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Cassava is a staple crop that acclimatizes well to dry weather and limited water
availability. The drought response mechanism of quick stomatal closure
observed in cassava has no explicit link to the metabolism connecting its
physiological response and yield. Here, a genome-scale metabolic model of
cassava photosynthetic leaves (leaf-MeCBM) was constructed to study on the
metabolic response to drought and stomatal closure. As demonstrated by leaf-
MeCBM, leaf metabolism reinforced the physiological response by increasing the
internal CO, and then maintaining the normal operation of photosynthetic
carbon fixation. We found that phosphoenolpyruvate carboxylase (PEPC)
played a crucial role in the accumulation of the internal CO, pool when the
CO, uptake rate was limited during stomatal closure. Based on the model
simulation, PEPC mechanistically enhanced drought tolerance in cassava by
providing sufficient CO, for carbon fixation by RuBisCO, resulting in high
production of sucrose in cassava leaves. The metabolic reprogramming
decreased leaf biomass production, which may lead to maintaining
intracellular water balance by reducing the overall leaf area. This study
indicates the association of metabolic and physiological responses to enhance
tolerance, growth, and production of cassava in drought conditions.
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1 Introduction

Drought is an environmental stress crucially affecting the
productivity of all major staple crops. The impact is more
pronounced under exacerbating climate changes during the past
decades. The circumstance necessitates new strategic development
of drought-tolerant crops, for which an understanding of plant
responses to stress at the metabolic level is essential to address the
challenges of limited water availability for crop production and food
insecurity (Kapoor et al., 2020).

Cassava (Manihot esculenta Crantz) has been recognized as an
ideal crop to combat food insufficiency in the future, especially under
the threat of climate change. Cassava starchy roots provide
competitively high calories per cultivation area over other staple
crops. Cassava roots contain up to 70-90 percent of starch on a dry
matter basis. The main cultivation areas of cassava are in tropical and
subtropical regions, though it can be grown in broad climatic
conditions. Cassava is one of only a few crop plants that tolerate
drought well. It can survive and produce reasonable yield even in
marginal environments where other crops fail (El-Sharkawy, 1993;
Howeler et al., 2013). Despite this, cassava production losses from
unfavorable water conditions have been increasingly reported in
the recent years (Vandegeer et al, 2013; Daryanto et al, 2016).
There is a concerted effort to unravel the metabolic adaptation and
physiological responses of cassava to water-deficit stress. Enhancing
the current water use efficiency of cassava is a promising strategy
to cope with the imminent drought and erratic rainfall due to
climate change.

Physiological responses of cassava to drought stress have been
studied for over three decades. When exposed to drought, cassava
rapidly closes leaf stomata to reduce transpiration (El-Sharkaway
and Cock, 1984)and also maintains intracellular water balance by
reducing the overall leaf area under prolonged drought (EI-
Sharkawy and Cock, 1987b; El-Sharkawy, 2007). Photosynthesis
and carbon fixation of cassava has been discussed in the possibility
of containing the superior characteristics of C;-C, an intermediate
plant to drought response (Cock et al., 1987; El-Sharkawy and Cock,
1987a). The most recent studies of cassava leaf anatomy and
photosynthetic physiology showed that cassava has more closed
characteristics to a C; plant (Edwards et al., 1990; Angelov et al.,
1993; Arrivault et al,, 2019), with an exceptional stomata sensitivity
to air humidity that makes it tolerant to stressful environments (EI-
Sharkawy, 1993). In addition, cassava leaves can maintain
reasonable photosynthetic rates and capacity even with the
stomata closed in response to drought. While the metabolic
response to drought has been less studied, it was shown that
cassava metabolism might reinforce the physiological response
through photosynthesis, photorespiration, and cellular CO, re-
assimilation (Alves and Setter, 2004). Particularly, the high
activity of phosphoenolpyruvate carboxylase enzyme (PEPC; a key
enzyme in the C, photosynthetic pathway) in cassava suggests its
potential role in enhancing respiratory CO, capture when
intracellular gas exchange was limited by stomatal closure during
water stress (Lopez et al., 1993; El-Sharkawy, 2007; El-Sharkawy
et al, 2008). It was proposed to be involved in elevating CO,
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availability around RuBisCO enzyme and hence lower oxygenase
reaction (photorespiration) under stress conditions (Leegood,
2002). The highly correlated relationship among PEPC activity,
photosynthetic performance, and cassava root yield under stress
conditions marked the relevance of the enzyme in response to
drought, supposedly via metabolic re-adjustment in leaves (EI-
Sharkawy et al., 2008). Transgenic rice with PEPC overexpression
showed high tolerance to drought stress, increased net
photosynthesis, altered sugar metabolism, and comparable yield
to wild-type plants (Zhang et al., 2017). The PEPC enzyme is,
therefore, potentially one key factor enabling cassava to maintain
photosynthetic capacity and subsequent metabolic adaptation to
retain yield under drought conditions (El-Sharkawy, 2007). Though
contributions of the enzyme to cassava metabolism and also
metabolic responses to drought stress have been postulated for
years, in-depth studies on the mechanism remain absent. The role
of the PEPC enzyme in CO, re-assimilation is still ambiguous due
to the incomplete Kranz anatomy of cassava leaves (Angelov et al.,
1993). Furthermore, only a little is known about the synchronous
action of the metabolic adaptation and physiological response
supporting drought tolerance of cassava.

Elucidation of intracellular plant metabolism is a challenging
research topic, and always requires intricate experiments with
advanced instruments. Mathematical modeling has thus been
introduced as an effective tool to assist in the laborious
investigation of various aspects of the metabolic complexity
(Hadicke et al., 2011; Collakova et al., 2012). Constraint-based
metabolic modeling (CBM) via flux balance analysis (FBA) allows
the prediction of steady-state reaction fluxes in metabolism by
applying mass balance constraints. FBA calculates optimal fluxes
for biomass production, predicting the growth and production rates
of biotechnologically important compounds under conditions of
interest (Orth et al., 2010). This approach provides a new outlook
on controlling the pleiotropic functionality of a system and enables
hypothesis testing about mechanisms underlying the function of
cells (Oberhardt et al., 2009). During the last ten years, constraint-
based modeling was used to investigate the complexity of primary
carbon metabolism in broad plant species, including Arabidopsis
(Beckers et al., 2016), barley seed (Grafahrend-Belau et al., 2009),
maize (Saha et al., 2011), rice (Lakshmanan et al., 2013), and
soybean (Moreira et al., 2019). The approach was also applied to
gain insights into metabolic responses in various conditions, such as
in silico flux analysis of rice leaf cells which suggested an increase in
PEPC activity, photorespiration and nitrogen assimilation under
severe drought conditions (Lakshmanan et al., 2013). In cassava,
CBM was applied to examine carbon assimilation toward root
biomass biosynthesis to understand the difference in storage root
production in high- and low-yielding cassava varieties
(Chiewchankaset et al, 2019). Though critical to plant growth
and root development, there are just a few studies on metabolism
in photosynthetic tissues of cassava, including the reconstruction of
a compartmentalized metabolic network of primary carbon
assimilation (Punyasu et al., 2019; Sutthacharoenthad et al., 2022).

Here, computational analysis was performed to study the
response of cassava leaf metabolism under drought conditions.
The study also investigated the involvement of PEPC in
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supporting the robustness of leaf carbon metabolism against
drought stress. In this work, central carbon metabolism related to
cassava leaf growth was reconstructed mainly based on a genome-
based metabolic network of cassava (Punyasu et al., 2019), available
metabolic models of plants, and the current physiological
knowledge on cassava photosynthesis and carbon assimilation.
The constructed model, namely leaf-MeCBM, was modeled to
imitate the photoautotrophic characteristics of cassava leaves,
whose growth primarily depended on atmospheric CO, fixation
during photosynthesis. Based on leaf anatomy of cassava that
follows typical Cs leaf characteristics, the leaf-MeCBM represents
primary metabolism in a mesophyll cell including four sub-cellular
compartments, cytosol, chloroplast, mitochondria, and peroxisome.
It consists of 424 reactions (564 cassava genes) related to 10
pathways, including photosynthetic light-dependent reactions,
Calvin-Benson cycle, photorespiration, respiration, pentose
phosphate, nitrogen assimilation, starch and sucrose metabolism,
amino acid metabolism, primary cell wall metabolism, and fatty
acid synthesis. The leaf-MeCBM was first verified by simulations to
represent cassava leaf growth under normal conditions. The leaf-
MeCBM was subsequently used to investigate metabolic responses
to drought by restraining the rate of CO, exchange to the
environment (i.e., to represent the stomatal response to a dry
environment). The resulting high fluxes through PEPC and
RuBisCO reactions set the initial hypothesis of the study to
investigate the involvement of PEPC in metabolic adaptation
under drought conditions. Through in silico perturbation of
PEPC activity, flux distribution analysis was performed to study
the association of enzymatic reactions in metabolism and the
physiological response to stress. The model prediction was finally
validated based on the related expression of enzymatic genes and
the collective evidence in cassava literature. Comprehension gained
in this study would bridge the gap on how metabolic and
physiological responses act in concert to boost tolerance to
drought conditions.

