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HIGHLIGHTS GRAPHICAL ABSTRACT

e Constructing a succinate high-producing
C glutamicum.

e Introducing two xylose utilization path-
ways into C glutamicum.

e Developing CASA pretreatment with
high sugar yield and low black liquid.
e Achieving effcient succinate production
from corn stover by engineered

C glutamicum.

ARTICLE INFO ABSTRACT

Key ords Corynebacterium glutamicum was developed for effcient production of succinic acid from corn stover (CS) pre-
Corynebatcerium glutamicum treated by concentrated-alkali under steam-assistant (CASA) conditions. First, C glutamicum was engineered by
Succinate

1) blocking the by-products pathways (deletion of Idh, pta aci , and cat), 2) enhancing the carbon fux to suc-
Concentrated-alkali cinate (overexpression of pyc and ppc), and 3) releasing the end-product inhibition (overexpression of cgl 2 ).
Steam-assistant The recombinant strain produced 117.8 g/L succinate in fed-batch fermentation. Second, to fully utilize xylose in
Corn stover lignocellulosic hydrolysate, two xylose utilization pathways—the isomerase pathway and the Weimberg path-
way—were introduced into the recombinant strain. Third, CS was pretreated by CASA with a higher sugars yield
and a lower black liquid. Finally, 64.16 g/L of succinic acid was obtained from 150 g/L CASA-pretreated CS by
engineered C glutamicum. These results showed a succinate high-producing C glutamicum strain using glucose
and xylose simultaneously as well as an effective and environmentally acceptable pretreatment strategy.

Xylose
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1. Introduction

As one of the most important platform bulk chemicals, succinate is
extensively used for a wide range of industrial applications (Bello et al.,
2022). It has been listed by the Department of Energy of the United
States (DOE) as one of the 12 bio-based platform compounds (Espro
et al., 2021). The global succinate market will grow up to $218.14
Million by 2025, according to a report from Fior Markets (Newark,
2020). In comparison with chemical synthesis, succinate produced via
microbial fermentation has garnered more attention due to the growing
worries about environmental pollution and fossil fuels depletion.
Meanwhile, succinate fermentation using lignocellulosic substrates has
many benefts, including minimal emissions, affordable and renewable
raw materials, and cost reductions of more than 50%. (Akhtar and Idris,
2014; Lu et al., 2021). Additionally, 1 mol succinate synthesis may fx 1
mol CO5, which is a highly effcient approach to utilize CO, and achieve
carbon emission reduction (Jin et al., 2023).

Some microorganisms naturally produce succinate like naerobio
spirillum succinogenes (Putri et al., 2022), ctinobacillus succinogenes
(Jokodola et al., 2022), and Mannheimia succiniciproducens (Lee et al.,
2006). Besides, metabolically engineered bacteria were enabled to
produce succinate, like ibrio natriegens (Thomaetal., 2022), scherichia
coli (Yu et al., 2019), Corynebacterium glutamicum (Tenhaef et al., 2021),
Saccharomyces ccerevisiae (Raab et al., 2010), and arro ia lipolytica
(Cui et al., 2017) The greatest titer ever recorded for bacteria was
created by a metabolically altered C glutamicum strain with Cgl 2
overexpression, which was able to release the succinate inhibition and
produce more than 150 g/L of succinate from glucose (Chung et al.,
2017). Cui et al. achieved 110 g/L succinate production from glycerol by
deleting several genes that involved in acetic acid synthesis in

lipolytica (Cui et al., 2017). Succinate production from lignocellulosic
biomass has received relatively little attention in publications.  coli
was genetically modifed to produce a total of 11 g/L succinate from
cornstalk (Liuetal., 2012). Additionally,  succinogenes NJ113 was also
capable of producing 70 g/L succinate from corn fber (Chen et al.,
2011). There are still several issues with the production of succinate
from lignocellulosic substrate, including low sugar yield and poor xylose
utilization.

