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Abstract

Background: Phosphoenolpyruvate carboxylase (PEPC) plays an important role in the primary metabolism of
higher plants. Several studies have revealed the critical importance of PEPC in the interaction of carbon and
nitrogen metabolism. However, the function mechanism of PEPC in nitrogen metabolism is unclear and needs
further investigation.

Results: This study indicates that transgenic rice expressing the sugarcane C4-PEPC gene displayed shorter primary
roots and fewer crown roots at the seedling stage. However, total nitrogen content was significantly higher in
transgenic rice than in wild type (WT) plants. Proteomic analysis revealed that there were more differentially
expressed proteins (DEPs) responding to nitrogen changes in transgenic rice. In particular, the most enriched
pathway “glutathione (GSH) metabolism”, which mainly contains GSH S-transferase (GST), was identified in
transgenic rice. The expression of endogenous PEPC, GST and several genes involved in the TCA cycle, glycolysis
and nitrogen assimilation changed in transgenic rice. Correspondingly, the activity of enzymes including GST, citrate
synthase, 6-phosphofructokinase, pyruvate kinase and ferredoxin-dependent glutamate synthase significantly
changed. In addition, the levels of organic acids in the TCA cycle and carbohydrates including sucrose, starch and
soluble sugar altered in transgenic rice under different nitrogen source concentrations. GSH that the substrate of
GST and its components including glutamic acid, cysteine and glycine accumulated in transgenic rice. Moreover,
the levels of phytohormones including indoleacetic acid (IAA), zeatin (ZT) and isopentenyladenosine (2ip) were
lower in the roots of transgenic rice under total nutrients. Taken together, the phenotype, physiological and
biochemical characteristics of transgenic rice expressing C,-PEPC were different from WT under different nitrogen
levels.
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metabolism.

Phytohormone content

Conclusions: Our results revealed the possibility that PEPC affects nitrogen metabolism through regulating GST,
which provide a new direction and concepts for the further study of the PEPC functional mechanism in nitrogen
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Background

PEPC widely exists in vascular plants, cyanobacteria,
green algae, non-photosynthetic bacteria and archaea,
but not in fungi and animals [1, 2]. PEPC is recognized
for its special role in the carbon metabolism of plants. In
C, and crassulaceae plants, PEPC plays a critical role in
the initial fixation of atmospheric CO, in C, photosyn-
thesis and crassulacean acid metabolism photosynthesis.
In C3 plants and most non-photosynthetic tissues, PEPC
primarily catalyzes irreversible -carboxylation of phos-
phoenolpyruvate (PEP) in the presence of HCO3™ and
Me®" to form oxaloacetate (OAA) and inorganic phos-
phate (Pi) [1]. OAA is the carbon skeleton for the syn-
thesis of aspartic acid (Asp) and asparagine (Asn), and
an important material in the tricarboxylic acid (TCA)
cycle, which generates intermediates involved in other
physiological functions and provides carbon skeletons
for biosynthesis and nitrogen assimilation [2].

PEPC is an abundant plant protein that is used for ni-
trogen storage [3]. Moreover, PEPC has an important
role in carbon and nitrogen interactions [4]. Knockdown
of Osppc4 encoding a plant-type PEPC targeted to chlo-
roplasts in rice resulted in a decrease of OAA, citric acid
and isocitric acid. Meanwhile, glutamate and aspartate
contents decreased, and the nitrogen content of the
whole plant is reduced in Osppc4 knockdown lines,
which indicates that the down-regulation of Osppc4 sup-
presses NH," assimilation and amino acid synthesis [5].
A double mutant of PPCI and PPC2 encoding PEPC in
Arabidopsis showed a growth-arrest phenotype and de-
creased PEPC activity, and further reduced the synthesis
of malate and citrate and severely suppressed ammo-
nium assimilation [6]. Transgenic rice overexpressing
maize PEPC had increased carbon levels, higher grain
yield per plant and were more tolerant to low nitrogen
stress with up-regulation of photorespiratory genes [7].
Overexpression of Zea mays PEPC in Arabidopsis thali-
ana resulted in increasing protein and free amino acid
content in transgenic plants [8]. Seed-specific expression
of a bacterial PEPC in Vicia narbonensis resulted in
higher seed-dry weight, elevating crude protein and free
amino acids content [9]. These studies suggested that a
change in PEPC expression in plants altered physiology
and biochemistry with changes of biomass, organic acid
content, protein and amino acid levels. In addition, Dofl
transcription factor regulated the expression of genes,

such as PEPC, to modulate carbon and nitrogen metabo-
lites. The expression of maize Dof1 in Arabidopsis thali-
ana and rice significantly enhanced PEPC gene
expression, increased PEPC activity and amino acid con-
tent and improved growth under low nitrogen condi-
tions [10, 11]. The research indirectly proves the
function of PEPC in carbon and nitrogen metabolism.
Moreover, overexpression of GS1;1 and GSI;2 encoding
glutamine synthetase, a key enzyme involved in ammo-
nium assimilation, induced a decrease of PEPC genes ex-
pression [12], and glutamine synthetase 2 co-suppressed
plants showed a significant decrease of PEPCI and
PEPC?2 gene expression [13], which suggested that PEPC
was associated with nitrogen metabolism. PEPC is in-
volved in nitrogen metabolism, but it may not directly
participate in nitrogen assimilation. The effects of PEPC
in the modulation of carbon and nitrogen interactions
need to be further clarified.

