomplex ED) in maize BS cells was
higher than in M cells and higher in maize leaves than in rice
leaves (Fig. S1b; Table S1; Li ez al., 2010; Wang ez al., 2014). In
addition, their upregulation amplitude in maize leaves relative to
rice leaves was much higher than that of NDHN and NDHO,
which had been targeted in previously reported maize mutants
(Peterson ez al., 2016), while PGR5 and PGRLI transcripts were
not highly accumulated in maize leaves compared with rice leaves
(Fig. S1b; Table S1). The transcript levels of NDF6, NDHN,
and NDHO were relatively comparable in rice leaves (Fig. S1c).
To dissect and compare the significance of NDH-mediated CET
in C4 and C; photosynthesis, we generated maize and rice loss-
of-function mutants of NDF6 and NDHU subunits using
CRISPR-Cas9 technology.

For maize ndh mutants, two sgRNAs each were designed for
the near 5'-terminal sequences of the first exons of ZmNDF6 and
ZmNDHU genes to construct gene editing vectors. Seven
ZmNDF6-edited and 5 ZmNDHU-edited maize plants were
obtained. Three lines with 49, 51, and 54-bp homozygous dele-
tions (starting at 16 bp after ATG) in the ZmNDF6 gene were
named zmndf6-1, zmndf6-2, and zmndf6-3, respectively. Two
homozygous mutation types in ZmNDHU (zmndhu-1 and
zmndhu-2) were also identified (Figs Sla, S2a,c).

For ndh mutants in rice, single sgRNAs near the 5" ends of the
third exon of the OsNDF6 gene and the first exon of the
OsNDHU gene were designed, respectively, to construct gene edit-
ing vectors. Twelve OsNDF6-edited rice plants were obtained,
including three osndf homozygous lines with 3 or 10-bp deletions
or a single base insertion. They were named osndf6-1, osndf6-2, and
osndfb-3, respectively. Seven OsINDHU-edited samples were
sequenced but all TO plants were found to be heterozygous. After
segregation, we identified homozygous osndhu mutants with a single
A-base insertion or 163-bp deletion and named them osndhu-1 and
osndhu-2, respectively (Figs Slc, S2b,d).

The changes in NDH protein components between the
mutants and WT were analyzed by Western blot. As expected,
the NDF6 subunit was almost undetectable in the leaves of the
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zmndfb (Fig. le), and the NDHU subunit in zmndhu could
barely be detected (Fig. 1f). The protein levels of NDHH,
NDHS, and NDHO subunits were also decreased in the maize
ndh mutants (Fig. le,f). The decrease in these subunits likely
affected the amount and assembly of the NDH-PSI supercom-
plex as well, as reflected by blue native gel and a 2"*-dimension
electrophoresis (Fig. 1i,j). By detecting the subunits of PSI, PSII,
cytochrome b6f, and ATP synthase, we found that the protein
level of the PsaA but not the PsaD subunit tended to be lower in
zmndf6, while the PsaD but not the PsaA subunit tended to be
lower in zmndhu than in WT. The protein level of PsbA (D1)
was lower in both zmndf6 and zmndhu than in WT, while the
PetA subunit of cytochrome b6f complex and the AtpB subunit
of ATP synthase were not notably different from that of the WT
(Fig. S4b,c, see later). Protein levels of the NDH subunits tested
were also much decreased in the rice osndf6 and osndhu mutants
(Fig. 1g,h), but compared with the situation in the maize
mutants, protein levels related to PSI, PSII, cytochrome b6f, and
ATP synthase were not notably changed in the rice mutants (only
PsaD and PsaA showed a slight downward trend; Fig. S4d,e, see
later).

Retarded growth of ndfé and ndhu mutants in maize but
not in rice despite decreased cyclic electron flow in both

After 30-d culture of T1 plants in a phytotron, the growth of
zmndf6 and zmndhu mutants was retarded compared with that
of the WT maize KN5585 (Fig. 1a). Leaf chlorophyll contents
and plant height of zmndf6 and zmndhu mutants were signifi-
cantly lower (P<0.01) than those of the WT (Fig. 1b). The yel-
lowish leaf color of T1 plants was more obvious after 30d in a
field glasshouse than in the phytotron (Fig. S3). Slower growth
and reduced pigment levels were also observed in maize transpo-
son insertion mutants of ndhn and ndho (Peterson et al., 2016).
However, rice osndf6 and osndhu mutants showed no obvious dif-
ference in growth and chlorophyll content compared with their
WT ZH11 (Fig. 1c,d).

Postillumination increase in chlorophyll fluorescence is used to
indicate the operation of CET. When the driving force of LET
via PSII is absent, NDH complex-mediated electrons from the
receptor side of PSI can flow back to reduce the intersystem PQ
pool, causing a recovery in PSII chlorophyll fluorescence level
(Asada et al, 1993; Mano et al., 1995; Mi et al., 1995). Com-
pared with the WT, the postillumination increase in chlorophyll
fluorescence disappeared in maize zmndf6 and zmndhu mutants,
demonstrating that the activity of CET was inhibited (Fig. 2a).
Similar results were found in the ndhn and ndho mutants of
maize, although the postillumination increase was not fully
diminished (Peterson ez /., 2016). In addition, the decline of the
chlorophyll fluorescence induction curve under actinic light was
slower in the mutants than that in WT, indicating a state of
over-reduction of the electron transport chain (Fig. S4a). Far-red
light induces an increase in 810-830 nm absorption (represent-
ing oxidation of P700), and the activity of CET around PSI is
partially reflected by a decrease in the light absorption (represent-
ing reduction of P700") after turning off the far-red light
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(a)

