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Abstract

Appropriate species of oleaginous bacteria, with their high growth rates and lipid
accumulation capabilities, can be good contenders for industrial triacylglycerol (TAG)
production, compared to microalgae. Further, oxidative stress (OS) can be used to
significantly increase TAG yields in oleaginous microbes, but the mechanism is
unexplored. In a first, this study explored the mechanism behind OS-mediated increase in
TAG accumulation by the bacterium, R. opacus PD630, through experimental analysis
and metabolic modelling. Two mechanisms that could increase acetyl-CoA (TAG-
precursor) levels were hypothesized based on literature information. One was OS-
mediated inactivation of the aconitase (TCA cycle), and another was the inactivation of
the triosephosphate isomerase (TPI; glycolysis). The results negated the involvement of
aconitase in increased acetyl-CoA levels. Analysis of the metabolic model showed that
inactivation of TPI, re-routed the flux through the pentose phosphate pathway (PPP),
supplying both NADPH and acetyl-CoA for TAG synthesis. Additionally, inactivation of
TPI increased TAG flux by 143%, whereas, inactivating both TPI and aconitase,
increased it by 152%. We present experimental evidence for OS—mediated decrease in

TPI activity and increase in activity of glucose-6-phosphate dehydrogenase (PPP
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enzyme). The findings indicate that increased flux through PPP can be explored to

improve TAG accumulation on a large-scale.

Keywords: Oxidative stress, lipid accumulation in Rhodococcus, Acetyl-CoA, Genome-

scale metabolic modelling, TPI

Introduction

Bacteria are better contenders for industrial triacylglycerol production compared to
microalgae (Archanaa, Jose, Mukherjee, & Suraishkumar, 2019). The growth rate of the
relevant bacterial species such as Rhodococcus is about 25-fold higher than microalgae
such as Chlorella, and the bacterial productivity is 75-fold higher (Archanaa et al., 2019).
The productivities can be significantly improved further through oxidative stress (OS) by
reactive species (RS) induction (Balan & Suraishkumar, 2014; Menon, Balan, &

Suraishkumar, 2013).

In a biological system, RS such as hydroxyl (‘OH), superoxide (O3 ) and hydrogen
peroxide (H,O,) play vital roles in cellular processes through cell signaling and other
means (Halliwell & Gutteridge, 2015). They are constantly produced and eliminated in
the cell, and if their production rate exceeds their elimination rate to cause their
accumulation, the result is OS (Gupta et al., 2012). OS causes cytotoxicity by inducing
damage to proteins, lipids, and DNA (Mathur et al., 2015; Shukla et al., 2011).
Nevertheless, OS have also been found to be beneficial because their careful induction
improves the production of industrially valuable products such as polyhydroxy butyrate
(PHB) and biofuel precursor such as triacylglycerol (TAG), a neutral lipid molecule (Al

Rowaihi et al., 2018; Balan & Suraishkumar, 2014).

This article is protected by copyright. All rights reserved.



OS-mediated improvement of lipid accumulation in oleaginous microbes such as yeast
(Yu et al., 2015) and microalgae have been widely reported (Balan & Suraishkumar,
2014; Menon et al., 2013; Yilancioglu, Cokol, Pastirmaci, Erman, & Cetiner, 2014). The
effects of many environmental stress factors such as nutrient limitation, pH or
temperature are known to be mediated through OS (Menon et al., 2013; Sarkar &
Suraishkumar, 2011) and their role in improved lipid accumulation has been suggested
(Liu, Huang, Li, Xia, & Chen, 2012; Xin, Hong-ying, & Yu-ping, 2011). A positive
relationship has been established between OS and lipid accumulation in green alga
Chlorella subjected to low nitrogen stress (Fan, Cui, Wan, Wang, & Li, 2014; Y. M.
Zhang, Chen, He, & Wang, 2013). Similarly, with oleaginous bacteria Rhodococccus
opacus PD630, we observed a concomitant increase in TAG content with an increase in
OS (Sundararaghavan, Mukherjee, & Suraishkumar, 2019). Though there is evidence to
substantiate the involvement of OS in lipid accumulation, the specific mechanism
involved lacks experimental evidence and has been rarely investigated (Shi et al., 2017).
The current study is aimed at understanding the role of OS in TAG accumulation by R.

opacus PD630.