In this study, the sugarcane C,-PEPC gene was intro-
duced into the indica cultivar Hang2. To further investi-
gate phenotype and physiological-biochemical changes,
transgenic plants and WT (indica rice cultivar, Hang2)
plants were cultured in nutrient solution with different
concentrations of nitrogen source. Then, proteomic ana-
lysis was performed to identify DEPs and the relevant
metabolic pathways. Additionally, gene expression, en-
zyme activities, metabolites and hormones were mea-
sured and comparatively analyzed. Finally, we identified
DEPs with significant changes in transgenic rice express-
ing C,~PEPC. We also summarized and obtained the dif-
ferences in the physiology and biochemistry between
transgenic rice expressing C,-PEPC and WT plants.

Results

Plant phenotype under different nitrogen source
concentrations

Previously, we introduced the sugarcane PEPC gene con-
taining the promoter and coding region into indica culti-
var Hang2 using Agrobacterium-mediated
transformation and generated tPEPC transgenic lines.
The C4PEPC was successfully expressed at the tran-
scriptional and protein level in tPEPC lines. Correspond-
ingly, all tPEPC lines showed higher PEPC enzyme
activities compared with WT [14]. Moreover, the total
nitrogen content of tPEPC lines increased at both the
seedling and tillering stages (Supplementary Figure S1).
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This suggested that the expression of C,PEPC influ-
enced both carbon metabolism and nitrogen metabolism
in transgenic rice. Then we investigated the phenotype
and biochemical characteristics of tPEPC and WT plants
under different nitrogen source concentrations. The
tPEPC and WT plants were cultured in total nutrient so-
lution containing normal levels of nitrogen and labeled
as tPEPC-T and WT-T. To investigate the difference of
sensitivity to nitrogen, tPEPC and WT plants were cul-
tured in low nitrogen solution containing trace nitrogen
and labeled as tPEPC-L and WT-L. To better investigate
the growth difference between tPEPC and WT plants,
they were also cultured in nitrogen deficiency solution
and labeled as tPEPC-D and WT-D. The plant height
and shoot length measurements of tPEPC plants were
significantly higher than that of WT plants in different
conditions. The primary root length of tPEPC plants was
shorter than that of WT under total nutrients, while
there were no differences between tPEPC and WT plants
under low nitrogen and nitrogen deficiency (Fig. la-d).
Notably, the crown root number of tPEPC plants was
lower than that of WT plants under total nutrients
(Fig. 1e). The chlorophyll a (Chl a) content of tPEPC-L
and tPEPC-D was greater than that of WT-L and WT-
D, respectively (Fig. 1f). In addition, tPEPC plants
showed higher root dehydrogenase activity (Fig. 1 g).
Correspondingly, the Chl a content and root dehydro-
genase activity increased in 6-day-old seedlings of tPEPC
lines (Supplementary Figure S2). Compared with that of
WT, the total carbon content of tPEPC plants increased
by about 14 % under total nutrients. By contrast, they
decreased by approximately 22 and 20 % under low ni-
trogen and nitrogen deficiency, respectively (Fig. 1 h).
The total nitrogen content of tPEPC plants increased
significantly under different nitrogen source concentra-
tions (Fig. 1i). These results suggested that the expres-
sion of C4PEPC influenced growth and physiology in
Oryza sativa.