2 Materials and methods
2.1 Model construction and verification

The leaf-MeCBM model was constructed primarily based on
the reported metabolic network of cassava photosynthetic tissues
(ph-MeReCon), which contains nine biochemical pathways (i.e.,
photosynthetic light reaction, Calvin cycle, respiration (glycolysis,
TCA, oxidative phosphorylation, and fermentation), pentose
phosphate pathway (PPP), photorespiration, starch and sucrose
metabolism, and anabolic pathways of amino acids, fatty acids,
fibers, and nucleic acids)(Punyasu et al., 2019). Additional
metabolic pathways, PEPC-related reactions and drought-
responsive pathways, were first taken from the published
metabolic models of Arabidopsis (Beckers et al., 2016), and rice
(Lakshmanan et al., 2013), and verified by the existence of their
enzymatic proteins in the cassava genome (BLASTP, using the
following criteria: (1) E-value < 1x1071°, (2) identity percentage
> 60, and (3) coverage percentage >80). Reactions related to
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drought-responsive pathways (e.g., energy, redox and nitrogen
metabolism), from the published metabolic models of Arabidopsis
(Beckers et al., 2016) and rice (Lakshmanan et al., 2013), were also
included in leaf-MeCBM. The entire biochemical reactions were
also verified based on the expression of their responsible genes in
cassava fully expanded leaves. The model connectivity was analyzed
using GapFind/GapFill algorithms. All gaps were manually curated
according to the published information and the available
biochemical data in KEGG (Kanehisa et al., 2008) (https://
www.genome.jp/kegg/) and Plant Metabolic Network (Schlipfer
et al, 2017) (PMN, https://plantcyc.org), databases.

To represent biomass production in photosynthetic tissues, we
ran the model by assuming that inorganic compounds such as CO,,
photons, oxygen, water, phosphate, nitrogen, and sulfate were freely
exchanged between the system and the external environment.
Biomass synthesis was calculated based on biomass composition
in cassava leaves, including carbohydrate, protein, fiber, and lipid
(Bradbury and Holloway, 1988). The model was optimized by
maximizing leaf biomass production using a similar method
proposed by Moreira et al. (2019). Flux balance analysis (FBA)
was carried out using COBRA toolbox (Heirendt et al, 2019)
running on the MATLAB environment. The objective function
was maximizing the growth rate of cassava leaves subjected to
constraints (Equation 1): (i) steady state, (ii) uptake of light energy
(photon) based on the maximum light use efficiency [LUE
(Santanoo et al,, 2019)], and (iii) the energy demand for cellular
maintenance. The simulated carbon fluxes were predicted when the
simulation satisfied the physiological constrained criteria ie., a
specific growth rate (rate of biomass production) of cassava leaves.

max Zpiomass = Ej C,IVJ
subjected to: ¥ S;.v; =0 (Equation 1)
ij

< UB

Where Z corresponds to the objective function of the system,
where the relative weights are determined by the objective
coefficient ¢;. S; refers to the stoichiometric coefficient of
metabolite i participating in reaction j. v; denotes the flux of
reaction j. LB and UB are lower and upper boundaries of the flux
of reaction j, respectively.

The leaf-MeCBM was used to simulate carbon metabolism
inside cassava leaves according to data of cv. Kasetsart 50 (KU50)
grown in greenhouse conditions (in-house unpublished data). The
uptake rate of carbon (CO,) was constrained to the experimentally
measured values. For the scenario-based simulation of drought
conditions, flux through the PEPC reaction was increased by ten
times the normal condition. The resulting simulations were
expressed both in terms of flux quantity and relative flux ratios.

Here, the resulting leaf-MeCBM model was verified to represent
the photoautotrophic metabolic process in typical leaves of Cs
plants and be able to simulate realistic responses to stress. The
former was done by comparative analysis of the leaf-MeCBM model
simulation with available literature data. Scenario-based simulation
of photorespiration was performed. Here the ratio of carboxylation
to oxygenation varied from V. : V,= 1 (severe drought, more O,
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fixation) to V. : V, = 5 (normal conditions) using the same set of
model constraints. The patterns of flux fold changes in central
metabolism and photorespiration-related pathways were examined
for concordance with the predicted metabolic responses of plant
leaves to different levels of photorespiration (Lakshmanan
et al., 2013).

2.2 Flux-sum analysis

Flux-sum analysis was performed to evaluate the metabolite
pool, which is indicative of the metabolite turnover rate (Chung and
Lee, 2009) and metabolic perturbations. The flux-sum of metabolite
i (x;) was calculated from one-half of the summative production and
consumption fluxes of the individual metabolite under a steady-
state condition (Equation 2).

X = 0.52]- ‘S,-jvj’ (Equation 2)

where Sij refers to the stoichiometric coefficient of metabolite i
participating in reactions j. v; is the flux of reaction j.

2.3 Transcriptome data analysis

In this study, the gene expression data was taken from a publicly
available leaf RNA-seq dataset of cassava cv. KU50 treated with 20%
PEG 6000 solution for 3 and 24 hours (Ding et al., 2019) (NCBI SRA
accession no. SRP162280). The taken sequencing reads were trimmed
the adaptor sequences and removed low -quality and contaminated
reads. The resulting high-quality reads were aligned with the cassava
reference genome version 6.1 provided on the Phytozome database
using the STAR aligner (Dobin et al,, 2013). The reads were normalized
using GeTMM (Smid et al, 2018) and then used to quantify the
expression levels of the metabolic genes. Positive and negative log,FC
indicated up- and down-regulated expression under drought stress
relative to normal conditions, respectively.

3 Results

3.1 Modeling carbon assimilation in
cassava leaves

A constraint-based metabolic model of cassava leaves, namely leaf-
MeCBM, was constructed to represent basic carbon metabolism
underlying the growth of cassava leaves under adequate water
availability. The model described the primary carbon metabolism in
photosynthetic tissues that convert carbon dioxide and light energy to
cellular biomass (i.e., carbohydrates, proteins, fibers, and lipids) and
photosynthates (i.e., sucrose). It was constructed based on a genome-
based metabolic pathway of primary carbon metabolism in cassava
leaves (ph-MeRecon (Punyasu et al,, 2019), https://bml kmutt.ac.th/ph-
MeRecon/) and curated by information from published metabolic
models of Arabidopsis leaves (Beckers et al, 2016) and rice leaves
(Lakshmanan et al., 2013). All metabolic reactions and the associated
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enzyme genes were verified for existence in the cassava genome.
Developed through an iterative process of pathway reconstruction
(see “Methods”), the leaf-MeCBM model contains 523 metabolites and
424 reactions (564 genes) related to 10 pathways, including
photosynthetic light-dependent reactions, Calvin-Benson cycle,
photorespiration, respiration, pentose phosphate, nitrogen
assimilation, starch and sucrose metabolism, amino acid metabolism,
primary cell wall metabolism, and fatty acid synthesis (Supplementary
Figure 1). These metabolic pathways were assumed to function across
four subcellular compartments i.e., cytosol, chloroplast, mitochondria,
and peroxisome (Supplementary Table 1), with 46 transport reactions
interconnecting metabolic conversions across subcellular locations. The
model is provided in Supplementary Data 1.

The leaf-MeCBM was modeled to imitate the photoautotrophic
characteristics of cassava leaves, whose growth primarily
depended on atmospheric CO, fixation during photosynthesis
(Supplementary Figure 2). The net photosynthetic CO, uptake
rate was derived from the measured photosynthetic rate (Py). The
corresponding photon uptake rate was estimated based on the light
use efficiency (LUE) of cassava under well-watered conditions
(Sutthacharoenthad et al., 2022). The carboxylation to
oxygenation ratio of RuBisCO was set to 3:1 (V./V,=3) as
observed in a typical ambient condition (Jordan and Ogren, 1984;
Sharkey, 1988). Given condition-specific data, the leaf-MeCBM-
simulated synthesis rate of leaf biomass fitted the measured leaf
growth rate of cassava grown in a semi-closed greenhouse
environment (in-house unpublished data). The simulated flux
distribution agreed with the typical metabolic process of C; plants
and also of cassava (Supplementary Table 2). The model could
replicate photosynthesis and carbon fixation, including the
conversion of light energy to biochemical energy and CO,
conversion to carbohydrate molecules (Baslam et al, 2021).
Cellular respiration, including glycolysis, tricarboxylic acid (TCA)
cycle and mitochondrial electron transport chain, were functionally
active to generate energy for cellular activities. The model also
simulated the reasonable occurrence of photorespiration, the
loss of carbon to the RuBisCO oxygenation pathway. Refixation
of photorespiratory ammonia (NH;) through amino acid
biosynthesis (GS/GOGAT cycle) was also found in the leaf-
MeCBM (Bauwe et al., 2010). The interdependence of the
photorespiration and nitrogen assimilation highlighted an
interaction between carbon and nitrogen metabolism via
glutamate utilization and ammonia formation during the
operation (Bauwe et al., 2010). Lastly, the activity of PEPC, a key
enzyme in C, photosynthesis present in cassava, was also captured
by the leaf-MeCBM. In summary, the leaf-MeCBM adequately
represented the metabolic behavior in cassava leaves underlying
their growth under normal conditions.

