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Abstract

In the recent years, the demand for environmental friendly produced
L-arginine has risen with the increasing number of applications for this amino
acid in pharmaceuticals, nutraceuticals, cosmetics, animal feed and fertilizers.

Microbial production of L-arginine usually relies on Corynebacterium glutam-
icum and Corynebacterium crenatum strains. However, Escherichia coli presents
the advantage of being able to utilize a wider range of substrates, including
pentose sugars found in lignocellulosic feedstocks.

The present thesis illustrates the first steps in the development of a sustain-
able process to produce L-arginine using E. coli. It starts with the construction of
an L-arginine overproducing strain, followed by an investigation into adequate
nitrogen and carbon sources for cell growth and L-arginine production.

The first part of this thesis aimed at engineering an E. coli strain able to
produce high level of L-arginine. Mutations on key genes of the L-arginine
biosynthesis pathway were stepwisely done. The mutants obtained at each
step were tested in bioreactor fermentations to assess the effect of each genetic
modification. The final strain was able to produce almost 12 g/L during fer-
mentation, at a productivity of 0.24 g/L/h. In comparison, the starting strain,
E. coli K12 C600, was not able to excrete any L-arginine. Besides, one mutant
from each step was further examined in a metabolomic study in order to gain
deeper insight into the effects of the various genetic modifications performed.

To minimize nitrogen waste and optimize the L-arginine production the
impact of different nitrogen sources and concentrations were then investigated.
Ammonium phosphate dibasic, ammonium sulfate and ammonia solution were
the best nitrogen sources for L-arginine production. In minimal medium, the
optimum carbon to nitrogen ratio was 6, yielding about 4 g/L L-arginine from
30 g/L glucose. At this ratio, both glucose and the nitrogen source were com-
pletely utilized during fermentation.

Finaly various carbon courses commonly found in lignocellulosic feedstocks
were tested. D-glucose and D-xylose were the most suitable carbon sources
followed by L-arabinose. D-galactose and D-mannose resulted in significantly
less arginie formation. However, a mixture of all five sugars yielded a higher
production than any individual sugar.
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Introduction 1

1 Introduction

L-Arginine, C6H14N4O2 (Fig. 1) is the amino acid with the highest nitrogen
content. It is one of the 20 most common amino acids and is conditionally essential
in humans, depending on age and health condition. L-Arginine was isolated for
the first time in 1886 and has had a growing number of applications over the last
decades (Fig. 2).

Figure 1. Molecular structure of L-arginine.

1.1 Current use of L-arginine

L-Arginine is the precursor of a large number of crucial metabolites. The fate
of L-arginine in the body is depicted in Fig. 3 (for a review, see [1]). First of all L-
arginine is the sole precursor to nitric acid, a blood vessels dilator. L-Arginine is a
key intermediate in the urea cycle and is also involved in the synthesis of creatine,
phosphocreatine, proline, collagen, putrescine, spermidine and spermine.

Consequently, it has a wide and varied range of potential clinical applications,
for instance in the treatment or prevention of cardiovascular diseases, erectile dys-
functions, burns, gastric damages, diabetes type II, Alzheimer disease, renal dis-
orders and infertility (for more extensive reviews, see [2–5]). L-Arginine is also
effective for enhancing wound healing [6] and improving the immune system [7].

Figure 2. The different applications of L-arginine.
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Figure 3. Simplified metabolism of L-arginine at the wholebody level. Dashed arrows are
used for the reactions of the urea cycle. Dash-dot arrows indicates multi-step reactions.

Recently, L-arginine has become popular as a performance enhancer, and a mul-
titude of sport supplements containing L-arginine are now available on the market.
Various benefits, like enhancement of maximal oxygen consumption, increasing
muscle strength, reduction in muscular fatigue, among others, have been reported
(for review see [2, 8]).

L-Arginine is also becoming more and more common in the cosmetics industry.
For example, L-arginine is found in skin products [9, 10] and hair care products [11,
12]. L-Arginine-containing dental product can reduce dentine hypersensitivity [13,
14] and protect against caries lesion cavitation [15].

Finally a very common application of L-arginine is a supplement in animal feed
and many patents have been issued for L-arginine-containing feed additives for
sows, pigs, poultry, rabbits and salmons among other [16–20]. For instance, L-
arginine increases the number of live-born piglets when given to pregnant sows
and enhances muscle protein synthesis and body weight gain in milk-fed piglets [21].
In poultry diets it improves egg weight and production, reduces mortality and
enhances the immune system [22].

1.2 Potential as a fertilizer

Between 1960 and 2010, worldwide synthetic nitrogen fertilizer input has in-
creased by 900%, whereas the fraction of the applied nitrogen converted into har-
vested products has decreased by over 30% over the same period [23]. Because
crops can only take nitrogen up to a certain limit [24] and nitrogen application rates
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often exceed crop requirements [25], more than half of the reactive nitrogen applied
as fertilizer is now lost to the atmosphere, the soil, and fresh or underground water
(Fig. 4) [23, 26].

The impacts of nitrogen pollution are huge, ranging from global warming [27],
thinning of the stratospheric ozone [28, 29], acid rain [30], and photochemical smog
formation [31] to drinking water contamination [30]. Nitrogen pollution is a great
biodiversity threat as it causes water eutrophication and toxic algae blooms [30],
emissions harmful to forest [30, 31], and acidification of lakes, fresh water and
soil [28, 30]. Acidification of the soil reduces its fertility through the loss of essential
nutrients [28, 30].

Figure 4. Contribution of fertilizer application to the nitrogen cycle and consequences.

Some plants can absorb amino acid at least as fast as they can absorb inorganic
nitrogen in the form of ammonium or nitrate [32–34]. For instance, it has been
shown that Scott pine (Pinus sylvestris) and Norway spruce (Picea abies) seedlings
can take up arginine as efficiently as ammonium and much more effectively than
nitrate [35, 36]. Arginine uptake in Scott pine seedlings was even faster than that of
ammonium, nitrate and glycine, another organic nitrogen
source [36]. The nitrogen losses when using ammonium or arginine as fertilizer
for Scott pine seedling were 37% and 23%, respectively [37], much lower than
losses from nitrate fertilizers (over 67%) [37]. Treatment with arginine resulted in
good seedling growth and low seedling mortality compared to growth on inorganic
nitrogen [37].



4 Introduction

The combination of high fertilizer concentration with small volume of growth
substrate and frequent watering used for tree seedling results in large nitrogen
losses [37]. Taking into account the high seedling growth rates and low nitrogen
losses, arginine based fertilizers might thus be a more environmental friendly alter-
native to promote growth in conifer seedlings.

1.3 Market and Production

Amino acids have a rapidly growing market, now over US $6 billions. More
than 3 million tons of amino acid are produced each year [38]. L-glutamate, L-lysine
and D,L-methionine account for the largest part of the total amino acid production.
In 1996, 1 200 tons of L-arginine were produced; however, with the discovery
of new applications, demand for this amino acid is steadily growing. In 2012, a
warning was issued to the pharmaceutical manufacturers by the Pharma supply
chain consortium Rx-260 on a coming shortage of arginine [39].

Amino acids can be produced by four methods: fermentation, enzymatic syn-
thesis, extraction and chemical synthesis [40]. The chemical synthesis has the dis-
advantage of producing the D,L-forms of amino acids, whereas biologically active
L-form are obtained directly with the other methods. Fermentative production of
amino acids started in 1957 with the discovery that Corynebacterium glutamicum
was an efficient L-glutamate producer [41] followed by the finding four years later
that mutants of this specie could produce a large amount of L-lysine [42]. Since
then, fermentation processes for more amino acids have been taken to industrial
scale. Most amino acids are produced by C. glutamicum derivatives, but some can
be efficiently produced by Escherichia coli like L-tryptophan, L-phenylalanine, L-
isoleucine and in particular L-threonine [40].

Nowadays, L-arginine is produced by either fermentation or extraction from
proteins. Extraction methods include multi-step hydrolysis of human hair, feathers
and microalgae [43–46]. Industrial fermentations rely mainly on C. glutamicum
mutants and use mainly corn starch which recently caused a price increased due
to competition with ethanol production [47].

In 2018, the European Food Safety Authority investigated the safety of L-arginine
produced by E. coli for use in animal feed [48]. The authority having concluded
that it had no adverse effects on the animals, the consumers and the environ-
ment, L-arginine produced by E. coli was authorised in EU in 2019 [49]. L-Arginine
produced by various strains of Corynebacterium glutamicum have also been autho-
rised [49–51].
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1.4 Scope of the thesis

The excess reactive nitrogen fixed through human activities as been recognized
as a major issue. However, effective regulations regarding the use of reactive nitro-
gen in agriculture are still lacking, even though fertilizer production and applica-
tion are the largest cause of nitrogen deposition. L-Arginine-containing fertilizers
might be an interesting alternative, at least for some species such as boreal forest
plants, since they can be more efficient and result in less nitrogen losses. Unfortu-
nately, L-arginine is mainly available at a chemical grade higher than required for
the manufacture of fertilizers, which increases their cost. The sustainable produc-
tion of lower grade L-arginine is therefore of importance to permit the development
of less harmful fertilizers.

Besides, to meet the rising demand for L-arginine, the production volume must
be increased. As mentioned, corn starch is used as raw material for the fermenta-
tive production of L-arginine. Not only this makes the price of L-arginine depen-
dent of that of ethanol, but it also raises the problem of food security. In order to
sustainably increase the production of L-arginine, it is therefore necessary to find
alternative environmental friendly feedstock.

This thesis aimed at developing a fermentation process for the production of
L-arginine by E. coli from renewable resources.

Since E. coli does not normally excrete large amount of L-arginine, the first
part of this thesis focuses on the development of an arginine overproducing E. coli
strain. A series of mutants were engineered and tested in bioreactors. Fermentation
process in bioreactors for L-arginine production having only been reported for
members of the Corynebacteriaceae family, conditions under which E. coli could
produce L-arginine had to be established. Metabolome analysis then enabled to
better understand the metabolic effects of each genetic mutation.

The second part of the thesis concerns the supply of carbon and nitrogen. Suffi-
cient nitrogen supply is critical for cell growth and arginine production. However,
oversupply of nitrogen must be avoided as it would lead to the generation of
polluting wastes and could worsen the fermentation efficiency. Nitrogen supply
was thus optimised for arginine production. Fermentations are often based on
easily metabolised sugars such as glucose or sucrose. However, overuse of these
sugars for bio-based product production might have negative environmental and
societal impacts, which is why alternative carbon sources were tested.
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2 L-Arginine metabolism in bacteria

For more than 60 years, the metabolism of L-arginine has attracted a lot of
scientific attention due to its high intricacy. The biosynthesis and degradation of
L-arginine are indeed rather complex and highly regulated processes. In addition
both L-arginine and its biosynthetic intermediates serve as precursors for other
important metabolic pathways.

The emphasis is put here on L-arginine metabolism — biosynthesis, catabolism,
transport and regulation — in E. coli K-12, as the mutants used for L-arginine pro-
duction in the present work were derived from this strain. Charlier and Bervoets
recently wrote a very comprehensive review on this topic [52]. The most important
genes involved in L-arginine metabolism and the proteins they encode are sum-
marised in Table 1. Metabolism of L-arginine in Corynebacteriaceae will also be
briefly discussed since C. glutamicum and C. crenatum are the two most common
L-arginine producers (Section 3.1).

To simplify the reading, amino acids names will henceforth always be referring
to the L-form of the amino acids.

Table 1. Most important genes/operons in L-arginine biosynthesis, transport and catabolism
in E. coli.

Gene Protein function / Enzyme

Arginine biosynthetic genes

*argA N-acetylglutamate synthase (NAGS)

*argB N-acetylglutamate kinase (NAGK)

*argC N-acetylglutamate-5-phosphate reductase

*argD N-acetylornithine aminotransferase

*argE acetylornithinase (AO)

*argF ornithine carbamoyltransferase (OTC)

*argI ornithine carbamoyltransferase (OTC)

*argG argininosuccinate synthase

*argH argininosuccinase

*carA small subunit of carbamoyl phosphate synthase (CPSase)

*carB large subunit of carbamoyl phosphate synthase (CPSase)
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Gene Protein function / Enzyme

Transport genes

*artI periplasmic binding protein for arginine and ornithine

*artJ periplasmic binding protein for arginine

argT periplasmic binding protein for lysine, arginine and ornithine

*artPIQM ABC transporter complex ArtQMP2

*hisPIQM ABC transporter complex HisQMP2

adiC arginine:agmatine antiporter

potE ornithine:putrescine antiporter

argO arginine exporter

argP activator of argO transcription

Catabolic genes

speA biosynthetic arginine decarboxylase

speB agmatine ureohydrolase

adiA biodegradative arginine decarboxylase

speC biosynthetic ornithine decarboxylase

speF biodegradative ornithine decarboxylase

**astCADBE genes of the arginine succinytransferase pathway

Regulation gene

*argR arginine repressor

*: genes part of the arginine regulon

**: positively regulated by argR

2.1 Pathways for biosynthesis

Most prokaryotic microorganisms can synthesize arginine de novo from gluta-
mate in a series of eight enzymatic reactions. To this day, four main routes to
arginine have been discovered. Enterobacteriaceae use the linear pathway, whereas
Corynebacteriaceae use the recycling one. In both pathway ornithine is formed
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Figure 5. L-Arginine biosynthesis: linear pathway

through a series of acetylated intermediates and is then converted to arginine via
citrulline. In the two other routes, ornithine is bypassed: in Xanthononas campestris,
N-acetylornithine is instead converted to N-acetylcitrulline which is then deacety-
lated to citrulline [53–55] and in Bacteriodes fragilis succinyl intermediates are used
instead of acetyl ones [56, 57]. These pathways were more recently discovered, not
as well studied, and will not be described in details here.

2.1.1 The linear pathway

The linear pathway (Fig. 5) was first identified in E. coli [58] and later on in other
representatives of the Enterobacteriaceae such as Salmonella, Enterobacter, Klebsiella,
Erwinia, Serratia, Proteus and Shigella [59].

Arginine biosynthesis starts with the acetylation of glutamate at the N-↵ po-
sition. In E. coli, this reaction is catalysed by N-acetylglutamate synthase, often
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referred to as ”classic” NAGS [60]. This enzyme is encoded by argA and contains
an N-terminal domain, believed to be responsible for glutamate binding, and a C-
terminal N-acetyltransferase-encoding domain [61].

N-acetylglutamate is then further converted to N-acetylornithine via three steps
catalysed by enzymes ubiquitous among bacteria [62]: N-acetylglutamate 5-phospho-
transferase (ArgB), N-acetylglutamate 5-phosphate reductase (ArgC) and N-acetyl-
ornithine aminotransferase (ArgD) [63].

Acetylornithinase (AO, encoded by argE) splits the acetyl group from acetyl-
ornithine, yielding ornithine and acetate [58]. This is the step where the linear
pathway differentiates itself from the other routes toward arginine biosynthesis.

Then carbamoyl phosphate is required for the conversion of ornithine into cit-
rulline. E. coli and enterobacteriaceae use a single CPSase to supply both the argi-
nine and pyrimidine pathways [64]. The enzyme consists of a small subunit (CarA)
and a larger one (CarB). CarA hydrolyses glutamine, releasing glutamate and am-
monia (Fig. 7). Ammonia, a highly reactive and unstable intermediate, is trans-
ferred from CarA to the carboxyphosphate active site of CarB via substrate chan-
nelling, thus staying safely protected within the enzyme [65]. CarB is responsible
for a series of three reactions: (i) the production of carboxyphosphate from bicar-
bonate, (ii) the formation of carbamate from carboxyphosphate and ammonia, and
(iii) the phosphorylation of carbamate into carbamoyl phosphate.