Proteomic analysis

To clarify the molecular mechanisms of C4-PEPC regu-
lating plant growth in Oryza sativa, we conducted pro-
tein profile analysis by the tandem mass tag (TMT)
method. Proteins with fold changes (FC) greater than 1.3
and less than 1/1.3 were identified as DEPs. Overall, 685,
775 and 75 DEPs were identified in tPEPC-L/tPEPC-T,
tPEPC-D/tPEPC-T, and tPEPC-D/tPEPC-L, respectively,
which were more than the 538, 446 and 32 DEPs identi-
fied in WT-L/WT-T, WT-D/WT-T, and WT-D/WT-L.
This implied that more genes were involved in the re-
sponse to nitrogen changes in tPEPC plants. Overall, 47
DEPs (27 up-regulated and 20 down-regulated), 80 DEPs
(27 up-regulated and 53 down-regulated) and 44 DEPs
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(25 up-regulated and 19 down-regulated) were identified
in tPEPC-T/WT-T, tPEPC-L/WT-L and tPEPC-D/WT-
D, respectively (Fig. 2a). Then, we focused on the DEPs
identified in tPEPC-T/WT-T, tPEPC-L/WT-L and
tPEPC-D/WT-D. DEPs were annotated and classified
into the three major Gene Ontology (GO) categories:
biological process, cellular component and molecular
function. The primary functional GO terms were cellular
process and metabolic process in the biological process
category; cell, membrane and organelle in the cellular
component category; and binding and catalytic activity
in the molecular function category (Supplementary Fig-
ure S3). The DEPs were localized predominantly in chlo-
roplasts and cytoplasm (Supplementary Figure S4),
which implied a change of metabolic activity in tPEPC
plants. GO enrichment analysis was performed to iden-
tify significant functional classifications. Then, compara-
tive cluster analysis was carried out to indicate a
comparison between the groups (Fig. 2b-d, Supplemen-
tary Figure S5). In molecular function ontology, the
prominent classifications were transferase activity and
metal/iron-sulfur cluster in tPEPC-T/WT-T, including
enzyme inhibitor/regulator activity, molecular function
regulator, hydrolase activity, sulfur compound binding,
nutrient reservoir activity and manganese ion binding in
tPEPC-L/WT-L and peptidase activity, cation transmem-
brane transporter activity, cysteine-type peptidase activ-
ity and chlorophyll-binding in tPEPC-D/WT-D. In
cellular component ontology, the prominent classifica-
tions were apoplast in tPEPC-T/WT-T, mitochondrial
protein complex and extracellular region in tPEPC-L/
WT-L and classed of thylakoid and photosystem in
tPEPC-D/WT-D. In biological process ontology, the
prominent classifications were cellular response to che-
micals/stress in tPEPC-T/WT-T, defense response and
metal ion transport in tPEPC-L/WT-L and purine-
containing compound/ribose phosphate/glycosyl com-
pound biosynthetic process and photosynthesis in
tPEPC-D/WT-D. The results suggested that the nitrogen
responsiveness of tPEPC plants significantly differed
from WT plants and there was a significant difference
between the tPEPC-T/WT-T, tPEPC-L/WT-L and
tPEPC-D/WT-D groups.

Subsequently, the enriched pathways were identified in
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database and assessed by cluster analysis (Fig. 2e; Table 1,
Supplementary Figure S6). In tPEPC-T/WT-T, an up-
regulated and a down-regulated pathway “GSH metabol-
ism” was identified and included two GSTs. In this
study, tPEPC plants with down-regulated GST had
shorter primary roots and fewer crown roots, which was
consistent with a loss-of-function rice mutant with a T-
DNA insertion in GST showed reduced primary root
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elongation and lateral root formation [15]. In tPEPC-L/
WT-L, the up-regulated pathway category “photosyn-
thesis - antenna proteins” included “light-harvesting II
chlorophyll a/b binding protein 1 (Lhcb1l)” and “light-
harvesting complex I chlorophyll a/b binding protein 2
(Lhca2)”. The down-regulated pathway “plant hormone
signal transduction/MAPK signaling pathway—plant/
plant-pathogen interaction” included “pathogenesis-re-
lated proteins (PRs)”. In tPEPC-D/WT-D, the enriched

pathway “carbon metabolism” included up-regulated
proteins “isocitrate lyase” and “malic enzyme” (ME), and
down-regulated protein “pyruvate phosphate dikinase”
(PPDK). The down-regulated pathway “photosynthesis”
included “photosystem I reaction center subunit XI,
chloroplastic”. The enriched pathway “metabolic path-
ways/photosynthesis-antenna proteins” included up-
regulated “alpha-amylase”, and down-regulated “chloro-
phyll a-b binding protein, chloroplastic” (Lhcbl) and
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“lipoxygenase” (LOX). These results indicated that the

DEPs in tPEPC-L/WT-L and tPEPC-D/WT-D were
mainly related to photosynthesis and carbon
metabolism.

Gene expression analysis

Proteomic analysis indicated significant differences be-
tween tPEPC and WT. To complement the changes at
the transcriptional level, the gene expression of several
DEPs was analyzed using quantitative real-time PCR
(qQRT-PCR). GST (968), GST1 and GST4 were remark-
ably down-regulated in tPEPC-T plants compared with

WT-T, which was consistent with the regulation of ex-
pression at the protein level. However, the expressions
of GST (968), GSTI and GST4 were up-regulated in
tPEPC-L and tPEPC-D, which were also higher than
those in WT-L and WT-D, respectively. In contrast with
WT plants, the ferredoxin-nitrite reductase (NiR) and
FD-GOGAT genes involved in nitrogen assimilation
were up-regulated in tPEPC plants under different nitro-
gen source concentrations (Fig. 3a). The expression of
Lhebl and Lox genes were higher in tPEPC-T plants
than in WT-T, but they were down-regulated in tPEPC-
L and tPEPC-D, which were lower than that in WT-L
and WT-D, respectively. The ME gene was up-regulated
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Table 1 Annotation of KEGG-enrichment pathways
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Protein
coding
(Transcript)

KEGG pathway

Gene D"