Besides leaf growth characteristics, the leaf-MeCBM was
employed to simulate the metabolic response to increased
photorespiration, which happens in consistent with water-limiting
environments. During CO, fixation, photorespiration occurs when
the RuBisCO enzyme selectively takes O, (oxygenation; V), instead
of CO, (carboxylation; V). The process generally occurs in the leaf
mesophyll at a high O, to CO,, typically during stomatal closure in
response to stress. Here, we simulated the level of photorespiration
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by decreasing the carboxylation to oxygenation ratio of RuBisCO
(V/V,), from a low (V/V, = 5) to high (V./V,= 1) degree of
photorespiration; the ratio is approximately equal to 3 (Jordan and
Ogren, 1984) in normal conditions. Model simulation showed the
CO, uptake rate declined with photorespiration (decreasing V./V,
ratio, Figure 1A), which led to a substantial reduction in growth rate
by up to 68.3% (V./V,=1) relative to normal conditions (V./V,=3)
(Figure 1B). Changes in metabolic fluxes in response to the level of
photorespiration were illustrated in Figure 1C. Fluxes of key
metabolic pathways related to photorespiration were presented
relative to those in normal conditions. At a high level of
photorespiration (V./V,<< 3), fluxes of the photorespiration-
related reactions (e.g., RBCS-O, PGP, GOX, GGAT, and HPR)
were more active, corresponding to the increased fluxes in the
nitrogen assimilation pathway (i.e., GS-GOGAT cycle) and down-
regulation of oxidative phosphorylation and TCA cycle. The highly
active photorespiration pathway led to the higher ammonia
produced and assimilated through GS/GOGAT cycle. The higher
glycine decarboxylase (GDC) reaction flux, a part of
photorespiration, supplied the reducing equivalent molecules (i.e.,
NADH) for the mitochondrial electron transport chain (i.e., COX,
ATPS, and CCOR), leading to metabolic adjustment within the
mitochondria to level down the activity of TCA cycle (i.e., MDH).
The simulated flux patterns were consistent with studies on leaf
metabolism in rice (Lakshmanan et al, 2013). In addition, the
model showed that the reaction flux of PEPC decreased at higher
photorespiration (Figure 1C). These predictions corresponded to
the observed metabolic response to drought stress in C; plants, as in
this circumstance, leaf metabolism was altered by an increased O,/
CO; ratio as a consequence of stomatal closure. The leaf growth and
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metabolic responses to the degree of photorespiration captured in
the leaf-MeCBM model ensured its representativeness of cassava
leaf metabolism.

3.2 PEPC helped maintain carbon fixation
and metabolic adaptation under
drought conditions

The contribution of PEPC to CO, re-fixation was investigated
by assuming that its reaction flux was more active and potentially
played a role in providing CO, to RuBisCO under limited CO,
diffusion conditions. Figure 2 showed that the reaction flux of PEPC
increased with reducing CO, uptake rate (more severe stress). The
flux was about six times higher at 50% reduction of CO, uptake
(Figure 2B), while the corresponding carbon fixation was retained at
66% compared to the normal condition (Figure 2C). Further
investigation at a low V./V, ratio and one-half of CO, uptake
showed increased PEPC flux - i.e., lower V./V,, = higher PEPC flux
(Supplementary Figure 3). The results were consistent with the
study of Lopez et al., who reported an increase of PEPC activity in
leaves of drought-exposed cassava, with ~ 58% RuBisCO activity in
carbon fixation (Lopez et al., 1993). Simulations were conducted to
unravel the mechanistic role of PEPC in supporting cassava leaf
metabolism to cope with water-limiting conditions.

3.2.1 PEPC enzyme enhanced CO fixation
via RuBisCO

PEPC was hypothesized to help maintain the carboxylation to
oxidation ratio (V./V,) of RuBisCO under drought stress by
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pathways related to photorespiration. Heatmap of log, flux change relative to normal conditions (V./V, =3). The enzymes are abbreviated in blue

and are listed in Supplementary Table 3.

Frontiers in Plant Science

05

frontiersin.org


https://doi.org/10.3389/fpls.2023.1159247
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Punyasu et al.

Diffuse from/to
atmosphere

Photosynthetic CO,

Photorespiration
\ / fixation ( RuBisCO)

Dark respiration ——— 002 ———»PEPC and oxidative

decarboxylation

Amino acid
biosynthesis

Oxidative-PPP
Fatty acid
biosynthesis

10.3389/fpls.2023.1159247

Diffuse from/to
atmosphere

Photosynthetic CO ,

Photorespiration
\ / fixation (RuBisCO)
pfp> PEPC and oxidative

decarboxylation

Amino acid
biosynthesis

Dark respiration ——» 002

Oxidative-PPP T
Fatty acid

biosynthesis

NORMAL CONDITION WHEN STOMATA PARTIALLY CLOSE

B C

1.00 100
= 7
& <

;0.75 %75
a o
: E

o

15 £

0.50 £50
3 x
x =
= [
u- Q

§0.25 % 25
o g
N "

0 0

Normal 50 percent reduction Normal 50 percent reduction
CO, uptake rate CO, uptake rate

FIGURE 2

Simulation of PEPC reaction flux and carbon fixation by RuBisCO during stomatal closure. Drought stress was simulated by reducing the CO, uptake
rate by 50% due to partial stomatal closure. (A) Scheme of processes related to CO, pool in leaves during stomatal opening and closing. Processes
for generating CO, are represented in black arrows, and CO,-consuming processes are indicated by orange arrows. When CO, diffusion from the
atmosphere is limited by stomatal closure, the highly active PEPC enzyme assimilates intracellular CO, and later releases CO, through oxidative
decarboxylation for fixing by RuBisCO. Metabolic fluxes of (B) PEPC reaction and (C) carbon fixation by RuBisCO at a 50% CO, uptake rate, relative

to normal conditions, to simulate stomatal closure.

recycling the respiratory CO, to the fixation reaction. The possible
pathway was highlighted based on the observed upregulation of
carbonic anhydrase protein (CA)(Chang et al., 2019), an enzyme
involved in HCOj; production for PEPC, corresponding to the
increase in PEPC activity under drought conditions (Lopez et al.,
1993; El-Sharkawy et al., 2008). In this study, we examined whether
the proposed pathway feasibly occurs in the metabolism of cassava
leaves during the stress response. In silico perturbation of PEPC
activity was performed to simulate the metabolism under drought
stress. By 10-times increase of PEPC activity, the
phosphoenolpyruvate carboxykinase (PEPCK) reaction increased
its flux and the amount of intracellular CO,, suggesting higher
activity of PEPC in the decarboxylation pathway (Figure 3). The
accumulated CO, induced metabolic adjustments, including higher
carbon fixation by RuBisCO (Figure 4A). Flux-sum analysis of CO,
also indicated an increment in the CO, turnover rate inside leaves
(Figure 4B). These results highlighted the positive correlation of
PEPC activity to CO, re-assimilation by RuBisCO enzyme, even
though the atmospheric CO, uptake rate was limited. The simulated
results demonstrated that PEPC acted in concert with RuBisCO to
retain the carbon assimilation capacity under limited uptake of
atmospheric CO,.
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3.2.2 Upregulating PEPC increased intracellular
CO, concentration and induced oxidative
pentose phosphate pathway

Further, sources of the increasing CO, pool in response to
PEPC perturbation were investigated. We found that the increased
CO, pool was contributed mainly by the phosphoenolpyruvate
carboxykinase (PEPCK) reaction and oxidative pentose phosphate
pathway (OPPP) (Figure 5A). The PEPCK reaction reversely
converted oxaloacetate (OAA) to phosphoenolpyruvate (PEP) and
released CO,. Our simulation found that the elevated PEPC activity
increased CO, generation through the PEPCK, accounting for an
approximate 1.88% increase in the CO, pool relative to normal
conditions (Figure 5B). Another source of the CO, pool was the
higher cytosolic oxidative pentose phosphate pathway (OPPP)
activity. The flux through OPPP was increased from 9.17 to 9.23
mmol/gDW/day in response to the increased PEPC activity
(Figure 3). The more active cytosolic-OPPP enhanced reducing
equivalents in the form of NADPH. The induced OPPP activity was
postulated to achieve the biochemical supply for metabolization of
the accumulated intracellular CO,. That might be a reaction to
compensate for the lower NADPH generation from cytosolic
glycolysis (glyceraldehyde-3-phosphate dehydrogenase (NADP™))
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=P Flux increases under the PEPC perturbation
=== Flux decreases under the PEPC perturbation
== =P Flux is inactive in both conditions

The simulated flux activity of the primary carbon metabolism in cassava leaves. The results are presented by contrasting the elevated PEPC scenario with the
normal condition. The numbers in gray circles mark key points in metabolism: (1) RuBisCO reaction, (2) oxidative pentose phosphate pathway (OPPP), and (3)
sucrose synthase and sucrose export reactions. Bold black and thin gray lines indicate the increased and decreased reaction fluxes under the PEPC

perturbation, respectively, compared to normal conditions. The dashed gray line
metabolites (ATP, and NAD(P)H), photons, and CO,. Details of the compartment:

and the lower catabolic pathway activity as indicated by the reduced
CO, flux from biomass biosynthesis and the tricarboxylic acid
(TCA) cycle under PEPC perturbation (Figure 3). Overall, the
model simulation showed that changes in intracellular CO,
altered the energy and redox balance, which possibly affected
subsequent metabolic adjustments to maintain the energy and
redox status of the system.