Several studies have reported that the TCA cycle enzyme aconitase (ACO; EC 4.2.1.3)
that interconverts citrate to isocitrate is a major target of OS, as the latter inhibits them by
oxidizing the iron-sulfur (FeS) cluster present at their catalytic site (Abela et al., 2017;
Tong & Rouault, 2007). As a potential target of RS, aconitase activity has also been
widely used as an OS marker (Rose et al., 2012). The inactivation of aconitase has been
reported to shift metabolism towards lipid synthesis by rerouting the citrate flux towards

the lipid precursor molecule, acetyl-CoA (A—CoA) formation (Hurd et al., 2012; Quijano,
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Trujillo, Castro, & Trostchansky, 2016). OS-mediated increase in lipid accumulation in
rat livers has already been reported (Armstrong, Whiteman, Yang, & Jones, 2004).
Nevertheless, inter-correlation between intracellular levels of reactive species, A—CoA
and aconitase activity have not been established. Thus, in the current study, a similar
mechanism of OS-mediated increase in TAG was hypothesized in R. opacus PD630, and

above-mentioned correlations were established.

This study is first of its kind to investigate the role of OS in lipid accumulation with a
specific interest on the oleaginous bacteria. As OS is a common mediator of lipid
accumulation under various stresses such as pH, light, nutrients etc. (Fan et al., 2014; Liu
et al., 2012), understanding their mode of action is of significance and can help in

identifying potential gene targets for strain improvement (Yilancioglu et al., 2014)

Further, genome-scale metabolic modelling (GSM) of Rhodococcus has been carried out
to understand the role of OS in TAG accumulation. GSM of various organisms and cell
lines have been built and used for many biotechnological purposes (Palsson, 2015; C.
Zhang & Hua, 2016; Calmels, McCann, Malphettes, & Andersen, 2019). In this study,
GSM analysis of R. opacus PD630 predicted an alternative mechanism of OS-mediated
increase in TAG accumulation which was then experimentally validated. Specifically,
inhibition of the glycolytic enzyme triosephosphate isomerase (TPI; EC 5.3.1.1) and

rerouting of metabolism through pentose phosphate pathway (PPP) have been analyzed.
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Materials and methods

Organism

Rhodococcus opacus PD630 (Alvarez, Mayer, Fabritius, & Steinbiichel, 1996) procured
from DSMZ (#44193; culture collections; Germany) was cultivated in nutrient broth
(NB) at 28 °C and 200 rpm as detailed in our previous work (Archanaa et al., 2019).
Samples taken at the 12th hour, at which time the TAG content was maximum (Archanaa

et al., 2019), were analyzed.

Oxidative stress and TAG measurement

Nano-TiO, that are known to induce OS in biological systems (Mathur et al., 2015) was
used at different concentrations and different Ultraviolet-B (UVB) light conditions
(Schematic S1) as previously reported (Sundararaghavan et al., 2019) to generate various
levels of OS in R. opacus PD630. The OS was measured by quantifying specific
intracellular levels of hydroxyl radicals (si-OH), the most reactive among the free

radicals (Maurya, 2013). The protocol followed is given in supplementary file 1.

The TAG was converted to fatty acid methyl esters (FAME) through in situ
transesterification of biomass, as previously reported (Archanaa et al., 2019). The

resulting FAME was quantified by gravimetry and expressed in percentage cell dry

weight (CDW).

Acetyl-CoA extraction and quantification
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The cell pellet equivalent to 5 OD units obtained from 12th hour of cultivation was
washed with ice-cold 0.85% NaCl (RM 853, Himedia, Mumbai, India), and snap frozen
in liquid nitrogen. Immediately after, they were stored at —80°C, and analyzed later. The

A—CoA extraction and quantification have been detailed in supplementary file 1.

Enzyme assays

The kinetic assay of TCA cycle enzyme aconitase was performed based on the protocol
of Henson and Cleland (1967) using citric acid. The glycolytic enzyme, TPI, was assayed
as per the protocol of Maitra and Lobo (1971). The kinetic assay of pentose phosphate
pathway (PPP) enzyme glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) was
performed with the procedure documented by SIGMA-ALDRICH that had been devised
based on the protocol of Noltmann et al., (1961). The assay protocol, reagents used, and

the reaction mixture details for all three enzymes are elaborated in supplementary file 1.