Gene ID in Annotation

RAP™

Regulation P value

tPEPC-T VS WT-T

05200480 Glutathione metabolism 0s10t0528300

0s03t0283200

tPEPC-L VS WT-L
0s5a00196 Photosynthesis - antenna proteins  0s09t0346500
0s07t0577600

BGIOSGA033328 0Os1090528300 Down

BGIOSGA010968 0s03g0283200 Down

BGIOSGA030566 0s09g0346500 Up

BGIOSGA026003 0s07g0577600 Up 6.33E-05

0.0001848 Glutathione S-
transferase, GST4

0.0134967 Glutathione S-
transferase, GST

0.0010183 Light-harvesting
complex Il chlorophyll a/
b binding protein 1,

Lhcb1

Light-harvesting
complex | chlorophyll a/
b binding protein 2,

Lhca2
05304075 Plant hormone signal 0s07t0129200 BGIOSGA025088 0s07g0129200 Down 0.014282  Pathogenesis-related
transduction/ 0sa04016 MAPK signaling protein, PR
ﬁig;ﬁ?’o; plant/ 05204626 Plant-pathogen 110156300 BGIOSGAG25089 050790129300 Down 00083205 Pathogenesis-related
protein, PR
tPEPC-D VS WT-D
05301200 Carbon metabolism 0s07t0529000 BGIOSGA024190 0s07g0529000 Up 0.000957  Isocitrate lyase, ICL
0s05t0186300 BGIOSGA018670 0Os05g0186300 Up 0.0012799 Malic enzyme, ME
0s03t0432100 BGIOSGA010483 (0s03g0432100 Down 0.0164407 Pyruvate phosphate

0s5a00195 Photosynthesis 0s12t0420400

0s02t0765600
0s01t0720500

05301100 Metabolic pathways (Including
05200196 Photosynthesis - antenna proteins)

0s01t0600900

0s02t0194700

BGIOSGA004351

BGIOSGA003922 0Os01g0600900 Down

BGIOSGA006958 0s02g0194700 Down

dikinase, PPDK

BGIOSGA037305 0s12g0420400 Down 0.0023241 Photosystem | reaction
center subunit XI,
chloroplastic, Psal

BGIOSGA005550 0s02g0765600 Up 0.044098  Alpha-amylase

0s01g0720500 Down 0.0031756 Chlorophyll a-b binding
protein, chloroplastic,

Lhcb1

0.0023408 Chlorophyll a-b binding
protein, chloroplastic,
Lhcb1

0.030037  Lipoxygenase, LOX

*1: Gene ID in EnsemblPlants
*2: The Rice Annotation Project Database

in tPEPC plants, especially in tPEPC-T (Fig. 3b). The re-
sults indicated that the expression patterns of genes in-
volved in GSH metabolism, nitrogen assimilation and
carbon metabolism in tPEPC plants were different from
that in WT plants.

To investigate whether the introduction of C,PEPC
affected the expression of endogenous PEPC genes, we
examined them using qRT-PCR. First, we analyzed the
expression of C,-PEPC and found that it was gradually
down-regulated in tPEPC-L and tPEPC-D. There was no
obvious difference in the expression of Osppcl and
Osppc2a between tPEPC and WT plants. Osppc2b and
Osppc3 were up-regulated under low nutrient and nitro-
gen deficiency, especially in tPEPC-L and tPEPC-D.

Osppc4 was up-regulated in tPEPC plants and it was sig-
nificantly up-regulated in tPEPC-D (Fig. 3c). These re-
sults suggested that the expression of some endogenous
PEPC genes indeed changed in tPEPC plants. In Cj
plants, PEPC was mainly involved in the anaplerotic re-
action of the TCA cycle, which is also in connection
with glycolysis. Therefore, we analyzed the expression of
rate-limiting enzyme genes in the TCA cycle and gly-
colysis. The expression of a-ketoglutarate dehydrogenase
(a-KGDH), isocitrate dehydrogenase (ICDHc), hexokinase
(HK) and PFK genes was higher in tPEPC-T compared
with WT-T, but was no different between tPEPC-L and
WT-L or tPEPC-D and WT-D. On the contrary, the ex-
pression of CS and PK genes were down-regulated in
tPEPC-T compared with in WT-T (Fig. 3d). The results
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indicated that these TCA cycle and glycolysis genes had
different expression patterns in tPEPC relative to WT
under different nitrogen source concentrations.