WT 2zmndf6-1 zmndf6-2 zmndf6-3

Fig. 1 Altered growth phenotype in maize
but not in rice ndh mutants. (a) Maize plants
of WT (KN5585) and ndh mutants 30 d after
planting. (b) Comparisons of chlorophyll
content and plant height between wild-type
(WT) and ndh mutants. Data are mean =+ SE
(n= 6 biological replicates for chlorophyll
content and plant height). (c) Rice plants of
WT (ZH11) and ndh mutants 60 d after
planting. (d) Comparisons of chlorophyll
content and plant height between WT and
ndh mutants. Data are mean =+ SE (n =12
and eight biological replicates for chlorophyll (©)
content and plant height, respectively). *,

P <0.05; **, P<0.01 compared with WT
according to Student's t-test. (e—h) Western
blots showing the protein changes in NDH
subunits between maize KN5585 and
zmndfé mutants (e), maize KN5585 and
zmndhu mutants (f), rice ZH11 and osndfé
mutants (g), and rice ZH11 and osndhu
mutants (h). (i) Thylakoid membrane protein
complexes isolated from WT, zmndfé, and
zmndhu were solubilized and separated by
BN-PAGE (5-12%). High-molecular-weight
green bands specific to WT are indicated. (j)
Thylakoid membrane protein complexes
separated by BN-PAGE were subjected to 2™
dimension SDS-PAGE (12.5%), and the
proteins were immunodetected with specific
antibodies against NDHS, and NDHH,
respectively. The red arrows indicates the
NDH-PSI supercomplex (i) or distribution of
NDHH protein (j). WT* indicates the WT
used in a different batch together with
zmndhu mutants, and ZH11* indicates the
WT used in a different batch together with
osndhu mutants, due to timing and
availability of transgenic materials.
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(Maxwell & Biggins, 1976; Asada ez al., 1992; Mi et al., 1992).
The dark reduction rate of P700" in zmndf6 and zmndhu
mutants was significantly lower (2<0.01 or<0.05) than that of
the WT (Fig. 2b), indicating the partial inactivation of CET.

In rice osndf6 and osndhu leaves, compared with the WT the
postillumination increase in chlorophyll fluorescence was
decreased in osndf6 and osndhu mutants (Fig. 2a), but (unlike in
maize) there was no major difference in the descending phase of
chlorophyll fluorescence under actinic light. The P700" reduc-
tion rate of osndf6 and osndhu mutants decreased to different
degrees compared with that of the WT (Fig. 2b). These results
show that the activity of the CET pathway was also impeded in
the rice NDH-deficient mutants.
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Photosynthetic light reaction and CO, assimilation are
severely impaired in maize but not in rice NDH-deficient
mutants

To explore whether and to what extent the photosynthetic activ-
ity of NDH-deficient C4 and Cj plants was affected, we tested
the CO, response curve (A/C), electron transfer rate (ETR),
nonphotochemical quenching (NPQ), and other photosynthetic
parameters of the maize and rice mutants. It was found that the
initial slopes of the A/ C; curve and the level of steady-state photo-
synthetic rate were clearly lower in maize zmndf6 and zmndhu
mutants than those in the maize WT (Fig. 3a,b), as were the

levels of ETR and NPQ in zmndft and zmndhu mutants
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Fig. 2 Photosystem | (PSI) cyclic electron flow was decreased in both maize and rice ndh mutants but with different changes in other light reaction
parameters. (a) Measurement of NDH cyclic electron transport (CET) activity, which was detected as a transient increase in Chl fluorescence (surrounded
by a box) after turning off the AL. (b) The re-reduction of P700" occurred after turning off the FR light, and comparison of the initial rates of P700" re-
reduction between WT and ndh mutants was calculated. Curves were normalized to the maximum P700 oxidation level. Data are mean + SE (n =4 biologi-
cal replicates). *, P<0.05; **, P<0.01 compared with WT according to Student's t-test. WT* indicates the wild-type (WT) used in a different batch
together with zmndhu mutants, and ZH11* indicates the WT used in a different batch together with osndhu mutants, due to timing and availability of
transgenic materials. (c—f) Significant decrease in photosynthetic light reaction parameters in maize but not in rice ndh mutants. Fv/Fm (maximal PSII quan-
tum efficiency), NPQ (nonphotochemical quenching), and ETRmax (maximal electron transport rate) were estimated from light response curve. Data are
mean + SE (n =4 biological replicates). *, P<0.05; **, P<0.01 compared with WT according to Student's t-test.
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(Fig. 2¢,d). Consistent with these observations, a decrease in
steady-state photosynthetic rate and photoprotective NPQ was
reported in the ndhn and ndho mutants of maize (Peterson
et al., 2016).
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The initial slopes of the A/C; curve, and the level of steady-
state photosynthetic rate, were not notably different from WT in
the rice osndf6 and osndhu mutants (except that the A/C; curve
of osndf6 mutants appeared lower than WT; Fig. 3cd).