GSM model reconstruction

The GSM model of R. jostii RHA1 (iMT1174) provided by Tajparast and Frigon (2015),
a close relative of R. opacus PD630 (Holder et al., 2011) was used in this study. BLAST
analysis revealed that the strains had a genome similarity of 96%. The size of the
iIMT1174 model was 1935 reactions and 1243 metabolites. The iMTI1174 was
reconstructed to suit R. opacus PD630 as described in supplementary file 1. The GSM
was analyzed in the MATLAB R2018b (Mathworks Inc., Natick, MA, USA)
environment using COBRA toolbox v.3.0 (Heirendt et al., 2019) with Gurobi v.8.1.1 as
the linear programming solver. The reconstructed model ‘RO PD 630’ (SBML format)

can be found in supplementary file 2.

This article is protected by copyright. All rights reserved.



Model simulations

The simulations performed in the reconstructed model involved Pareto optimization
analysis (Oberhardt, Goldberg, Hogardt, & Papin, 2010)and minimization of metabolic
adjustments (MOMA) (Segre, Vitkup, & Church, 2002) using in-built functions in the
COBRA toolbox. The carbon source (glucose) uptake rate was constrained to 4.5 mmol
g' h', based on experimental observation. The objective functions assigned were

biomass reaction, TAG storage, and their combination.
Pareto optimum curve construction

In an oleaginous organism, the biomass production and lipid accumulation often conflict
with each other. Improvement in any one of them may not be possible without
compromising on the other. For instance, improved lipid accumulation in algae was
associated with a decrease in biomass (Singh et al., 2016). In the current study, initially
flux balance analysis (FBA) that predicts the steady state reaction flux was performed
with the model to optimize the objective functions (Orth, Thiele, & Palsson, 2010). The
FBA simulation showed that the optimization of either of the objective function happened
at the expense of other (Table S1), as the growth and lipid accumulation are not coupled
process in general. However, since R. opacus PD630 grown in NB showed simultaneous
growth and lipid accumulation (Archanaa et al., 2019), a Pareto simulation (Byrne,
Dumitriu, & Segre, 2012; Oberhardt et al., 2010) was performed to analyze them. Pareto
optimality analysis would allow us to optimize the two objectives simultaneously and
depicts the trade-off between them. The Pareto optimum curve was constructed by fixing

the biomass flux at a different level, and the TAG storage flux was optimized at each
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level. Pareto plot can also show the possibility for improvement in one objective without

trading off with others.

MOMA -Analysis of perturbations

MOMA simulation is performed to analyze the metabolic flux distribution under
perturbed conditions such as OS. Under circumstances of change in optimal growth
conditions or genetic modifications, the organism would undergo minimal flux
redistribution w.r.t to optimal growth flux. The minimization happens to reduce the
cellular effort in utilizing the available energy resources and to efficiently make use of
the available biochemical reactions (Holzhiitter, 2004; Segre et al., 2002). The minimized
fluxes of perturbed metabolic network predicted through MOMA’s quadratic
programming highly correlates with experimental fluxes when compared to the
predictions through FBA (Segre et al., 2002). The FBA analysis of ‘RO PD 630’ model
showed optimal growth when there was no TAG accumulation, during which C/N uptake
rate ratio was 1.5:1. The TAG storage in the model was facilitated by limiting the
nitrogen (ammonium) uptake rate based on the experimental conditions, such that the
C/N uptake ratio was 3:1. Thus, to better capture the flux distribution under this condition
during which the growth will be suboptimal with simultaneous TAG storage, MOMA
was performed w.r.t excess nitrogen condition (1.5:1). Tajparast and Frigon (2015)
reported that the storage fluxes under N-limited condition in R. jostii were predicted
better with MOMA, than FBA. While performing MOMA, maximization of growth was
adopted as an objective function for nitrogen excess condition and maximization of both

growth and TAG was the objective function for N-limited condition.
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The OS was mimicked in the N-limited model by constraining the flux through the
oxidative targets such as TCA cycle enzyme aconitase and glycolytic enzyme TPI to zero
or by reducing the flux by various levels in the range of 20-80%. The flux distribution
was analyzed through MOMA. The flux distribution from MOMA analysis of N-limited
model as previously described, with unconstrained aconitase and TPI fluxes would serve
as a control. While the Pareto analysis would give the range of optimal fluxes that is
possible for objectives such as biomass and TAG, it may not reflect the effect of
perturbations in the network. Whereas, MOMA would precisely predict the simultaneous

effect of perturbations on the fluxes of both the objectives.