The carbamoylation of ornithine into citrulline is catalysed by ornithine car-
bamoyltransferase (OTC) [63]. E. coli K12 carries two genes for OTC: argF and
argI [66]. Both genes code for a functional enzyme, and their products can also
interact to form trimeric OTC [67]. Other Enterobacteriaceae [68–71], E. coli B [72]
and E. coli W were found to carry only argI.

Argininosuccinate synthase (ArgG) converts citrulline and aspartate into argini-
nosuccinate, which is then split by argininosuccinase (ArgH) into arginine and
fumarate [62].

2.1.2 The recycling pathway

The vast majority of prokaryotes, including members of the Corynebacteriaceae
suborder, use instead the recycling pathway (Fig. 6).

In the recycling pathway, the acetylation of glutamate with acetyl-CoA is not
synthesised by a classic NAGS, but by a bifunctional ornithine acetyltransferase
(OAT) and/or a short NAGS instead [62, 73]. C. glutamicum and C. crenatum possess
a bifunctional OAT [74, 75]. This enzyme, encoded by argJ, is able to use both acetyl-
CoA and acetylornithine as substrate for the synthesis of N-acetylglutamate. In ad-
dition, Corynebacterineae possess a C-NAGS (Corynebacterineae NAGS), encoded
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Figure 6. L-Arginine biosynthesis: recycling pathway

by the cg3035 gene, which acetylates glutamate using acetyl-CoA. C-NAGS has a
single domain and is shorter than the classical NAGS [76].

The recycling pathway is then identical to the linear one until the synthesis of or-
nithine from N-acetylornithine. Unlike in the linear pathway, no acetate is formed
in this step as the bifunctional OAT ”recycles” the acetyl group of N-acetylornithine
onto glutamate to form N-acetylglutamate and ornithine [77]. Once the pathway is
initiated, this enables the biosynthetic flow toward arginine to be maintained, while
leaving acetyl-CoA available for other intracellular processes [78]. The recycling
pathway is therefore considered to be more evolved and economical than the linear
pathway.

The reactions from ornithine to arginine are then shared by both pathways.
However, in Corynebacterineae the OTC that catalyses the carbamoylation of or-
nithine into citrulline is encoded by the argF gene only. Like E. coli, C. glutamicum
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and C. crenatum possess a CPSase with a small and a large subunit [74, 79].

Figure 7. Mechanism for carbamoyl phosphate biosynthesis in E. coli.

Dashed lines represent the two subunits, CarA and CarB, of E. coli CPSase.

2.2 Catabolism

In E. coli arginine serves as precursor in two pathways: the production of pu-
trescine and the arginine succinyltransferase pathway. Fig. 8 summarizes the dif-
ferent pathways of arginine and ornithine degradation.

2.2.1 L-arginine decarboxylase pathway

E. coli possesses two arginine decarboxylases (ADC): one biosynthetic (encoded
by speA) and one biodegradative (encoded by adiA). The biodegradative ADC is in-
volved in an acid resistance mechanism and its role is described later (Section 2.3.2).

The biosynthetic ADC is constitutively synthesized and catalyses the formation
of agmatine [80, 81], which is then hydrolysed to urea and putrescine through the
action of agmatine ureohydrolase (encoded by speB) [81, 82]. Putrescine can be
degraded to succinate and glutamate via �-aminobutyric acid (GABA) by two dif-
ferent pathways [81, 83] or be converted to spermidine by spermidine synthase (en-
coded by speE). Both polyamines (putrescine and spermidine) are aliphatic cations
essential for normal growth in all microorganisms [80].

ADC is associated with the cell envelope [84] and utilises exogenous rather than
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endogenous arginine. Indeed the ADC pathway becomes the preferred route to pu-
trescine when exogenous arginine is supplied [85, 86], whereas normally most pu-
trescine is directly formed from ornithine, in a reaction catalysed by a biosynthetic
ornithine decarboxylase (encoded by speC) [86, 87]. The ADC pathway might offer
cells a way to synthesise sufficient putrescine under conditions when ornithine
synthesis is blocked by arginine and the putrescine formation from ornithine is
thus limited [80, 88–90].

Furthermore, the ADC is more active when ammonia is present in the medium.
Indeed, under that condition, 35% of the utilised arginine is metabolised via the
ADC pathway [88]. By contrast, when the sole nitrogen source is arginine only
3% of the arginine consumed is metabolised via the ADC pathway, which makes
sense as this pathway does not produce the ammonia necessary for growth under
nitrogen limited conditions [88].

Figure 8. L-arginine degradative pathways

Dashed arrows represent multiple-step reactions; dotted lines indicate biodegradative
decarboxylases.
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2.2.2 L-arginine succinyltransferase pathway

E. coli possesses another degradative pathway, the ammonia-producing argi-
nine succinytransferase (AST) pathway that is required for growth with arginine
as sole nitrogen source [88]. In this pathway, arginine is degraded to succinate
and glutamate in a series of five reactions catalysed by enzymes encoded by the
genes of the astCADBE operon [88]. Expression of those genes is moderate under
general nitrogen limitation and maximal in the presence of arginine [88]. The third
enzyme of the AST pathway encoded by astC, was found to be somehow involved
in ornithine catabolism as well [88].

2.3 Transport systems

Arginine can enter and exit the periplasm by passive diffusion through
porins [91]. However, transport across the inner membrane, i.e. in and out of the
cytoplasm, requires dedicated influx and efflux systems. In E. coli, three uptake
systems and one export system for arginine have been identified so far. Another
transport system consists in the influx of arginine via an antiporter and is involved
in acid resistance.

2.3.1 Arginine uptake

When amino acids are available in the environment cells import what they need
for development because the uptake of amino acids is energetically more efficient
than their de novo synthesis [52]. Amino acids import also provides sources of
carbon, nitrogen and/or energy under limitation conditions.

The uptake of amino acid is usually done through ATP binding cassette (ABC)
transport system [92–95]. ABC transporters are transmembrane proteins that ac-
tively transport molecules across the lipid membrane, using the energy released by
the hydrolysis of ATP to ADP after its binding to the transporter, as depicted in
Fig. 9a [96].

In E. coli three uptake systems for arginine based on such transporters have
been identified: one that is specific to arginine [97], one for arginine and ornithine
(AO) [98, 99] and one for lysine, arginine and ornithine (LAO) [97, 100]. Since these
three transport systems have different substrate specificity, affinity for arginine and
regulation they probably are active under different conditions and have different
physiological roles [101].

The LAO system is encoded by the argT-hisJQMP genes cluster. argT and hisJ
encode for a periplasmic binding protein for LAO and histidine, respectively, and
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share the same ABC transporter complex HisQMP2 (Fig. 9b) comprising two inte-
gral membrane proteins HisQ and HisM and two membranes associated subunits
HisP which bind ATP to provide the energy required for uptake [102, 103].

Both the arginine-specific and the AO uptake systems appear to be encoded by
the artPIQM-artJ genes [104]. The artJ gene codes for an arginine specific periplas-
mic binding protein [104, 105], while artI has been proposed to be the gene encod-
ing the periplasmic AO binding protein [98, 99]. The other proteins of this ABC
transporter complex, ArtQ, ArtM and ArtP, are similar to the HisQ, HisM and HisP
proteins of the LAO uptake system, respectively (Fig. 9c).

2.3.2 Antiporters

To survive in extremely acidic environment, E. coli relies on various acid resis-
tances systems whose activities have different requirements and different control
mechanisms (for a detailed review see [106]). This ensures that there will always be
at least one operative system [107].

The first system, the oxidative or glucose-repressed system, is induced in sta-
tionary phase [107] but the mechanism behind it is still unknown [108, 109]. Four
other systems employ a membrane-embedded amino acid antiporter and a biode-
gradative decarboxylase with low pH optimum [110] to exchange an extracellular
amino acid with the intracellular product of its decarboxylation, thereby draining
protons from the cytoplasm [108].

One such system relies on arginine to protect cells against extreme acid stress
conditions. The adiAYC operon is responsible of this arginine-dependent acid re-
sistance system (Fig. 10). It is divided in two transcriptional units adiAY and adiC,
which are coordinately regulated but transcribed independently [108]. The adiC
gene codes for AdiC, an arginine:agmatine antiporter that catalyses the influx of
arginine coupled to the efflux of agmatine [108, 111]. Although the transport activ-
ity is much stronger at low pH (< 5.5) [112, 113], AdiC still displays activity up to
pH 9 [113, 114]. Once inside the cell arginine is decarboxylated to agmatine by an
acid-inducible arginine decarboxylase AdiA, encoded by adiA [115, 116], a reaction
that consumes one proton.

AdiY is a positive regulator of adiA [117] but is not essential for adiA transcrip-
tion [108]. In addition, adiA was shown to be under positive control of the CysB
protein [107, 118].

In another acid resistance system which protect cells under conditions of mild
acid stress [119, 120], the putrescine formed intracellularly is exchanged with ex-
tracellular ornithine by an ornithine:putrescine antiporter (encoded by potE) [119,
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120]. A biodegradative ornithine decarboxylase (encoded by speF) catalyses the
degradation of ornithine into putrescine.

(a)

(b) (c)

Figure 9. Schematic representation of an ABC transporter and LAO, AO and L-arginine
specific uptake systems.

(a): Schematic representation of the functioning of an ABC transporter. Binding of ATP and
hydrolysis to ADP at ATP-binding subunits provide the energy required to open up a

channel between the membrane proteins. The periplasmic binding protein binds to the
nutrient molecule and allows its passage through the channel;

(b) and (c): schematic view of the E. coli arginine uptake systems for LAO, arginine and AO,
respectively.
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2.3.3 Arginine export

Export systems for amino acids have a less clearly elucidated role than uptake
systems but might serve to prevent excessive accumulation of amino acids. The first
efflux system to be identified was the LysE exporter of C. glutamicum, which exports
both arginine and lysine [121, 122]. More recently, it was discovered in C. glutam-
icum that the putrescine and cadaverine exporter CgmA (encoded by cgmA) may
also function as emergency efflux system in case of arginine accumulation [123].

In E. coli, the arginine exporter ArgO has a primary sequence similar to that of
C. glutamicum LysE but is specific for arginine [121, 122, 124]. The transcription of
argO is activated by ArgP (Section 2.4.1).

The physiological function of the argO gene is not fully defined yet but has been
proposed to be the prevention of arginine accumulation within the cells and/or the
maintenance of a correct intracellular balance between arginine and lysine because
lysine abolishes the argO activation by ArgP and because ArgP also stimulates the
uptake of lysine by activating the lysP gene which encodes a lysine-specific perme-
ase [116, 124–126]. The theory that cells must maintain an adequate arginine:lysine
ratio is further supported by the fact that the expression of the lysO gene, which
encodes the lysine exporter LysO, is somewhat repressed by ArgR, the repressor
protein of the arg genes (Section 2.4.1), in the presence of arginine [127].

Figure 10. Simplified model for the L-arginine-dependent acid resistance system in E. coli.

Under acid conditions, the pH gradient across the membrane permits protons (H+) to
penetrate the cell, which decreases the internal pH (pHi). AdiA catalyses the association of
protons with a positively charged arginine (Arg1+) to form a positively charged agmatine

(Agm2+). AdiC takes Agm2+ out of the cell, thereby effectively draining one proton, in
exchange with a new decarboxylation substrate Arg1+.
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2.4 Biosynthesis, catabolism and transport regulations

Since the pioneer work of H. Vogel and W. Maas with E. coli [128, 129], the
highly complex regulation of arginine biosynthesis has been studied in consider-
able details in a variety of organisms. Regulation is made at the levels of both gene
expression and enzyme activity.

2.4.1 Regulation of gene expression

The complexity of arginine biosynthesis in E. coli have made of its regulation
a model of choice for the study of control of gene expression. The different regu-
lations on the expression of the genes related to arginine metabolism in E. coli are
represented in Fig. 11.

An interesting aspect of arginine biosynthesis regulation is that the arg genes
(argA, B, C, D, E, F, I, G, H, carA and carB) are scattered around the chromosome [130]
and therefore do not follow the operon model in which a repressor controls the pro-
duction of a group of metabolically related genes clustered into a single functional
unit [131].

Nonetheless, although the arg genes are spread over different chromosomal loci,
they were found to be under the control of one gene, argR, and the term ”regulon”
was coined to describe such a system where a single gene regulates the expression
of a group of genes within one metabolic pathway [132, 133]. ArgR, the product of
argR, is an arginine-dependent repressor of the arginine regulon and also controls
its own synthesis [134–137]. The arg biosynthetic genes are all repressed by ArgR
to different extent [138].

ArgR acts at the transcription level [134, 135, 138, 139]. The operator sites in
the arginine regulon consist of two 18-base-pair-long DNA sequences, called ARG
boxes, separated by three (or two for argR) base-pairs [63]. ArgR exerts repression
by binding to two adjacent ARG boxes to overlap with RNA polymerase binding
site, thereby preventing transcription [140, 141].

The low affinity of ArgR for arginine results in only a small fraction of the
repressor being in the active form (i.e bound to arginine). Combined with the high
affinity of arginine-liganded ArgR for the arg genes, this permits the repression to
be determined entirely by the arginine concentration [142]. The argR control region
contains two promoters, P1 and P2. P1 is regulated by ArgR, whereas P2 is located
upstream from the ARG boxes and is thus not under ArgR control [134]. Complete
repression of the enzymes of the arginine regulon is still possible in the presence of
arginine, despite the autoregulation of ArgR, due to the action of the non-regulated
promoter P2 [142].
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Another interesting characteristic of the regulation of arginine biosynthesis is
the regulation of the carAB operon (which encodes a CPSase). carAB is involved
in both the arginine and the pyrimidines biosyntheses and its expression is sub-
jected to cumulative repression by the end product of each pathway [64]. The
presence of either arginine or a pyrimidine base causes a partial repression and
nearly complete repression occurs in the presence of both [64, 135, 143]. The tran-
scription of the carAB operon is initiated at two adjacent promoters P1 and P2.
The downstream promoter P2 overlaps a pair of ARG boxes and is regulated by

Figure 11. Regulation of L-arginine biosynthesis in E. coli at the gene expression level.

Multi-arrows represent multiple-step reactions; dotted lines indicate repression; dashed
lines indicate activation; arginine-ArgR: arginine-liganded ArgR; arginine-ArgP:

arginine-liganded ArgP



2.4 Biosynthesis, catabolism and transport regulations 19

arginine-dependent ArgR repression [135, 141, 144–146]. The activity of the up-
stream promoter P1 is mainly controlled by pyrimidine residues [144, 145, 147, 148]
and by purine residues [149], but the mechanisms of the modulation are much more
complex. A thorough description of the various effectors controlling P1 activity can
be found in a recent review about the regulation of carbamoylphosphate synthesis
in E. coli [150]. The multiple regulation mechanisms of the carAB operon transcrip-
tion ensure that the production of carbamoyl phosphate is sufficient to supply the
de novo synthesis of pyrimidines even upon high arginine accumulation and vice-
versa [150].

Besides the arginine biosynthesis genes, ArgR also regulates the arginine import
genes. Arginine-liganded ArgR regulates the transcription of the artPIQM-artJ gene
cluster, which encodes the arginine-specific and the AO uptake systems, and of
the hisJQMP operon, which encodes part of the LAO uptake system [138]. The
operators of these uptake genes each carry two functional ARG boxes separated by
3 base-pair [114]. Liganded ArgR inhibits the promoters of argJ and artP by steric
exclusion of RNA polymerase, while for hisJ it causes conformational changes of
the promoter region that prevent the binding of RNA polymerase [101]. argT is the
only uptake gene insensitive to the repressor.

Other mechanisms also control the uptake of arginine. The leucine-responsive
protein (Lrp), a global regulatory protein, downregulates the artPIQM genes, an
action attenuated by leucine [151–153]. Under nitrogen starvation, when the AST
pathway can serve to produce ammonia (Section 2.2.2), the expression of the argT-
hisJQMP genes is positively controlled by the regulatory protein NtrC, whose reg-
ulatory site is located upstream of argT [154].