New Phytologist (2023)

www.newphytologist.com

51017 SUOLLLIOD BARBIO B[R9t e &Ly Aq pauEAC B2 AP YO ‘88N O SBINI O AZRIG1 BUIIUO AB]1A UO (SUOIIPUOD-PUE-SULBYLIOD"AB| W ARG fou|Uo//'SAIIY) SUORIPUOD PUB SULR L 8L} 385 *[£202/0T/52] U0 AReii 18Ul 481 ‘ABojouLRe L JO AISIRAIIN BRH Ad Ze86T UdU/TTTT OT/10pALI0D"AB| M ARG fouI|UO"du//SdIY WOJJ Papeojumo



New
Phytologist

(a) =¥ WT —&~ Zmndfé-1 —m— zmndf6-2 2Zmndfé-3 (b) —&— WT* —® zmndhu-1 —+— zmndhu-2
40 45
b T
"
T 30 5 35
E 13
5 ~ 25
8 2 S
2 s 4
£
210 £ — 4 $ $
< <5
0 0 300 500 900 1200 ) 200 400 600 800 1000 1200
C; (umol CO, mol~') C; (umol CO, mol-')
(€) o 211 = osndfe-1 —& osnare2 osndf6-3 (d) 4 ZH11* -~ osndhu4 -=- osndhu-2
50 __ 40
= T
1 ]
l{:; 40 TE 20
E 1 <
Q S
O 20 s
S £
E 1 ER
< <
0 0+
200 400 600 800 1000 1200 [ 200 400 600 800 1000 1200
-10
C; (umol CO, mol-") C; (umol CO, mol-")
e f
( )A 0.4 400 ( )A 0.4 _ 400
o T ) 5 Fig. 3 CO, assimilation was severely
o o . L . . . .
L 03 g E 03 E inhibited in maize but not in rice ndh
Q02 8" 200 0,02 8 mutants. (a-d) CO, response curve of net
J—; 3 T ?E; photosynthetic assimilation rate (A/C;)
[<] — —
Eoa E 10 g 01 3 measured at 1200 pmol photons m~2 s~ and
8 e P ) 28°C (n =3 biological replicates). See
® 0 O o 0 o ( g p )
N> LN N Y
L@ S & &
&(‘ 4\&‘ &Q @(‘ 6\0 &(‘ & &
A A S £
(9) (h)
~15 —~ 400 ~ 15
T T T
(7] B (7]
b g 300 8
£ 1 s g 1
g‘ O 200 :OE‘
3505 g 3 05
£ 5 100 £
[} N [}
o 0 §) 0 o
NN s NP NS Y
L EE B E L&
06‘ o@ 06 06 06 06 O"Q o"(\

Measurements of ETR and NPQ also showed no significant dif-
ference between the rice #ndh mutants and the WT (Fig. 2e,1).

It is noteworthy that while the stomatal conductance (gs) of
the zmndf6 and zmndhu mutants was not different, or even
lower, than that of the WT, the intercellular CO, concentration
(C) was increased (Fig. 3e,f). This implies that CO, assimilation
was inhibited but that this was not due to stomatal limitation.
Changes in stomatal conductance and intercellular CO, concen-
tration in the rice zdh mutants were not obvious (Fig. 3g,h).

Abnormal chloroplast ultrastructure and ROS accumulation
in maize ndfé6 and ndhu mutants

To explore the relationship between the amount and integrity of
the NDH-PSI protein complex and thylakoid lamellar structure
of maize BS chloroplasts, transmission electron microscopy was

performed on maize WT and zmndft leaf samples. Compared
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Supporting Information Dataset S6 for the
statistics of A/C; curves. (e-h) Stomatal
conductance (gs) and intercellular CO,
concentration (C;) measured at 28°C and
400 pmol CO, mol~". Data are mean =+ SE
(n=3 biological replicates). *, P<0.05; **,
P <0.01 compared with wild-type (WT)
according to Student's t-test. WT* indicates
the WT used in a different batch together
with zmndhu mutants, and ZH11* indicates

¢; (umol CO, mol-)
g B

N the WT used in a different batch together
& é\&‘ é\s‘\ with osndhu mutants, due to timing and
o o

availability of transgenic materials.

with the WT, nonstacking stromal thylakoid tended to be less
assembled in the BS chloroplasts of the maize zmndf6 mutant,
and areas with intermittent distribution or even absence of lamel-
laec were observed (Fig. 4a,b,e,f). For M cell chloroplasts, the
thickness of the grana thylakoid was decreased and the grana
lamellae were not well aligned in the zmndf6 mutant compared
with the WT (Fig. 4c,d,g,h). In addition, the starch granule accu-
mulation of BS cells was lower in the mutant than in the WT
(Fig. 4a,b,e,f). In accordance with this, starch staining by I,—KI
in leaf paraffin sections showed that both the amount of starch
synthesized early in the day and the accumulation late in the day
were lower in the 74/ mutants than that in the WT (Fig. 4j). The
decrease in starch content is probably related to the decreased
photosynthetic activity in maize ndh mutants (Fig. 3).

One of the reasons causing the impaired chloroplast ultrastruc-
ture could be the potential photo-oxidative stress suffered by the
maize ndh mutants, as also indicated by the decreased capacity of
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zmndf6é

Fig.4 Abnormal chloroplast structure and

accumulation of reactive oxygen species
(ROS) and starch in maize ndh mutant

leaves. (a—h) Abnormal thylakoid

ultrastructure of bundle sheath (BS) and M
chloroplasts in maize zmndfé mutant.
Transmission electron micrographs of BS
chloroplast in wild-type (WT) (a, b), M
chloroplast in WT (c, d), BS chloroplast in
zmndfé (e, f), and M chloroplast in zmndfé

(g, h) are shown. 'S" indicates starch granule.
White triangles point to the broken ends of .
stromal thylakoid. (i) 3,3’-diaminobenzidine ()

(DAB) stained transections showing
overproduction of ROS in the BS cells of
maize zmndfé and zmndhu mutants. Brown C
signals were densely visible in the BS cells of
zmndfé and zmndhu mutants, but not in
those of the WT. Lower panel images (bars,

7TAM
€

5 um) are enlarged from indicated area of the

upper panel images (bars, 20 um). (j) Light
micrographs of transections showing less
starch granules in maize zmndfé and zmndhu
mutant leaves. Accumulation of starch grains
in maize leaves at 7:00 h and 19:00 h
visualized by I,—KI (iodine in potassium

7PM

e
A’r‘._ L ‘. ._;‘

s e A a2 Jre cj‘)

iodide solution) staining. Bars, 20 pm.