Results and discussion

A-CoA positively correlated with oxidative stress

The effect of OS on lipid accumulation has been well recorded (Menon et al., 2013;
Yilancioglu et al., 2014; Y. M. Zhang et al., 2013). To understand how OS improves the
cellular lipid content, a relation between intracellular levels of lipid precursor molecule
A-CoA at various oxidative stress levels (si-OH) was established. As hypothesized, a
concomitant increase in A-CoA levels with an increase in si-OH levels was observed
(Figure 1a), and with increasing A-CoA a simultaneous increase in FAME content was
observed (Figure 1b). Though a few of the values of FAME content remained constant
with change in A-CoA levels, the overall trend was positive. The trend shows that OS
acted by surging the availability of A-CoA for lipid accumulation. While a positive
relationship between A-CoA and lipid accumulation have been widely reported in

microalgae (Avidan, Brandis, Rogachev, & Pick, 2015; Huang et al., 2015; Jose &
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Suraishkumar, 2016), this study reports it for the first time in oleaginous bacteria such as
Rhodococcus. Further, the positive correlation between A-CoA and OS reported in the

current work have not been explored in any oleaginous species.

Aconitase correlated negatively with oxidative stress but poorly with A-CoA

To further understand how OS would increase the A-CoA levels, the activity of
aconitase, which is one of the major stress targets, was measured at different OS levels.
As hypothesized, with an increase in OS, the aconitase activity was found to decrease,
suggesting OS-mediated inhibition of aconitase (Figure 2a). Likewise, with a decrease in
aconitase activity increase in the FAME content was observed (Figure 2b). It has been
reported that aconitase inhibition would result in citrate accumulation, which is
eventually catalyzed by citrate lyase (CL) (Hurd et al., 2012). The CL converts citrate to
A-CoA and plays an important role in lipid synthesis (Aoshima, Ishii, & Igarashi, 2004;
Hurd et al., 2012; Quijano et al., 2016). While CL activity is a mammalian and eukaryotic
feature, its occurrence is also reported in prokaryotes such as Hydrogenobacter
thermophilus (Aoshima et al., 2004) and Rhodococcus (Alvarez, 2010) performing
reductive TCA cycle. Thus, aconitase inhibition due to OS was suspected as a reason
behind increased A-CoA in R. opacus PD630. The positively correlated A-CoA levels
and negatively correlated aconitase activity w.r.t OS seemed to support the same.
However, A-CoA levels did not correlate well with aconitase activity and had a greater
number of outliers (Figure 3). The poor correlation suggested that OS-mediated aconitase
inhibition alone might not have resulted in increased A-CoA levels. It is probably for the

same reason that there were few outliers observed in case of aconitase vs. FAME
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correlation (Figure 2b). Thus, to better understand the reason for OS-mediated increase in

lipid accumulation, a GSM modelling approach was carried out.
Pareto plot: TAG improvement with no compromise on growth

Before analyzing the model for the effect of OS, Pareto analysis was carried out to
understand the inter-relationship between simultaneous growth and TAG accumulation of
R. opacus PD630. The experimentally observed growth rate of R. opacus PD630 was in
the range of 0.2 h! (Sundararaghavan et al., 2019). From the Pareto chart, it can be
observed that TAG storage flux range (i.e., 0.001 to 0.17 mmol - (g cell)". h™") is possible
without compromising on the growth rate value (i.e., 0.2 h™), Figure 4. Based on the
TAG accumulation period of 12 h, and from the molecular weight of TAG (Triolein)
which was around 0.9 g mmol™” (Badu & Awudza, 2017), the TAG storage flux were
translated in to TAG content which ranged from 0.01 — 1.9 g - (g cell)”" (10% - 190%
CDW). From the above range, the practically possible range would include 0.01 — 0.87 g
(g cell)”, as R. opacus PD630 is capable of accumulating TAG up to a maximum of
87% of its CDW (Holder et al., 2011). Thus, the Pareto analysis revealed the possibility
of TAG improvement without trading off with biomass growth. The analysis supports our
previous observation wherein the growth remained unaffected at around 0.2 h™', while the
TAG improved from 0.3 to 054 g - (g cell)'1 (30 - 54% CDW) under OS