ArgR is even involved in one of the arginine degradative pathways, but not in
the other. The astCADBE operon is competitively induced by a �54-dependent pro-
moter (active under nitrogen limitation) and a �s-dependent promoter (active dur-
ing stationary phase) [155]. The NtrC mediates the nitrogen regulated response [155–
157]. Although it is not essential for transcription of the astCADBE operon, ArgR
enhances expression from both promoters [155]. The AST pathway is also active in
conditioned medium and under carbon starvation [158, 159].

On the contrary, ArgR is not involved in the degradation of arginine to pu-
trescine via the ADC pathway. The transcription of speA is sensitive to polyamines
and this negative transcription regulation is mediated by transcription factors [160–
162].

ArgR is also somewhat involved in the regulation of the biosynthesis of gluta-
mate, a precursor for arginine biosynthesis. ArgR is one of the negative regulators
of the glutamate synthase operon (gltBDF) and acts by binding to the gltBDF pro-
moter region and decreasing transcription [163]. Glutamate synthase catalyses the
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formation of glutamate from glutamine, ↵-oxoglutarate and NADPH. However,
given the key metabolic role of glutamate, ArgR only has a modest impact on its
biosynthesis and many other regulatory proteins are involved in the control of the
gltBDF operon [163].

ArgR is thus involved in the control of arginine biosynthesis, degradation and
uptake, as well as in the regulation of the biosynthesis of the arginine precursor
glutamate. On the other hand, the regulation of arginine export is not mediated by
ArgR, but by ArgP (encoded by argP).

ArgP transcriptionally regulates argO by a complex mechanism. Arginine and
lysine compete for binding to ArgP and both liganded forms of ArgP bind along
with RNA polymerase at the regulatory region of argO, forming a stable com-
plex [164, 165]. However, while recruitment of RNA polymerase by arginine-bound
ArgP results in the activation of argO transcription, lysine liganded ArgP reversibly
traps the RNA polymerase in an inactive complex [164, 165]. The activating role
of ArgP is therefore mediated by arginine and abolished by lysine. Unliganded
ArgP can bind to argO thereby forming a complex in a ”waiting” state, which
ensures that argO transcription can be instantaneously adjusted to arginine and
lysine intracellular concentrations. RNA polymerase can also bind to argO by itself
but the complex created then is unstable; besides its binding and that of ArgP are
mutually exclusive [164].

Lrp both represses the transcription of some arginine uptake genes and stimu-
lates arginine export by activating the transcription of argO [166]. The binding of
ArgP and Lrp to the control region of argO are mutually inhibitory [166]. Here also,
the regulation by Lrp is diminished by the presence of leucine [166].

2.4.2 Regulation of enzyme activity

In E. coli the enzyme catalysing the first step of the arginine biosynthesis, NAGS,
is feedback inhibited by arginine [167]. The rate of formation of acetylated interme-
diates is thus directly controlled by the arginine concentration.

The ArgR-mediated transcriptional regulation of the arg genes ensures that en-
zymes are made only when needed, with an objective of efficiency [168]. Allosteric
feedback inhibition on NAGS serves a robustness purpose by ensuring that en-
zymes are higher than needed [168]. This overabundance enables cells to quickly
adapt to changing environment. Moreover, feedback inhibition is needed to main-
tain arginine at a desirable level as arginine production increases in argA dysregu-
lated mutants.

As mentioned previously, carbamoyl phosphate is a common intermediate to
arginine and pyrimidines biosyntheses and its regulation must thus be finely bal-
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Figure 12. Regulation of E. coli carbamoyl phosphate synthetase activity.

CPSase: carbamoyl phosphate synthetase; UMP: uridine monophosphate; UDP: uridine
diphosphate; UTP: Uridine-50-triphosphate; CTP: cytidine triphosphate; AMP: adenosine
monophosphate; IMP: inosine monophosphate; XMP: xanthosine monophosphate; GMP:
guanosine monophosphate; GDP: guanosine diphosphate; GTP: guanosine triphosphate.

Dashed arrows indicate allosteric regulation; � stimulating action;  inhibitory action; the
number of signs indicates the intensity of the effect.

anced between the two pathways. At the gene expression level, arginine and pyrim-
idine exert a cumulative repression on the carAB operon. On the contrary the
catalytic activity of CPSase is antagonistically regulated by allosteric effectors of
both pathways, which provides a way to adapt the supply of carbamoyl phosphate
to the needs of the two pathways.

CPSase is subject to activation by ornithine and feedback inhibition by the metabo-
lites of the pyrimidines biosynthesis [64, 169, 170]. The first intermediate in the
pathway, uridine monophosphate has the strongest inhibitory effect, while other
pyrimidine nucleotides have a diminishing impact with the number of steps re-
quired for their biosynthesis, and cytidine nucleotides have no or very little effect
on CPSase activity [169].

Interesting not only ornithine but also purine nucleotides are positive allosteric
effectors of CPSas activity [169]. Like the pyrimidine nucleotides, purine nucleotides
also have a weaker impact as they are further in the pathway.
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Another feedback inhibition mechanism relevant to arginine metabolism is the
inhibition of speA activity by putrescine and spermidine [160, 171] by a mechanism
relying on a specific antizyme and the ribosonal proteins S20 and L34 [161, 172].

2.4.3 Biosynthesis regulation in Corynebacterium species

A brief word will be said about arginine biosynthesis regulation in C. glutam-
icum and C. crenatum as these organisms are commonly used for fermentative pro-
duction of arginine (Section 3.1), for more details, see for instance [173–180].

Like in other microorganisms using the recycling pathway [181], arginine exerts
end-product inhibition on the second enzyme of the committed arginine biosyn-
thesis pathway, NAGK, in both C. glutamicum [174, 182] and C. crenatum [183]. In
addition, C. glutamicum OAT, which catalyses the conversion of N-acetylornithine
into ornithine, is feedback inhibited by citrulline [184].

A transcriptional repressor ArgR also exists in C. glutamicum and C. crenatum;
however its mechanism of action differs slightly from the one of E. coli [173, 179,
180, 185]. Repression by C. glutamicum ArgR is not arginine-dependent, but it is
enhanced by the presence of arginine [173, 185]. Proline has been found to decrease
the affinity of ArgR binding for the argB promoter region [177, 186]. This provides a
way to divert the glutamate flow from proline biosynthesis by redirecting it toward
ornithine/arginine in the presence of excess proline.

The farR gene which encodes the fatty acyl-responsive regulator FarR, is also
involved in the regulation of arginine biosynthesis [175, 187]. FarR regulates the
transcription of the arg genes and that of gdh, the gene coding for glutamate dehy-
drogenase that converts ↵-ketoglutarate to glutamate [175].

The synthesis of LysE, the arginine exporter gene, is under the transcriptional
control of LysG, an ArgP ortholog [121, 122, 124]. LysG-mediated induction of LysE
expression requires the presence of intracellular lysine or arginine as co-inducer [122].
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3 Microbial production of L-arginine

3.1 Overproducing strains

Initially, efforts to isolate arginine producing mutants from various microbial
species were built on random mutagenesis induced by radiation or treatment with
mutagen, followed by selection based on various antimetabolites analogs resis-
tance, e.g. canavanine or arginine hydroxamate (for a review see [188]).

In particular, several studies were focused on the use of B. subtilis as parental
strain [189–191]. The best mutant obtained could produce up to 28 g/L of arginine
during growth at 30�C in shake flasks [190].

Given the role of glutamate on arginine biosynthesis, studies were rapidly ori-
ented toward the use of a glutamic acid producing bacteria [192]. Not unexpectedly
the mutant able to form arginine the most effectively was derived from C. glutam-
icum, a potent glutamate producer [41]. This mutant produced almost 35 g/L of
arginine in 72 h during shake flasks experiments at 31�C [192]. C. glutamicum
and related C. crenatum have since then become common organisms for arginine
production.

3.1.1 Corynebacterium glutamicum

C. glutamicum has been extensively used for arginine production since its poten-
tial as arginine producer was demonstrated [193, 194]. A summary of the genetic
approaches for the construction of arginine overproducing C. glutamicum strains
and their results is presented in Table 2.

By reverse engineering from three classical arginine producers, C. glutamicum
strains A-27, I-30 and D-77, Ikeda et al. [195] identified five potential mutations of
interest and ultimately constructed a strain combining three genetic modifications:
deletion of argR and two mutations in argB (argB26 and argB31) that render its
product less sensitive to feedback inhibition.

Park et al. have carried out a thorough investigation starting from random
mutagenesis followed by step-wise strain improvement to obtain a very efficient
arginine producer [199]. They used C. glutamicum ATCC 21831 as starting strain
because of its ability to produce arginine [200]. In the conditions of that study this
strain produced 17 g/L of arginine. In a first step, they subjected the strain to
random mutagenesis through exposure to N-methyl-N-nitroso-N0-nitroguanidine
and ultraviolet light and cultivated it on agar plates with arginine hydroxamate
and canavanine, two arginine analogs. A strain was isolated that could produce
34.2 g/L of arginine in fed batch fermentation, with a productivity of 0.31 g/L/h.



24 Microbial production of L-arginine

Table 2. Overview of different L-arginine producing C. glutamicum strains.

Modifications * Gene(s) function Goal(s) Effect(s) Ref

argR & farR
deletion

negatively regulate
arginine biosynthesis

remove the repression of
the arginine biosynthesis

% production (83%)
% productivity (100%)

[196]

+ ppi gene
down
regulation

encodes
glucose-6-phosphate
isomerase

increase NADPH level
by increasing the PPP
flux

% production (30%)
% productivity (16%)
& glucose uptake rate

+ opcA, pgl,
tal, tkt, zwf
overexpres-
sion

pentose phosphate
pathway (PPP) genes

increase the flux
throughout the PPP

% production (24%)
% productivity (18%)
% uptake rate

+ NCgl1221
deletion

NCgl1221: encodes a
glutamate exporter

increase glutamate
availability

% production (15%)
% productivity (13%)

+ carAB over-
expression

carAB: encode a CPSase increase the available
carbamoylphosphate

+ argGH over-
expression

argG: encodes an
arginosuccinate
argH: encodes an
arginosuccinate lyase

reduce citrulline
excretion

% production (13%)
% productivity (13%)

pgk overex-
pression

encodes a
3-phosphoglycerate
kinase

% productivity (8%) [197]

cgmR deletion represses the cgmA gene increase arginine export % production (5%) [123]

argR deletion encodes a
transcriptional regulator,
negatively regulates
arginine biosynthesis

enhance the expression
of the arginine
biosynthetic genes

% production (16%)
% productivity (16%)
% yield (58%)

[198]

+ farR
deletion

encodes FarR, which
represses argB, argC and
argGH expression

enhance the expression
of argB, argC and the
argGH operons

% production (8%)
% productivity (7%)

+ ldh deletion encodes a
NADH-dependent
lactate dehydrogenase

prevent the loss of
carbon to acetate

% yield (3%)

+ pntAB (from
E. coli) & ppnK
(from
C. glutamicum
ATCC13032)
co-expression

pntAB: encodes
transhydrogenase

increase the NADPH
supply by converting
NADP+ to NADPH

% production (27%)
% productivity (34%)
% yield (13%)

ppnK: encodes an NAD+

kinase
increase the conversion
of NAD+ to NADP+

* +: modifications added to the previous one(s), in that case increases and decreases were calculated
based on the previous step.
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The knock-out of two genes regulating negatively arginine biosynthesis, argR and
farR (Subsection 2.4.3), further improved arginine production (61.9 g/L) and pro-
ductivity (0.62 g/L/h). Since the biosynthesis of 1 mol of arginine requires 3 mol
of NADPH, the next target was to increase NADPH level. In order to achieve
this, the ppi gene (encoding glucose-6-phosphate isomerase) was overexpressed to
redirect the metabolic flux from fructose-6-phosphate synthesis toward the pentose
phosphate pathway (PPP). This resulted in 80.2 g/L of arginine being produced but
the increase in productivity was modest (0.72 g/L/h). Overexpression of the PPP
genes yielded a higher productivity (0.85 g/L/h) but the arginine titre was reduced
to 61.2 g/L. Switching from pure glucose to a glucose/sucrose mixture as carbon
source gave better results (71.7 g/L of arginine, 0.8 g/L/h). Next Ncgl1221, which
encodes a glutamate exporter [201, 202] was deleted and carAB was overexpressed
to increase the availability of glutamate and carbamoylphosphate, respectively. The
resulting strain produced 82 g/L of arginine with a high productivity (1.11 g/L/h).
The final step was the overexpression of argGH which further improved both the
arginine production (92.5 g/L) and the productivity (1.27 g/L/h).

Reddy and Wendisch reported the positive effect of overexpressing the pgk gene,
likely through increase of the available ATP [197]. Lubitz et al. obtained a modest
improvement of arginine production by deleting the cgmR gene [123], which neg-
atively regulates the expression of cgmA whose product normally is an exporter of
putrescine but can also serve as an emergency arginine exporter.

Quite recently Zhan et al. constructed a strain with significantly increased argi-
nine production (from 41.5 g/L to 67 g/L), productivity (from 0.58 g/L/h to
0.89 g/L/h), and product yield (from 0.19 g/g to 0.35 g/g) as compared with
their base strain [198]. To achieve this they removed the repression of the arginine
biosynthesis gene normally activated in the presence of arginine by deleting argR
and farR, prevented the diversion of some carbon toward lactate production by
deleting the ldh gene, and increased the availability of NADPH by co-expressing
ppnK from C. glutamicum ATCC13032 and pntAB from E. coli. The expression of
E. coli pntAB — which encodes transhydrogenase catalysing the direct conversion
of NADP+ to NADPH — was the most efficient modification. Indeed, that modifi-
cation alone was enough to obtain a strain producing 56 g/L at a rate of 0.78 g/L/h.

Most research on arginine production by C. glutamicum has led to patent publi-
cations (e.g. [203–207] among others), in which many approaches to enhance argi-
nine titres were covered, such as deletion of argR coding for the arginine repres-
sor ArgR [206], overexpression of E. coli argB coding for a feedback insensitive
NAGK [204] or increase of the CPSase activity [207].
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3.1.2 Corynebacterium crenatum

Numerous studies have aimed at improving arginine production in C. crena-
tum. A rather extensive summary is presented in Table 3. Most of these studies
have focused on directly increasing the metabolic flux of the arginine biosynthetic
pathway, increasing the ATP or NADPH formation and/or increasing the gluta-
mate pool. Although the goals have been the same, diverse approaches have been
exploited to reach them.

For instance, the metabolic flux of the arginine biosynthetic pathway was in-
creased by overexpressing all the genes of the pathway, i.e. the argCJBDFRGH clus-
ter, [208, 209], or only argJ, responsible of the first and fifth steps of the biosynthe-
sis [75]; mutation, and sometimes overexpression, of argB in order to remove the
feedback inhibition by arginine on NAGK, the second enzyme in the pathway [209–
213]; overexpression of lysE, which encodes a lysine/arginine exporter to prevent
arginine intracellular accumulation and reduce feedback inhibition on NAGK [214,
215]; or overexpressing glnK, whose product upregulates the expression of the
arginine biosynthetic genes and alleviates feedback inhibition on NAGK [216].

ATP formation could be stimulated by overexpressing of vgb gene from Vit-
reoscilla to increase the oxygen uptake rate [217]; deleting frd1, frd2 and noxA to
reduce non energy generating NADH oxidation and thus increase NADH availabil-
ity [218]; deleting the amn gene which encodes an AMP nucleosidase [218]; and/or
overexpressing pgk and pyk to enhance substate level phosphorylation [218].

The NADPH formation via the PPP was increased either by overexpression of
the ppnK to increase NADP+ supply [219], or by downregulation of pgi to decrease
the flux through glycolysis [209].