NPQ (Fig. 2¢,d). We detected the accumulation of reactive oxy-
gen species (ROS) in the BS and M cells by 3,3-
Diaminobenzidine (DAB) staining that reacts with H,0O,
(Fig. 4i; Thordal-Christensen er al, 1997). Brown signal was
densely exhibited in the BS chloroplasts of zmndf6 and zmndhu
mutants, and brown staining was also visible in the neighboring
M chloroplasts. In the WT, overall staining intensity was much
less than that in the 74/ mutants (Fig. 4i). These results indicate
an increase in ROS accumulation in both BS and M cells when
NDH is deficient in maize leaves.

Effects of NDH deficiency on the BS cell proteome

In order to further explore the effect of NDH deficiency specific
in maize BS cells, we conducted a proteomic analysis by compar-

ing the isolated BS cells of WT and the zmndft mutant. First of

© 2023 The Authors
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all, the purity of the BS preparation was assessed. As expected,
Western blot analysis showed that RbcL was enriched in the BS
rather than M preparation, while PPDK was found in an oppo-
site distribution pattern (Fig. S5a). From the proteomic data, we
found that contents of many NDH subunits (including NDHU,
NDHM, NDHN, PnsBl, and PnsL2) significantly decreased
(P<0.01), while contents of PGR5 and PGRL1 remained less
changed, confirming that the mutation of ZmNDF6 had
decreased the abundance of NDH complex in maize BS cells
(Fig. 5a). The contents of BS-specific C4 enzyme NADP-ME
and Rubisco activase (especially RCA2) increased (Fig. 5a,b),
while the contents of Rubisco subunits were not significantly
changed in the tested lines (from both BS cells and whole leaves;
Fig. S5b). Interestingly, fructose-bisphosphate aldolase (SFBA)
content was enhanced whereas fructose-1,6-bisphosphatase

(FBPase) content declined (Fig. 5a). Further analysis of the
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proteins involved in starch metabolism revealed that beta-amylase
(BAMY), which is a nonenzymatic regulator of leaf starch degra-
dation, was significantly upregulated (P<0.05; Fig. S5b; David
et al., 2022). This may be also related to the decreased starch con-
tent in the maize #ndh mutants (Fig. 4j).

Moreover, proteins associated with the PSI complex were sig-
nificantly less in zmndf6 mutant (P<0.01 or<0.05; Fig. S5¢).
Since PSI and NDH form a supercomplex, the deficiency of
NDH complex in the zmndf6 mutant seems to also affect the
abundance of PSI proteins. Components of ATP synthase
appeared to be stable, while components related to the Cytb6/f
complex (PetA, PetD, and PetC for example) decreased in
zmndft BS cells (Fig. S5¢). It is worth noting that STN7 and
STNS (involved in state transition), as well as ferridoxin-NADP*
reductase 1 (FNR1) and FNR3 (responsible for electron trans-
port between NADPH and ferredoxin), were significantly upre-
gulated in zmndf6 BS cells (P<0.01), indicative of large changes
in distribution of light energy and electron flow (Fig. S5c). Ana-
lysis of the changes in proteins related to redox regulation showed
significant  downregulation of thioredoxin and peroxidase
(P<0.01 or<0.05), indicating that loss of ZmNDFG6 seriously
affected the redox environment in maize BS cells (Fig. S5b).

Opverall, the protein abundance of NDH subunits, BS-specific
C4 enzymes, and PSl-associated components showed similar
trends, although different sample processing and sensitivities of
the methods may have caused inconsistency for certain proteins
between Western blots and proteomics.

Increased transcript abundance for genes involved in the
Calvin—Benson cycle and cyclic electron transport in maize
ndh mutants

At the transcriptional level, after RNA sequencing we systemati-
cally analyzed the differential transcript accumulation of
photosynthesis-related functional genes, which were converted
from a complete list of maize photosynthetic proteins provided
in Friso er al. (2010). Generally, transcript accumulation in the
two maize ndh mutants behaved differently from the rice ndh
mutants, with transcript abundance linked with the CET path-
way and Calvin—Benson cycle mostly higher in the maize
mutants (Fig. 6, for details with gene lists see Fig. S6).

The transcript abundance of genes involved in LET (such as
PSII, PSI, cytochrome b6f and ATP synthase) showed varied
changes in the maize zmndft and zmndhu mutants. The tran-
script abundance of genes encoding LHCII-1.4 and LHCII-1.5
was drastically and uniformly downregulated (up to 8.6-fold) in
the two maize mutants. Those upregulated include genes encod-
ing OEC23-like oxygen-evolving complex, PsbS, and Rieske
domain protein (Fig. S6a,b). As for the components related to
CET, the zmndf6 and zmndhu mutants displayed downregula-
tion of NDF6and NDHU, as expected, and lower transcript level
of an extra gene of NDF2. Apart from that, the transcript abun-
dance of PGR5 and other NDH pathway-associated nuclear
genes showed consistent trends of upregulation, including PTOX
(plastid terminal oxidase) and P/FI (postillumination chlorophyll
fluorescence increase; Fig. S6b). In the rice osndf6 and osndhu

© 2023 The Authors
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mutants, the transcript abundance of genes involved in LET
showed consistent downregulation. Interestingly, although most
transcripts related to CET were downregulated in the two rice
mutants, P7OX and PIF] (involved in chloroplast respiration)
were upregulated (Fig. S6a,b).