(Sundararaghavan et al., 2019).
Aconitase inactivation does not result in improved TAG

The MOMA analysis showed that the predicted growth rate and TAG storage flux of the

control was around 0.2 h™ and 0.022 mmol - (g cell)- h™', respectively. The predicted

This article is protected by copyright. All rights reserved.



growth rate was strikingly the same as that of experimentally observed growth rate. As
already quoted, MOMA predicts fluxes close to experimental fluxes (Segre et al., 2002).
The predicted TAG storage flux of the control, when converted to TAG content, was
equivalent to 0.24 g - (g cell)”, while the experimentally observed TAG content was
around 0.3 g - (g cell)”'. Though the two values are not very similar, they are not highly

deviated.

When flux through aconitase was constrained to zero (ACO} to mimic the OS targeted
inactivation of aconitase, the growth rate remained unaffected, but no increase in TAG
storage flux was observed. The ACO had similar TAG storage flux as that of control
(Figure 5a). The ACO did result in increased flux through citrate lyase (CL: EC 4.1.3.6)
that converts citrate to acetate when compared to control (Figure 6f). The eventual
conversion of acetate to A-CoA happened through acetate kinase-phosphotransacetylase
(AK-PTA) pathway. In the AK-PTA pathway, acetate is converted to acetyl phosphate
(ace-P) by acetate kinase (AK; EC 2.7.2.1), which is later converted to A-CoA by
phosphotransacetylase (PTA; EC 2.3.1.8) enzyme (Alvarez, 2010). Though ACO had
higher CL flux when compared to control, the AK-PTA flux was only marginally higher
than the control (Figure 6e & 6h) and probably resulted in similar TAG flux. This also
explains the poor correlation that was observed between aconitase and A-CoA (Figure 3).
From the experiment result and with support from model predictions it can be concluded
that though the aconitase activity does decrease under OS, it is not likely to be

responsible for increased TAG content in R. opacus PD630.
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TPI inactivation: a cause for improved TAG

OS is known to inhibit the glycolytic enzyme TPI (Grant, 2008; Ralser et al., 2007),
which is linked to PPP pathway via its substrate glyceraldehyde-3-phosphate (g3p)
(Trujillo et al., 2014). Inhibition of TPI due to OS reroutes the flux from glycolysis to
PPP (Grant, 2008; Ralser et al., 2007). Under OS, rerouting of flux from glycolysis to
PPP have been reported to occur in human skin cells (Kuehne et al., 2015). The PPP is an
important source for cellular reducing power, 1.e., NADPH. The NADPH provides redox
power for the most antioxidant system that includes, glutathione/glutaredoxin and
thioredoxin systems. Thus, rerouting of flux to PPP to elevate the NADPH levels, occurs
as a defense measure against OS (Grant, 2008; Kuehne et al., 2015; Ralser et al., 2007).
The first step of the PPP reaction catalyzed by glucose-6-phosphate dehydrogenase is
also the major supplier of NADPH for lipid synthesis. As highly reduced molecules, lipid
requires an increased amount of NADPH for their overproduction (Wasylenko, Ahn, &
Stephanopoulos, 2015). Thus, rerouting of flux through the PPP pathway has been
speculated as a possible mechanism of OS dependent increase in lipid accumulation, but

lacks evidence (Shi et al., 2017).