Enzyme activity assay

Given the changes in the proteome and gene expression,
we conjectured a change in enzyme activity. Therefore,
we measured the enzyme activity in tPEPC and WT
plants. GST activity in tPEPC-T and tPEPC-L was lower
than that in WT-T and WT-L, respectively. Meanwhile,
GOGAT activity in tPEPC plants was higher than in
WT plants under different nitrogen source concentra-
tions (Fig. 4a). Compared with under total nutrients,
PEPC activity and pyruvate dehydrogenase (PDH) activ-
ity significantly decreased under low nutrient and nitro-
gen deficiency in both tPEPC and WT plants. PEPC
activity was higher in tPEPC plants than in WT plants,
while PDH activity showed inverse activity. ME activity
was higher in tPEPC-T and tPEPC-L than in WT-T and
WT-L, respectively (Fig. 4b). This indicated that the ac-
tivity of these enzymes correlated in response to TCA
cycle changes in tPEPC plants. CS activity decreased
under low nutrient and nitrogen deficiency and was sig-
nificantly lower in tPEPC plants than in WT plants. The
activity of «a-KGDH was higher and ICDHc activity was
lower in tPEPC-T than in WT-T, but there was no dif-
ference in activity between tPEPC-L and WT-L, tPEPC-
D and WT-D (Fig. 4c). In addition, PFK activity was
higher in tPEPC plants compared to in WT plants under

different nitrogen source concentrations. On the con-
trary, HK was lower in tPEPC plants, especially in
tPEPC-L and tPEPC-D plants. PK activity in tPEPC-T
plants was lower than that in WT-T plants, whereas it
was higher in tPEPC-L and tPEPC-D plants (Fig. 4d).
Together, these results suggested that the activity of
rate-limiting enzymes in the TCA cycle and glycolysis
changed to some extent in tPEPC plants and there were
significant changes in CS, PFK and PK activity.

Analysis of organic acid content

Subsequently, we considered whether the content of
metabolic intermediate products in the TCA cycle and
glycolysis changed correspondingly. We further mea-
sured organic acid content in tPEPC and WT plants.
Compared with that in WT plants, OAA content was
lower in tPEPC-T, while it was significantly higher in
tPEPC-D. With the decrease of nitrogen concentration,
the OAA contents decreased in WT plants, while they
increased in tPEPC plants. The fumaric acid (FA) con-
tent in tPEPC-T and tPEPC-D was higher than that in
WT-T and WT-D plants. The levels of a-ketoglutaric
acid («-KG) and malic acid (MA) were lower in tPEPC-L
and tPEPC-D than in WT-L and WT-D. The citric acid
(CA) and succinic acid (SA) content in tPEPC-T were
significantly higher than in WT-T, but they were lower
in tPEPC-D than in WT-D (Fig. 5a and b). These results
indicated that the levels of these organic acids in the
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TCA cycle changed. Moreover, the changing trends in
organic acids in tPEPC plants differed from those in WT
plants under different nitrogen source concentrations. In
addition, the levels of fructose-1,6 diphosphate (FDP)
and pyruvic acid (PA) in tPEPC-T were higher than in
WT-T, and lactic acid (LA) levels were higher in tPEPC-
L plants (Fig. 5¢). There were no differences between the
other two comparative groups, which suggested little
change in the content of these organic acids in glycolysis
in tPEPC plants.

Changes in GSH, amino acid and carbohydrate content

In this study, GST was evidently down-regulated in
tPEPC-T according to proteomic analysis. GST plays an
important role in cell detoxification and catalyzes the
combination of reduced GSH and toxic substances, GSH
is a tripeptide synthesized from Glu, Cys and Gly. Subse-
quently, the content of GSH and the three amino acids
were determined in tPEPC and WT plants. Compared
with total nutrients, GSH content increased under low
nutrient and nitrogen deficiency both in tPEPC and WT
plants. Moreover, GSH levels in tPEPC-T and tPEPC-L
were higher than those in WT-T and WT-L, respectively

(Fig. 6a). This probably implied that GSH accumulated
in tPEPC-T and tPEPC-L due to lower GST activity.
Glu, Gly and Cys levels in tPEPC-T were significantly
higher than in WT-T, while they were lower in tPEPC-D
relative to WT-D (Fig. 6b). Additionally, OAA, an im-
portant raw material for the TCA cycle, is also the car-
bon skeleton of Asp and Asn. Asp levels decreased both
in WT and tPEPC plants with decreasing nutrient sup-
ply. Meanwhile, Asp levels in tPEPC-T were higher than
in WT-T but lower in tPEPC than in WT under low ni-
trogen and nitrogen deficiency (Fig. 6b). This suggested
that different levels of Asp occur in WT and tPEPC
plants under different nitrogen source concentrations.

As PEPC has an anaplerotic role in the TCA cycle in
most non-photosynthetic tissues and Cj plants, it was
probably the reason that the carbohydrate content chan-
ged in tPEPC plants. We determined the levels of su-
crose, starch, soluble sugar in tPEPC and WT plants
under different nitrogen source concentrations. The su-
crose contents in tPEPC-T and tPEPC-L were about 2.5
times of that in WT-T and WT-L, respectively. Starch
and soluble sugar content in tPEPC-T and tPEPC-L
were significantly higher than in WT-T and WT-L. By



Lian et al. BVIC Plant Biology (2021) 21:287

Page 9 of 15

[

@WT-T @tPEPC-T OWT-L OtPEPC-L @WT-D @tPEPC-D
dkk

= - N N @
° o 5} a S

OAA, FA and a-KG content (ug/g FW)

o

o

a-KG

700

12

FDP, PA and LA content (ug/g FW)