In maize zmndf6 and zmndhu mutants, the transcript abun-
dance of genes related to the Calvin—Benson cycle and photore-
spiration was often upregulated, especially for Rubisco activase
(RCA) and fructose-bisphosphate aldolase-2 (SFBA-2). One
exception is the obvious downregulation of FBPase in both maize
ndh mutants (Fig. S6¢). Correspondingly, the transcript abun-
dance of genes related to starch biosynthesis also showed exten-
sive upregulation (Fig. S6d). In rice osndf6 and osndhu mutants,
there was no consistent upregulation of Calvin—Benson cycle or
photorespiration-related transcript accumulation, indeed there
was a tendency for downregulation (Fig. S6¢).

We validated the transcript abundance of C4 enzymes in the
maize zmndft and zmndhu mutants by QqRT-PCR. Consistent
with the transcriptomic data, the transcript abundance of major
genes (more abundant in transcripts) encoding BS cell localized
ME, RbcS, and RbcL1 were upregulated in zmndf6 mutants, by
2.27, 4.26, and 4.35-fold, respectively. In contrast, the major
transcript abundance of M cell localized phosphoenolpyruvate
carboxylase (PEPC), malate dehydrogenase (MDH), and pyru-
vate phosphate dikinase (PPDK) did not markedly change or
even decrease in the zmndfé mutants (Fig. 6¢). Similarly, an
increased transcript abundance of BS-specific C4 genes was
observed in the zmndhu mutant. As chloroplast signals participate
in nucleus-plastid communication (Surpin e# al., 2002; Baier &
Dietz, 2005), the redox changes within chloroplasts caused by
lack of NDH (Figs 4i, S4a) may be one of the reasons for these
transcript abundance changes, and this in turn could affect the
protein changes in the BS.

Impaired NDH-CET causes critical changes in
photosynthetic carbon metabolism in maize

The measured changes in photosynthesis, transcript abundance,
and protein contents suggested that NDH deficiency had
different impacts on CO, assimilation in maize and rice. We
therefore examined how NDH influenced photosynthetic meta-
bolism using the maize and rice leaves for metabolic analysis.
Metabolic profiles of the maize zmndft and zmndhu mutants
were found to be relatively consistent with each other, with
obvious common upregulated or downregulated components
(Fig. 7a). Specifically, metabolites involved in the Calvin—Benson
cycle in maize ndh mutants were generally decreased compared
with the WT, except for ribulose 1,5-bisphosphate (RuBP) and
fructose 1,6-bisphosphate (FBP), which accumulated signifi-
cantly (£<0.01 or<0.05; Fig. 7a,d). In contrast, metabolites at
earlier steps of photorespiration increased in maize ndh mutants
(Fig. 7a,f), indicating an increase in photorespiration, consistent
with previous report in ndhn and ndho mutants of maize (Peter-
son et al., 2016).

For the C4 metabolic cycle, we found that phosphoenol pyru-
vate (PEP), pyruvate (Pyr), and aspartate (Asp) decreased to
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varying degrees, whereas malate increased in both zmndft and
zmndhu mutants (Fig. 7a,e), which correlates with the increased
transcript abundance and protein content of NADP-ME (Figs
5a, 6¢). Changes in malate probably also led to the accumulation
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of fumaric acid (Fum), which interconverts with it in the tricar-
boxylic acid cycle (TCA cycle; Fig. 7g). It should be mentioned
that many of the metabolites are compartmentalized with a sub-
pool being involved in C4 metabolism, the case of malate being
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Fig. 6 Changes in transcript abundance and bundle sheath (BS) cell protein content in maize ndh mutants. (a) Heatmap shows differentially accumulated
transcripts in ndh mutants relative to their wild-types (WTs; see Supporting Information Fig. S6 for the heatmap with gene list). The significantly changed
genes are assigned with numbers that link to names of encoded proteins in (b). The data represents mean value of three biological replicates. (b) Names of
proteins encoded by significantly changed genes from (a). Red upward and blue downward arrows indicate the transcript level rose or fell in both mutants,
even if only significant on one mutant (or those were inconsistent between two mutants, e.g. 1 and 14). (c) RT-PCR validation showing increased transcript
accumulation of BS but not M-specific C4 genes in maize ndh mutants. CA, carbonic anhydrase; ME, malic enzyme; NADP-MDH, NADP malate dehydro-
genase; PEPC, phosphoenolpyruvate carboxylase; PPDK, pyruvate phosphate dikinase; RbcL1, Rubisco large subunit 1; RbcL2, Rubisco large subunit 2;
RbcS, Rubisco small subunit. Data are mean + SE (n =3 biological replicates). *, P <0.05; **, P <0.01 compared with WT according to Student's t-test. See

Dataset S7 for the summary of primers used.

an example. It is possible that the changes observed are not only
in the pool that is involved in C4 metabolism. We were not able
to clarify the metabolomics in BS cells at this stage.

We calculated the ATP : ADP, NADH : NAD, and NADPH :
NADP ratios, with the results indicating that the ATP: ADP
ratio is similar in WT and the maize mutants, whereas the
NADPH : NADP ratio is strongly increased in the two ndh
mutants of maize (2<0.01 or<0.05; Fig. 7h). The NADPH :
NADP ratio is important because several of the reactions in
which NADPH is involved are reversible.