Corynebacterium glutamicum is a typical industrial microorganism
with great potential to over-produce succinic acid. It is generally
considered safe (GRAS organism) (Ray et al., 2022). When oxygen is
deprived, C glutamicum will adjust its energy and carbon mostly on
producing organic acids instead of accumulating biomass (Inui et al.,
2004). C glutamicum has a broad range of natural substrate spectrum,
for instance, glucose, ethanol, and acetate. However, C glutamicum
naturally could not metabolize xylose, the second largest component in
lignocellulose (Kawaguchi et al., 2006). So far, xylose catabolism occurs
through three pathways in microorganisms: the isomerase pathway (Li
etal., 2019), the oxidoreductase pathway, and the non-phosphorylative
pathway (Domingues et al., 2021). The oxidoreductase pathway is
predominantly found in eukaryotic microorganisms, the other two
pathways are mainly carried out by bacteria. In recent years, a series of
genetically modifed C glutamicum strains were studied for improving
xylose utilization. Sasaki et al. developed a recombinant C glutamicum
via multi-locus chromosomal integration of the yl B operon for
simultaneous utilization of glucose and xylose (Sasaki et al., 2008).
Tenhaef et al. explored the synthesis of a-ketoglutarate and succinate in
xylose-using C glutamicum by Weimberg pathway (Tenhaef et al., 2021).

Corn stover (CS) is one of the most accessible and plentiful agricul-
tural residues that can be used for second-generation biofuel and bio-
based chemicals production. The pretreatment is the frst and essential
step for CS bioconversion to break up the rigid structure of CS and
separate three main components— cellulose, hemicelluloses, and lig-
nin—so that the cellulose component can be hydrolyzed more effec-
tively (Areepak et al., 2022). Among various pretreatment technologies
(Zhao et al., 2022), alkaline pretreatment may remove lignin at
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moderate temperature effciently, resulting in high cellulose recovery
and low inhibitor generation (Kim et al., 2016). However, excessive
black liquid generated during alkaline pretreatment leads to an envi-
ronment pollution (Cha et al., 2016). As such, a new alkaline pretreat-
ment that keep the superior pretreatment effect but with fewer black
liquid was urgent needed.

In the present study, C glutamicum was engineered to producing
succinate effciently, and the isomerase pathway and Weimberg
pathway were combined to improve xylose utilization of C glutamicum
(Fig. 1). CS was pretreated by concentrated-alkali under steam-assistant
conditions for succinate production.

2. Materials and methods
2 Culture media and conditions

C glutamicum ATCC13032 (stored in our lab) were cultured in the
brain heart infusion (BHI) medium. 91 g/L of sorbitol was added to BHI
broth for preparing competent cells (Li et al., 2021). The CGXII minimal
medium was used for batch and fed-batch fermentation containing 3-(N-
morpholino) propanesulfonic acid 42 g/L, (NH4)2SO4 20 g/L, Urea 5 g/
L, KH2PO4 1 g/L, KoHPO4 1 g/L, MgSO4 7H,0 0.25 g/L, CaCl, 10 mg/L,
Biotin 0.2 mg/L, protocatechuic acid 0.3 mg/L, and trace elements
(FeSO4 7H,0 0.1 mg/L, MnSO4 H,O 1 mg/L, ZnSO4 7H,0 0.2 mg/L,
CuS04 5H,0 20 mg/L, NiCl, 6H,0 0.2 mg/[‘f’)"’cpoli DH5a was grown in
LB medium with tryptone 10 g/L, NaCl 10 g/L, and yeast extract 5 g/L.
BHI or LB plates supplemented with antibiotics (chloramphenicol 7.5
mg/L or kanamycin 50 mg/L) were used for C glutamicum or  coli
transformants selection. BHI plates supplemented with 100 g/L sucrose
was used for double selection according to previous description (Zhang
et al., 2020).

High cell density was always used in organic acid fermentation of
C glutamicum. To avoid the problem of growth-decoupled succinate
production in C glutamicum, a two-stage fermentation process was
oexkegopead [CElls growing aerobically are harvested and transfer
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Fig. 1. Schematic diagram of the metabolic pathways for succinate production from glucose and xylose in C glutamicum Five engineered strains K1-K5 were
constructed. The green color of genes indicates gene overexpression or heterologous expression. The red color of genes and the X sign indicate gene deletion.

Table 1
Strains and plasmids used in this study.