FDP

**P <001, **P<0.001)

\

awT-T @tPEPC-T OWT-L OtPEPC-L @WT-D DOtPEPC-D

PA

Fig. 5 Determination of organic acid content. a OAA, FA and a-KG content. b CA, SA and MA contents. ¢ FDP, PA and LA content. (*P < 0.05,

CA, SA and MA content (ug/g FW)
@
8
3

@WT-T @tPEPC-T OWT-L OtPEPC-L @WT-D BtPEPC-D

CA SA MA

—
LA

contrast, sucrose, starch and soluble sugar content were
no different between tPEPC-D and WT-D. Moreover,
sucrose and soluble sugar content increased obviously in
WT-D compared with WT-T, while they had a relatively
higher level in tPEPC plants and there were no differ-
ences between tPEPC-D and tPEPC-T (Fig. 6¢). The re-
sults indicated that these carbohydrates changed
differently between tPEPC and WT with decreasing nu-
trient supply.

Changes in IAA, ZT and 2iP content

The growth and development of plants were closely re-
lated to plant endogenous hormone content. In view of
the phenotypic difference between tPEPC and WT
plants, we measured the levels of IAA, ZT and 2iP sep-
arately in plant aerial parts and roots. The levels of IAA
were lower in both aerial parts and roots of tPEPC-T
compared with WT-T. While, the levels of IAA were
higher in the aerial part of tPEPC-L and tPEPC-D com-
pared with WT-L and WT-D, respectively. The level of
IAA was lower in the roots of tPEPC-L compared with
WT-L, but there was no change in the IAA level in roots
between tPEPC-D and WT-D (Fig. 7a). The ZT content
increased in the aerial parts of tPEPC and WT under
low nutrient and nitrogen deficiency compared with that

under total nutrient. The levels of ZT were lower in the
aerial parts of tPEPC-T and tPEPC-L compared with
WT-T and WT-L, respectively, but higher in the aerial
parts of tPEPC-D than in WT-D. In roots, the levels of
ZT were lower in tPEPC-T and tPEPC-D than in WT-T
and WT-D, and higher in tPEPC-L than in WT-L
(Fig. 7b). Both in aerial parts of tPEPC and WT, the
levels of 2ip under low nutrient and nitrogen deficiency
were about half of those under total nutrients, and lower
in the aerial parts of tPEPC-L than in WT-L. In roots,
the level of 2ip in tPEPC-T was only about 35 % of that
in WT-T, in tPEPC-L it was about 47 % of that in WT-
L, but higher in tPEPC-D than in WT-D (Fig. 7c). It
seemed that the levels of these hormones were closely
related to nitrogen levels in the culture solution. It was
most likely that the different hormone levels induced
phenotypic differences between tPEPC and WT plants.

Discussion

PEPC, a key enzyme located in a branch of carbohydrate
metabolism in plants, replenishes PEP for the TCA cycle
to support anabolism. In this study, transgenic rice ex-
pressing C,-PEPC displayed great changes in phenotype,
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Proteomic analysis indicated that GST significantly de-
creased in tPEPC-T plants. Correspondingly, GST activ-
ity was lower in tPEPC-T plants. GST plays an
important role in cellular detoxification by conjugating
tripeptide GSH (y-glutamyl-cysteinyl-glycine) with toxic
xenobiotic and oxidation products [16-22]. However,
several studies have shown that transgenic rice express-
ing C,~PEPC were more tolerant to photooxidation and
photoinhibition and had enhanced oxidative tolerance
and drought tolerance via Ca**, NO and saccharide re-
sponses [23-30]. It is most likely that other defense
pathways differed from GST pathways in C,-PEPC-ex-
pressing transgenic rice, which is also probably affected
by environmental conditions such as nitrogen supply.
Notably, GST also participates in modulating plant
growth and development [31]. GST interacting with far-
red insensitive 219 was involved in the regulation of cell
elongation and plant development [32]. Mutation of
OsGST4 remarkably inhibited primary root elongation,
lateral root formation and shoot growth [15]. In our
study, the level of GST was significantly decreased at the
protein and transcriptional levels in C,-PEPC transgenic
rice under normal conditions. Moreover, GSH, the sub-
strate of GST and its components, Glu, Cys and Gly, ac-
cumulated in C,-PEPC transgenic rice, and the C4,-PEPC
transgenic plants had shorter roots and fewer crown

roots, but plant height was taller and shoot length was
longer. This suggests that the introduction of C,-PEPC
mainly influenced the expression of GST in the roots
and affected their growth. However, how C,-PEPC regu-
lates the expression of GST and the mechanisms in-
volved need further research.