The metabolic profiles of rice osndf6 and osndhu mutants dis-
played more variable fluctuations (variable between replicate
lines, and between the two mutants, for a given metabolite), but
with an overall trend of decreased contents (Fig. 7b,c). On the
contrary, while the levels of adenylates and NADPH in maize
ndp mutants increased, the levels in the rice #ndh mutants
appeared to decrease or showed no consistent change (Fig. 7b,c).

Discussion

To maintain an efficient Calvin—Benson cycle in the framework
of the C; pathway, it is necessary to dynamically balance the
metabolism of both substance and energy. In this study, we show
that NDH-mediated CET plays a crucial role in this process.
The necessity and continuity of this regulation may be more pro-
minent in driving the Calvin—Benson cycle in the C4 BS cells of
maize. Fig. 8 provides a summarized interpretation.

This has been investigated using maize and rice loss-of-
function mutants of NDF6 and NDHU subunits generated by
CRISPR-Cas9 technology. In the leaves of our homozygous lines
of ndh mutants in maize and rice, the protein amounts of NDF6,
NDHU as well as some of other NDH subunits, were greatly
decreased. A similar trend was found in the BS cells of the maize
ndf6 mutant. NDF6 and NDHU were chosen not only because
of their higher expression in maize than in rice (Fig. S1) but also
because of their higher BS : M distribution ratio, for both mRNA
and protein (Table S1).

NDF6 (also known as PnsB4) is an integral part and a #rans-
membrane subunit of the NDH complex, which may be crucial
for maintaining the stability of NDH, and NDHU is a
chloroplast-specific subunit located close to the electron donor
Fd binding site (Shen ez al., 2022; Su er al., 2022). Although
NDF6 and NDHU may have specific functions independent of a
primary role in NDH, the similar changes in growth phenotype,
photosynthetic parameters, and metabolites in our maize ndf6
and ndhu mutants provide new opportunities to explore the roles
of NDH in a Cy plant.

© 2023 The Authors
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NDH cyclic electron transport balances C4 metabolism and
carbon flow

Using NDH-deficient mutants of maize and rice for comparison,
we found that the metabolite and energy flows were effectively
disrupted for C4 but not for C5 photosynthesis. It is known that
the direct electron donor of NDH is ferredoxin (Fd), and elec-
trons can be transferred between NADPH and Fd through
ferridoxin-NADP™ reductase (ENR; Ifuku er 4/, 2011; Peltier
et al., 2016; Iyanagi, 2022). Since NADPH generation is coupled
to decarboxylation of the malate entering into BS cells, NDH
may play a special role in maintaining the electron flow of PSI,
regeneration of NADP", and the continuous input of malate
along the concentration gradient. This study demonstrates that
both NADPH and malate tend to accumulate in maize zmndf6
and zmndpu mutants, which is different from the situation in
equivalent mutants in rice (Fig. 7). The accumulation of malate
and NADPH could be caused by the impaired NADPH turnover
and exacerbated by the decreased demand from Calvin—Benson
cycle, as reflected by the accumulation of RuBP and lower levels
of many other intermediates (Fig. 7) in maize ndh mutants. In
contrast, photorespiration was favored, leading to more produc-
tion of 2-phosphoglycolate, and elevated levels of other inter-
mediates in the first part of the pathway, such as glycolate and
glyoxylate. This provides metabolic support for the increased
photorespiration in maize ndhn and ndho mutants proposed by
Peterson er al. (2016). This earlier work used gas exchange mea-
surements of the oxygen sensitivity of photosynthesis in combina-
tion with modeling, to show that photorespiration was increased,
predicting a decrease in CO, level in the BS.

It is worth noting that the distinct decrease in transcript abun-
dance for FBPase, together with the increase in transcript
abundance for SFBA, echoes well with the FBP accumulation in
maize ndh mutants (Fig. S6¢), indicating an important site-
specific regulation which is pending to be resolved. The accumu-
lation of FBP also indicated an effect of the NDH pathway on
rate-limiting steps of the Calvin—Benson cycle, and its involve-
ment in the feedback regulation of CET, as the FBPase-deficient
mutant (hcefl) was reported to specifically upregulate NDH and
increase CEF (Livingston et al., 2010a,b). In addition, we specu-
late that the decreased CO, level and ATP supply in BS cells of
NDH-deficient mutants are responsible for the concomitant
decrease in carboxylation rate and increase in RuBP levels
observed. If Rubisco protein abundance is less changed, there
might be more pressure for Rubisco activase to change to com-
pensate; thus, the feedback upregulation of its transcripts and
protein abundance becomes reasonable (Figs 5, 6).
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NDH cyclic electron transport poises C4 BS cell redox to
regulate CO, assimilation

The Calvin—Benson cycle is a redox-regulated process. Many
enzymes related to CO, assimilation are known to be activated by

New
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light through ferredoxin/thioredoxin-dependent pathways (Miche-
let et al., 2013). The reduced thioredoxins are able to reduce regu-
latory disulfides and activate their target enzymes, including
Rubisco activase, FBPase, and NADP-ME (Buchanan, 1991;
Michelet ez al, 2013; Geigenberger er al, 2017). As BS
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Fig.7 Loss of NDH-CET in maize leads to disturbance of key photosynthetic metabolites. (a) Relative abundance (log,-transformed fold changes) of
photosynthetic metabolites in maize zmndfé and zmndhu mutants. WT: The mean of log,-fold changes in four WT (KN5585) values relative to their
average. S1-S4: Fold changes in mutant values relative to the average value of WT. *, P<0.05; **, P<0.01 compared with WT according to Student's
t-test. (b, c) Relative abundance (log,-transformed fold changes) of photosynthetic metabolites in rice osndfé6 and osndhu mutants. ZH11, the mean of
log,-fold changes of six WT (ZH11) values relative to their average; S1-S6, fold changes in mutant values relative to the average value of WT. *,