3.2.3 Increased PEPC activity elevated energy
costs in chloroplast and cytosol

Metabolic energy and redox conditions changed globally in the
simulated drought-response metabolism. An increase in PEPC
activity affected ATP metabolism and the redox (NAD(P)H)
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represents the inactive flux in both conditions. Symbols refer to energy
s and reactions are provided in Supplementary Figure 1.

balance, which crucially influenced the metabolic status by
modulating the interrelationship between catabolic and anabolic
processes in leaf metabolism. Our simulation showed that metabolic
processes in chloroplast were more energy intensive under
increasing PEPC activity, attenuating the energy allocated to the
cytosol as a result (Figure 6, Number 1: ATP/ADP and malate/OAA
shuttles on chloroplast membrane). ATP and NADPH turnover
rates in the chloroplast were found to be slightly higher under
perturbed conditions, yet they were enough to reduce the energy
supply (i.e, NADH) to the cytosolic metabolic pathway by
approximately 5 times (Figure 6, Number 2: NADH translocation
between chloroplast and cytosol and its turnover rate). Simulated
flux distribution suggested that carbon fixation through the Calvin-
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Benson cycle required greater amounts of ATP and NADPH under
the perturbed condition, and so did the downstream pathways, i.e.,
nitrogen assimilation (through GS/GOGAT cycle), amino and fatty
acids biosynthesis, (Figure 6, Number 3, flux ratio > 1). Besides the
chloroplast, cytosolic metabolism also proved a high energy-
demanding process as expressed by the greater net ATP turnover

rate in this condition (Figure 6, Number 4). Simulations showed
that cytosolic metabolism responded to the decreasing energy
supply from chloroplasts by re-adjusting the high-energy
metabolite allocation across metabolic processes, for example,
reconciling the energy supply to nitrogen assimilation to maintain
biochemical activity in peroxisomes (Figure 3). In this condition,
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FIGURE 5

Simulation of intracellular CO, production under normal and elevated PEPC conditions. (A) The bar graph shows the ratio of CO,-generating fluxes
through key pathways between the elevated PEPC and the normal conditions. (B) Contribution of the primary pathways to CO, pool under normal

and increased PEPC conditions.
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the energy requirement of cytosolic metabolism was subsidized by
redox pathways in the mitochondria (Figure 6, Number 5: ATP
translocation through ATP/ADP shuttle). The higher cytosolic
requirement of ATP induced metabolic reprogramming of redox
pathways in mitochondria, seemingly fueled by the allocated malate
from the cytosol (Figure 6: Number 6: malate allocation through
mitochondrial malate/OAA shuttle). The predicted flux distribution
demonstrated the higher activity of TCA and mitochondrial
electron transport chain reactions (mETC) in converting NADH
to ATP for alleviating a lack of ATP in cytosolic metabolism under
elevated PEPC activity (simulated closed-stomata conditions).
These highlighted the interchange of energy-sourcing processes in
cassava leaf metabolism, from photosynthesis in chloroplasts under
normal conditions to mitochondrial redox pathways under
drought conditions.

Overall, the rebalancing of metabolic energy costs was
associated with carbon metabolism. In response to the increased
PEPC activity, the metabolism was globally adjusted towards
maintaining redox and energy homeostasis at a high CO, level.
These changes affected the catabolic and anabolic relationship in
cellular metabolism. Since the elevated PEPC reaction activated
CO, reassimilation by RuBisCO and flooded carbon fluxes through
nitrogen assimilation, amino acid biosynthesis, and sucrose
metabolism, the imbalance in energy demand and supply led to
metabolic reprogramming toward improving the efficiency of
energy usage during the response to the perturbation. It implied
that the change in carbon balance mediated by the elevated PEPC
activity impacted the metabolic state, especially in energy and redox
balance, which has consequences for plant growth and development
under drought-stress conditions.
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3.2.4 Increased PEPC activity affected carbon-
nitrogen assimilation in metabolism

The redox status adapted for metabolic homeostasis altered the
balance of carbon and nitrogen assimilation in the metabolism at
high PEPC activity. The simulations showed a reduction in
inorganic nitrogen assimilation via nitrate reductase (NR)
(Figure 7A) and a subsequent decrease in the assimilation of
ammonium (ion) into amino acids in the cytosol via glutamine
synthetase (GS) and glutamate synthase (GOGAT) (Figure 7A),
demonstrating energy optimization in cells during stomatal closure.

The change in carbon fluxes throughout metabolism also
affected photorespiration and its related pathways. The elevated
photorespiration at increased PEPC promoted C; (tetrahydrofolate
derivatives) metabolism through nitrogen-related pathways. We
found that the higher fluxes through the photorespiration
pathway in mitochondria required higher amounts of the
tetrahydrofolate derivatives as cofactors (Figure 3). The
metabolism then responded to the tetrahydrofolate requirement
by inducing fluxes through the GS/Fd-GOGAT cycle (nitrogen
metabolism) and serine metabolism in chloroplast (Figure 7B).
The requirement of nitrogen skeleton, energy, and redox to
operate the more active photorespiration may contribute to the
metabolic adjustment toward energy and resource optimization.

3.2.5 Increased PEPC activity affected carbon
assimilation and photosynthate synthesis

The increasing CO, pool and changes in energy and redox
states induced metabolic reprogramming and resulted in
metabolic tread-off between biosynthesis of cellular biomass and
photosynthates (sucrose). Simulations showed the redirection of
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increased PEPC activity.

carbon fluxes towards sucrose biosynthesis rather than biomass
production. At PEPC conditions, biomass biosynthesis pathways,
namely amino acids, lipids, and carbohydrates, had relatively low
fluxes compared to normal conditions, resulting in reduced biomass
production rates of up to 79 percent (Figure 8A). On the other
hand, carbon flux from the RuBisCO enzyme tended to be utilized
for triose phosphate production, which was subsequently
metabolized toward sucrose biosynthesis in the cytosol
(Figure 8B) for utilization in metabolic processes in sink tissues.
In sum, in silico upregulation of PEPC at simulated drought
conditions showed high carbon partitioning in leaves for sucrose
generation, which would be likely spent on sink metabolism
(reserves), while limiting biomass production for leaf growth.

3.3 Meta-transcriptome supported the
hypothetical role of PEPC to enhance
metabolic response to drought in
cassava leaves

In silico perturbation of PEPC activity demonstrated the
metabolic responsive mechanism in leaves that possibly rescued
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cassava from the stress of water limitation. An increase in PEPC
activity led to a rise in the CO, concentration in mesophyll via
PEPCK and OPPP; the accumulated CO, was then re-assimilated
by RuBisCO. The altered carbon flux resulted in metabolic
reprogramming in energy metabolism, nitrogen assimilation,
sugar metabolism, and biomass biosynthesis. The overall response
caused a reduction in leaf growth as more carbon flux was allocated
to sink tissues. The simulated mechanism was consolidated by
meta-transcriptome data (Ding et al., 2019) that highlighted the
mechanistic scenarios in cassava leaves based upon the expression
of the related enzymatic genes under drought exposure.

Under drought conditions, PEPC (Manes.15G093700,
Manes.14G095900, and Manes.02G091300) and PEPCK
(Manes.08G138300 and Manes.09G128000) genes were increasingly
expressed in the last three hours after treatment (HAT), with PEPCK
expression still high after 24 hours (Figures 9A-C). It indicated a rapid,
responsive action of PEPC genes to drought stress and also the
associative pathway of action via PEPCK. The PEPC reaction
metabolized inorganic carbon in the form of HCOj; to generate
OAA, whereas PEPCK was responsible for converting OAA to PEP
and releasing CO,. The upregulation of glucose-6-phosphate
dehydrogenase (G6PD) (Manes.09G179700, Manes.13G008400,
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Simulation of biomass production rate and sucrose biosynthesis during response to in silico PEPC perturbation. (A) Simulated fluxes of cassava leaf
biomass production under normal (black bar) and elevated PEPC conditions (gray bar). (B) Metabolic fluxes of sucrose biosynthesis via sucrose
phosphate synthase (SPS) and sucrose export reaction during the increased PEPC activity.
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FIGURE 9

Comparison of the metabolic gene expression in response to drought stress and metabolic activity predicted by the leaf-MeCBM model. Red and
Blue represent up- and down-regulated expression or flux in drought, respectively. Grey indicates the undetectable expression in a condition. The
E.C. number is associated with a reaction on the map of primary metabolism. (A) PEPC; Phosphoenolpyruvate carboxylase (B) RuBisCO; Ribulose
1,5-Bisphosphate Carboxylase-Oxygenase (C) PEPCK; Phosphoenolpyruvate carboxykinase (D) G6PDH; Glucose-6-Phosphate Dehydrogenase (E)
6PGH; 6-Phosphogluconate Dehydrogenase (F) MDH-NADPH; Malate Dehydrogenase (NADP) (G) MDH-NADH; Malate Dehydrogenase (NAD) (H)
GS; Glutamine Synthetase (I) NR; Nitrate Reductase (J) Fd-NiR; Ferredoxin-Nitrite Reductase (K) GOGAT; Glutamate Synthase (L) Fd-GOGAT;
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changes in gene expression between the conditions, i.e., expression ratio ~ 1. The enzymes are abbreviated in blue and listed in Supplementary

Table 3.