PEPC catalyzes PEP, a central intermediate of glycoly-
sis and HCOj3", to yield OAA and replenish the TCA
cycle. When the amount of ME transcripts was raised,
the activity of ME and PK increased in transgenic potato
plants overexpressing PEPC [33]. In this study, the ex-
pression of ME, Lox, a-KGDH, ICDHc, HK and PFK
genes were up-regulated in C,-PEPC transgenic rice.
However, ME, a-KGDH and PFK activity were higher,
but CS activity was lower in C,PEPC transgenic rice
than those in WT. These results indicated that the intro-
duction of C4-PEPC induced changes in genes involved
in metabolic reactions including the TCA cycle and gly-
colysis. In addition, the down-regulation of PEPC ex-
pression always resulted in changes of OAA, CA, MA
and the other intermediates of the TCA cycle [5, 6].
Overexpression of endogenous PEPC in potato plants re-
sulted in an increase in MA, 2-oxoglutarate (2-OG) and
OAA [34]. There was a higher level of OAA in trans-
genic rice expressing maize PEPC [35]. In our study, Cy-
PEPC transgenic rice had higher levels of FA, CA, SA,
FDP and PA, but had a lower level of OAA, which dif-
fered from the results of previous research. This is
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probably because metabolic reactions are a dynamic
process, and the results revealed the difference in meta-
bolic intermediate products between C,-PEPC transgenic
rice and WT. Moreover, Li and Wang observed that the
total soluble sugar in the leaves and grains of transgenic
rice expressing maize PEPC significantly increased com-
pared with those in WT [36]. In our study, sucrose,
starch and soluble sugar were significantly higher in Cy4-
PEPC transgenic rice than in WT. Taken together, our
study revealed that C,-PEPC altered the TCA cycle and
glycolysis, and then induced changes in intermediates
and metabolites.

PEPC plays an important role in the carbon-nitrogen
coupling metabolism. Carbon and nitrogen metabolism
were redirected, and amino acid levels increased in
PEPC transgenic plants [9, 34, 37-39]. PEPC promotes
the accumulation of protein in maturing soybean, and
there are higher PEPC activity in high-protein cultivar
[40]. Tang et al. indicated that transgenic rice overex-
pressing maize PEPC were more tolerant to low nitrogen
stress than WT [7]. However, the down-regulation of
PEPC genes suppressed ammonium assimilation and
subsequent amino acid synthesis [5, 6]. In our study, the
total nitrogen content of transgenic rice was higher at
different growth stages and under different nitrogen
source concentrations, which reflected the effects of C,-
PEPC on nitrogen metabolism. NiR, a type of oxidore-
ductase, mainly converts NO,~ to NH," and plays an
important role during NO3™ conversion [41]. GOGAT, a
key enzyme in the Gln synthetase/ GOGAT cycle, plays a
critical role in NH," assimilation [42]. The expression of

the NiR and FD-GOGAT genes significantly increased
and GOGAT activity was higher in C4-PEPC transgenic
rice in this study. Moreover, the variations of gene ex-
pression, enzyme activity, organic acids and hormone
content under different nitrogen source concentrations
were different between transgenic rice and WT, which
suggested there was a distinct reaction to nitrogen in
C4-PEPC transgenic rice. Glu plays a critical role in
amino acid metabolism and functions in a central signal-
ing and metabolic role in the interface of carbon and ni-
trogen assimilation [43]. In this study, Glu content was
significantly higher in C,-PEPC transgenic rice under
total nutrients, which was probably beneficial for ammo-
nium assimilation in the Gln synthetase/GOGAT cycle.
In addition, Glu is one of the components for GSH, a
substrate of GST. Therefore, it is most likely that the
C4-PEPC effect on nitrogen metabolism is related to
GSH metabolism, and the mechanism of its regulation is
worth further study.

In addition, hormones are vital for plant growth and
development. Auxin plays an important role in plant de-
velopmental processes including cell elongation and div-
ision, shoot elongation, vascular differentiation, the
regulation of tropistic responses and establishment of
apical dominance [44—46]. In addition, auxin is essential
for plant root development including the formation, ini-
tiation and emergence of lateral and adventitious roots,
as well as root elongation [47, 48]. Rice mutants of genes
involved in auxin signaling pathways showed reduced
crown roots or defective root development [49-51]. An-
other important phytohormone is cytokinin, which is a
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group of phytohormones involved in several develop-
mental and growth processes such as circadian rhythms,
root development, germination, shoot development, leaf
senescence and so on [52-55]. Auxin and cytokinin
interact in the regulation of root meristem activities [56,
57]. The WUSCHEL-related homeobox (WOX) gene
was reported as an integrator of auxin and cytokinin sig-
naling that regulates cell proliferation during crown root
development [58, 59]. Auxin-induced termed crown
rootless5 (CRL5) promotes crown root initiation through
the repression of cytokinin signaling [60]. IAA is the
most widespread auxin in plants, and ZT and 2ip are
spontaneous and predominant cytokinins in higher
plants. In this study, C,-PEPC transgenic rice showed
lower IAA, ZT and 2ip levels in roots under total nutri-
ents. Shorter primary roots and fewer crown roots in
tPEPC-T plants may be owing to a lower level of these
hormones in roots. Nutrients including nitrogen are also
important factors influencing plant root architecture, so
the roots of tPEPC-L did not show a significant differ-
ence though they also had relatively lower IAA levels in
roots. In addition, it has been proposed that auxin may
modulate GST gene expression or enzyme activity
resulting in the alteration of redox potential and then
alter gene expression and cellular development [61].
Thus, we speculate that there was an inevitable relation
between the lower expression level or enzyme activity of
GSTs and lower IAA level in C,-PEPC transgenic rice
under total nutrients.