P <0.05; **, P<0.01 compared with WT according to Student's t-test. (d—g) Schematic diagrams showing key metabolites in (d) Calvin—Benson cycle
(Berg et al., 2007), (e) C4 metabolic cycle (the dotted arrows pointing from PEP through OAA to Asp indicate the likely reduced activity of this path-
way in the ndh mutants), (f) photorespiration pathway, and (g) EMP, PPP pathways, and TCA cycle of maize ndh mutants. Heatmap arrays derived
from zmndfé (upper row) and zmndhu (lower row) are listed on the side of corresponding metabolites. EMP pathway, Embden—Meyerhof-Parnas path-
way, also known as glycolysis. PPP pathway, pentose phosphate pathway. TCA cycle, tricarboxylic acid cycle. (h) Ratios of NADPH : NADP, NADH :
NAD, and ATP : ADP. Data are mean =+ SE (n =4 biological replicates). *, P<0.05; **, P<0.01 compared with WT according to Student's t-test. Meta-
bolite names showed in this figure are as follows: 2PG, phosphoglycolic acid; ADP, adenosine diphosphate; ADPG, adenosine diphosphate glucose;
aKG, a-ketoglutaric acid; Ala, alanine; Asp, aspartate; ATP, adenosine triphosphate; CIT, citric acid; DPGA, 1,3-bisphosphoglyceric acid; E4P, erythrose
4-phosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; Fum, fumaric acid; G6P/G1P, glucose 6-phosphate/glucose 1-phosphate;
GAP/DHAP, 3-phosphoglyceraldehyde/Dihydroxyacetone; Gin, glutamine; Glu, glutamate; Glx, glyoxylic acid; Gly, glycine; Glyce, glyceric acid; Glyco,
glycolic acid; Hpyr, hydroxypyruvic acid; ICIT, isocitric acid; Mal, malic acid; NAD, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine
dinucleotide reduced; NADP, nicotinamide adenine dinucleotide phosphate; NADPH, nicotinamide adenine dinucleotide phosphate reduced; OAA, oxa-
loacetic acid; PenP, pentose phosphate, mix of ribose 5-phosphate, xylulose 5-phosphate and ribulose 5-phosphate; PEP, phosphoenol pyruvate; PGA,
3-phosphoglyceric acid; Pyr, pyruvate; RuBP, ribulose 1,5-bisphosphate; S7P, sedoheptulose 7-phosphate; Ser, serine; Succ, succinic acid; UDPG, uracil-
diphosphate glucose.
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Fig.7 (Continued).
chloroplasts have little PSII, disruption of NDH-CET may inter-  cells, where malate is imported and decarboxylated to release

fere with the provision of electrons for the reduction of ferredoxin NADPH, the loss of NDH-CET could lead to the observed
and hence thioredoxin, thus negatively affecting the activation of  increase in NADPH levels and NADPH : NADP ratio, which in
target enzymes. On another hand, the accumulation of malate and ~ turn restricts decarboxylation by NADP-ME, leading to lower

NADPH in zmndh mutants is probably responsible for the over- ~ BS CO, concentration, lower pyruvate content, and overaccumu-
reduced state of chloroplast stroma and the obstructed status of  lation of malate. Lower BS CO, would restrict the Rubisco car-
electron transport chain (Figs 2, S4a). The increased ROS accu-  boxylase reaction providing a potential explanation for the higher
mulation in the BS cells of zmndft and zmndhu mutants (Fig. 4i) RuBP. This would increase the Rubisco oxygenase reaction, pro-

would be caused by this over-reduction, and this could negatively ~ viding a potential explanation for the observed higher levels of
affect the photosynthetic proteins, photosynthetic rate, and plant  intermediates in the first part of the photorespiration pathway. In
growth (Figs 1, 3, S4b,c). agreement, Peterson ez al. (2016) suggested that impaired capa-

The decarboxylation of C4 acids in the BS cells is a key step in ity to generate ATP in the BS of NDH-deficient maize is asso-
C4 photosynthesis. Maintaining a suitable oxidized status in BS ~ ciated with depressed processing of malate by NADP-ME due to

cell chloroplasts is proposed to be required for efficient C4 photo-  restricted utilization of the product NADPH. This results in
synthesis (Zhao ez al., 2022). NADP-ME operation in the direc- slower turnover of the C4 cycle and decreased concentration of
tion of decarboxylation is known to be hampered by a high ~ CO, around Rubisco.

NADPH : NADP ratio, as recently highlighted by Brautigam As part of the early attempts to install the C4 pathway, Cy-
et al. (2018), indicating that oxidized redox poise in the chloro-  specific NADP-ME was overexpressed in rice, but it led to
plast stroma favors high velocity of decarboxylation. They pro-  bleaching of leaf color and growth hindrance, which resulted
posed that BS chloroplasts achieve a more oxidized state via the ~ from enhanced photoinhibition due to an increase in the level of