Various ways of increasing the glutamate availability have been the deletion
of NCgl1221 to decrease the glutamate export [215, 220]; the deletion of dtsR1 or
odhA to reduce the flow of ↵-ketoglutarate toward succinyl-CoA [209, 220]; the
overexpression of gdh to increase of the production of glutamate [209, 221]; and/or
the overexpression of icd to channel the isocitrate toward ↵-ketoglutarate [209]. Yet
another approach was to reduce the flow of glutamate toward proline, which could
be achieved either by deleting proB [209, 211] or by deleting putP to prevent proline
export so that accumulation of proline triggers feedback inhibition [215].

In addition, few studies have also targeted other potential improvements. For
instance, the formation of several other amino acids can divert the carbon flow
from arginine formation. The production of lysine and isoleucine was reduced by
downregulating lysC [209]. Huang et al. deleted the cgl2310 gene, which encodes a
branched-chain amino acid transporter, in an attempt to utilise the natural feedback
inhibition systems to prevent further formation of these amino acids [215].
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The availability of glutamine and aspartate, two other precursors of arginine,
was increased by overexpressing glnA and aspA, respectively [221]. Man et al.
seeked to improve glucose uptake while preventing overflow metabolism by over-
expressing ptsG, iolT1, ppgk, pyc and gltA [209].

By combining some of those genetic modifications, some highly effective C. cre-
natum strains have been constructed. Huang et al. engineered a strain able to
produce 25 g/L arginine in shake flask batch cultivation — more than double the
production of their base strain — by deleting putP, cgl2310, pta, Ncgl1221 and over-
expressing lysE [215]. Another strain produced 87.3 g/L arginine in fed-batch
fermentation, the highest production reported to date for C. crenatum, thanks to
multiple modifications: mutation of argB, overexpression of argCJBDFRGH, ptsG,
iolT1, ppgk, pyc, gltA, icd and gdh, downregulation of odhA, lysC and pgi, and deletion
of proB [209]. This represented an increase in arginine production and yield of more
than 110% and a 150% increase in productivity.

Table 3. Overview of different L-arginine producing C. crenatum strains.

Modifications * Gene(s) function Goal Effect(s) Ref

argJ overex-
pression

encodes a bifunctional
ornithine
acetyltransferase

enhance the metabolic
flux of the L-arginine
biosynthetic pathway

% production (17%)
% productivity (17%)

[75]

vgb from
Vitreoscilla
overexpres-
sion

encodes Vitreoscilla
haemoglobin (VHb)

increase the oxygen
uptake rates to increase
ATP formation

% production (6%)
% productivity (6%)

[217]

argB
site-directed
mutagenesis,
overexpres-
sion

encodes NAGK decrease the feedback
inhibition of NAGK by
arginine

% production (42%)
% productivity (42%)

[210]

argCJBDFRGH
cluster over-
expression

genes of the arginine
biosynthesis pathway

increase the flux through
the entire arginine
biosynthesis pathway

% production (25%)
% productivity (25%)

[208]

ppnK overex-
pression

encodes an NAD kinase increase the NADP+

availability in order to
stimulate formation of
NADPH via the PPP

% production (9–50%,
depending on aeration
conditions),
% productivity (9–50%)

[219]

lysE overex-
pression

encodes an
L-lysine/L-arginine
exporter

reduce feedback
inhibition from arginine
by preventing its
intracellular
accumulation

% production (14%)
% productivity (14%)

[214]
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Modifications * Gene(s) function Goal Effect(s) Ref

NCgl1221
deletion

encodes a glutamate
exporter

increase the glutamate
pool by decreasing
glutamate export

% production (16%)
% productivity (15%)
% yield (32%)

[220]

+ dtsR1
deletion

encodes a protein that is
a homologue of the
subunit of the biotin
enzyme acetyl-CoA
carboxylase complex

increase the glutamate
pool by reducing
↵-oxoglutarate
dehydrogenase complex
(ODCH) activity

% production (56%)
% productivity (53%)
% yield (17%)

argB
site-directed
mutation

encodes NAGK reduce the feedback
inhibition of arginine on
NAGK

% production (26%)
% productivity (16%)

[211]

+ propB
deletion

encodes a glutamate
kinase

reduce the waste of
glutamate to proline

% production (52%)
% productivity (52%)
% yield (196%)

argB mutation argB encodes NAGK deregulate feedback
inhibition on NAGK

% production (4%)
% productivity (31%)
% yield (98%)

[212]

argGH overex-
pression

argG: encodes an
arginosuccinate
argH: encodes an
arginosuccinate lyase

remove the bottleneck of
the carbon flux from
L-citrulline to arginine

frd1 deletion encodes for a
H2O2-forming flavin
reductase

increase NADH
availability and ATP
regeneration by
reducing non-energy
generating NADH
oxidation

% production (15%)
% productivity (15%)

[218]

+ frd2
deletion

encodes for a
H2O2-forming flavin
reductase

see above no changes

+ noxA
deletion

encodes an NADH
oxidase enzyme

further increase NADH
availability and ATP
regeneration by
reducing the non-energy
generating oxidation of
NADH to NAD+

% production (14%)
% productivity (14%)

+ amn
deletion

encodes an AMP
nucleosidase

increase intracellular
ATP level

% production (17%)
% productivity (17%)

+ pgk and pyk
overexpres-
sion

pgk: encodes
3-phosphoglycerate
kinase
pyk: encodes a pyruvate
kinase

increase ATP level by
enhancing
substrate-level
phosphorylation

% production (13%)
% productivity (13%)
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Modifications * Gene(s) function Goal Effect(s) Ref

argB mutation argB: encodes NAGK deregulate feedback
inhibition by arginine on
NAGK

% production (29%)
% productivity (45%)
% yield (27%)

[209]

argCJBDFRGH
cluster over-
expression

argCJBDFRGH: genes of
the arginine biosynthesis
pathway

increase the flux through
the entire arginine
biosynthesis pathway

+ pgi down-
regulation

encode the first
glycolysis-specific
enzyme
phosphoglucoisomerase

increase the flux through
PPP to increase NADPH
supply

% production (25%)
% yield (27%)
& productivity (3%)
% in lysine, isoleucine
and proline formation

+ ptsG, iolT1
and
ppgk
overexpression

ptsG: encodes a glucose
specific transporter

restore glucose uptake
and cell growth

& production (8%)
% yield (10%)
% productivity (35%)
% in lactate and acetate
formation

iolT1: encodes an inositol
permease
ppgk: encodes a glucose
kinase

improve glucose uptake
by enhancing an
alternative glucose
uptake system

+ pyc and
gltA overex-
pression

pyc: encodes a pyruvate
carboxylase
gltA: encodes a citrate
synthase

alleviate overflow
metabolism by
channelling more carbon
into the TCA

% production (12%)
% productivity (16%)
% yield (14%)
& in lactate and acetate
formation

+ icd and gdh
overexpression

icd: encodes isocitrate
dehydrogenase

channel the isocitrate
towards ↵-ketoglutarate

% production (12%)
% productivity (4%)
% yield (11%)gdh: encodes glutamate

dehydrogenase
increase the production
of glutamate from
↵-ketoglutarate

odhA down-
regulation

odhA: encodes a subunit
of the ↵-ketoglutarate
dehydrogenase complex

reduce the flux from
↵-ketoglutarate toward
succinyl-CoA

+ lysC down-
regulation

lysC: encodes an
aspartokinase

Reduce the carbon and
NADPH loss to lysine,
isoleucine and proline

% production (14%)
% productivity (8%)
% yield (16%)
& in lysine, isoleucine
and proline formation

proB deletion proB: encodes a
glutamate kinase

argB site direct
mutagenesis

encodes NAGK remove the feedback
inhibition by arginine on
NAGK and improve the
catalytic activity and
thermostability of
NAGK

% production (42%)
% productivity (42%)

[213]
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Modifications * Gene(s) function Goal Effect(s) Ref

glnA, aspA and
gdh
overexpression

glnA: encodes a
glutamine synthetase

increase the glutamine
availability

% production (41%)
% productivity (41%)
% yield (28%)

[221]

aspA: from E. coli
encodes an aspartase

increase the aspartate
availability by
introducing the direct
amination of fumarate to
form aspartate

gdh: encodes a
glutamate
dehydrogenase

increase the glutamate
production

amtR deletion amtR: encodes a
transcriptional regulator

increase the activity of
NH4

+

assimilation-related
enzymes

% production (54%)
% productivity (44%)
% yield (54%)

[222]

amtB overex-
pression

amtB: encodes an
ammonium channel
protein involved in
ammonium transport

increase nitrogen uptake

putP deletion encodes a
sodium/proline
symporter

prevent the secretion of
proline so that
intracellular proline
accumulation inhibits
the first step from
glutamate toward
proline

% production (18%)
% productivity (18%)

[215]

pta deletion encodes a
phosphoacetylase

increase the
↵-ketoglutarate and ATP
by reducing acetate
formation from
acetyl-CoA

% production (27%)
% productivity (27%)

cgl2310
deletion

encodes a
branched-chain amino
acid transporter

prevent the export of
branched-chain amino
acids so that their
accumulation triggers
feedback inhibition

% production (27%)
% productivity (27%)

Ncgl1221
deletion

encodes a glutamate
transporter

increase the glutamate
pool by decreasing
glutamate export

% production (11%)
% productivity (11%)

lysE overex-
pression

encodes an arginine
exporter.

relieve the toxin of
high-concentration
arginine and release
arginine feedback
inhibition to NAGK

% production (24%)
% productivity (24%)
% yield (20%)
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Modifications * Gene(s) function Goal Effect(s) Ref

lysE
overexpression
putP, pta,
cgl2310
deletion

see above Combine the effects
described above

% production (107%)
% productivity (107%)
% yield (134%)

glnK overex-
pression

encodes a PII signal
transduction protein
which activates
expression of arginine
biosynthesis genes and
alleviates feedback
inhibition of NAGK

increase expression of
L-arginine biosynthesis
genes, alleviate feedback
inhibition exerted by
arginine on NAGK

% production (23%)
% productivity (23%)

[216]

* +: modifications added to the previous one(s), in that case increases and decreases were calculated
based on the previous step.

3.1.3 Escherichia coli

In the last decade a large number of patents on arginine production using en-
teric bacteria have been issued. These patents cover a wide range of genetic mod-
ifications including disruption of the glycogen biosynthesis pathway [223] or at-
tenuated expression of genes coding for peptidase [224] and small RNA [225] or
of the yafA gene whose disruption increased cellular respiration [226]. Patents
encompass also the use of enteric bacteria having increased level of ArgO [227], of
an argA gene coding for a less feedback sensitive or for a highly active NAGS [228]
or enhanced expression of various genes such as the ydbK gene, predicted to be
a pyruvate synthase [229], or the bssR gene which encodes a regulator of biofilm
through signal secretion [230]. At least one industrial arginine E. coli strain (NITE
BD-02186) exists [48], but details on its genetic modifications are not available.

Nevertheless, scientific publications about enhancement of arginine production
in E. coli are scarce. In an attempt to obtain arginine overproducing strains, E. coli
mutants displaying high CPSase, OTCase and arginase catalytic activities have
been engineered [231]. First the carAB and argI genes were constructed as a single
operon under the regulation of the inducible promoter ptrc. Those genes were
then overexpressed in E. coli K12 MG1655R, a strain with a derepressed arginine
regulon, yielding a 50% improvement in arginine production, but only in the pres-
ence of ornithine. The carAB and argI gene were then overexpressed in E. coli
strain K12 C600 carrying argI and argF deletions, and ARG boxes from the argI
gene were cloned into the plasmid to titrate the repressor ArgR and derepress
the chromosomal arginine biosynthetic genes. Interestingly, this mutant produced
more arginine than the one derived from MG1655R and the arginine production
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was 16-fold higher than that of the control, again only with exogenous ornithine
supplementation.

Very early on, Eckhardt and Leisinger isolated three E. coli mutants with a
feedback resistant NAGS [232]. Two other feedback resistant mutants were later
isolated by Rajagopal et al. [233]. Strains containing plasmids expressing the feed-
back resistant argA, identified by either Eckhardt and Leisinger or Rajagopal et al.,
displayed 6 to 14 times increase in arginine production compared to a control strain
containing a plasmid expressing only wt argA [233]. Four of the mutants harboured
a single point mutation in the argA gene (R58H, G287S, H15Y and Y19C) and one
contained two separate substitutions (S54N and Q432R) [233].

By comparing on agar plate the halo of cross-feeding of a strain auxotrophic
for arginine, Nandineni et al. [124] have identified the potential of three genetic
modifications to improve arginine production. A mutant with argR knocked-out
had increased cross feeding ability compared to that of the control strain. Most in-
terestingly, mutants carrying a multicopy plasmid of either argO+ or the argPd 549L
mutation, which activates argO expression, showed fast and drastically improved
cross-feeding abilities. argO is responsible of the arginine export and is activated
by ArgP (Section 2.3.3). The potential improvement of metabolic production by
overexpressing efflux systems has since been highlighted [234].

Recently, Sander et al. have demonstrated the advantage of the down regulation
of argR over its deletion for arginine production [235]. They compared a mutant
with argR knocked out to mutants in which it was knocked down to various levels
instead. In all mutants, the genomic point mutation in the argA gene described
above (H15Y) was used to remove the feedback inhibition of NAGS and the argO
gene was overexpressed. An optimal level of downregulation could be found at
which the arginine production was similar to that of the mutant with argR deletion
but at which growth was sensibly faster. They found that the knockout of the
argR gene caused a limitation in the biosynthesis of pyrimidine nucleotides, which
affected cell growth.

Work has been done on E. coli engineering for the production of ornithine [236];
this is of relevance since this compound is a precursor to arginine. Notably, the
production of the strain was improved from 19.3 mg/L of ornithine to 22.1 mg/L by
disruption of the proB gene, which codes for the first enzyme of the pathway from
glutamate to proline. Deletion of argR or overexpression of argA214, whose product
is a feedback resistant NAGS, also increased ornithine production, although com-
bination of these two mutations did not have an additive effect. Finally, the impact
of deletion of genes involved in ornithine degradation: speC, speF and astC was in-
vestigated. The speF knockout mutation was the most efficient while astC and speC
deletions resulted only in a moderate and marginal, respectively, improvement in
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ornithine production.

3.2 Fermentation process

3.2.1 Fermentation media and conditions

In most studies on arginine production by C. glutamicum and C. crenatum, simi-
lar fermentation media have been used [183, 237–242]. As mentioned, no publica-
tion are available regarding the fermentative production of arginine using E. coli;
however some examples are given in patents [223–230]. Examples of media com-
positions are given in Table 4.

Cultivations are always conducted at pH 7, except in one case where the pH
was 6.8 [199]. Corynebacteriaceae have an optimal temperature of 30�C and op-
erating temperatures for arginine production are within the 30–32�C range, with
the exception of one modified C. glutamicum strain reported to be efficient event at
38�C [195]. Even though E. coli has an optimal temperature of 37�C; in cultivations
examples given in patents as well as in the study on ornithine production [236] a
temperature of 32�C was used.

Oxygen is a critical parameter for the production of arginine. In an early study
on the effects of oxygen supply on various amino acids fermentations, it has been
shown that the production of arginine is strongly inhibited by the lack of oxy-
gen [242]. Aeration at 1/2 vvm and agitation at 1200 rpm provided sufficient oxy-
gen for good arginine production. Similar results have been obtained since, where
during fermentations under otherwise identical conditions the arginine production
was more than 10 times higher with a stirring rate of 600 rpm than with one of
200 rpm [241]. Most investigations of arginine production by Corynebacteriaceae
in bioreactors use agitation at 600 rpm and aeration at 1 vvm for supplying oxy-
gen [183, 199, 237, 238, 240].