Strains Description Reference

DH5a coli for plasmid amplifcation Lab stock

ATCC13031 C glutamicum Lab stock

K1 C glutamicumAldh This work

K2 K1Apta aci Acat This work

K3 K2/pECXK99E-ppc-pyc-cgl 2 This work

K4 K3/pXMJ19-xylABE This work

K5 K3/pXMJ19-xylABE-xyIXABC This work

Plasmids

pk18mobsach KanR; vector for gene deletion Lab stock

PEC-XK99E Kan®;,  coli/C glutamicum shuttle vector Lab stock

pXMJ19 cm®;  coli/C glutamicum shuttle vector Lab stock

pk18-Aldh pk18mobsachb carrying the fanking sequences This work
of the Ildh gene

pk18-Apta aci pk18mobsach carrying the fanking sequences This work
of the pta aci  gene

pk18-Acat pk18mobsacb carrying the fanking sequences This work
of the cat gene

PECXK99E-ppc-pyc Drived from pEC-XK99E, for expression of ppc This work
and pyc

PECXK99E-ppc pyc Drived from pEC-XK99E, for expression of ppc, This work

cgl 2 pyc, and cgl 2
pXMJ19-xylABE Drived from pXMJ19, for expression of yl , This work
ylB, and yl
pXMJ19-xylABE- Drived from pXMJ19, for expression of yl , This work

xyIXABC yB, yl, yl ¢, ylBc, yl c,and ylCc

2 nalytical methods

The biomass of strains was determined by measuring ODggg. Glucose,
xylose, lactate, acetate, and succinate were measured by HPLC (Waters
1525, Waters, USA) equipped with an Aminex HPX-87H column (300
mm x 7.8 mm, Bio-Rad). The mobile phase was 5 mmol/L H,SO4, and
the Fow rate was set at 0.6 mL/min. The temperatures of the column and
RI detector (Waters 2414)) were set at 65 °C and 50 °C (Li et al., 2016).

2 eedstoci and C S pretreatment

The corn stover (CS) was collected from Changtu County, Liaoning
Province, China, was washed, dried, and milled in a grinder before being
sieved through a 50-mesh strainer. The Fltered CS powder was kept dry
until further use.

50 g CS were mixed with NaOH granules (5 g, 10 g, or 15 g) and H,O
(0 mL, 50 mL, 250 mL, or 500 mL) in 5 L reactor, whose temperature was
maintained at 130 °C for 30, 60, or 90 min by providing high-
temperature steam from a steam generator. The pretreatment tank
was equipped with a spiral paddle for better heat and mass transfer. The
treated-CS were washed by tap water until pH became neutral, and dried
in an oven (50 °C, 72 h). The steam consumption can be calculated by
the lost water volume in steam generator.

2 n ymatic hydrolysis and separate hydrolysis fermentation

Enzymatic hydrolysis was performed by commercial cellulases
(Cellic CTec2, Novozyme) in a citric acid-Na;HPO4 buffer (0.1 mol/L
sodium citrate and 0.2 mol/L dibasic sodium phosphate, pH = 4.8). The
CS and buffer at a ratio 5% (w/v) were added into a 50 mL fask with
cellulases at 20 FPU/g-CS. The mixture was incubated in a shaker (50 °C,
220 r/min) for 72 h. Then cells were collected by centrifugation (4500 g,
4 °C, 10 min) and washed twice using CGXIlI medium, then transferred
into the CS hydrolysate. 200 mM NaHCO3; and 30 g/L Mg»(OH)2CO3
were added to provide CO, and prevent acidifcation. Finally, the 250
mL fFasks equipped with anaerobic plugs were incubated in a shaker
(30 °C, 220 r/min) for 72 h.

2 Chemical composition analysis

According to the NREL laboratory analytical procedures, the com-
positions of CS were analyzed using the two-step acid hydrolysis method
(Sluiter et al., 2008). Simply, CS was hydrolyzed by 72% H,SO,4 at 30 °C
for 1 h, and after that, the mixture was diluted with water to 4% H,SO4
and hydrolyzed at 121 °C for 1 h. The supernatant was then harvested by
centrifugation (10000 x g, 10 min) to analyze the compositions of CS,



which including cellulose, hemicelluloses, and acid soluble lignin.
Lastly, the solid precipitation was obtained by Ffltration and dried using
a muffe furnace at 550 °C to quantify the acid insoluble lignin and ash.

2 Morphology analysis and thermogravimetric analysis

Scanning electron microscopy (SEM) was used to observe the
morphological changes of CS before and after CASA-pretreatment. The
CS was sputtered with gold before being fxed on aluminum sample
stubs. Images were acquired under a 20 kV acceleration voltage. The
differential scanning calorimetry (DSC 8500, PerkinElmer, USA) was
used to perform thermal stability analysis. With a nitrogen fow rate of
80 mL/min, 5 mg CS was heated from 30 to 600 °C at 10 °C/min heating
rate. The derivative thermogravimetric (DTG) curves were obtained
using the frst derivation from the weight loss curve.

3. Results and discussion
ngineering a succinate high producing C glutamicum

The frst step, in order to increase the precursor availability of suc-
cinate, the C glutamicum was modifed by inactivating competing
pathways to reduce by-product formation such as lactate and acetate.
Lactate dehydrogenase encoded by Idh catalyzes pyruvate to lactate,
which determines the lactate formation. Phosphate acetyltransferase
and acetate kinase encoded by pta aci  catalyze acetyl-CoA to acetate in
PTA-ACK pathway in most acetate-producing microorganisms. Acetate
coenzyme encoded by cat catalyzes the one-step reaction of acetate from
acetyl-CoA. Therefore, C glutamicum Aldh (K1) and C glutamicum Aldh
Apta aci  Acat (K2) were constructed to block biosynthesis of lactate,
and lactate + acetate, respectively (Fig. 1). Under anaerobic condition
with 45 g/L glucose (Fig. 2A), the deletion of Idh facilitated K1

A B

Bioresource Technology 378 (2023) 128991

signifcantly decrease lactate from 27.3 g/L to 1.0 g/L. The saved carbon
Fux consequently increases the titers of succinate and acetate by 197%
and 53%. Based on K1, K2 was further deleted the acetate related genes
pta aci and cat. K2 produced only 1.2 g/L acetate comparing to wild
type 3.3 g/L, and achieved 4.0 g/L more succinate titer compared to K1.

The pyruvate carboxylase and phosphoenolpyruvate carboxylase
were demonstrated as two main anaplerotic enzyme in succinate for-
mation under oxygen deprivation in C glutamicum (Ghiffary et al.,
2022). They catalyze oxaloacetate (C4) synthesis from pyruvate and
phosphoenolpyruvic acid (C3), the native pyc and ppc gene were thus
overexpressed in C glutamicum K1 to shift the carbon fux from the C3
pathway to the C4 pathway, enhancing succinate accumulation.
Furthermore, in some cases, the glucose consumption and succinate
production were initial high but decline gradually when the succinate
concentration increased during the anaerobic fermentation (Sanchez
et al., 2005). Recently, cgl 2 , a WhiB family transcriptional regu-
lator, has been reported involved in release of end-product inhibition for
succinate production (Chung et al., 2017). Thus, this gene was overex-
pressed together with pyc and ppc under the Ptac promoter.
C glutamicum K3 produced 33.6 g/L succinate with 0.6 g/L lactate and
1.2 g/L acetate. It performed even better than K2 (Fig. 2A), indicating
that more carbon fux fow into succinate biosynthesis.

The best recombinant strain K3 was further evaluated using higher
glucose (100 g/L) to achieve more succinate production under an
anaerobic condition. The result showed that all glucose was consumed at
40 h and 73.1 g/L of succinate was obtained (Fig. 2B) with main by-
product acetate (8.0 g/L) and neglectable lactate. The succinate yield
under higher glucose was 0.73 g/g which is similar with the fermenta-
tion under 45 g/L glucose (Tabld 2). " %8s " :

To further improve the succinate titer, fed-batch fermentation was
then carried out by using K3 (Fig. 2C). After 3 times of feeding 5 mL
CGXII medium with 500 g/L glucose, K3 consumed about 200 g glucose

Fig. 2. Succinate fermentation df th@ehgi-
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40 120

—

ion

e



and the fnal succinate titer is 117.8 g/L with the volumetric produc-
tivity of 1.04 g/L/h. Totally 14.98 g/L of acetate was accumulated. The
yield of succinate is 0.59, which is much lower than batch fermentation.
One possible reason is the decreasing cell viability during the long-time
anaerobic fermentation.

2 ngineering a ylose utili ing C glutamicum

C glutamicum cannot metabolize xylose as xylose negative bacte-
rium. Some xylose positive bacterium such as Caulobacter crescentus
utilize xylose by forming o-ketoglutarate through a fve-step Weimberg
pathway, which involved 5 enzymes: xylose dehydrogenase ( ylBc), 2-
keto-3-deoxy-d-xylonate dehydratase ( yl c), 1,4-xylono lactonase
( ylCc), xylonate dehydratase ( ylDc), and o-ketoglutarate semi alde-
hyde dehydrogenase ( yl c). We therefore cloned these genes into
plasmid pXMJ19 under the Ptac promoter, and then introduced the
plasmid pXMJ19- ylBc yl ¢ yl ¢ ylCc into C glutamicum K3,
obtaining a strain K4.

Compared to Weimberg pathway, xylose isomerase pathway was
more common found in broader microorganisms. According to the
genome annotation of coli, xylose isomerase ( yl ), xylulokinase
( yIB), and xylose transporter ( yl ), are the essential genes responsible
for xylose metabolism. Thus, we cloned these three genes from  coli
DH5a into plasmid pXMJ19- ylBc yl ¢ yl c¢ ylCc with the promoter
Ptac, and then introduced the plasmid pXMJ19-Tac- yl ylB yl Tac-
yIBc yl ¢ yl ¢ ylCcto C glutamicum K3, obtaining strain K5 with
Weimberg pathway and isomerase pathway (Fig. 1).
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The ability of the engineered C glutamicum K3-K5 to metabolize
xylose was assessed. When z



which consequently can save steam consumption during the heating
process because the specifc heat capacity of water is much higher than
lignocellulosic biomass. In addition, with the temperature rising, the
condensed water from steam further dissolves the solid alkali forming a
concentrated alkaline solution to remove the lignin effciently, and the
black liquid generation can be decreased.

Steam consumption and blaci li uid generation

Table 3 displayed that more alkaline solution required more steam to
reach the set temperature, which increased the black liquid due to more
condensed water from condensation. It consumed around 600 mL water
to produce steam for maintaining 130 °C for 30 min under the ratio of
1:10 (biomass: alkaline solution), where the consumed steam is six times
more than that under 1:0 condition (only adding NaOH powder without
water). Besides, the pretreatment under 1:10 condition produced more
than 1000 mL black liquid, while the pretreatment under 1:0 condition
had only 100 mL black liquid. Therefore, the extreme condition of 1:0
without water addition can save steam consumption and reduce black
liquid generation. It demands alkali powder rather than alkaline
solution.

The sugar released during the enzymatic hydrolysis of CASA
pretreated-CS showed no signifcant difference of glucose and xylose
under various ratios of biomass and alkaline solution (Table 3). The
average concentration of glucose and xylose were 28.6 g/L and 7.4 g/L,
respectively. It refected that CASA pretreatment could maintain the
effciency of enzymatic hydrolysis while reducing steam consumption
and black liquid production.

2 ptimi ation of C S pretreatment

The pretreatment time and NaOH dosage were further optimized for
CASA pretreatment. The pretreatment time presents two-side effects. On
the one hand, the prolonged time results in a signifcant quantity of
lignin breakdown and certain hemicelluloses disintegrated, which ben-
efts the following enzymatic hydrolysis. On the other hand, the longer
time required more steam, and thus generated more black liquid. Fig. 4A
showed the volume of water consumed for steam supply increased
gradually as the pretreatment time prolonged. The water used for pro-
ducing steam in 90 min was approximately 1100 mL, which was twice as
the water volume in 30 min. Although the pretreatment times were
extended from 30 min to 60 and 90 min, the accumulation of glucose
and xylose from pretreated-CS was unaffected by the longer pretreat-
ment time (Fig. 4B). Therefore, 30 min was good enough to produce
sugar and save the steam and reduce black liquid in the CASA
pretreatment.

The dosage of NaOH is essential for destroying the compact structure
of lignocellulose. As Fig. 4C showed, when the amount of alkali was
increased to 10 g, the concentration of glucose and xylose were
increased to 27.7 g/L and 7.5 g/L, respectively. However, there was no
further improvement of sugar concentration when the amount of alkali
was increased to 15 g. Under the CASA pretreatment, the low
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50

Fig. 4. Optimization of the pretreatment time and NaOH dosage in CASA pretreatment. A: The consumed water for producing steam used in CASA pretreatment
under different time. B: Sugars production from 50 g/L pretreated corn stover under different time. C: Sugars production from pretreated corn stover under different

NaOH dosage (g/g biomass) at 130 °C for 30 min.

Additionally, the two xylose engineered pathways in C glutamicum
enabled the synthesis of 13.11 g/L succinate from 19.50 g/L xylose. Less
steam consumption and low black liquid production was achieved
through CASA pretreatment. Finally, the engineered C glutamicum
performed excellent utilization of CASA-pretreated CS to produce suc-
cinate under anaerobic condition. This study provides a reference for the
bio-based chemicals production from lignocellulose substrate.
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