In our model, OS mediated inactivation of TPI was mimicked by blocking the flux
through TPI (TPI ). As hypothesized, shutting off TPI resulted in rerouting of flux
through PPP, because TPI had a G6PDH flux of 1.26 mmol - (g cell)'l- h'l, while the
control (with active TPI) had zero G6PDH flux (Figure 6¢). The rerouting of flux through
G6PDH is believed to have generated the NADPH required for the lipid synthesis. But,
for increased lipid synthesis, apart from the cofactor NADPH, continuous supply of their

precursor molecule A-CoA is also essential (Yang et al., 2013). However, in the case of
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TPI the lower glycolytic fluxes and hence the flux through pyruvate dehydrogenase
(PDH) that produces A-CoA decreased by around 2-fold and 1.5-fold, respectively
(Figure S1). Nevertheless, during flux rerouting from glycolysis to PPP, A-CoA is also
expected to be sourced through, xylulose-5-phosphate (x5p), one of the metabolic
intermediates of PPP. The x5p is broken down into g3p and ace-P, by phosphoketolase
(PK; EC 4.1.2.9) enzyme (de Jong, Shi, Siewers, & Nielsen, 2014). The ace-P is then
converted to A-CoA, through AK-PTA pathway, as mentioned in the previous section

(Alvarez, 2010).

Further, the upregulation of PK in Saccharomyces cerevisiae resulted in enhanced fatty
acid production through improved A-CoA provision (de Jong et al., 2014). The
production of A-CoA via PK would minimize the carbon and energy loss when compared
to the native route of A-CoA production through pyruvate dehydrogenase or pyruvate
decarboxylase (Bergman, Siewers, Nielsen, & Chen, 2016). Thus, PK is considered as a
thermodynamically efficient and potential candidate for improving the cellular A-CoA
levels (Bergman et al., 2016). As seen from figure 6d, in TPI, the flux through PK was
active (1.24 mmol - (g cell)‘l- h‘l), while in case of control and ACO it was zero. The ace-
P resulting from PK was then converted to A-CoA via both PTA and acetyl CoA
synthetase (ACS; EC 6.2.1.1), whose fluxes were also high when compared to control
and ACO (Figure 6e and 6g). While for TPI , the A-CoA production flux via PDH
decreased by 1.5-fold as mentioned previously, the A-CoA production flux via PTA
increased by 4.3-fold when compared to control (Figure S1), suggesting that increased A-

CoA levels could be majorly via PK-PTA actions.
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Further, the flux through acetyl-CoA carboxylase carboxyl transferase (ACC; EC 6.4.1.2)
that converts A-CoA to malonyl-CoA, were also high in case of TPI when compared to
control and ACO (Figure 61). Thus, the TAG storage flux of TPIiimproved significantly
to 0.053 mmol - (g cell)- h™ which was 143% higher than the control (Figure 5a). As
seen from figure 5b, as the flux constrain through TPI increases, a concomitant increase

in G6PDH flux and hence, the TAG flux occurs.

Though the ACC flux of ACO is also high when compared to control, there is no increase
in TAG flux, as there is no active PPP (G6PDH) flux (Figure 6c). This shows that
rerouting of flux through PPP pathway can play a significant role in improving the TAG
content, as it could supply both NADPH and A-CoA that are necessary for lipid
synthesis. While, the model predicted a 143% increase in TAG storage flux when TPI
flux is blocked completely, the experimentally observed maximum increase in TAG as
reported in our previous study was around 81% (Sundararaghavan et al., 2019). The

experimentally observed value suggested partial inhibition of TPI by nTiO;-induced OS.
Aconitase and TPI inactivation synergistically improve TAG

Since OS are known to inhibit both aconitase and TPI, flux through these reactions were
blocked (ACO TPI ) to identify their combined effect on TAG storage flux if any. As seen
from figure 6¢c, the flux through G6PDH improved further in case of ACO TPI when
compared to TPI . However, the PK and PTA fluxes of ACO TPI were less when
compared to TPI. Nevertheless, while both ACO and TPI had increased ACC flux, their
combined inactivation further improved the ACC flux. Thus, TAG storage flux of ACO

TPIfimproved slightly further by 10% than TPI and was 152% higher than the control
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(Figure 5a), suggesting synergistic action of inactivated TPI and aconitase. The activation
of ACC flux by inactivation of either aconitase or TPI or both have not been reported,

which is a novel and significant finding from the current study.

Decreased TPI and increased G6PDH activity under OS

The OS-mediated inhibition of TPI and increased activity of G6PDH were
experimentally observed in the sample T_MUV_1000 (Schematic S1), which showed the
maximum increase (81%) in TAG content (Sundararaghavan et al., 2019). As observed
from Figure 7a, the TPI activity of T_MUV_1000 decreased at 60% of the time points (3
out of 5), when compared to control. The TPI activity decreased by 16%, 10% and 20%
at 3rd hour, 9th hour and 11th hour, respectively, as the respective oxidative stress

increased by 23%, 38%, and 52% (Table S2), when compared to the control.