consumption of NADPH by Calvin—Benson cycle and the lim- ~ NADPH inside the chloroplast (Tsuchida ez al, 2001). The
ited production of NADPH by abolishing PSII activity in BS ~ malate and NADPH imbalance, pale green leaf, retarded growth,
cells. Here, our results suggest a third driving force, which is and ROS accumulation observed in our maize NDH-deficient
NADPH turnover by BS-enriched NDH-CET. In maize BS  mutants are reminiscent of the effect of NADP-ME
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Fig. 8 Schematic summary of the significance of NDH-mediated cyclic electron transport (CET) in maize C4 photosynthesis. (a) In the BS cells of wild-type
(WT) maize, malate is imported from M cells and mainly decarboxylated by NADP-ME, to release CO, and at the same time generate NADPH. CO, and
NADPH are used in the Calvin—Benson cycle. Some of the NADPH may be involved in maintaining PSI-CET (which drives ATP production) through the
enriched NDH complex (bold red arrows compared with the thin red arrows in M cells), thus forming electron flows from malate to NADPH, from NADPH
to PQ (via FNR, Fd, and NDH), and from PQ to PSI (through PC) or H,O (through PTOX), as there is almost no PSII-LET in the BS cells. Maize BS cells have
low levels of PSII, but we are not showing BS PSlI in this diagram to save place and emphasize the enrichment of PSI; the electron flow from NADPH via
FNR to Fd is reversible, while we have made the arrow single way for easier understanding; NDF6 (PnsB4) belongs to subcomplex B in orange color. It
should be noted that 3PGA/triose-P shuttle is also important for delivery of ATP and NADPH to the BS cells, but is not presented due to tight schematic lay-
out. ROS generation preferentially occurs in the M cells. (b) For a general comparison with WT, in the BS cells of maize ndh mutants, PSI-CET is inhibited
(thin gray arrows), with malate and NADPH accumulating (colored red), leading to redox imbalance, decreased CO, fixation (colored blue), increased ROS
accumulation, and increased photorespiration. Calvin-Benson cycle was inhibited in maize ndh mutants as reflected by the decrease in many metabolites
but specific accumulation of RuBP and FBP. In addition, as combined effects of malate import and NDH deficiency, BS cells of maize ndh mutants suffered
from an over-reduced condition. The altered redox status and metabolite flow may disturb the cellular environment and cast effects on transcript and pro-
tein accumulation patterns.

overexpression. The NDH deficiency-related redox imbalance

specific to maize BS cells could be responsible for the increased
ROS level even under normal light. It should be noted that
potential changes in ATP availability for the Calvin—Benson cycle
in the BS cells of maize ndh mutants could also lead to multiple
consequences. Therefore, a functional or enhanced operation of

NDH-CET may be a prerequisite when considering reconstruc-

tion of the C4 cycle.

Deficiency of NDH disrupts the coordination of transcript
and protein accumulation in C, plants

The compartmentalization of photosystems and C4 enzymes
between BS and M cells is essential for the operation of Cy4
photosynthesis in maize. The regulatory mechanisms behind

New Phytologist (2023)
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C differentiation remain unclear, but they probably involve the
coordination of nuclear and plastid genomes, or specific changes
in the intracellular environment to control gene expression in
Cy4 leaves. Because of the abundance of the NDH complex
in maize BS cells, and its important role discussed previously,
our maize zmndf6 and zmndhu mutants can be viewed as having
cellular changes mainly in the BS. In particular, changes in the
redox state of PQ pools in the chloroplast can affect nuclear
gene expression through retrograde signal transduction (Foyer
et al., 2012). Our data showed that the transcript abundance of
the BS cell-specific C4 enzymes ME, RbcS, and RbcL1 were
increased significantly, whereas the transcript abundance of M
cell-specific enzymes PEPC, MDH, and PPDK did not change
or decrease in zmndft mutants (Fig. 6¢). The BS-specific pro-
of NADP-ME and Rubisco activase were

tein contents

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

85U8017 SUOLULLIOD @A 18810 3cedldde ayy Aq peusenob e e sajoiLe VO ‘8sn Jo sejni Joj Afeiq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SLURIALI0O" A3 IM"A g BU 1 UO//SANY) SUORIPUOD pue SWie | 8L 88S *[£202/0T/Gz] o AkeidiTauluo Ae|im ‘ABojouyoe 1 JO AisieAiun BRH Aq zeesT udu/TTTT 0T/I0pw00 Ao |im AR ijuljuo yduy/:sdny woly pepeojumod ‘0 ‘ZET869FT



New
Phytologist

consistently increased, but we were unable to confirm changes
for Rubisco subunits, which might be subject to more regula-
tion or change on protein level.

Interestingly, according to the transcriptome analysis,
apart from the CRISPR-targeted NDF6 and NDHU genes,
the transcript abundance of many other NDH pathway-
associated nuclear genes, as well as PGR5 and PTOX,
showed various degrees of upregulation (Fig. S6b) in the
maize zmndf6 and zmndhu mutants. One possible trigger
could be the increased ROS these
mutants, as Strand ez 2/ (2015) found that treatment of
leaves with H,O, could improve NDH complex-dependent
CET activity. Equally noteworthy, Calvin—Benson cycle-
related  transcript abundance was often  consistently
increased in the two maize ndh mutants (Fig. S6¢). We
suspect that these parallel changes in transcript abundance
between CET and the Calvin—Benson cycle could be a
projection of the intrinsic involvement of the NDH path-

accumulation in

way in the regulation of C4 carbon metabolism.

In conclusion, as modeled in Fig. 8, NDH CET is important
for the optimization of C4 photosynthesis in the NADP-ME sub-
type species of maize. The significance of the NDH pathway in
C4 plants can be attributed to both ATP supply and NADPH
turnover, as well as the adjustment of malate flux and NADP-
ME activity. The loss of NDH function leads to metabolic,
redox, and other regulatory imbalances, especially in BS cells,
which then feedback to affect the coordination of photosynthetic
transcript accumulation and protein levels. Our study advances
the functional understanding of NDH enrichment in maize BS
cells, provides support for the involvement of NDH-CET in the
optimization events during Cj4 evolution, and hopefully will
inspire fine-tuning strategies to be reconsidered with the goal of
engineering C4 photosynthesis.
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