Manes.15G156500, and Manes.12G007900) and 6-phosphogluconate
dehydrogenase (6PGD) (Manes. 02G062200, Manes.02G013800,
Manes.01G105600, and Manes.14G092900) corresponded to the
predicted contribution in providing additional CO, and the
associated process of metabolic re-adjustment in the oxidative
pentose phosphate pathway (Figures 9D, E). The leveled expression
of RuBisCO (Manes.05G137400, Manes.01G011500, Manes.S113700,
and Manes.S091300; ~ a 0.95-fold change in gene expression) well
agreed with the metabolic responses of maintaining CO, abundance
and carbon fixation while the stomata remain closed due to stress
(Figure 9B). The experimental data agree with our simulations of the
enzyme’s potential roles in drought response.

Frontiers in Plant Science

Metabolic reprogramming of energy-related metabolism was
highlighted by expression profiles of genes belonging to cellular
respiration. The upregulation of OPPP genes pointed out the
contribution of drought stress to energy homeostasis since OPPP
mainly generates cytosolic NADPH (Figures 9D, E). The
attenuation of the energy allocated from chloroplast to cytosol
was in line with the lower expression of the NADPH-dependent
malate dehydrogenase (MDH-NADPH (Manes.07G133100 and
Manes.10G052600); Figure 9F), which is typically located in the
chloroplast. In addition, the lower generation of NADH through
NADH-dependent malate dehydrogenase (MDH-NADH) in
cytosol agreed with the lower expression levels of some genes

11 frontiersin.org


https://doi.org/10.3389/fpls.2023.1159247
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Punyasu et al.

belonging to the MDH-NADH enzyme (Figure 9G). In
mitochondria, the expression levels of genes responsible for the
mitochondrial electron transport chain (mETC, data not shown)
and other genes belonging to the MDH-NADH enzyme were
increased during the response to drought. That was consistent
with the high flux of malate entering the mitochondria for
NADH production through the mitochondrial NADH-MDH. The
produced NADH was subsequently used for producing ATP
through the mETC, as indicated by its up-regulated expression in
drought conditions. Together, the concordance between the
experimental data and the predicted metabolic patterns revealed
cellular adjustments in energy and redox homeostasis during
drought stress response.

The gene transcription profiles also suggested metabolic
reprogramming of carbon and nitrogen metabolism in response
to drought stress. The increased expression of sucrose phosphate
phosphatase (SPP; Manes.18G109400, Manes.16G123800,
Manes.14G117000, Manes.09G042100, Manes.08G037000,
and Manes.10G071200); Figure 9M) and sucrose phosphate
synthase (SPS; Manes.15G055400, Manes.02G203000, and
Manes.14G117000; Figure 9N) supported the predicted greater
tendency of carbon partitioning to sucrose metabolism under
drought conditions. In addition, lower expression of most genes
related to biomass pathways (data not shown) was consistent with
the decreased fluxes throughout biomass synthesis pathways. The
lower expression level of most genes related to nitrate reductase
(NR; Manes.S076700 and Manes.18G073100; Figure 9I),
ferredoxin-nitrite reductase (Fd-NiR; Manes.10G071700;
Figure 9]), and glutamine synthase (GS, Figure 9H) under
drought conditions corresponded to the lower nitrogen
assimilation in the cytosol. Altogether, the expression data
corroborate our findings on metabolic adjustment toward energy-
redox metabolism, nitrogen metabolism, and sucrose biosynthesis
during the response to drought stress.

Drought/Water deficit }
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Maintain photosynthetic capacity
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Plant growth and development
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4 Discussion

Drought is a major stress factor that harms plant growth and
yield, even in highly tolerant crops such as cassava. PEPC is a
primary step of CO, assimilation in the photosynthesis of C, and
CAM (Crassulacean Acid Metabolism) plants. It catalyzes PEP and
HCO3- to form the C, metabolite oxaloacetate (OAA), which is
later decarboxylated to release CO, for RuBisCO. The mechanism
was proposed to enhance the acclimation of plants to relatively hot
and dry environmental conditions (Leegood, 2002). During a sharp
decline of intercellular CO, concentration due to stomata closure,
the CO,-concentrating mechanism suppresses photorespiration
(oxygenation) during CO, fixation by RuBisCO. In
photosynthetic tissues of typical C; plants, the fundamental
function of PEPC is to replenish tricarboxylic acid cycle
intermediates that are withdrawn for a variety of biosynthetic
pathways and nitrogen assimilation (Chollet et al., 1996; Izui et
al., 2004). The production of malate, a C4 organic acid, is thought to
be directly linked to carbon metabolism, as PEP, the substrate for
carboxylation, originates mainly from carbon skeletons. In guard
cells, the higher PEPC activity participates in stomatal movement
through malate accumulation, which contributes to charge balance
(as anion) and maintains membrane potential during stomatal
opening (Vavasseur and Raghavendra, 2005; Cousins et al., 2007).
In this work on computational modeling of cassava leaves, leaf-
MeCBM was constructed and employed to study metabolic
responses to drought in concert with physiological responses. The
model sheds light on the role of PEPC enzyme in facilitating
metabolic tolerance to drought. Simulations showed that the
lower CO, uptake rate, representing stomatal closure under dry
conditions, induced flux through PEPC, supporting CO, fixation by
RuBisCO. This metabolic response was further demonstrated
through the computational perturbation experiment of PEPC
activity. The in silico elevated PEPC activity increased the

/

N

Metabolic responsive process

Limiting [CO,] in mesophyll

|

« Elevating reaction flux of PEPC (Figure 2)
« Concentrating intracellular CO, for maintaining

carbon fixation via RuBisCO (Figures 4-5)
Metabolic adaptation by reprogramming energy
and C-N assimilation (Figures 6-7)

Redirecting carbon allocation toward sucrose
biosynthesis for sink metabolism (Figure 8)
Reducing leaf biomass (Figure 8) to limit leaf
area and leaf transpiration

£ 4

Scheme of physiological and metabolic responses acting in concert against drought stress in cassava leaves. Green represents the proposed
metabolic response mechanisms acting in concert with the physiological response to enable tolerance and maintain normal cassava growth and
development in a water-deficit environment. Grey dashed arrow indicates that the model did not consider a direct effect of drought on entire

enzyme activities.

Frontiers in Plant Science

12

frontiersin.org


https://doi.org/10.3389/fpls.2023.1159247
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Punyasu et al.

intracellular CO, pool, which then was assimilated by RuBisCO. It
affected the downstream metabolism by changing carbon flux
routes and energy homeostasis. It finally lowered the biomass
production and increased the sucrose biosynthesis. The
simulation showed highly consistent with the transcriptome data
of cassava leaves under a water-stress condition, which certified the
hypothetical role of PEPC proposed herein. The findings allowed us
to explore the systematic synchronization of plant physiological and
metabolic responses to drought stress (Figure 10).

Cassava has relatively high PEPC expression comparing to a
typical C; plant, especially under hot and dry climates (Lopez et al.,
1993; El-Sharkawy et al., 2008). Without the Krantz anatomy, PEPC
was proposed to play a role in recycling and concentrating CO, for
RuBisCO when stomata closed from stress. The most recent
physiological data showed that photosynthesis and carbon
fixation of cassava behaves more closed to C; plants, yet having
exceptional advantageous mechanism from C, plants (Edwards
et al,, 1990; Angelov et al., 1993; Arrivault et al., 2019). The leaf-
MeCBM, therefore, represented the metabolic process in cassava
leaves by assuming mainly a C;-plant metabolism. The atmospheric
CO, was first fixed by RuBisCO (via Calvin-Benson cycle), and then
produced a three-carbon acid (i.e., 3-phosphoglycerate, 3PGA). The
primary metabolism of cassava leaves was assumed to take place
primarily in mesophyll cells across four sub-cellular compartments:
cytosol, chloroplast, mitochondria, and peroxisome. The C,-
photosynthesis pathway in cassava was modelled according to the
presence of the related genes in cassava genome and the cassava
literature. It was composed of PEPC in cytosol, NADP-ME in the
chloroplast, NAD-ME in the mitochondria, and PEPCK in the
cytosol. The leaf-MeCBM showed that PEPC pathway was
upregulating and involved in maintaining the steady state of
photosynthetic carbon fixation under simulated drought
condition (Figure 3) (El-Sharkawy and Cock, 1987a). The
simulation corresponds to the persistent photosynthesis capability
in cassava plants grown under the free-air CO, enrichment (FACE)
condition, though stomatal conductance was observed reducing.
These plants showed lower specific leaf area, but higher final harvest
root yield with respect to the atmospheric CO, condition (Forbes
etal, 2020; Ruiz-Vera et al,, 2021). Similarly, PEPC-overexpression
in rice showed higher net photosynthetic rates with unchanging
yield under drought condition compared to wild-type (Zhou et al,
2011; Zhang et al., 2017).