3.2.2 Fermentation mode

Of late, publications about microbial production of arginine only reports results
from batch or fed-batch cultivations. Batch fermentations are convenient to quickly
compare mutants performances or optimise fermentation conditions or medium,
while fed-batch fermentations offer a relatively simple process to reach high argi-
nine titres. Arginine production of 67 g/L and 92.5 g/L have been reported for
fed-batch fermentations with C. glutamicum mutants [196, 198]. Similar production
levels (70 g/L [212] and 87 g/L [209]) could be obtained with fed-batch fermenta-
tions of C. crenatum.
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Table 4. Media compositions.

Compound Corynebacterium E. coli
media (/L) media (/L)

Glucose 130–150 g 48 g
CSL* 40 g -
Soybean hydrolysates* 15 ml -
Yeast extract - 1 g
(NH4)2SO4 20–25 g 35 g
KH2PO4 1–1.5 g 2 g
MgSO4 · 7 H2O 0.4–0.5 g 1 g
FeSO4 · 7 H2O 10–20 mg -
MnSO4 ·H2O 10–20 mg -
Biotin 50–80 µg -
Histidine 0–0.4 mg -
Thiamine 0–50 mg 0.2 mg
Isoleucine - 0.1 g
CaCO3 - 5 g
References [183, 237–242] [223–230]

*: either CSL or soybean hydrolysates are used.

Nevertheless, some early studies on the continuous production of arginine have
been quite successful. Fujimura et al. reported the production of arginine at a rate
of 1 g/L/h for at least 12 days using immobilised Serratia marcescens cells [243].
Azuma, Nakanishi, and Sugimoto isolated a C. acetoacidophilum mutant which could
steadily produce almost 60 g/L of arginine for nearly 300h [244]. Optimisation of
the fermentation conditions could increase the productivity up to 1.35 g/L/h [245].
This is higher than the productivities obtained in the fed-batch fermentations men-
tioned above, which ranged from 0.89 g/L/h to just under 1.3 g/L/h [196, 198, 212,
218].

3.3 Carbon sources

3.3.1 Renewable feedstocks

Lignocellulosic feedstocks include woody crops and forest residues (branches,
foliage, needles), herbaceous crops, and agricultural wastes (such as cereal straw or
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bagasse) [246].

This biomass is composed of 40–60% cellulose, 20–40% hemicellulose, 10–25%
lignin and small amounts of extractives, ash, pectin and protein [247, 248]. While
cellulose is a polymer of cellobiose (two glucose units), hemicellulose contains a
variety of sugars (xylose, arabinose, galactose, glucose and mannose) [248]. The
conversion of lignocellulosic feedstock to fermentable sugars requires size reduc-
tion (grinding), pretreatment, and chemical or enzymatic hydrolysis [246].

The composition of lignocellulosic biomass varies greatly from feedstock to
feedstock (Table 5). In addition, even within one type of biomass there are consider-
able differences depending on the harvest year and the geographic location because
factors such as drought, rain exposure and temperature affect the structural content
of biomass of plants [267]. Conditions of harvest (such as season or weather) and
storage also contribute to biomass variability [267].

Beside plant biomass, other types of renewable feedstocks have been attracting
a growing interest, such as seaweed. Like lignocellulosic feedstocks, seaweeds vary
greatly in composition but usually contain galactose, glucose and xylose and for
some species arabinose, fucose, mannitol and/or rhamnose [268–270].

3.3.2 Fermentation with C. glutamicum

C. glutamicum can utilise a variety of hexoses, including glucose and mannose [271],
but not galactose, as it lacks key enzymes for the metabolism of galactose [272].

C. glutamicum cannot either utilise xylose as carbon source because it lacks a xy-
lose isomerase to convert D-xylose into xylulose [272, 273]. Interestingly, C. glutam-
icum possesses the second enzyme of the xylose utilisation pathway, xylulokinase
(encoded by xylB), that convert xylulose into xylulose 5-phosphate, but its activity
is rather low [272].

Most C. glutamicum strains generally do not possess any of the arabinose catabolism
genes [272, 274]. The only known exception is C. glutamicum ATCC31831, which is
able to grow on arabinose as sole carbon source [275].

Although C. glutamicum is inherently able to use mannose, few studies have
been using this sugar as substrate [276, 277]. Wild type C. glutamicum grows poorly
on mannose and strain improvements are required to ensure effective utilisation
of mannose [276]. For instance, a strain able to simultaneously metabolise glu-
cose and mannose under both aerobic and anaerobic conditions was obtained by
overexpression of the manA gene, which encodes mannose 6-phosphate isomerase,
and the ptsF gene, which encodes a fructose permease found to also be involved in
mannose uptake [276].
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Table 5. Monosaccharides content (%) of various lignocellulosic feedstocks on a dry weight
basis

Biomass Glucose Galactose Mannose Arabinose Xylose Ref.

Hardwood

Poplar 44.7 – 50.9 1 – 1.1 2.2 – 2.5 0.8 – 1.1 14.5 – 17.1 [249]

Birch residues 31.3 0.4 2.4 0.5 21.5 [250, 251]

Willow 43 2 3.2 1.2 14.9 [252]

Aspen 47.5 1.2 2.6 1.3 14.7 [253]

Beech 68.5 0.5 3.4 0.5 27.2 [254]

Maple 45.5 2.1 2.4 0.6 15.1 [253]

Olive 34.4 1 1.4 1.9 16 [255]

Black locust 41.6 0.9 1.2 0.9 13.9 [248]

Eucalyptus 48.1 – 49.5 0.8 1 – 1.3 0.2 – 0.3 10.7 – 13.7 [246, 248]

Softwood

Spruce 44.4 – 49 1.8 – 1.9 12 – 13 1.1 – 1.2 4.9 – 5.6 [248, 256]

Spruce residues 38.5 1.4 8 1.8 5.1 [257]

Pine 44.5 – 46.4 up to 2.6 11.4 – 11.7 1.6 – 2.4 6.3 – 8.8 [248, 258]

Grasses

Bermuda grass 32.4 1.1 ns 4.3 19.4 [259]

Switch grass 32.0 – 41.6 0.5 – 1 0.3 1.1 – 2.8 21.1 – 23.1 [248, 260]

Miscanthus 41 0.6 0.1 1.7 19.9 [261]

Agro-industrial residues

Birch pulp 80 < 0.1 0.5 < 0.1 25 [262]

Corn fibre 38 4.0 ns 22 30 [263]

Sugarcane bagasse 23.5 ns 0.5 1.8 9 [264]

Rye straw 33.1 0.3 ns 2.5 19.5 [259]

Wheat straw 32.6 – 38.2 up to 0.8 up to 0.3 2.4 – 5.6 18.7 – 21.2 [258, 260, 265]

Rice straw 34.2 ns ns ns 24.5 [258]

Corn stover 9.8 – 38.1 0.7 – 2.7 0.4 – 1.6 2 – 4.5 20.3 – 32.9 [260, 266]

ns: not stated

As mentioned earlier, C. glutamicum and C. crenatum cannot naturally metabolise
five carbon sugars, nor galactose. Quite a lot of efforts have been put on developing
C. glutamicum strains able to efficiently use the pentoses arabinose and xylose for
the production of organic acids, amino acids and diamines [273, 274, 278–286].

A pathway for arabinose utilisation was constructed by heterologous expression
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of E. coli araBAD operon, whose genes encode L-arabinose isomerase (araA), L-
ribulokinase (araB), and L-ribulose-5-phosphate 4-epimerase (araD) [274, 283]. Ara-
binose uptake could be improved by the integration of the arabinose transporter
gene araE from C. glutamicum ATCC 31831 [286].

Strategies to enable xylose utilisation involved overexpression of a xylose iso-
merase gene (xylA) from E. coli or X. campestris and of a xylulokinase gene (xylB)
from E. coli, X. campestris or C. glutamicum, as well as expression of the araE from
C. glutamicum ATCC 31831 which was also efficient for xylose transport [273, 277,
279, 280, 282, 285, 287].

On the other hand, successful reports about engineering of C. glutamicum for
galactose utilisation are scarce. A strain able to efficiently grow on galactose was
constructed by cloning and expressing the galactose operon from L. lactis subsp.
cremoris MG1363, which consists of the aldose-1-epimerase (galM), galactokinase
(galK), UDP-glucose-1-P-uridylyltransferase (galT), and UDP-galactose-4-epimerase
(galE) genes, but lysine production from a whey-based medium was poor [288].

One advantage of C. glutamicum over E. coli is that it can co-metabolise most
carbon sources [289]. Indeed, in the strains constructed for pentose utilisation,
co-utilisation of xylose and glucose [279], or glucose, xylose, arabinose, and cel-
lobiose [286], was achieved. A strain able to grow on arabinose could also simulta-
neously take up arabinose and glucose, but not all arabinose was consumed [274].
However, the xylose-utilising strain constructed by Kawaguchi et al. was able to co-
metabolise glucose and xylose only under oxygen-deprived conditions, in aerobic
conditions xylose was consumed after glucose depletion [273].

Nevertheless, although engineering of C. glutamicum for various carbon sources
utilisation is feasible, to date reported arginine fermentations with this species have
been nearly exclusively done with glucose as substrate, or in one case, a mixture of
glucose and sucrose [196].

Thus far, the only other lignocellulosic carbon source assessed for arginine pro-
duction was arabinose [290]. C. glutamicum could be engineered to produce argi-
nine from arabinose and from an arabinose/glucose mixture. However, in both
case, cells consumed only slightly more than 75% of the available arabinose.

Zhang et al. constructed a strain that could produce ornithine, an intermediate
in the arginine biosynthesis pathway, from xylose by overexpressing the xylAB
operon from X. campestris [291]. However this strain consumed xylose very slowly
and the ornithine production from xylose was less than half the production from
glucose.
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3.3.3 Fermentation with E. coli

Unlike C. glutamicum, E. coli is able to utilise both hexoses and pentoses, and can
grow on a wide range of substrates, including glucose, galactose, mannose, xylose
and arabinose. The pathways for those sugars utilisation are represented in Fig. 13.

However, sugar utilisation in E. coli is controlled by carbon catabolite repres-
sion, a mechanism that represses the synthesis of enzymes involved in the transport
and catabolism of secondary carbon sources in the presence of a preferred carbon
source [292–294]. This regulatory mechanism allows bacteria to selectively use
their optimum substrates from a mixture of different carbon sources in order to
maximize the growth rate [295–297]. There are many reports about E. coli pref-
erential utilisation of glucose over a range of carbon sources. The first report of
this preferential utilisation was the work Monod who showed that E. coli grown in
glucose/lactose mixtures only start metabolising lactose once glucos is exhausted, a
phenomemon he called diauxic growth [298]. Carbon catabolite repression also re-
sults in the preferential utilisation of glucose over xylose [299, 300], arabinose [299],
galactose [301], and mannose [302].

Another layer of catabolite repression was discovered in E. coli. This regu-
latory mechanism usually results in the utilisation of arabinose prior to that of
xylose [299, 303–306]. This repression is mediated by the regulatory protein of
the arabinose gene AraC. Arabinose-bound AraC activates the transcription of the
arabinose catabolic genes araBAD and of the arabinose transport genes araE and
argFGH [303, 306–308]. Arabinose-bound AraC also negatively regulates the tran-
scription of genes required for xylose transport (xylE and xylFGH), catabolism (xy-
lAB), and for activation of these genes (xylR) [303, 306]. Nevertheless, when E. coli
is growing in a mixture of arabinose subpopulations of arabinose-induced cells and
xylose-induced cells co-exists and arabinose-liganded AraC can only repress xylose
utilisation in arabinose induced cells [296]. Moreover, similarly to the negative
regulation of AraC on the xylose metabolic genes, the xylose regulatory protein,
XylR, can inhibit expression of the arabinose metabolic genes in the presence of
xylose [296]. Consequently, the hierarchy between arabinose and xylose utilisation
is not fixed but rather dependent on the respective sugar concentration [296, 309].

Because diauxic growth can cause delays in fermentations with sugar mixtures,
for instance fermentation of lignocellulosic hydrolysates, much efforts have been
put into developing E. coli strains in which carbon catabolite repression is relaxed.
For instance, strains able to simultaneously utilise glucose, xylose and arabinose [299,
304], galactose and glucose [301], glucose and xylose [300], glucose and mannose [302],
or even glucose, mannose, galactose, arabinose and xylose [310].

A wide range of biochemicals have been produced with E. coli from lignocellu-
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losic sugars, including alcohols, organic acids and fatty acids. However, the pro-
duction of amino acids from such carbon sources has not been much investigated.

Figure 13. Pathways for sugar utilisation in Escherichia coli

Dashed arrows represent multiple-step reactions.
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4 Present investigation

In this section, the studies on which this thesis is based are briefly described and
discussed. For fully detailed experimental methods and results, please refer to each
of the papers.

4.1 Aims and relevance

Nowadays, C. glutamicum and C. crenatum are the favoured organisms for argi-
nine fermentation, but E. coli is also able to produce arginine. Since it normally
produces only what is needed to grow, it is necessary to develop strains with an
enhanced arginine production ability. In Paper I, E. coli mutants were constructed
and screened for improved production of arginine. The aims of this study were to:

• develop a process yielding sufficiently high production of arginine to permit
significant comparison of the strains;

• obtain a strain with enhanced arginine production ability.

Genetic modifications can have unforeseeable effects on microorganisms and
create metabolic imbalances or bottlenecks. Besides, new target genes for further
strain improvements are not always easy to identify. In Paper II, metabolomics was
applied to the further examination of the mutants described in Paper I. The aims of
the study were to:

• understand the metabolic effect of their genetic modifications
• identify potential targets for further strain improvement.

Nitrogen is a vital nutrient for E. coli growth — it makes up 14% of the cell dry
mass in growing E. coli [311] — and arginine consists of 32% nitrogen. Therefore
substantial amount must be supplied during fermentation. However, excessive
supply can be detrimental for amino acid production [312–315]. Furthermore, ni-
trogen pollution being a serious issue (Section 1.2), it is important to ensure effec-
tive and complete use of nitrogen during fermentations. Finally, nitrogen left as
ammonium at the end of the fermentation might hinder the efficient separation of
arginine (data not published). In Paper III, we sought to optimize the fermentation
process with respect to the nitrogen supply. The aims of this study were to:

• determine whether some nitrogen sources can be used more efficiently for
arginine production;

• identify the optimal carbon to nitrogen (C/N) ratio to sustain good growth
and arginine production.

In Northern Europe woody biomass is readily available. However this feed-
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stock is often underutilised, notably because it contains not only six carbon sugars
but also five carbon sugars that cannot be easily metabolised by most industrial mi-
croorganisms including C. glutamicum. In Paper IV, we investigated the suitability
of various monosaccharides as fermentation substrate. The aims of the study were
to:

• determine whether E. coli could produce arginine from each of the carbon
sources tested

• investigate how a sugar mixture would be utilized, i.e. whether all sugars
would be consumed, in which order and to what effect.

4.2 Paper I – Construction of overproducing mutants

4.2.1 Overview of the experimental work

Process conditions under which arginine could be produced were established.
The fermentation medium was elaborated (Table 6) based on the media described
earlier (Section 3.2). Fermentations were performed in 1 l bioreactors (Fig. 14) at
32�C and pH 7 (regulated with automatic addition of 14-15% ammonia solution).
As mentioned before (Section 3.2) oxygen supply is a key requirement in arginine
fermentation. To maintain a sufficient dissolved oxygen (DO) level, it was neces-
sary to set the air flow at 10 vvm and to gradually increase the stirring rate from
500 rpm to 1000 rpm. When an air flow of 2 vvm was used instead, with the first
generation of mutants, no arginine was produced (data not shown).

Table 6. Medium composition for fermentations in Paper I.