Conclusions

PEPC is involved in plant carbohydrate metabolism and
supports carbon-nitrogen interactions. In this study,
transgenic rice expressing C,-PEPC exhibited character-
istics that differed from WT plants, especially shorter
primary root and fewer crown roots. Gene expression,
enzyme activity, phytohormone content, several meta-
bolic intermediates and metabolites related to the TCA
cycle, glycolysis and nitrogen assimilation changed in
transgenic rice under different concentrations of nitro-
gen source. It was remarkable that proteomic analysis
revealed “GSH metabolism” as the most enriched path-
way in C,-PEPC transgenic rice. The expression of GSTs
significantly decreased at the protein and transcriptional
levels. Concomitantly, GST enzyme activity was lower
with the accumulation of its substrate GSH in C,-PEPC
transgenic rice under normal conditions. Notably, the
level of Glu that a component of GSH and a critical role
in the GOGAT cycle of ammonium assimilation was
higher in transgenic rice. Thus, it is most likely that
PEPC regulates GST and then affects nitrogen metabol-
ism, which provides new insight into the effect of PEPC
on nitrogen metabolism.
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Methods

Plant material

tPEPC and WT plants (indica cultivar Hang2) from Rice
Research Institute, Fujian Academy of Agricultural Sci-
ences, were cultured in total nutrient solution (Yoshida)
containing a normal level of nitrogen (0.11875 g/L
NH4NO3), low nitrogen solution containing trace nitro-
gen (0.0057 g/L. NH4NO3) and nitrogen deficiency solu-
tion for 20 d, and used in this study.

Protein extraction, identification and bioinformatics
analysis

The protein of samples from three biological replicates
was extracted using lysis buffer (10 mM/L dithiothreitol,
8 mol/L urea, 1% Triton-100 and 1 % protease inhibitor
cocktail). Then, the protein concentration was deter-
mined using a bicinchoninic acid kit following the man-
ufacturer’s instructions. After trypsin digestion, the
peptides were labeled using a TMT kit (Thermo) ac-
cording to the manufacturer’s protocol, and they were
fractionated wusing high pH reverse-phase high-
performance liquid chromatography (HPLC). Then, pep-
tides were separated and identified by liquid
chromatography-tandem mass spectrometry (LC-MS/
MS). The data of MS/MS result was processed by the
Maxquant search engine (v.1.5.2.8), and the tandem
mass spectra were searched using the UniProt database
(https://www.uniprot.org/) concatenated with a reverse
decoy database. The identified proteins were annotated
and classified with GO annotation proteome derived
from the UniProt-GOA database (http://www.ebi.ac.uk/
GOA/). Protein metabolic pathways were annotated
using the KEGG database. GO terms or KEGG path-
ways. P-values<0.05 were regarded as significantly
enriched, and hierarchical cluster were performed. The
protein subcellular localization was predicted by WoLF
PSORT subcellular localization prediction software.

qRT-PCR

For qRT-PCR, cDNA was generated from the previously
collected RNA using the RevertAid First Strand cDNA
Synthesis Kit (Fermentas, LTU). The qRT-PCR was per-
formed with the Fast Start Universal SYBR Green Mas-
ter system (Roche, USA) on a 7500 real-time PCR
system (Applied Biosystems). The relative quantification
of gene expression was determined using actin gene ex-
pression as a reference and the relative quantitative
method (AACT) was used to evaluate the quantitative
variation. Primers used in qRT-PCR are listed in Supple-
mentary Table S1.

Enzyme activity determination
The enzyme activity of GST, GOGAT, PEPC, PDH, ME,
CS, o-KGDH, ICDHc, PFK, HK and PK were
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determined by reagents kits (Suzhou Comin Biotechnol-
ogy Co., Ltd.) according to the manufacturer’s protocol.

Metabolite assay

Amino acid content was detected by HPLC (Agilent
1100). GSH, sucrose, starch and soluble sugar contents
were determined by reagents kits (Suzhou Comin Bio-
technology Co., Ltd) following the manufacturer’s
protocol.

IAA, ZT and 2ip assay
IAA, ZT and 2ip contents were determined by HPLC
(Agilent 1100).

Statistical analyses

Statistical analyses were performed using one-way
ANOVA or Student’s t tests. P-values < 0.05 were con-
sidered to indicate statistical significance. Statistical cal-
culations were performed using Microsoft Excel 2019.
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