In silico elevating PEPC activity helped elucidate the systematic
response of cassava leaf metabolism as a consequence of the
metabolic reprograming potentially happened during stomatal
closure. The increase in PEPC activity demonstrated the
alteration in carbon fluxes throughout the whole metabolism
(Figure 3). Modulation of nitrogen and sugar metabolism along
with PEPC activities in the model was implied by the associated
adjustments of C and N assimilation to meet the needs of
metabolism (Shi et al, 2015) (Figure 7). The higher fluxes
through the GS/Fd-GOGAT cycle (nitrogen metabolism) and
serine metabolism in chloroplast (Figure 7B) indicated a
coordination of PEPC activity and N metabolism through
an alteration in photorespiration pathway. The predicted
highly active sucrose biosynthesis pathway (Figure 8B) infers the
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metabolic tendency to increase osmolyte production. Accumulation
of these molecules, including soluble sugars, is reported to rescue
plants from drought through adjusting the ROS balance, and
restoring the osmotic balance by reducing leaf transpiration
under stress exposure (Singh et al., 2015). However, the alteration
in carbon fluxes towards the sucrose-related pathway resulted in
decreased biomass synthesis rate (Figures 3 and 8A). The greater
partitioning of carbon to sucrose biosynthesis than biomass
production reflected the response of leaf (source) metabolism to
secure more resource in the storage organs. This trade-off between
sucrose accumulation and growth under stress has been reported in
ranging crop plant species (Lawlor and Cornic, 2002; Chaves et al.,
2009), and also helps explain the metabolic phenomena underlying
a rapid drop of cassava leaves, once exposed to stress. The in-silico
high sucrose systhesis may promote photoassimilate translocation
to storage organs (Chaves, 1991; Erin and Brent, 2012), resulting in
a high final-harvest index under prolonged drought (EI-
Sharkawy, 2007).

In rice (Oryza sativa), the chloroplast-located PEPC isoform
was reported to play a crucial role in nitrogen metabolism as found
the alteration in ammonium assimilation and amino acid synthesis
(Masumoto et al., 2010). The transgenic rice plants over-expressing
maize C4 PEPC gene also exhibited a higher soluble sugar content
(sucrose, glucose, and fructose) in both control and drought
conditions. PEPC was proposed to alleviate oxidative damage and
be more related to high endogenous saccharide decomposition that
enhanced drought tolerance in rice plants (Zhang et al, 2017).
Corresponding to the study in Arabidopsis, the suppression of
PEPC genes showed a decrease in amino acid biosynthesis,
especially GS/GOGAT cycle and NH," assimilation. The
alteration in starch and sucrose accumulation also found in the
Arabidopsis transgenic lines, indicating the effect of PEPC on C/N
balance in leaf metabolism (Shi et al., 2015).

In addition to the metabolic insights, this work also highlighted
the importance of computational modeling in facilitating the study
of complex systems. The model demonstrated the plausibility of the
hypothetical action of PEPC in cassava metabolism and helped
clarify the conceptual roles of PEPC proposed in cassava literature.
Modelling conversion of carbon metabolites in cassava leaves using
leaf-MeCBM could help connect the physiological and metabolic
responses of cassava to the prevailing drought environment.
Nonetheless, all simulations and interpretation from leaf-MeCBM
was based on the assumption of C;-metabolism in cassava leaves.
While the simulated results and findings were promising and well
correlated with the transcriptome data and cassava literature,
further experiments on intracellular response are required to
narrow down the gap of conceptual insights to the real
occurrence in plant cells.

5 Conclusions

In summary, the in silico metabolic modeling using leaf-
MeCBM revealed that the enzyme PEPC plays a crucial role in
concentrating the internal CO, and enhancing CO, fixation by
RuBisCO. Carbon (e.g., sucrose) and nitrogen metabolism and
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balance proved critical for drought stress tolerance. This work also
captured the metabolic mechanism behind energy and redox
homeostasis. The overall metabolic reprogramming resulted in
high sucrose production but a low biomass production rate. This
work provides a holistic view of the leaf metabolic and physiological
responses of cassava to drought stress. The insights gained could be
leveraged to develop tolerant cultivars. Ultimately, this model could
also be extended to explore the source-sink relationship and guide
metabolic engineering toward enhancing yield and abiotic stress
tolerance in cassava and other crops.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Materials. Further inquiries can be
directed to the corresponding author.

Author contributions

TS conceived and designed the experiment. TS and SK
supervised the project. NP developed the model structure,
performed all computational analysis, and prepared the figures.
TS and NP analyzed and discussed the results. SK discussed the
results. NP and TS drafted the manuscript. All authors contributed
to the article and approved the submitted version.

Funding

This work was supported by the National Research Council of
Thailand (NRCT; Mid-Career research grant (NRCT5-RSA63006)
and NRCT-Bu2562) and King Mongkut's University of Technology
Thonburi. We would like to thank the Royal Golden Jubilee (RGJ)
Ph.D. Program for NP’s scholarship (Grant No. PHD/0206/2561),
through the National Research Council of Thailand (NRCT), and
Thailand Research Fund (TRF).

Acknowledgments

We would like to thank Mr. Nattawet Sriwichai for his
assistance with transcriptome data analysis. We also acknowledge
the Center for Agricultural Systems Biology (CASB), King

References

Alves, A. A. C,, and Setter, T. L. (2004). Abscisic acid accumulation and osmotic
adjustment in cassava under water deficit. Environ. Exp. Bot. 51, 259-271. doi: 10.1016/
J.LENVEXPBOT.2003.11.005

Angelov, M. N,, Sun, ], Byrd, G. T., Brown, R. H,, and Black, C. C. (1993). Novel
characteristics of cassava, Manihot esculenta Crantz, a reputed C;-C4 intermediate
photosynthesis species. Photosynth. Res. 38, 61-72. doi: 10.1007/BF00015062

Arrivault, S., Alexandre Moraes, T., Obata, T., Medeiros, D. B., Fernie, A. R,,
Boulouis, A., et al. (2019). Metabolite profiles reveal interspecific variation in operation

Frontiers in Plant Science

14

10.3389/fpls.2023.1159247

Mongkut’s University of Technology Thonburi (KMUTT),
Thailand, for the research facility.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1159247/
full#supplementary-material

SUPPLEMENTARY DATA SHEET 1
The reconstructed genome-scale metabolic model of cassava leaf
(leaf-MeCBM).

SUPPLEMENTARY FIGURE 1
Scheme of the simplified carbon assimilation metabolic pathway in the leaf-
MeCBM model.

SUPPLEMENTARY FIGURE 2
The simulated leaf growth rate and specific CO2 uptake rate.

SUPPLEMENTARY FIGURE 3
Simulation of PEPC reaction flux during reduced CO2 uptake and increased
level of photorespiration.

SUPPLEMENTARY TABLE 1
Characteristics of the leaf-MeCBM model.

SUPPLEMENTARY TABLE 2
Leaf-MeCBM simulation of characteristic behaviors of leaf metabolism.

SUPPLEMENTARY TABLE 3
Abbreviation and full names.

of the Calvin-Benson cycle in both C; and C, plants. J. Exp. Bot. 70, 1843-1858.
doi: 10.1093/jxb/erz051

Baslam, M., Mitsui, T., Sueyoshi, K., and Ohyama, T. (2021). Recent advances in
carbon and nitrogen metabolism in C; plants. Int. J. Mol. Sci. 22, 1-39. doi: 10.3390/
ijms22010318

Bauwe, H., Hagemann, M., and Fernie, A. R. (2010). Photorespiration: players,
partners and origin. Trends Plant Sci. 15, 330-336. doi: 10.1016/j.tplants.2010.03.006

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1159247/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1159247/full#supplementary-material
https://doi.org/10.1016/J.ENVEXPBOT.2003.11.005
https://doi.org/10.1016/J.ENVEXPBOT.2003.11.005
https://doi.org/10.1007/BF00015062
https://doi.org/10.1093/jxb/erz051
https://doi.org/10.3390/ijms22010318
https://doi.org/10.3390/ijms22010318
https://doi.org/10.1016/j.tplants.2010.03.006
https://doi.org/10.3389/fpls.2023.1159247
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Punyasu et al.

Beckers, V., Dersch, L. M., Lotz, K., Melzer, G., Blising, O. E., Fuchs, R, et al. (2016).
In silico metabolic network analysis of Arabidopsis leaves. BMC Syst. Biol. 10, 1-19.
doi: 10.1186/s12918-016-0347-3

Bradbury, J. H., and Holloway, W. D. (1988). Chemistry of tropical root crops:
significance for nutrition and agriculture in the pacific. ACIAR Monograph. 6, 1-201.