Compound Amount (per litre)

Glucose 70 g
CSL 15 g
(NH4)2SO4 15 g
KH2PO4 1 g
MgSO4 · 7 H2O 0.5 g
FeSO4 · 7 H2O 20 mg
MnSo4 · 7 H2O 12 mg
Thiamine ·HCl 0.5 mg

The genetic modifications of the strains are summarised in Table 7. In a first
step, genes encoding an arginine responsive repressor protein (argR), ornithine de-
carboxylases (speC, speF) and an arginine decarboxylase (adiA) were knocked-out;
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in addition the feedback-resistant argA214 or argA215 (variants of argA, which en-
codes the first enzyme of the biosynthetic pathway) were introduced into the strain
and glutamate independent mutants were selected (SJB001, SJB003 and SJB004).
Next, wild-type argA was deleted and the copy number of the argA214 variant was
raised (SJB015 and SJB025). SJB006 and SJB007 possess only the wild-type argA and
were obtained through a biosensor based screening method to seek for novel ben-
eficial mutations. The V216A mutation in argP (transcriptional regulator of argO,
which encodes for an arginine exporter) was identified as a potential candidate
for improved arginine production. Therefore, in a final step the overexpression of
argA214 was combined with an increased export capacity by introducing multicopy
of argP216 or argO (SJB009 and SJB010, respectively).

Duplicate fermentations were carried out for each strain. The mutants were as-
sessed in regards with their productivity, product yields, final titre and by-products
generation during batch fermentation.

Table 7. Summary of the strains genetic modifications.

Strain Relevant genetic modifications

SJB001 �adiA, �speC, �speF, �argR, argA214, glutamate independent mutant
SJB003 �adiA, �speC, �speF, �argR, argA215, glutamate independent mutant
SJB004 �adiA, �speC, �speF, �argR, argA215, glutamate independent mutant
SJB015 from SJB003, �adiA, �speC, �speF, �argR, �argA, argA214+
SJB025 from SJB003, �adiA, �speC, �speF, �argR, �argA, argA214+
SJB006 �adiA, �speC, �speF, �argR, ampicillin resistant mutant
SJB007 �adiA, �speC, �speF, �argR, ampicillin resistant mutant
SJB009 from SJB003, �adiA, �speC, �speF, �argR, �argA, argA214+, argO+
SJB010 from SJB003, �adiA, �speC, �speF, �argR, �argA, argA214+, argP216+

�: deletion; +: overexpression
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Figure 14. 1 l bioreactor during a fermentation.

4.2.2 Summary of results and discussion

E. coli mutants were engineered stepwisely for enhanced arginine production
and assessed in a fermentation study in order to determine the effect of their differ-
ent mutations. The fermentations profiles are shown on Fig. 15 and the fermenta-
tions results are summarised in Table 8.

Table 8. Summary of the results.

E. coli µ
net

YP/S QP Arg Ac Ac/Arg

strain (1/h) (g/g) (g/L/h) (g/L) (g/L) (mol/mol)

SJB001 0.14 0.26 0.08 1.94 5.57 8.5

SJB003 0.14 0.27 0.14 3.03 6.12 6.43

SJB004 0.13 0.27 0.09 2.04 6.15 8.90

SJB015 0.04 0.11 0.08 4.11 15.85 11.37

SJB006 0.17 0.35 0.11 2.03 6.24 9.07

SJB007 0.16 0.36 0.14 2.74 5.31 5.90

SJB009 0.04 0.12 0.24 11.64 14.56 3.72

SJB010 0.09 0.25 0.29 7.95 3.14 1.17

When the parent strain C600+ was cultivated under the same conditions it did
not produce any arginine (not shown), thereby demonstrating that the arginine pro-
ductions displayed by the other strains are the result of their genetic modifications.
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(a) SJB001 (b) SJB003

(c) SJB004 (d) SJB015

(e) SJB006 (f) SJB007

(g) SJB009 (h) SJB010

Figure 15. Fermentation profiles: • glucose, N acetic acid, ⌅ arginine and ⌥ DCW.
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Figure 16. SJB009 modifications.

�: deleted gene; +: overexpressed gene; [c]: cytoplasmic; [e]: extracellular;
NAGS: N-acetylglutamate synthase, encoded by argA; argA214: variant of argA, encoding a

feedback-resistant NAGS; dashed arrow represents multiple-step reactions; dotted lines
indicate repression.

In the first step (SJB001, SJB003 and SJB004), the deletion of the degradation
genes adiA, speC and speF combined with the introduction of a feedback-resistant
variant of argA was shown to increase the arginine production, with up to about
3 g/L being produced.

This suggested it might be of interest to overexpress the feedback-resistant vari-
ant argA214 in two new mutants. SJB025, which had a strong constitutive rRNA
promoter upstream of argA214, was growing poorly and easily loosing its enhanced
ability to produce arginine. SJB015 displayed a slightly higher arginine production
(4.11 g/L) than the previous constructs. However most of the sugar consumed was
used for acetate production, the growth rate and arginine productivity of this strain
remaining very low. Overexpression of argA214 was thus believe to result in toxic
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intracellular accumulation of arginine.

In an effort to identify novel mutations, SJB006 and SJB007 were constructed
using a selection procedure based on a biosensor. Even without a feedback-resistant
variant of argA those strains were able to excrete more than 2 g/L arginine. Both
strains were found to carry the same mutation in argP.

ArgP controls the transcription of argO, the gene responsible of arginine export.
To verify if the possible toxic accumulation of arginine inside the cells could be
relieved by improving the export, SJB009 and SJB010 were constructed. Those
strains carried overexpressed argO and argP216, respectively, in combination with
argA214. This resulted in a significantly improved arginine production, 11.64 g/L
and 7.95 g/L for SJB009 and SJB010, respectively. Productivities of 0.24 g/L/h and
0.29 g/L/h were achieved, which is about 2 to 3 fold that of the other mutants.

All the mutants were found to produce acetate as the main by-product. This
was not unexpected as acetate is formed during the 5th step of L-arginine biosyn-
thesis from L-glutamate. However, this only explains the production of 1 mole of
acetate per mole of arginine. The excess acetate is believed to be due to overflow
metabolism, which is expected to occur in a batch process with such high initial
sugar concentration (70 g/L).

The strain SJB009 was chosen for the subsequent investigations as it had the
highest arginine production and the second best productivity. Its genetic modifica-
tions are represented in Fig. 16.

4.3 Paper II – Metabolomic profiling

4.3.1 Overview of the experimental work

The three strains compared in this study were SJB003, SJB015 and SJB009. Trip-
licate batch fermentations were performed as described in Paper I. During the late
exponential phase, 8 and 5 technical replicates were taken for intra- and extracellu-
lar metabolite analysis, respectively, and prepared based on Smart et al. [316].

Extracellular acetate was analysed with HPLC and RI detection. Extracellular
arginine and glucose were simultaneously quantified using a Ultra High Perfor-
mance Liquid Chromatography (UHPLC) coupled with a Charged Aerosol Detec-
tor (CAD) [317]. Intracellular arginine was analysed with liquid chromatography
in combination with time-of-flight mass spectrometry. For all the other metabo-
lites a derivatization with methyl chloroformate was conducted and samples were
analysed with gas chromatography–mass spectroscopy.

Data was normalised with an internal standard and then by dry cell weight.
Further normalisation, scaling and most statistical analysis was performed with
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Metabo Analyst 4.0. The statistical programming language R was also used.

4.3.2 Summary of results and discussion

The differences between the strains at the intra- and extracellular level were
revealed by performing principal component analyses, drawing heatmaps, volcano
plots and whisker plots. The strains were separated into three clear clusters, espe-
cially SJB009.

(a) PCA Score

(b) PCA Loading
(c) Heatmap

Figure 17. Intracellular results of the Principal Component Analysis

The SJB003 mutant, which carries less genetic modifications than the others,
accumulated the lowest levels of all analysed metabolites (Fig. 17) and also had
low concentrations of most extracellular metabolites (Fig. 18). Compared to the
other mutants screened in Paper I, this strain had a faster growth rate and reached
a higher cell density. Taken together, these results indicate that SJB003 is more
effective than SJB009 and SJB015 in term of conversion of carbon to biomass.

In SJB015 arginine production was improved by removing the wild type argA
and overexpressing a feedback resistant variant of the gene. As a side effect, cell
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(a) PCA Score

(b) PCA Loading (c) Heatmap

Figure 18. Extracellular results of the Principal Component Analysis

growth was greatly deteriorated and the strain produced a lot of acetate (Paper I).
It was believed that this was due to toxic intracellular accumulation of arginine.

Overexpressing the gene encoding for the relevant export protein has been shown
to decrease intracellular concentration in amino acid producing mutants, thereby
relieving the growth inhibition and improving production. This was assumed to
be the mechanism behind the higher arginine production and the better growth of
SJB009 as compared to SJB015.

However, it was found here that if SJB015 indeed accumulated more intracel-
lular arginine than SJB003, SJB009 accumulated even higher levels (Fig. 19). This
suggests that at least another factor must lead to the poor growth of SJB015.

It is possible that SJB015 accumulates a degradation product of arginine. Argi-
nine can be converted to agmatine via two routes, one of which was blocked in
all three strains. Agmatine was not analysed here, however, putrescine, which is
formed from agmatine, was not found in higher concentration in SJB015, nor its
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Figure 19. TCA cycle and arginine biosynthesis and catabolism.

Boxplots on the left and right of the vertical bar correspond to intracellular and
extracellular levels, respectively. Strains are represented in the following order: SJB003

(green), SJB015 (red), SJB009 (blue). Boxplot visualization — edges of the box: lower and
upper quartiles; whiskers: minimum and maximum values; horizontal line within the box:
median; dots: outliers. Metabolites that were not analysed with GC-MS are represented as

histograms of the concentrations

degradation product 4-aminobutanoate. Putrescine is also a precursor of spermi-
dine, which was not analysed either. Both arginine and putrescine can be degraded
into succinate and glutamate, but SJB015 did not accumulate higher level of these
metabolites than SJB009.

Acetate toxicity is well documented in E. coli [318–320] and concentrations as
low as 0.5 g/L might be growth inhibitory [321, 322]. Both SJB009 and SJB015 pro-
duce more acetate than SJB003. However, SJB009 could be less sensitive to acetate
formation as a by-product during fermentation because arginine supplementation
has been shown to considerably enhance acetate tolerance [319].

SJB003 and SJB015 excreted putrescine during fermentation, even though most
genes necessary for putrescine production were knocked out (speC, speF, adiA). On
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the contrary, SJB009 consumed all the putrescine available in the medium. Because
putrescine and spermidine are essential for E. coli cells growth and viability [290,
323], it would be interesting to investigate whether the availability is limiting for
the SJB009 strain.

As mentioned arginine can be degraded into succinate and glutamate via the
AST pathway. SJB015 and SJB009 both accumulated higher levels of these metabo-
lites than SJB003. Since argR is deleted in all mutants the astCAB operon cannot
be induced by arginine liganded-ArgR. However, nitrogen limitation, carbon star-
vation and stationary phase also stimulate this pathway [88, 324], which might
explain why a decrease in arginine concentration is usually observed at the end
of fermentations (data not shown). It is possible that some arginine is lost to this
pathway even during fermentation. Besides, the astC gene is also involved in the
catabolism of ornithine. A �astC E. coli mutant showed a 17% increase in ornithine
production [236] demonstrating the potential for this mutation.

4.4 Paper III – Optimisation of the nitrogen supply

4.4.1 Overview of the experimental work

In this work, the strain SJB009 from Paper I was used to study the supply of
nitrogen for the fermentative production of arginine. The suitability of various
nitrogen sources, as well as the adequate amount of nitrogen to provide in term of
carbon to nitrogen (C/N) ratio, were investigated.

First, the potential for arginine production of eight different nitrogen sources
was assessed: ammonia solution, ammonium carbonate, ammonium chloride, am-
monium nitrate, ammonium phosphate dibasic, ammonium sulphate, sodium ni-
trate and monosodium glutamate.

Three C/N molar ratios (3, 6 and 12) were compared using the most effective
nitrogen source identified in the first step. To check whether the results obtained
were dependent on the C/N ratio or, in fact, on the nitrogen concentration, fermen-
tations were carried out at both high (30 g/L) and low (15 g/L) glucose levels.

All experiments were conducted as duplicate batch fermentations in 1l biore-
actors, at 32�C, 500 rpm and pH 7 (regulated with 5 M NaOH). Air flow was
used to maintain the dissolve oxygen level at 50%. To avoid any interference with
undefined nitrogen sources cultivations were performed in a minimal medium.

Arginine and glucose were simultaneously analysed with HPAEC, acetate was
quantified using HPLC, and ammonium ion concentration was estimated with a
colorimetric test.
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4.4.2 Summary of results and discussion

To investigate the effect of the various nitrogen sources the initial glucose con-
centration was fixed at 15 g/L and the C/N ratio at 6, except for monosodium glu-
tamate, for which different concentrations were tested. The results are summarised
in Table 9

Table 9. Duplicate bioreactor cultivations in minimal medium, 15 g/L initial glucose, 32�C,
500 rpm, air at 5 vvm, pH 7. Ammonium salts and ammonia solution were provided so as
to have a C/N ratio of 6. Results are given as means ± standard deviations.

Nitrogen source
µ

net
DCW Arginine QP

(1/h) (g/L) (g/L) (g/L/h)

Ammonia solution 0.10± 0.01 2.35± 0.08 2.30± 0.09 0.12± 0.01

Ammonium carbonate 0.06⇤ 2.08± 0.02 2.11± 0.01 0.08⇤
Ammonium chloride 0.09⇤ 2.18± 0.03 2.23± 0.06 0.12± 0.01

Ammonium nitrate 0.06⇤ 2.31± 0.12 1.14± 0.11 0.05⇤
Ammonium phosphate
dibasic 0.09⇤ 2.25± 0.03 2.25± 0.06 0.13± 0.02

Ammonium sulphate 0.09± 0.01 2.30± 0.10 2.41± 0.08 0.13± 0.01

Sodium sulphate nd nd nd nd
Monosodium glutamate
10 g/L nd nd nd nd

Monosodium glutamate
5 g/L nd nd nd nd

Monosodium glutamate
2.5 g/L 0.01⇤ 0.52± 0.02 nd nd

*: standard deviation was lower than 0.01. nd: not detected.

µnet: specific growth rate; DCW: dry cell weight, QP : volumetric productivity.

Ammonia solution, ammonium chloride, ammonium phosphate dibasic, and
ammonium sulphate all yielded a bit over 2.2 g/L of arginine with a productivity
of at least 0.12 g/L/h and the highest specific growth rates. Ammonium carbonate
and ammonium nitrate could also support growth, albeit at a slower rate, but were
less effective in terms of arginine production and productivity. Sodium nitrate and
monosodium glutamate could not be utilized by this strain.

Ammonium solution, ammonium chloride, ammonium phosphate dibasic, and
ammonium sulphate gave equivalent results — with regards to cell growth, argi-
nine production, productivity, yields, glucose consumption rate and acetate forma-
tion — the only exception being that somewhat lower productivity were obtained
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(a) Cell growth (b) Arginine production

(c) Arginine production rate (d) Acetate to arginine ratio

(e) Carbon yield (f) Nitrogen yield

Figure 20. Influence of C/N ratio on fermentation.

bioreactor cultivations in minimal medium, 32�C, 500 rpm, 5 vvm, pH 7; (NH4)2SO4 in
black; (NH4)2HPO4 in grey; NH4Cl in white; NH4OH in hashed-lines

with ammonium chloride (Fig. 20c) As fermentation profiles were similar for all
nitrogen sources, the profiles with ammonium sulphate alone are shown (Fig. 21).