Previous studies (Grant, 2008; Ralser et al., 2007) and model analysis from this study
showed that TPI inhibition increases the flux through PPP pathway. To understand the
same, the activity of the first enzyme of PPP, namely G6PDH, was measured because the
defense response to OS-mediated inactivation of TPI is significantly dependent on
G6PDH (Griining, Du, Keller, Luisi, & Ralser, 2014). The G6PDH activity of OS-
induced sample was observed to increase at 60% of the time points, when compared to
control (Figure 7b). The G6PDH activity increased by 9%, 34% and 33% at 3rd hour, 6th
hour and 12th hour, respectively, as the respective oxidative stress increased by 23%,

51%, and 114% (Table S2) when compared to control.

As shown through the model analysis discussed in the previous section, the increased

G6PDH flux, followed by increased flux through PK-AK-PTA routes, could be one of
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the mechanisms by which OS improved the TAG content in R. opacus PD 630. However,
only moderate changes were experimentally observed in the TPI and G6PDH activities,
and further studies on other possible OS targets and metabolite analysis are needed to

gain conclusive insights.

Conclusions

This study proposes a mechanism for OS-mediated increase in TAG accumulation with
R. opacus PD630 as model oleaginous organism. The predictions from the model and
experimental evidence suggest that OS could have improved the TAG content of bacteria
by inhibiting TPI and eventual flux reroutes through PPP. Though aconitase inhibition
was observed, it did not contribute to improved TAG storage. Interestingly, the model
suggests a synergistic role of inhibited aconitase and TPI in TAG improvement. Neither
the aconitase nor the TPI inhibition affected bacterial growth. The model-predicted
growth rate and TAG content correlated well with experimental results. Further, the study
reports a novel finding that flux through ACC which carry over the A-CoA for lipid
synthesis, is increased when either of the TPI or aconitase flux or both is inactivated. The
outcome of this study suggests that PPP and AK-PTA pathways as potential targets for
genetically improving the lipid production in oleaginous bacteria such as R. opacus

PD630.
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Figure legends

Figure 1: Relationship of A-CoA with OS (a) and TAG (FAME) content (b). The

intracellular A-CoA levels correlated positively with si-OH and FAME content.
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Figure 2: Relationship of aconitase with OS (a) and TAG (FAME) content (b). The

specific aconitase activity correlated negatively with si-OH and FAME content.
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Figure 3: Relationship between aconitase activity and A-CoA levels. The specific

aconitase activity poorly correlated with A-CoA levels.
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Figure 4: Pareto optimum chart-tradeoff between biomass and TAG storage.
Improvement in TAG to various level is possible without trading off with biomass

growth rate of 0.2 h™!
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Figure 5: MOMA simulation: TAG storage flux and growth rate. Inactivation of
triosephosphate isomerase (TPI) flux, but not aconitase (ACO) flux results in improved
TAG storage flux when compared to control (a). With increasing flux constraint through

TPI, a concomitant increase in G6PDH and TAG storage flux were observed (b).
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Figure 6: MOMA simulation: observed flux values of different reactions under
unconstrained (control) and constrained aconitase (AC03 and TPI (TPIS fluxes. ACO-
aconitase (a), TPI-triosephosphate isomerase (b), G6PDH-glucose-6-phosphate
dehydrogenase (c), PK-phosphoketolase (d), PTA-phospho transacetylase (e), CL-citrate
lyase (f), ACS-acetyl-CoA synthetase (g), AK-acetate kinase (h), ACCT- acetyl-CoA
carboxylase carboxytransferase (i). In all the plots y-axis represents the respective flux in
mmol (g cell)' h™. TPI had active flux through G6PDH and PK and improved PTA flux
when compared to control and ACO . Both TPI and ACOiimproved the flux through
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Figure 7: TPI and G6PDH activity of R. opacus PD630 at different time points. At 60%
of the time points the TPI activity decreased and G6PDH activity increased under OS

when compared to control.
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