Chang, L., Wang, L., Peng, C,, Tong, Z., Wang, D., Ding, G., et al. (2019). The
chloroplast proteome response to drought stress in cassava leaves. Plant Physiol.
Biochem. 142, 351-362. doi: 10.1016/j.plaphy.2019.07.025

Chaves, M. M. (1991). Effects of water deficits on carbon assimilation. J. Exp. Bot. 42,
1-16. doi: 10.1093/JXB/42.1.1

Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and
salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551-560.
doi: 10.1093/AOB/MCN125

Chiewchankaset, P., Siriwat, W., Suksangpanomrung, M., Boonseng, O., Meechai,
A., Tanticharoen, M., et al. (2019). Understanding carbon utilization routes between
high and low starch-producing cultivars of cassava through flux balance analysis. Sci.
Rep. 9, 1-15. doi: 10.1038/541598-019-39920-w

Chollet, R, Vidal, J., and O’Leary, M. H. (1996). Phosphoenolpyruvate carboxylase: a
ubiquitous, highly regulated enzyme in plants. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 47, 273-298. doi: 10.1146/annurev.arplant.47.1.273

Chung, B. K. S, and Lee, D. Y. (2009). Flux-sum analysis: a metabolite-centric
approach for understanding the metabolic network. BMC Syst. Biol. 3, 1-10.
doi: 10.1186/1752-0509-3-117

Cock, J. H,, Riafio, N. M., El-Sharkawy, M. A., Yamel, L. F., and Bastidas, G. (1987).
C;-C, intermediate photosynthetic characteristics of cassava (Manihot esculenta
Crantz) - IL initial products of '*CO, fixation. Photosynth. Res. 12, 237-241.
doi: 10.1007/BF00055123

Collakova, E., Yen, J. Y., and Senger, R. S. (2012). Are we ready for genome-scale
modeling in plants? Plant Sci. 191-192, 53-70. doi: 10.1016/j.plantsci.2012.04.010

Cousins, A. B., Baroli, I, Badger, M. R, Ivakov, A., Lea, P. J., Leegood, R. C,, et al.
(2007). The role of phosphoenolpyruvate carboxylase during C4 photosynthetic isotope
exchange and stomatal conductance. Plant Physiol. 145, 1006-1017. doi: 10.1104/
pp.107.103390

Daryanto, S., Wang, L., and Jacinthe, P. A. (2016). Drought effects on root and tuber
production: a meta-analysis. Agric. Water Manage. 176, 122-131. doi: 10.1016/
j.agwat.2016.05.019

Ding, Z., Wu, C,, Tie, W,, Yan, Y., He, G., and Hu, W. (2019). Strand-specific RNA-
seq based identification and functional prediction of IncRNAs in response to melatonin
and simulated drought stresses in cassava. Plant Physiol. Biochem. 140, 96-104.
doi: 10.1016/j.plaphy.2019.05.008

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013).
STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21. doi: 10.1093/
BIOINFORMATICS/BTS635

Edwards, G. E., Sheta, E., Moore, B. D., Dai, Z., Franceschi, V. R, Cheng, S. H., et al.
(1990). Photosynthetic characteristics of cassava (Manihot esculenta Crantz), a Cs
species with chlorenchymatous bundle sheath cells. Plant Cell Physiol. 31, 1199-1206.
doi: 10.1093/oxfordjournals.pcp.a078035

El-Sharkaway, M. A., and Cock, J. H. (1984). Water use efficiency of cassava. i. effects
of air humidity and water stress on stomatal conductance and gas exchange 1. Crop Sci.
24, 497-502. doi: 10.2135/cropscil984.0011183x002400030017x

El-Sharkawy, M. A. (1993). Drought-tolerant cassava for Africa, Asia, and Latin
America. Bioscience 43, 441-451. doi: 10.2307/1311903

El-Sharkawy, M. A. (2007). Physiological characteristics of cassava tolerance to
prolonged drought in the tropics: implications for breeding cultivars adapted to
seasonally dry and semiarid environments. Braz. J. Plant Physiol. 19, 257-286.
doi: 10.1590/S1677-04202007000400003

El-Sharkawy, M. A., and Cock, J. H. (1987a). C;-C, intermediate photosynthetic
characteristics of cassava (Manihot esculenta Crantz). Photosynth. Res. 12, 219-235.
doi: 10.1007/BF00055122

El-Sharkawy, M. A., and Cock, J. H. (1987b). Response of cassava to water stress.
Plant Soil 100, 345-360. doi: 10.1007/BF02370950

El-Sharkawy, M. A., Lopez, Y., and Bernal, L. M. (2008). Genotypic variations in
activities of Phosphoenolpyruvate carboxylase and correlations with leaf
photosynthetic characteristics and crop productivity of cassava grown in low-
land seasonally-dry tropics. Photosynthetica 46, 238-247. doi: 10.1007/s11099-008-
0038-4

Erin, W., and Brent, H. (2012). A re-evaluation of carbon storage in trees lends
greater support for carbon limitation to growth. New Phytol., 285-289. doi: 10.1111/
j.1469-8137.2012.04180.x

Forbes, S. J., Cernusak, L. A., Northfield, T. D., Gleadow, R. M., Lambert, S., and
Cheesman, A. W. (2020). Elevated temperature and carbon dioxide alter resource
allocation to growth, storage and defence in cassava (Manihot esculenta). Environ. Exp.
Bot. 173, 103997. doi: 10.1016/j.envexpbot.2020.103997

Grafahrend-Belau, E., Schreiber, F., Koschiitzki, D., and Junker, B. H. (2009).
Flux balance analysis of barley seeds: a computational approach to study systemic
properties of central metabolism. Plant Physiol. 149, 585-598. doi: 10.1104/
pp.108.129635

Frontiers in Plant Science

15

10.3389/fpls.2023.1159247

Hadicke, O., Grammel, H., and Klamt, S. (2011). Metabolic network modeling of
redox balancing and biohydrogen production in purple nonsulfur bacteria. BMC Syst.
Biol. 5, 1-18. doi: 10.1186/1752-0509-5-150

Heirendt, L., Arreckx, S., Pfau, T., Mendoza, S. N., Richelle, A., Heinken, A., et al.
(2019). Creation and analysis of biochemical constraint-based models using the
COBRA toolbox v.3.0. Nat. Protoc. 2019 143 14, 639-702. doi: 10.1038/s41596-018-
0098-2

Howeler, R., Lutaladio, N., and Thomas, G. (2013). Save and grow: cassava, a guide
to sustainable production intensification. Rome: Food and Agriculture Organization of
the United Nations (FAO). Available at: https://www.fao.org/family-farming/detail/en/
c/273828/.

Izui, K., Matsumura, H., Furumoto, T., and Kai, Y. (2004). Phosphoenolpyruvate

carboxylase: a new era of structural biology. Annu. Rev. Plant Biol. 55, 69-84.
doi: 10.1146/annurev.arplant.55.031903.141619

Jordan, D. B., and Ogren, W. L. (1984). The CO, /O, specificity of ribulose 1,5-
bisphosphate carboxylase/oxygenase - dependence on ribulosebisphosphate
concentration, pH and temperature. Planta 161, 308-313. doi: 10.1007/BF00398720

Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M., Itoh, M., et al. (2008).
KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36, 480-484.
doi: 10.1093/NAR/GKM882

Kapoor, D., Bhardwaj, S., Landi, M., Sharma, A., Ramakrishnan, M., and Sharma, A.
(2020). The impact of drought in plant metabolism: how to exploit tolerance
mechanisms to increase crop production. Appl. Sci. 10, 5692. doi: 10.3390/app10165692

Lakshmanan, M., Zhang, Z., Mohanty, B., Kwon, J. Y., Choi, H. Y., Nam, H. ], et al.
(2013). Elucidating rice cell metabolism under flooding and drought stresses using flux-
based modeling and analysis. Plant Physiol. 162, 2140-2150. doi: 10.1104/
pp-113.220178

Lawlor, D. W, and Cornic, G. (2002). Photosynthetic carbon assimilation and
associated metabolism in relation to water deficits in higher plants. Plant Cell Environ.
25, 275-294. doi: 10.1046/j.0016-8025.2001.00814.x

Leegood, R. C. (2002). C, photosynthesis: principles of CO, concentration and
prospects for its introduction into Cj plants. J. Exp. Bot. 53, 581-590. doi: 10.1093/
jexbot/53.369.581

Lopez, Y., Velez, W., El-Sharkawy, M. A., and Mayer, J. E. (1993). “Biochemical
characterization of PEPC from cassava: a preliminary report,” in Proceedings of the first
international scientific meeting: cassava biotechnology network(Centro Internacional de
Agricultura Tropical, Cali: Centro Internacional de Agricultura Tropical), 340-343.