Regarding the optimal C/N ratio, a ratio of 12 clearly provided too little nitro-
gen for cell growth and arginine production. Indeed a C/N ratio of 12 resulted in
the lowest biomass, the lowest arginine production and highest acetate to arginine
molar ratio (Fig. 20b & 20d) and ammonium was depleted before half of the glucose
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(a) C/N ratio 12 – glucose 30 g/L (b) C/N ratio 12 – glucose 15 g/L

(c) C/N ratio 6 – glucose 30 g/L (d) C/N ratio 6 – glucose 15 g/L

(e) C/N ratio 3 – glucose 30 g/L (f) C/N ratio 3 – glucose 15 g/L

Figure 21. The fermentation profiles with different C/N ratios during growth in bioreactors
with ammonium sulphate as the sole nitrogen source

• glucose, N acetic acid, ⌅ arginine, ⇥ ammonia and ⌅ DCW.
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could be consumed (Fig. 21b & 21a). A high acetate to arginine ratio indicates that
acetate mainly comes from pyruvate and/or acetyl-CoA.

A C/N ratio of 3 led to very different results depending on the initial glucose
concentration. With a low sugar concentration, a C/N ratio of 3 gave the best
arginine yield from glucose and the highest productivity of all fermentations as
well as the highest arginine production from 15 g/L glucose, but the yield from
ammonium was lower than at other ratios (Fig. 20f). Nevertheless this ratio was
a waste of nitrogen as about half of the ammonium was still unconsumed when
glucose was depleted and arginine concentration reached its maximum (Fig. 21f).

With a high sugar concentration, a C/N ratio of 3 implied inhibitory ammonium
concentration. Indeed both cell growth and arginine production were halted for
about 50h, and during that time only acetate was produced. The productivity was
extremely low and the yields from glucose and ammonium were also lower than
at other ratios. The detrimental effect of excessive ammonium supply has been
reported before [314, 315, 325], including for the production of L-phenylalanine by
E. coli [315].

A C/N ratio of 6 appeared to provide a good balance between carbon and nitro-
gen. Ammonium and glucose were depleted simultaneously (Fig. 21d & 21c). With
30 g/L initial glucose, this ratio yielded the highest arginine production (about
4 g/L). With 15 g/L initial glucose, the arginine was only 18% lower than at C/N
ratio of 3, although half nitrogen was supplied. Moreover, the lowest acetate to
arginine molar ratio were obtained.

Given the detrimental impact of excessive ammonium on cell growth rate and
arginine production, the initial nitrogen, and thus the initial carbon source if we
want to keep a balanced C/N ratio, should not be very high. However, more
glucose and ammonium are to be provided in order to reach a significant arginine
production. Therefore a fed-batch process might be more adapted. It was observed
here that the arginine production rates and the carbon and nitrogen yields were
higher when the initial glucose was low. A fed-batch process might even enable
to achieve higher yields and productivities as it would maintain the glucose and
ammonium at low concentrations.

4.5 Paper IV – Evaluation of various carbon sources

4.5.1 Overview of the experimental work

Sugars found in a range of renewable feedstocks — D-glucose, D-galactose, D-
mannose, D-xylose and L-arabinose — were assessed as carbon source for arginine
production with the E. coli mutant SJB009. First, a series of experiments were
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Figure 22. 8 mini-bioreactors during a fermentation.

conducted in shake flasks to study the cell growth on the various substrates. Then,
each sugar was assessed in bioreactor experiments. Finally, a fermentation with a
mixture of all sugars was performed.

500mL shake flasks containing 100mL cultures, were incubated at 200 rpm and
32�C. Parallel fermentations were conducted in mini bioreactors (Fig. 22), with a
working volume of 70mL. The temperature and pH were controlled at 32�C and
7, respectively. For aeration, the air flow was maintained at 30% with a mass
flow controller and when the maximum flow rate was reached the stirring rate
was increased gradually. All cultivations were performed in duplicate. To avoid
interference from carbon contained in complex nutrients, a minimal medium was
used in every experiment. Arginine was quantified with a UHPLC with Charged
Aerosol Detector, sugars with HPAEC/IPAD, and acetate with HPLC and RI detec-
tion.

4.5.2 Summary of results and discussion

It was verified in shake flask experiments that all five sugars could support
good cell growth. Cell growth was quite delayed with arabinose as substrate,
but using pre-adapted stock culture (grown on minimal medium supplemented
with arabinose instead of being grown in LB) could greatly accelerate the growth
(Fig. 23). Slightly quicker growth was obtained on mannose and xylose using
adapted stock cultures.

Arginine production was checked in batch fermentations and resulted in the
following ranking: glucose > xylose > arabinose > mannose > galactose (Table 10
and Fig. 24). E. coli SJB009 produced nearly twice as much arginine from glucose
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and xylose (⇠ 2 g/L) as from mannose and galactose (⇠ 1 g/L).

Table 10. Comparison of various carbon sources as substrate for arginine production in
bioreactor. Results are given as means ± standard deviations.

Carbon source
µ

net
YX/S Arg QP YP/S

(1/h) g/g g/L g/L/h g/g

Glucose 0.151± 0.001 0.20⇤ 2.18± 0.02 0.08⇤ 0.07⇤
Galactose 0.109± 0.009 0.22± 0.01 1.03± 0.05 0.03⇤ 0.03⇤
Mannose 0.103± 0.001 0.29⇤ 1.19⇤ 0.04⇤ 0.04⇤
Arabinose 0.106± 0.001 0.23⇤ 1.56± 0.01 0.05⇤ 0.05⇤
Xylose 0.103± 0.005 0.22± 0.02 2.04± 0.12 0.07⇤ 0.07⇤
All sugars na 0.25± 0.02 2.66± 0.17 0.10⇤ 0.09± 0.01

*: the standard deviation was lower than 0.005, na: not applicable

It has been reported that E. coli does not accumulate acetate with mannose
as substrate [326]. Here acetate formation was very low on mannose and most
likely corresponded to the acetate generated during arginine biosynthesis. Acetate
was clearly co-metabolised with xylose, whereas with glucose and galactose net
consumption was observed only after depletion of the carbon source.

To determine how the strain would utilise a mixture of sugars and investigate
whether this would result in diauxic growth patterns and cause delays in arginine
production, a fermentation was performed with equal amounts of all sugars. Un-
expectedly, this fermentation resulted in an arginine concentration (2.66 g/L), a
productivity (10 g/L/h) and a product yield (0.09 g/g) higher than those obtained
from any of the carbon source individually, showing that using a mixture of sugar

(a) Arabinose (b) Xylose (c) Mannose

Figure 23. Growth in shake flasks arabinose, xylose and mannose using glycerol stocks
grown on LB (plain line) or on minimal medium supplemented with the corresponding

sugar (dotted line).
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(a) Glucose (b) Galactose

(c) Mannose (d) Xylose

(e) Arabinose

Figure 24. Fermentation profiles with different substrates.

• sugar, N acetic acid, ⌅ arginine and ⌅ DCW.
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is actually beneficial for arginine production (Table 10 and Fig. 25).

Figure 25. Fermentation profile with a mixture of sugars

⇥ glucose, + arabinose, ⇤ galactose,4 xylose.
N acetic acid, ⌅ arginine and ⌅ DCW.

In a mixture of sugars, E. coli is known to utilise glucose in priority [299, 301],
as was the case here, due to carbon catabolite repression [292–297].

As glucose concentration dropped, cells started to take up arabinose, galactose
and mannose. Xylose utilization was still repressed, although not as strongly as in
the presence of glucose. E. coli possesses an additional regulatory mechanism for
sugar uptake that results in the preferential utilisation of arabinose over xylose [295,
296, 299, 303–305, 309] and indeed here, xylose uptake rate increased as arabinose
was exhausted.
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5 Conclusions

In Paper I, a strain able to produce 11.64 g/L of L-arginine during batch fer-
mentation in bioreactors was genetically engineered. The parental strain E. coli
K12 C600 did not excrete any L-arginine under the same conditions. The strain was
constructed by deletion of the genes responsible for the degradation of the interme-
diate metabolite L-ornithine (speF and speC), the degradation of L-arginine (adiA)
and for the repression of the L-arginine biosynthesis genes (argR); combined with
overexpression of a gene coding for an L-arginine exporter (argO) and introduction
of an overexpressed gene (argA214) encoding a feedback-resistant NAGS, the first
enzyme of the pathway instead of the wild-type one, whose product is feedback
sensitive.

In Paper II, differences between three arginine producing mutants were high-
lighted. It was established that the growth impairment observed with SJB015 was
not, or at least not only, due to the toxic accumulation of intracellular arginine.
Finally, a basis for further strain improvement was provided.

In Paper III, the importance of the C/N ratio was highlighted. A C/N ratio of
6 was demonstrated to provide a good balance between the carbon and nitrogen
metabolism. With this ratio about 4 g/L and 2.3 g/L of arginine were produced
when the initial glucose concentrations were 30 and 15 g/L respectively. A too high
ammonium concentration (⇠ 7 g/L) was shown to slow down the cell metabolism,
thereby drastically decreasing the productivity. Of the nitrogen sources tested am-
monium sulphate, ammonium phosphate dibasic and ammonia solution were the
most suitable for arginine production, closely followed by ammonium chloride.

In Paper IV, it was demonstrated that E. coli can effectively utilise a mixture
of D-glucose, D-galactose, D-mannose, L-arabinose and D-xylose to grow and pro-
duce arginine. In fact, using a mixture of sugars was beneficial as compared to
using a single carbon source.
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6 Future work

To achieve environmental friendly production of arginine, renewable resources
have to be used. In Northern Europe, lignocellulosic biomass is readily available,
for instance as wastes from the forest-based industries. However, extracting fer-
mentable sugars from woody biomass generates inhibitory compounds such as
organic acids, furan derivatives and phenolics.

One of the rationale behind the choice of E. coli for this work was the robustness
of this organism and its natural ability to use a wide range of substrates including
both pentose and hexose sugars. It was verified that arginine production from a
mixture of sugar was possible, and even actually beneficial. It would be of interest
to test proportions of sugars that mimics what can be obtained from various wood
hydrolysates, as well as to investigate the effects of different inhibitors on arginine
production.

The highest arginine titres and yields reported so far have been obtained with
fed-batch fermentations [196, 209]. A fed-batch process enables to keep the glucose
and nitrogen concentrations at low levels, which was demonstrated to be advan-
tageous for arginine production in Paper III. Acetate production due to overflow
metabolism might be minimised by using a fed-batch mode [327]. On the other
hand, because acetate is also produced as a by-product of arginine biosynthesis
acetate accumulation might still pose a problem, in which case a continuous process
could be more adapted. Both fed-batch and continuous processes could also help
to maintain the concentrations of toxic compounds below inhibitory levels when
fermenting hydrolysates. Developing and optimizing a fed-batch or continuous
process for the production of L-arginine with E. coli with regard to the feeding
strategy thus appears to be a most necessary step.

Further improvements of the strain are also necessary to achieve satisfying argi-
nine production. For instance, Sander et al. demonstrated the benefits of tuning
down the transcriptional regulator ArgR instead of deleting it [235]. Reducing the
formation of acetate might also result in increased arginine production. Although
C. crenatum produces less acetate than E. coli, deletion of pta could effectively im-
prove arginine production [215]. Proline biosynthesis is also worth looking at.
Various studies in C. crenatum have shown the benefits of either deleting proB [209,
211] or preventing proline export thereby effectively repressing further biosynthe-
sis [215]. In E. coli, the deletion of proB yielded a 25% increase in the production
of ornithine, an intermediate in the arginine biosynthesis pathway [236]. It was
observed in Paper II that some arginine might be degraded to succinate and gluta-
mate, downregulation of the AST pathway might thus be advantageous. Deletion
of the astC gene was somewhat beneficial for ornithine production by E. coli [236].
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In summary, the following investigations should be carried out:

• Further strain improvement.
• Investigation of the strain tolerance to various inhibitors generated during

hydrolysis of lignocellulosic biomass.
• Identification and assessment of potentially suitable lignocellulosic raw mate-

rial and pretreatment methods for the fermentation production of L-arginine
with E. coli.

• Development and optimization of a fed-batch or continuous fermentation
process.
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[255] Cristóbal Cara et al. “Enhanced enzymatic hydrolysis of olive tree wood by steam
explosion and alkaline peroxide delignification”. In: Process Biochem. 41.2 (2006),
pp. 423–429. ISSN: 13595113. DOI: 10.1016/j.procbio.2005.07.007.

[256] Charlotte Tengborg et al. “Comparison of SO2 and H2SO4 impregnation of softwood
prior to steam pretreatment on ethanol production”. In: Appl. Biochem. Biotechnol. -
Part A Enzym. Eng. Biotechnol. Vol. 70-72. 1. Springer, 1998, pp. 3–15. DOI: 10.1007/
BF02920119.
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[277] Fernando Pérez-Garcı́a et al. “Dynamic co-cultivation process of corynebacterium
glutamicum strains for the fermentative production of riboflavin”. In: Fermentation
7.1 (2021), p. 11. ISSN: 23115637. DOI: 10.3390/fermentation7010011.

[278] Nele Buschke, Hartwig Schröder, and Christoph Wittmann. “Metabolic engineering
of Corynebacterium glutamicum for production of 1,5-diaminopentane from hemi-
cellulose”. In: Biotechnol. J. 6.3 (2011), pp. 306–317. ISSN: 18606768. DOI: 10.1002/
biot.201000304.

[279] Zhen Chen et al. “Metabolic engineering of Corynebacterium glutamicum for the
production of 3-hydroxypropionic acid from glucose and xylose”. In: Metab. Eng. 39
(2017), pp. 151–158. ISSN: 10967184. DOI: 10.1016/j.ymben.2016.11.009.

[280] Dorit Eberhardt, Jaide V.K. Jensen, and Volker F. Wendisch. “L-citrulline production
by metabolically engineered Corynebacterium glutamicum from glucose and alter-
native carbon sources”. In: AMB Express 4.1 (2014). ISSN: 21910855. DOI: 10.1186/
s13568-014-0085-0.

https://doi.org/10.1007/S12010-020-03434-3
https://doi.org/10.2323/jgam.18.399
https://doi.org/10.2323/jgam.18.399
https://doi.org/10.1002/bbb.1895
https://doi.org/10.1002/bbb.1895
https://doi.org/10.1128/AEM.72.5.3418-3428.2006
https://doi.org/10.1007/s00253-007-1244-x
https://doi.org/10.1128/AEM.02912-08
https://doi.org/10.1007/s00253-010-3002-8
https://doi.org/10.3390/fermentation7010011
https://doi.org/10.1002/biot.201000304
https://doi.org/10.1002/biot.201000304
https://doi.org/10.1016/j.ymben.2016.11.009
https://doi.org/10.1186/s13568-014-0085-0
https://doi.org/10.1186/s13568-014-0085-0


REFERENCES 85

[281] Ge Gao et al. “Improvement of Xylose Utilization and L-ornithine Production by
Metabolic Engineering of Corynebacterium glutamicum”. In: Authorea Prepr. (2020).
DOI: 10.22541/AU.159985449.97012733.

[282] Sung Sun Yim et al. “Modular Optimization of a Hemicellulose-Utilizing Pathway
in Corynebacterium glutamicum for Consolidated Bioprocessing of Hemicellulosic
Biomass”. In: ACS Synth. Biol. 5.4 (2016), pp. 334–343. ISSN: 21615063. DOI: 10.1021/
acssynbio.5b00228.

[283] Jens Schneider, Karin Niermann, and Volker F. Wendisch. “Production of the amino
acids l-glutamate, l-lysine, l-ornithine and l-arginine from arabinose by recombinant
Corynebacterium glutamicum”. In: J. Biotechnol. 154.2-3 (2011), pp. 191–198. ISSN:
01681656. DOI: 10.1016/j.jbiotec.2010.07.009.

[284] Vipin Gopinath et al. “Amino acid production from rice straw and wheat bran hy-
drolysates by recombinant pentose-utilizing Corynebacterium glutamicum”. In: Appl.
Microbiol. Biotechnol. 92.5 (2011), pp. 985–996. ISSN: 01757598. DOI: 10.1007/s00253-
011-3478-x.