Masumoto, C., Miyazawa, S. I., Ohkawa, H., Fukuda, T., Taniguchi, Y., Murayama,
S., et al. (2010). Phosphoenolpyruvate carboxylase intrinsically located in the
chloroplast of rice plays a crucial role in ammonium assimilation. Proc. Natl. Acad.
Sci. U. S. A. 107, 5226-5231. doi: 10.1073/pnas.0913127107

Moreira, T. B., Shaw, R., Luo, X., Ganguly, O., Kim, H. S., Coelho, L. G. F,, et al.
(2019). A genome-scale metabolic model of soybean (Glycine max) highlights
metabolic fluxes in seedlings. Plant Physiol. 180, 1912-1929. doi: 10.1104/PP.19.00122

Oberhardt, M. A, Palsson, B., and Papin, J. A. (2009). Applications of genome-scale
metabolic reconstructions. Mol. Syst. Biol. 5, 1-15. doi: 10.1038/msb.2009.77

Orth, J. D., Thiele, I., and Palsson, B. O. (2010). What is flux balance analysis? Nat.
Biotechnol. 28, 245-248. doi: 10.1038/nbt.1614

Punyasu, N., Kalapanulak, S., Siriwat, W., and Saithong, T. (2019). Development of a
compartmentalized model for insight into the structured metabolic pathway of carbon
metabolism in cassava leaves. Aust. J. Crop Sci. 13, 605-615. doi: 10.21475/
ajcs.19.13.04.p1639

Ruiz-Vera, U. M., De Souza, A. P., Ament, M. R, Gleadow, R. M., and Ort, D. R.
(2021). High sink strength prevents photosynthetic down-regulation in cassava grown
at elevated CO, concentration. J. Exp. Bot. 72, 542-560. doi: 10.1093/jxb/eraa459

Saha, R., Suthers, P. F., and Maranas, C. D. (2011). Zea mays irs1563: a
comprehensive genome-scale metabolic reconstruction of maize metabolism. PloS
One 6, €21784. doi: 10.1371/journal.pone.0021784

Santanoo, S., Vongcharoen, K., Banterng, P., Vorasoot, N., ]ogloy, S., Roytrakul, S.,
et al. (2019). Seasonal variation in diurnal photosynthesis and chlorophyll fluorescence
of four genotypes of cassava (Manihot esculenta Crantz) under irrigation conditions in
a tropical savanna climate. Agronomy 9, 206. doi: 10.3390/agronomy9040206

Schldpfer, P., Zhang, P., Wang, C., Kim, T., Banf, M., Chae, L., et al. (2017). Genome-
wide prediction of metabolic enzymes, pathways, and gene clusters in plants. Plant
Physiol. 173, 2041-2059. doi: 10.1104/PP.16.01942

Sharkey, T. D. (1988). Estimating the rate of photorespiration in leaves. Physiol.
Plant 73, 147-152. doi: 10.1111/j.1399-3054.1988.tb09205.x

Shi, J., Yi, K, Liu, Y., Xie, L., Zhou, Z., Chen, Y., et al. (2015). Phosphoenolpyruvate
carboxylase in Arabidopsis leaves plays a crucial role in carbon and nitrogen
metabolism. Plant Physiol. 167, 671-681. doi: 10.1104/PP.114.254474

Singh, M., Kumar, J., Singh, S., Singh, V. P., and Prasad, S. M. (2015). Roles of
osmoprotectants in improving salinity and drought tolerance in plants: a review. Rev.
Environ. Sci. Biotechnol. 14, 407-426. doi: 10.1007/S11157-015-9372

Smid, M., Coebergh van den Braak, R. R. J., van de Werken, H. J. G,, van Riet, ], van
Galen, A., de Weerd, V., et al. (2018). Gene length corrected trimmed mean of m-values
(GeTMM) processing of RNA-seq data performs similarly in intersample analyses while
improving intrasample comparisons. BMC Bioinf. 19, 1-13. doi: 10.1186/512859-018-2246-7

frontiersin.org


https://doi.org/10.1186/s12918-016-0347-3
https://doi.org/10.1016/j.plaphy.2019.07.025
https://doi.org/10.1093/JXB/42.1.1
https://doi.org/10.1093/AOB/MCN125
https://doi.org/10.1038/s41598-019-39920-w
https://doi.org/10.1146/annurev.arplant.47.1.273
https://doi.org/10.1186/1752-0509-3-117
https://doi.org/10.1007/BF00055123
https://doi.org/10.1016/j.plantsci.2012.04.010
https://doi.org/10.1104/pp.107.103390
https://doi.org/10.1104/pp.107.103390
https://doi.org/10.1016/j.agwat.2016.05.019
https://doi.org/10.1016/j.agwat.2016.05.019
https://doi.org/10.1016/j.plaphy.2019.05.008
https://doi.org/10.1093/BIOINFORMATICS/BTS635
https://doi.org/10.1093/BIOINFORMATICS/BTS635
https://doi.org/10.1093/oxfordjournals.pcp.a078035
https://doi.org/10.2135/cropsci1984.0011183x002400030017x
https://doi.org/10.2307/1311903
https://doi.org/10.1590/S1677-04202007000400003
https://doi.org/10.1007/BF00055122
https://doi.org/10.1007/BF02370950
https://doi.org/10.1007/s11099-008-0038-4
https://doi.org/10.1007/s11099-008-0038-4
https://doi.org/10.1111/j.1469-8137.2012.04180.x
https://doi.org/10.1111/j.1469-8137.2012.04180.x
https://doi.org/10.1016/j.envexpbot.2020.103997
https://doi.org/10.1104/pp.108.129635
https://doi.org/10.1104/pp.108.129635
https://doi.org/10.1186/1752-0509-5-150
https://doi.org/10.1038/s41596-018-0098-2
https://doi.org/10.1038/s41596-018-0098-2
https://www.fao.org/family-farming/detail/en/c/273828/
https://www.fao.org/family-farming/detail/en/c/273828/
https://doi.org/10.1146/annurev.arplant.55.031903.141619
https://doi.org/10.1007/BF00398720
https://doi.org/10.1093/NAR/GKM882
https://doi.org/10.3390/app10165692
https://doi.org/10.1104/pp.113.220178
https://doi.org/10.1104/pp.113.220178
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://doi.org/10.1093/jexbot/53.369.581
https://doi.org/10.1093/jexbot/53.369.581
https://doi.org/10.1073/pnas.0913127107
https://doi.org/10.1104/PP.19.00122
https://doi.org/10.1038/msb.2009.77
https://doi.org/10.1038/nbt.1614
https://doi.org/10.21475/ajcs.19.13.04.p1639
https://doi.org/10.21475/ajcs.19.13.04.p1639
https://doi.org/10.1093/jxb/eraa459
https://doi.org/10.1371/journal.pone.0021784
https://doi.org/10.3390/agronomy9040206
https://doi.org/10.1104/PP.16.01942
https://doi.org/10.1111/j.1399-3054.1988.tb09205.x
https://doi.org/10.1104/PP.114.254474
https://doi.org/10.1007/S11157-015-9372
https://doi.org/10.1186/S12859-018-2246-7
https://doi.org/10.3389/fpls.2023.1159247
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Punyasu et al.

Sutthacharoenthad, W., Punyasu, N., Kalapanulak, S., Chiewchankaset, P.,
Ruengsang, R., and Saithong, T. (2022). “Modeling carbon metabolism for leaves
growth based on the characterized photon uptake scenario of cassava,” in Thai Society
for Biotechnology International Conference Online. (Bangkok, Thailand: Thai Society
for Biotechnology), 127-132.

Vandegeer, R., Miller, R. E., Bain, M., Gleadow, R. M., and Cavagnaro, T.R. (2013).
Drought adversely affects tuber development and nutritional quality of the staple crop
cassava (Manihot esculenta Crantz). Funct. Plant Biol. 40, 195-200. doi: 10.1071/
FP12179

Frontiers in Plant Science

16

10.3389/fpls.2023.1159247

Vavasseur, A., and Raghavendra, A.S. (2005). Guard cell metabolism and CO,
sensing. New Phytol. 165, 665-682. doi: 10.1111/].1469-8137.2004.01276.X

Zhang, C., Li, X, He, Y., Zhang, J., Yan, T., and Liu, X. (2017). Physiological
investigation of C,-Phosphoenolpyruvate-carboxylase-introduced rice line shows that
sucrose metabolism is involved in the improved drought tolerance. Plant Physiol.
Biochem. 115, 328-342. doi: 10.1016/j.plaphy.2017.03.019

Zhou, B. Y., Ding, Z. S., and Zhao, M. (2011). Alleviation of drought stress inhibition
on photosynthesis by overexpression of PEPC in rice. Acta Agron. Sin. 37, 112-118.
doi: 10.1016/S1875-2780(11)60004-7

frontiersin.org


https://doi.org/10.1071/FP12179
https://doi.org/10.1071/FP12179
https://doi.org/10.1111/J.1469-8137.2004.01276.X
https://doi.org/10.1016/j.plaphy.2017.03.019
https://doi.org/10.1016/S1875-2780(11)60004-7
https://doi.org/10.3389/fpls.2023.1159247
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	CO2 recycling by phosphoenolpyruvate carboxylase enables cassava leaf metabolism to tolerate low water availability
	1 Introduction
	2 Materials and methods
	2.1 Model construction and verification
	2.2 Flux-sum analysis
	2.3 Transcriptome data analysis

	3 Results
	3.1 Modeling carbon assimilation in cassava leaves
	3.2 PEPC helped maintain carbon fixation and metabolic adaptation under drought conditions
	3.2.1 PEPC enzyme enhanced CO2 fixation via RuBisCO
	3.2.2 Upregulating PEPC increased intracellular CO2 concentration and induced oxidative pentose phosphate pathway
	3.2.3 Increased PEPC activity elevated energy costs in chloroplast and cytosol
	3.2.4 Increased PEPC activity affected carbon-nitrogen assimilation in metabolism
	3.2.5 Increased PEPC activity affected carbon assimilation and photosynthate synthesis

	3.3 Meta-transcriptome supported the hypothetical role of PEPC to enhance metabolic response to drought in cassava leaves

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