[285] Tobias M Meiswinkel et al. “Accelerated pentose utilization by Corynebacterium
glutamicum for accelerated production of lysine, glutamate, ornithine and putrescine”.
In: Microb. Biotechnol. 6.2 (2013), pp. 131–140. ISSN: 17517907. DOI: 10.1111/1751-
7915.12001.

[286] Miho Sasaki et al. “Engineering of pentose transport in Corynebacterium glutam-
icum to improve simultaneous utilization of mixed sugars”. In: Appl. Microbiol. Biotech-
nol. 85.1 (2009), pp. 105–115. ISSN: 01757598. DOI: 10.1007/s00253-009-2065-x.

[287] Bin Zhang et al. Recent Progress on Chemical Production From Non-food Renewable Feed-
stocks Using Corynebacterium glutamicum. 2020. DOI: 10.3389/fbioe.2020.606047.

[288] Eoin Barrett et al. “Heterologous expression of lactose- and galactose-utilizing path-
ways from lactic acid bacteria in Corynebacterium glutamicum for production of ly-
sine in whey”. In: Appl. Environ. Microbiol. 70.5 (2004), pp. 2861–2866. ISSN: 00992240.
DOI: 10.1128/AEM.70.5.2861-2866.2004.

[289] Felix S. Krause et al. “Increased glucose utilization in Corynebacterium glutamicum
by use of maltose, and its application for the improvement of L-valine productivity”.
In: Appl. Environ. Microbiol. 76.1 (2010), pp. 370–374. ISSN: 00992240. DOI: 10.1128/
AEM.01553-09.

[290] Barbara L. Schneider and Larry Reitzer. “Pathway and enzyme redundancy in pu-
trescine catabolism in Escherichia coli”. In: J. Bacteriol. 194.15 (2012), pp. 4080–4088.
ISSN: 00219193. DOI: 10.1128/JB.05063-11.

[291] Bin Zhang et al. “Metabolic engineering of Corynebacterium glutamicum S9114 to
enhance the production of L-ornithine driven by glucose and xylose”. In: Bioresour.

https://doi.org/10.22541/AU.159985449.97012733
https://doi.org/10.1021/acssynbio.5b00228
https://doi.org/10.1021/acssynbio.5b00228
https://doi.org/10.1016/j.jbiotec.2010.07.009
https://doi.org/10.1007/s00253-011-3478-x
https://doi.org/10.1007/s00253-011-3478-x
https://doi.org/10.1111/1751-7915.12001
https://doi.org/10.1111/1751-7915.12001
https://doi.org/10.1007/s00253-009-2065-x
https://doi.org/10.3389/fbioe.2020.606047
https://doi.org/10.1128/AEM.70.5.2861-2866.2004
https://doi.org/10.1128/AEM.01553-09
https://doi.org/10.1128/AEM.01553-09
https://doi.org/10.1128/JB.05063-11


86 REFERENCES

Technol. 284 (2019), pp. 204–213. ISSN: 18732976. DOI: 10.1016/j.biortech.
2019.03.122.

[292] Josef Deutscher. The mechanisms of carbon catabolite repression in bacteria. 2008. DOI:
10.1016/j.mib.2008.02.007.

[293] Boris Görke and Jörg Stülke. Carbon catabolite repression in bacteria: Many ways to make
the most out of nutrients. 2008. DOI: 10.1038/nrmicro1932.

[294] B. Magasanik. “Catabolite repression.” In: Cold Spring Harb. Symp. Quant. Biol. 26
(1961), pp. 249–256. ISSN: 00917451. DOI: 10.1101/SQB.1961.026.01.031.

[295] Guy Aidelberg et al. “Hierarchy of non-glucose sugars in Escherichia coli”. In: BMC
Syst. Biol. 8.1 (2014), pp. 1–12. ISSN: 17520509. DOI: 10.1186/s12918-014-0133-
z.

[296] Santosh Koirala, Xiaoyi Wang, and Christopher V. Rao. “Reciprocal regulation of L-
arabinose and D-xylose metabolism in Escherichia coli”. In: J. Bacteriol. 198.3 (2016),
pp. 386–393. ISSN: 10985530. DOI: 10.1128/JB.00709-15.

[297] Pierre Salvy and Vassily Hatzimanikatis. “Emergence of diauxie as an optimal growth
strategy under resource allocation constraints in cellular metabolism”. In: bioRxiv
(2020), p. 2020.07.15.204420. DOI: 10.1101/2020.07.15.204420.

[298] Jacques Monod. Recherches sur la croissance des cultures bacteriennes. Paris: Hermann,
1942. URL: https://agris.fao.org/agris-search/search.do?recordID=
US201300336259.

[299] Johan Jarmander, Björn M. Hallström, and Gen Larsson. “Simultaneous uptake of
lignocellulose-based monosaccharides by Escherichia Coli”. In: Biotechnol. Bioeng.
111.6 (2014), pp. 1108–1115. ISSN: 10970290. DOI: 10.1002/bit.25182.

[300] Xi Wang, Ee Been Goh, and Harry R. Beller. “Engineering E. coli for simultaneous
glucose-xylose utilization during methyl ketone production”. In: Microb. Cell Fact.
17.1 (2018), pp. 1–11. ISSN: 14752859. DOI: 10.1186/s12934-018-0862-6.

[301] Hyun Gyu Lim, Sang Woo Seo, and Gyoo Yeol Jung. “Engineered Escherichia coli for
simultaneous utilization of galactose and glucose”. In: Bioresour. Technol. 135 (2013),
pp. 564–567. ISSN: 18732976. DOI: 10.1016/j.biortech.2012.10.124.

[302] Hui Wu et al. “Simultaneous utilization of glucose and mannose from woody hy-
drolysate for free fatty acid production by metabolically engineered Escherichia coli”.
In: Bioresour. Technol. 185 (2015), pp. 431–435. ISSN: 18732976. DOI: 10.1016/j.
biortech.2015.03.007.

[303] Tasha A. Desai and Christopher V. Rao. “Regulation of arabinose and xylose metabolism
in Escherichia coli”. In: Appl. Environ. Microbiol. 76.5 (2010), pp. 1524–1532. ISSN:
00992240. DOI: 10.1128/AEM.01970-09.

https://doi.org/10.1016/j.biortech.2019.03.122
https://doi.org/10.1016/j.biortech.2019.03.122
https://doi.org/10.1016/j.mib.2008.02.007
https://doi.org/10.1038/nrmicro1932
https://doi.org/10.1101/SQB.1961.026.01.031
https://doi.org/10.1186/s12918-014-0133-z
https://doi.org/10.1186/s12918-014-0133-z
https://doi.org/10.1128/JB.00709-15
https://doi.org/10.1101/2020.07.15.204420
https://agris.fao.org/agris-search/search.do?recordID=US201300336259
https://agris.fao.org/agris-search/search.do?recordID=US201300336259
https://doi.org/10.1002/bit.25182
https://doi.org/10.1186/s12934-018-0862-6
https://doi.org/10.1016/j.biortech.2012.10.124
https://doi.org/10.1016/j.biortech.2015.03.007
https://doi.org/10.1016/j.biortech.2015.03.007
https://doi.org/10.1128/AEM.01970-09


REFERENCES 87

[304] V. Hernández-Montalvo et al. “Characterization of sugar mixtures utilization by an
Escherichia coli mutant devoid of the phosphotransferase system”. In: Appl. Micro-
biol. Biotechnol. 2001 571 57.1 (2001), pp. 186–191. ISSN: 1432-0614. DOI: 10.1007/
S002530100752.

[305] Ho Young Kang, Sukgil Song, and Chankyu Park. “Priority of Pentose Utilization at
the Level of Transcription: Arabinose, Xylose, and Ribose Operons”. In: Mol. Cells 8.3
(1998), pp. 318–323. ISSN: 10168478.

[306] Robert Schleif. Regulation of the L-arabinose operon of Escherichia coli. 2000. DOI: 10.
1016/S0168-9525(00)02153-3.

[307] Sukgil Song and Chankyu Park. “Organization and regulation of the D-xylose oper-
ons in Escherichia coli K-12: XylR acts as a transcriptional activator”. In: J. Bacteriol.
179.22 (1997), pp. 7025–7032. ISSN: 00219193. DOI: 10.1128/jb.179.22.7025-
7032.1997.

[308] Malcolm J. Casadaban. “Regulation of the regulatory gene for the arabinose path-
way, araC”. In: J. Mol. Biol. 104.3 (1976), pp. 557–566. ISSN: 00222836. DOI: 10.1016/
0022-2836(76)90120-0.

[309] D. Choudhury and S. Saini. “Cross-regulation among arabinose, xylose and rham-
nose utilization systems in E. coli”. In: Lett. Appl. Microbiol. 66.2 (2018), pp. 132–137.
ISSN: 1472765X. DOI: 10.1111/lam.12827.

[310] L. P. Yomano et al. “Deletion of methylglyoxal synthase gene (mgsA) increased sugar
co-metabolism in ethanol-producing Escherichia coli”. In: Biotechnol. Lett. 31.9 (2009),
pp. 1389–1398. ISSN: 01415492. DOI: 10.1007/s10529-009-0011-8.

[311] H. Edwin Umbarger Frederick C. Neidhardt , John L. Ingraham , Boris Magasanik ,
K. Brooks Low , Moselio Schaechter. “Escherichia Coli and Salmonella Typhimurium.
Cellular and Molecular Biology”. In: Q. Rev. Biol. 63.4 (1988), pp. 463–464. ISSN: 0033-
5770. DOI: 10.1086/416059.

[312] A Haleem Shah et al. “Optimization of culture conditions for L-lysine fermentation
by Corynebacterium glutamicum”. In: J. Biol. Sci 2 (2002), pp. 151–156.

[313] Jong Min Jeon et al. “Media optimization of Corynebacterium glutamicum for succi-
nate production under oxygen-deprived condition”. In: J. Microbiol. Biotechnol. 23.2
(2013), pp. 211–217. ISSN: 10177825. DOI: 10.4014/jmb.1206.06057.

[314] Ning Chen et al. “Optimization of fermentation conditions for the biosynthesis of L-
threonine by escherichia coli”. In: Appl. Biochem. Biotechnol. 158.3 (2009), pp. 595–604.
ISSN: 02732289. DOI: 10.1007/s12010-008-8385-y.

[315] Peipei Yuan et al. “Enhancement of l-phenylalanine production by engineered Es-
cherichia coli using phased exponential l-tyrosine feeding combined with nitrogen

https://doi.org/10.1007/S002530100752
https://doi.org/10.1007/S002530100752
https://doi.org/10.1016/S0168-9525(00)02153-3
https://doi.org/10.1016/S0168-9525(00)02153-3
https://doi.org/10.1128/jb.179.22.7025-7032.1997
https://doi.org/10.1128/jb.179.22.7025-7032.1997
https://doi.org/10.1016/0022-2836(76)90120-0
https://doi.org/10.1016/0022-2836(76)90120-0
https://doi.org/10.1111/lam.12827
https://doi.org/10.1007/s10529-009-0011-8
https://doi.org/10.1086/416059
https://doi.org/10.4014/jmb.1206.06057
https://doi.org/10.1007/s12010-008-8385-y


88 REFERENCES

source optimization”. In: J. Biosci. Bioeng. 120.1 (2015), pp. 36–40. ISSN: 13474421. DOI:
10.1016/j.jbiosc.2014.12.002.

[316] Kathleen F Smart et al. “Analytical platform for metabolome analysis of microbial
cells using methyl chloroformate derivatization followed by gas chromatography–mass
spectrometry”. In: Nat. Protoc. 5.10 (2010), pp. 1709–1729. ISSN: 1750-2799. DOI: 10.
1038/nprot.2010.108.

[317] Mireille Ginésy et al. Simultaneous Quantification of L-Arginine and Monosaccharides
during Fermentation: An Advanced Chromatography Approach. 2019. DOI: 10.3390/
molecules24040802.

[318] Tirzah Y Mills, Nicholas R Sandoval, and Ryan T Gill. Cellulosic hydrolysate toxicity
and tolerance mechanisms in Escherichia coli. 2009. DOI: 10.1186/1754-6834-2-26.

[319] Nicholas R. Sandoval et al. “Elucidating acetate tolerance in E. coli using a genome-
wide approach”. In: Metab. Eng. 13.2 (2011), pp. 214–224. ISSN: 10967176. DOI: 10.
1016/j.ymben.2010.12.001.

[320] Tanya Warnecke and Ryan T Gill. Organic acid toxicity, tolerance, and production in
Escherichia coli biorefining applications. 2005. DOI: 10.1186/1475-2859-4-25.

[321] Andrew J. Roe et al. “Perturbation of anion balance during inhibition of growth
of Escherichia coli by weak acids”. In: J. Bacteriol. 180.4 (1998), pp. 767–772. ISSN:
00219193. DOI: 10.1128/jb.180.4.767-772.1998.

[322] Andrew J. Roe et al. “Inhibition of Escherichia coli growth by acetic acid: A prob-
lem with methionine biosynthesis and homocysteine toxicity”. In: Microbiology 148.7
(2002), pp. 2215–2222. ISSN: 13500872. DOI: 10.1099/00221287-148-7-2215.

[323] Kazuei Igarashi and Keiko Kashiwagi. Effects of polyamines on protein synthesis and
growth of Escherichia coli. 2018. DOI: 10.1074/jbc.TM118.003465.

[324] A. K. Kiupakis and L. Reitzer. “ArgR-independent induction and ArgR-
dependent superinduction of the astCADBE operon in Escherichia coli”. In: Journal
of bacteriology 184.11 (June 2002), pp. 2940–50.

[325] Fuchao Xu, David Gage, and Jixun Zhan. “Efficient production of indigoidine in
Escherichia coli”. In: J. Ind. Microbiol. Biotechnol. 42.8 (2015), pp. 1149–1155. ISSN:
14765535. DOI: 10.1007/s10295-015-1642-5.

[326] K. B. Andersen and K. Von Meyenburg. “Are growth rates of Escherichia coli in
batch cultures limited by respiration?” In: J. Bacteriol. 144.1 (1980), pp. 114–123. ISSN:
00219193. DOI: 10.1128/jb.144.1.114-123.1980.

[327] Jian Wang, Li Kun Cheng, and Ning Chen. “High-level production of L-threonine
by recombinant Escherichia coli with combined feeding strategies”. In: Biotechnol.
Biotechnol. Equip. 28.3 (2014), pp. 495–501. ISSN: 13102818. DOI: 10.1080/13102818.
2014.927682.

https://doi.org/10.1016/j.jbiosc.2014.12.002
https://doi.org/10.1038/nprot.2010.108
https://doi.org/10.1038/nprot.2010.108
https://doi.org/10.3390/molecules24040802
https://doi.org/10.3390/molecules24040802
https://doi.org/10.1186/1754-6834-2-26
https://doi.org/10.1016/j.ymben.2010.12.001
https://doi.org/10.1016/j.ymben.2010.12.001
https://doi.org/10.1186/1475-2859-4-25
https://doi.org/10.1128/jb.180.4.767-772.1998
https://doi.org/10.1099/00221287-148-7-2215
https://doi.org/10.1074/jbc.TM118.003465
https://doi.org/10.1007/s10295-015-1642-5
https://doi.org/10.1128/jb.144.1.114-123.1980
https://doi.org/10.1080/13102818.2014.927682
https://doi.org/10.1080/13102818.2014.927682


Department of Civil, Environmental and Natural Resources Engineering
Division of Chemical Engineering

ISSN 1402-1544
ISBN 978-91-7790-914-9 (print)
ISBN 978-91-7790-915-6 (pdf )

Luleå University of Technology 2021

Print: Lenanders Grafiska, 133289


	133289_inl_Thesis-Ginesy.pdf
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida




