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METHOD OF PRODUCING SUCCINIC ACID AND 
OTHER CHEMICALS USING SUCROSE-

CONTAINING FEEDSTOCK 

CROSS-REFERENCE TO RELATED APPLICATION 

(001) This application claims the priority of the U.S. Provisional Application 

Serial No. 61/459,446, filed on December 13, 2010. 

FIELD OF THE INVENTION 

(002) The present invention is in the field of producing specialty and commodity 

organic chemicals using biocatalysts that have been modified to increase their ability to 

use sucrose-containing feedstock. More specifically, the present invention is related to 

the genetic modifications required for sucrose transport and metabolism in the biological 

production of succinic acid and other chemicals. 

BACKGROUND OF THE INVENTION 

(003) A large number of organic chemicals are currently derived from petrochemical 

feedstocks. There is a growing interest in producing many of these petrochemical-

derived organic compounds through biological fermentation processes using renewable 

feedstock. The list of organic compounds that can be derived from renewable feedstock 

includes 1,4-diacids (succinic, fumaric, malic, glucaric, malonic, and maleic), 2,5-furan 

dicarboxylic acid, propionic acid, 3-hydroxy propionic acid, aspartic acid, glucaric acid, 

glutamic acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol, sorbitol, 

xylitol, arabinitol. and butanediols such as 1,4 butanediol, 1,3-butanediol, and 2,3-

butanediol. Besides these compounds, many other types of organic compounds including, 

but not limited to, amino acids, vitamins, alcohols (such as ethanol, n-propanol, 

isopropanol, n-butanol, isobutanol, and higher alcohols), fatty acids, esters of fatty acids, 

hydrocarbons, isoprenoids, turpenes, carotenoids, and amines can also be produced using 

renewable feedstocks. Any such compound shall be referred to herein as a "desired 



WO 2012/082720 
2 

PCT/US2011/064598 

compound". However, for most of these desired compounds, a commercially attractive 

fermentation process that uses sucrose as a carbon source has not yet been developed. 

(004) Among these organic compounds that can be derived from renewable 

feedstock, succinic acid deserves a special mention. A number of microbial species 

including Escherichia coli, Corynebacterium glutamicum and Brevibacteium flavum, 

Mannhemia succiniproducens, Basfia succiniproducens and Anaerobiospirilum 

succiniproducens have been genetically manipulated for use as a biocatalyst in the 

production of succinic acid using renewable feedstocks. These biocatalysts have been 

shown to produce succinic acid in very high yield and productivity. Currently, succinic 

acid production using these biocatalysts is carried out using dextrose as the source of 

organic carbon. 

(005) There is a need to develop processes that use cheaper renewable feedstock in 

order to make the biological production of succinic acid to be competitive with succinic 

acid production from petrochemical feedstocks using purely chemical processes. Efforts 

are under way to use carbon sources derived from the hydrolysis of cellulosic materials as 

the feedstock for succinic acid production using a biocatalyst. However, the techniques 

for producing feedstock from cellulosic materials for biological fermentation are far from 

perfected at this time. Thus there is an immediate need for a cost-effective feedstock 

suitable for biological production of succinic acid. The price of various sugars varies 

with time and geographic location. In many part of the world, sucrose is less expensive 

than glucose most or all of the time, especially in tropical areas where sugarcane thrives. 

(006) Molasses derived from the sugarcane processing represents a cost-effective 

feedstock for any industrial fermentation. Molasses is inexpensive, readily available, and 

abundant. Molasses is rich in sucrose and there is a need to develop biocatalysts with the 

ability to use sucrose as the source of carbon in the fermentative production of succinic 

acid. In some cases, it will be preferable to use purified sucrose in the fermentation as a 

carbon source, for example when the fermentation product of interest must be highly 

purified, and where it is more cost effective to remove the non-sugar compounds from the 

molasses prior to fermentations. Purified sucrose in the form of "table sugar" has been 

produced for many years by well known methods, and material equivalent to this can also 

be used as carbon source in the present invention. In addition, molasses or sucrose 
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utilization by biocatalysts has wider industrial significance as molasses or sucrose can be 

used to produce a wide variety of organic chemicals as well as whole cell mass. Thus the 

present invention has broader application in the fermentation industry in general beyond 

the fermentative production of succinic acid. A sucrose-containing medium can comprise 

juice or molasses derived from sugar cane, sugar beet, sweet sorghum, or any other 

sucrose-containing plant material. 

(007) A mechanism for the transport of sucrose and other sugars that is frequently 

found in bacteria is based on the phosphotransferase system (PTS). PTS is composed of 

two-energy-coupling proteins, Enzyme I and HPr, and several sugar-specific Enzyme II 

proteins or protein complexes, which typically consist of three protein domains, EIIA, 

EIIB and EIIC. The organization of the EII domains differs between bacteria. EII may 

consist of a single fused protein or different fused and unfused domains. The translocation 

of the specific sugar through the membrane is facilitated by the integral membrane 

domain. However, it is the complex of the three enzyme domains or proteins, functioning 

together, which brings about the transport and phosphorylation of the sugar substrate, 

resulting in an intracellular pool of phosphorylated carbohydrate (Neidhardt and Curtiss, 

1996). 

(008) There are alternative mechanisms for bacterial sucrose transport in addition to 

the PTS. These PTS-independent sugar permeases facilitate sucrose accumulation without 

chemical modifications. They include solute-cation symport systems, such as the ScrT 

symporter in the sucrose operon in Bifidobacerium lactis and the CscB transporter of E. 

coli W strain. These sucrose-specific transport systems are generally clustered with the 

catabolic and regulatory genes in various arrangements in different bacteria. 

(009) There are several examples in the literature that describe the cloning of 

sucrose utilization genes and the installation of such genes into organisms that did not 

natively contain said genes. There are examples of cloning and transfer of both PTS-

dependent and PTS-independent sucrose utilization genes. However, each of these 

examples has at least one feature that makes them undesirable for use in a commercial 

setting. For example, maintenance of sucrose utilization genes on replicating plasmids 

(such as the pScrl plasmid described in US Patent Application Publication No. 
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2008/0274526 Al) is not desirable because plasmids can be unstable (Shukla et al., 

2004) or lost during the many generations of large scale growth, and they often require 

presence of an antibiotic for maintenance. Also, expression of a gene from a multicopy 

plasmid can be excessive, leading to waste of energy and materials, or inhibition of 

growth. 

(010) The chromosomal PTS-independent sucrose utilization genes cscAKB from E. 

coli EC3132 have been integrated into the chromosome of E. coli K-12 derived strains 

(US Patent 6,960,455). But this particular operon is known to be relatively inefficient at 

conferring sucrose utilization, especially at low sucrose concentrations, where the 

doubling time was 20 hours (1200 minutes) (Bockmann et al., 1992). A homology 

comparison of the DNA sequence of the cscRAKB operon region from EC3132 with that 

of an efficient sucrose utilizer, E. coli ATCC 9637 (Shukla et al., 2004) using the 

Megalign program of DNASTAR software revealed a similarity index of 98.1. Thus 

there were many differences between the two csc operons, and these differences are 

scattered throughout the operon. Many of the point mutations in the EC3132 operon 

cause non-conservative changes in protein sequences, and some of the mutations were in 

promoter regions, so it must be the case that the operon from EC3132 is simply defective 

due to one or more of these mutations. Faster growing spontaneous mutants with a 

doubling time on sucrose of down to 50 minutes could be isolated from EC3132, but 

when the mutated cscAKB operons were installed in a K-12 strain, the doubling time on 

sucrose medium increased back up to 75 minutes at best (Jahreis et al., 2002). None of 

the mutated csc operons from EC3132 changed the DNA sequence to be more like the 

efficient operon of ATCC 9637. As such, it appears that the operon disclosed by Jahreis 

et al (2002) is not as desirable as that of ATCC 9637. 

(011) Another approach that has been proposed to enable sucrose utilization is to 

simply engineer a strain to secrete invertase (Lee et al., 2010a). In this case the invertase 

from Mannheimia succiniproducens was shown to be superior to the invertase from E. 

coli W, teaching away from the use of the E. coli W invertase. Moreover, in bacteria, 

this approach is inherently less efficient than importing the sucrose before cleaving it, 

since after cleavage to glucose and fructose by invertase, two sugar molecules must be 

imported rather than just one, and this requires more energy to be expended. Moreover, 
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in this prior art example, during fermentation starting with 20 g/1 sucrose, external 

fructose accumulated to over 10 g/1, and it took 50 hours for this external fructose to be 

completely consumed (Lee et al., 2010b). Thus, although a sucrose utilizing strain was 

disclosed, the system had performance characteristics that were not commercially 

attractive. Secretion of fructose by E. coli strains grown on sucrose is a general problem, 

and the fructose that remains at the end of a desirable fermentation time, which is often 

48 hours or less, is undesirable. Thus, there is a need for microorganisms that can 

ferment sucrose to a desirable product at a commercially attractive titer, which is usually 

more than 20 grams per liter, without leaving more than 2 grams per liter of fructose 

remaining after a fermentation time of 48 hours or less. 

(012) E. coli strains SZ63 and SZ85 were previously engineered to produce optically 

pure D-lactate from hexose and pentose sugars. To expand the substrate range to include 

sucrose, a cscR'AKB operon was cloned and characterized from E. coli KOll, a 

derivative of E. coli W (Shukla et al., 2004). The resulting plasmid-borne operon was 

functionally expressed in SZ63 but was unstable in SZ85. 

(013) US 6,960,455 discloses a method of producing amino acids using E. coli K-12 

derived strains transduced with a cscRAKB operon from strain EC3132 that is located at 

the dsdA locus in the chromosome. As a consequence of insertion of cscRKAB operon at 

this location in the chromosome, the resulting strains cannot catabolize D-serine. As 

pointed out above, the csc genes used in this prior art were derived from a defective 

EC3132 operon, which grows poorly on low concentrations of sucrose (Bockmann et al., 

1992; Jahreis et al, 2002). The resulting strains contain the cscR gene, which encodes a 

repressor, so the strains are expected to be suboptimal for sucrose utilization, especially in 

the presence of glucose, which would be expected to cause repression of the cscAKB 

genes (Jahreis et al., 2002; Shukla et al., 2004). Molasses usually contains some glucose. 

There was no attempt mentioned to correct any of the defects inherent in the csc operon 

of EC3132 in US 6,960,455. Moreover, production of chemicals other than amino acids, 

such as succinate were not mentioned in this patent. 

(014) US 7,179,623 discloses a strain constructed from a sucrose non-assimilative 

strain wherein the said strain harbors sucrose PTS genes from E. coli VKPM B-7915 
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(.scrKYABR genes), but again, this patent does not mention production of chemicals other 

than amino acids, and the PTS-dependent system claimed in this disclosure is not optimal 

for production of chemicals that are derived from phosphoenol pyruvate (PEP). 

SUMMARY OF THE INVENTION 

(015) This present invention provides biocatalysts and a method for using sucrose-

containing renewable biological feedstock in the fermentative production of 

commercially important products, for example, but not limited to specialty and 

commodity chemicals. Specifically, the present invention is useful in the fermentative 

production of organic acids using sucrose-containing renewable feedstocks. More 

specifically, the present invention is useful in the fermentative production of succinic acid 

from a sucrose-containing renewable feedstock using biocatalysts that have been 

constructed to have improved sucrose utilization. The principles of the present invention 

can be applied to many other desired chemical compounds that can be produced by 

fermentation, particularly fumaric acid and malic acid. 

(016) According to the present invention, the genes coding for the proteins involved 

in sucrose transport and metabolism can be introduced into a wide variety of biocatalysts 

either to confer a new ability to the biocatalyst to utilize sucrose as a source of carbon and 

energy in the fermentation medium, or to augment or improve an already existing 

capacity of the biocatalysts for sucrose transport and metabolism. 

(017) In one embodiment, the present invention improves the ability to import and 

metabolize sucrose by a biocatalyst that has been previously constructed to produce a 

chemical such as succinic acid in commercially significant quantities, wherein said 

biocatalyst did not originally have the ability to efficiently use sucrose as the source of 

organic carbon for the fermentative production of a chemical of commercial interest such 

as succinic acid. In one aspect of the present invention, the inability or poor ability of the 

original biocatalyst to use sucrose stems from the absence of genes coding for the sucrose 

transport and metabolism. In another aspect, the inability of the biocatalyst to use sucrose 

results from the unintended consequence of genetic manipulations aimed at improving the 

succinic acid yield and productivity in the fermentation medium in which the majority of 
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the organic carbon source is other than sucrose. In another aspect, the inability of the 

biocatalyst to use sucrose results from one or more defects in the native sucrose 

utilization system that render the system unable to achieve commercially attractive 

utilization of sucrose for fermentation using sucrose-containing medium. The present 

invention provides genetic solutions to overcome any of these aspects of genetic 

deficiency in sucrose utilization. 

(018) In another embodiment, the present invention aims at augmenting the sucrose 

utilization capacity of the biocatalysts used in the production of succinic acid. The present 

invention augments the sucrose utilization by the biocatalyst by means of improving the 

capacity for sucrose transport and metabolism through genetic manipulations. In one 

aspect of the present invention, the already existing sucrose transport capacity of the 

biocatalyst is improved by the introduction of genes coding for the proteins involved in a 

PTS-dependent mechanism for sucrose uptake. In another aspect, the present invention 

provides additional genes coding for the proteins associated with a PTS-independent 

sucrose permease system such as a cation symport sucrose permease system to augment 

the already existing sucrose transport capacity of the biocatalyst. In yet another aspect, 

the present invention augments the sucrose utilization by means of providing genes 

coding for the metabolism of the sucrose transported into the cell. 

(019) In another aspect, the present invention provides a process for producing 

succinic acid in a sucrose-containing medium which makes use of a biocatalyst which has 

retained a functional PEP-dependent phosphotransferase system for sugar upatake. 

(020) The utilization of sucrose in the production of succinic acid by the biocatalyst 

involves the participation of a number of proteins responsible for the conversion of 

sucrose into three carbon intermediates that can enter into the tricarboxylic acid cycle and 

ultimately yield succinic acid. In one aspect, the present invention genetically enhances 

the activity of one or more enzymes involved in the conversion of sucrose into six carbon 

intermediates that can be further metabolized by common biochemical pathways. In 

addition to sucrose transporters, the enzyme targets suitable for genetic manipulation are 

selected from a list consisting of sucrose phosphorylase, sucrose hydrolase (invertase), 

sucrose-6-phosphate hydrolase, glucose kinase (glucokinase), and fructose kinase 

(fructokinase). 
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(021) In another embodiment, the present invention provides a process for producing 

succinic acid using sucrose as a renewable feedstock. In one aspect, the present invention 

provides a process for producing succinic acid in a sucrose-containing medium which 

makes use of a biocatalyst that has decreased activity in the PEP-dependent 

phosphotransferase system. 

(022) In one aspect, the present invention discloses the addition of genes to an 

organism such as to install or increase the activity of one or more proteins and/or 

enzymes involved in the import and conversion of sucrose into metabolic intermediates 

such as fructose 1,6-bisphosphate that can be further metabolized by the cell. The genes 

that encode relevant proteins or enzymes suitable for genetic manipulation of this 

invention are one, or a combination of more than one genes selected from a list consisting 

of genes that encode a PTS-dependent sucrose importer (a PTS protein usually named 

Enzyme IIscr, or EIIscr', that functions together with other PTS proteins to accomplish the 

import and phosphorylation of sucrose to give cytoplasmic sucrose-6-phosphate), 

sucrose-6-phosphate hydrolase, sucrose permease (a PTS-independent permease that 

transports sucrose into the cell without concomitant phosphorylation), invertase or 

sucrose hydrolase, sucrose phosphorylase, glucose kinase (glucokinase), fructose kinase 

(fructokinase), hexose-phosphate isomerase, and phosphofructo kinase (fructose-1-

phosphate kinase). 

(023) In another embodiment, the present invention provides a process for producing 

succinic acid or other chemicals using sucrose as a renewable feedstock. In one aspect, 

the present invention provides a process for producing succinic acid in a sucrose-

containing medium which makes use of a biocatalyst that has a decreased activity in at 

least one protein of the organism's native PTS system relative to that of the ancestral or 

parental strain. In another aspect, the present invention provides a process for producing 

succinic acid or other chemical in a sucrose-containing medium which makes use of a 

biocatalyst which has retained a fully functional PTS-dependent phosphotransferase 

system for sugar uptake. 

(024) The novel aspects of this invention are that the cscABK genes from a non­

pathogenic, robust sucrose utilizer have been stably integrated into the chromosome of a 
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bacterium, such that the newly constructed bacterium can produce a commercial product 

in a commercially viable process. The titer of product from sucrose is equal to at least the 

titer produced by the parent organism from glucose, and the yield of product is greater 

than 0.8 g/g sugar. The cscABK operon is integrated at a site in the chromosome that 

does not interfere with any relevant aspect of growth or production of desired products. 

(025) Additional advantages of this invention will become readily apparent from the 

ensuing description. 

Brief Description of the Drawings 

(026) FIG. 1. Kinetics of sucrose utilization and succinic acid production by the 

SD14 strain of E. coli grown in minimal medium supplemented with 10% sucrose (w/w). 

For Figures 1-5, fermentations were done in small microaerobic fermentors as described 

in Jantama et al (2008a), except that the volume was 300 ml and neutralization was 

accomplished with a solution containing 2.4 M potassium carbonate and 1.2 M potassium 

hydroxide. 

(027) FIG. 2. Kinetics of sucrose utilization in three different experiments with 

varying concentrations of initial sucrose concentrations. Initial concentrations 100 g/L, 

150 g/L and 200 g/L of sucrose were used. The SD14 strain of E. coli was used in these 

experiments. 

(028) FIG. 3. Kinetics of change in the glucose concentration in the growth medium 

during the fermentative production of succinic acid. The fermentation medium contained 

sucrose as the source of organic carbon. Initial concentrations 100 g/L, 150 g/L and 200 

g/L of sucrose were used. The SD14 strain of E. coli was used in this experiment. 

(029) FIG. 4. Kinetics of change in the fructose concentration in the growth 

medium during the fermentative production of succinic acid. The fermentation medium 

contained sucrose as the source of organic carbon. Initial concentrations 100 g/L, 150 g/L 

and 200 g/L of sucrose were used. The SD14 strain of E. coli was used in this 

experiment. 
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(030) FIG. 5. Kinetics of succinic acid accumulation in the growth medium. Initial 

concentrations 100 g/L, 150 g/L and 200 g/L of sucrose were used. The SD14 strain of E. 

coli was used in this experiment. 

(031) FIG. 6. Kinetics of succinic acid accumulation during fermentative growth 

of SD14 strain of E. coli in a 7,000 ml New Brunswick bioreactor with a starting volume 

of 3,000 ml and microaeration at the rate of 0.005 liter of air per minute. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

(032) The present invention provides biocatalysts for succinic acid production in 

high titer, yield and productivity using sucrose-containing feedstock. Sucrose is a 

disaccharide also known as saccharose, l-0-a-D-glucopyranosyl-|3-D-fructofuranoside, 

and a-D-glucopyranosyl-1,2-/?-D-fructofuranoside. The term "yield" as defined in this 

invention refers to the number of grams of product (such as succininc acid) produced per 

gram of sugar (such as glucose or sucrose) consumed. The term "productivity" as defined 

in this present invention refers to the number of grams of product (such as succinic acid) 

produced per liter of culture per hour. The term "titer" is defined as the concentration of 

product (such as succinic acid) in the fermentation broth in grams per liter. The desirable 

yield for succinic acid is in the range of 0.7 - 1.2 grams of succinic acid produced per 

gram of sugar consumed. The desirable productivity for succinic acid in this present 

invention is in the range of 1 gram or more of succinic acid produced per liter per hour. 

(033) For any given compound, it might be more appropriate to produce a salt of 

said compound, so for example, succinic acid might be produced at pH near 7 as a salt of 

sodium, potassium, calcium, magnesium, ammonium, etc., while lysine might be 

produced as a salt of chloride, sulfate, bicarbonate, etc. As such, any time a compound is 

named herein, any salt of said compound is meant to be included, and any time a salt is 

named, the free acid or free base is also meant to be included. 

(034) The bacterial growth rate is measured in terms of the rate of increase in the 

optical density at 550 or 600 nanometers of the liquid culture resulting from the bacterial 
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multiplication. The bacterial growth rate is also expressed in terms of time required for 

doubling of bacterial cells. The wild type E. coli bacterial cells are reported to replicate 

once in every 20 minutes. In the bacterial cells suitable for the present investigation, the 

bacterial cells are expected to have a doubling time of at least 20 minutes, but less than 20 

hours. 

(035) According to the present invention, the biocatalyst for succinic acid 

production can be developed in two different ways. Under the first approach, selected 

wild type bacterial species is genetically manipulated to grow with the sucrose as the sole 

source of carbon. It is preferable that the genetically manipulated bacterial strain while 

acquiring the ability to grow well in a medium containing sucrose as the sole carbon 

source, still retains the ability to use other carbon sources equally well. Once a particular 

microbial strain with the ability to grow on sucrose as the sole source of carbon is 

identified, subsequent genetic manipulations are carried out in the metabolic pathways 

following the genetic engineering methods known in the art to obtain a bacterial strain 

which could grow on sucrose containing medium and produce succinic acid with high 

yield and productivity. For example, the patent applications published under Patent 

Cooperation Treaty with the publication No. WO 2010/115067 and United States Patent 

Application Publication No. US 20100184171 provide the details about the genetic 

engineering techniques useful in generating a strain of E. coli with improved succinic acid 

production capacity. These two patent applications are incorporated herein by reference. 

(036) Under the second approach, a bacterial strain already developed to have a 

commercially attractive yield and productivity for succinic acid production as decribed in 

the patent application publications US 20100184171 and WO 2010/115067 is used as a 

parental strain. Further genetic manipulations are carried out with this strain to obtain a 

bacterial strain that has the ability to grow in a sucrose-containing media and produces 

succinic acid at a commercially attractive titer, yield, and productivity. 

(037) More specifically, this present invention is focused on developing a 

biocatalyst that retains its original ability to produce succinic acid at high enough titer and 

productivity while gaining the new ability to grow in a medium containing sucrose as a 

major source of carbon. For example, the KJ122 strain of E. coli described by Jantama et 

al (2008 a, b) can be selected as the starting strain for the present invention. The KJ122 
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strain of E. coli is reported to have the ability to produce succinic acid in a minimal 

glucose medium at high titer and productivity. The term "minimal medium" shall mean a 

medium that contains only mineral salts, a purified carbon source (such as glucose or 

sucrose) and betaine. A "minimal medium" does not contain any rich or chemically 

undefined components such as peptides or nucleotides, such as are found in yeast extract, 

tryptone, peptone, corn steep liquor, or other hydrolysates of complex biological material. 

A minimal medium can be in liquid or solid form, as in agar plates. A minimal medium 

may have one or more purified compounds, such as vitamins or amino acids, added to 

satisfy a specific growth requirement of a particular strain. The KJ122 strain of E. coli 

was derived from the E. coli C strain through gene deletions and metabolic evolution as 

described in US Patent Application Publication No. US 20100184171 and in the patent 

application published on October 7April 2, 2010 under Patent Cooperation Treaty with 

the publication No. WO 2010/115067 Al. These two patent application publication 

documents providing details about the genetic changes that led to the development of the 

KJ122 strain of E. coli are incorporated herein by reference. KJ122 does not have any 

substantial ability to use sucrose as a source of carbon in the production of succinic acid. 

This deficiency in sucrose utilization noted in KJ122 is attributable to the genetic 

deficiency in its parental strain, namely the E. coli C strain which is known to be 

genetically deficient in sucrose utilization. 

(038) The term "sucrose utilization" as used in this application includes both the 

transport of the sucrose from the growth medium into the bacterial cells and the 

subsequent metabolism of the sucrose within the cell. The substantial inability of KJ122 

to transport and metabolize sucrose stems from the lack of the genes coding for both 

sucrose transport and metabolism. The inventors have discovered genetic approaches that 

would enable KJ122 to utilize sucrose as a source of carbohydrate while retaining its 

original ability to produce succinic acid at high titer, yield, and productivity. 

(039) The term "carbohydrate" as used in this invention includes mono-saccharides 

such as glucose, fructose, xylose, and arabinose, disaccharides such as sucrose, 

melibiose, maltose and lactose, trisaccharides such as raffinose and maltotriose, and 

higher oligosaccharodes, and hydrolysates derived from the enzymatic or chemical 

digestion of polysaccharides such as starch, cellulose, and hemicellulose. 
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(040) Sucrose transport into bacterial cells, and the subsequent metabolism of 

sucrose, can be mediated by at least four different mechanisms, including a 

phosphoenolpyruvate (PEP) dependent phosphotransferase system (PTS) and three PTS 

independent systems, including a cation symport sucrose permease system. According to 

the present invention, it is possible to genetically alter either any of these sucrose 

transport and utilization systems with a goal either to confer a new ability to utilize 

sucrose or to enhance the already existing sucrose utilization capacity. The term "sucrose 

utilization function" as used in this invention refers to both sucrose uptake function and 

metabolism of sucrose within the cell. The sucrose metabolism within the cell involve 

conversion of sucrose into three carbon compounds that could enter into synthesis of 

commercially important organic compounds. 

(041) The terms "PTS+ organism" or "PTS+ bacterium" refers to a bacterium which 

has the capacity for sucrose transport based on a PTS. The term "non-PTS organism," or 

"non-PTS bacterium" refers to bacterial cells whose sucrose uptake capacity is based on 

the transport mechanisms other than PTS. Similarly, the term "non-PTS sucrose 

transport" refers to the transport of sucrose across the bacterial cell membrane using a 

mechanism other than PEP dependent PTS. The term "PTS" organism" means an 

organism that has a mutation in one or more genes that encode a protein that functions in 

PTS, such that the activity of the PTS is decreased relative to that of the wild type PTS. 

The term "sucrose permease" as used in the present invention includes the proteins 

involved in the uptake of the sucrose from the medium into the cell. The proteins 

involved in the sucrose uptake may be a component of PTS or a protein not associated 

with PTS. 

(042) One type of system starts by importing the sucrose into the cell by a 

phosphotransferase system (PTS) that uses phosphoenolpyruvate (PEP) as the source of 

energy and phosphate, and which phosphorylates the sucrose in the process of transport. 

We shall call this type of sucrose import and metabolism system a "PTS-dependent" 

system or mechanism. In this first type of system, there is a protein component that has 

useful or specific affinity for sucrose. This protein is called, among other names, Enzyme 

IIscr. Enzyme IIscr functions together with two other proteins that are not specific for 

sucrose, called the common PTS subunits. These said other proteins (proteins common to 

more than one specific PTS in a particular organism) include proteins that are named, 
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among other names, EI and Hpr. In Escherichia coli (E. coli), the genes encoding these 

general protein components are named, among other names, ptsH and ptsl. Most 

bacteria have several PTS proteins that are different from Enzyme IIscr , that are not 

specific to sucrose, but which are specific to other sugars (such as glucose, mannose, 

etc.), and which can function together with the common PTS subunits in the import of 

said other sugars. The genes and proteins that constitute a PTS are found in a wide 

variety of bacterial genera and species. Many such genes and proteins are homologous to 

the ones found in E. coli, but some are not very homologous, if at all, to their E. coli 

counterparts. An example of this first type of sucrose transport system (PTS-dependent) 

is the system encoded by the scrKYABR genes of, for example, bacteria of the genus 

Klebsiella and the Gram-negative plasmid pUR400 (Reid and Abratt, 2005). In these 

operons, scrK encodes a fructokinase, scrY encodes a sucrose specific outer membrane 

porin, scrA encodes a PTS Enzyme IIscr transport protein, scrB encodes a sucrose-6-

phosphate hydrolase, and scrR encodes a repressor. 

(043) A second type of sucrose transport system does not directly use PEP as an 

energy source or phosphate donor, but instead uses proton (or other cation) symport as a 

source of energy to carry sucrose into the cell without concomitant phosphorylation. We 

shall call this type of sucrose transport and metabolism sytstem a "PTS-independent" 

system. An example of this second type is the system encoded by the chromosomal 

cscRAKB genes present in some, but not all, strains of E. coli near the dsdA (D-serine 

deaminase) locus. Examples of E. coli strains that contain the cscRAKB genes are 

EC3132 (Bockman et al., 1992) and ATCC 9637, also known as E. coli W or the 

Waksman strain (Shukla et al., 2004). Note that there is some confusion in the literature 

as to the identity of the family of strains described in Shukla et al (2004). In the 

publication by Shukla et al (2004), the parent strain named KOI 1 was described as being 

derived form ATCC 11303 or E. coli B, but in reality the strain is derived from ATCC 

9637. In this type of operon, cscA encodes an invertase, cscB encodes a sucrose 

symporter, cscK encodes a fructokinase, and cscR encodes a repressor. 

(044) A third mechanism for utilizing sucrose, which is also PTS-independent, 

might in some cases use some of the same genes or type of genes as one of the other 

system. In this mechanism, invertase (for example that encoded by cscA) is released into 
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the medium, either deliberately or by cell lysis, where it cleaves sucrose into glucose and 

fructose. The two monosaccharides are then imported into the cell and phosphorylated by 

the normal routes for those monosaccharides. This type of system is used by the yeast 

Saccharomyces cerevisiae, in which the invertase is encoded by a gene, for example 

SUC2, and the invertase is secreted to the periplasm and extracellular space. The 

resulting glucose plus fructose are then imported by facilitated duffusers, and the sugars 

are then kinased inside the cell. 

(045) A fourth mechanism for sucrose utilization, which is also PTS-independent, 

might also in some cases use some of the same genes or type of genes as one of the other 

systems. In this mechanism, sucrose is imported by, for example, a permease encoded by 

cscB, after which it s cleaved by phosphorolysis catalyzed by a sucrose phosphorylase. 

The resulting cytoplasmic glucose-1-phosphate and fructose are then metabolized by the 

normal routes for those metabolites. 

(046) One literature report (Alaeddinoglu and Charles 1979) states that the 

chromosomally encoded sucrose utilization genes of E. coli that are integrated near the 

dsdA locus (presumably cscRAKB) require an intact ptsl gene in order to function. This 

statement contradicts the bulk of the rest of the literature, which states that the cscRAKB 

genes encode a PTS-indpendent system. Given this apparent contradiction, it is possible 

that the one of the systems that we have defined as the "PTS-independent" system might 

in fact have some dependence on the PTS system. 

(047) In one aspect, the present invention discloses the addition of genes to an 

organism in order to install or increase the activity of one or more proteins and/or 

enzymes involved in the import and conversion of sucrose into metabolic intermediates 

such as fructose 1,6-bisphosphate that can be further metabolized by the cell. The genes 

that encode relevant proteins or enzymes (herein called a "sucrose utilization function") 

suitable for genetic manipulation of this invention are selected from a list consisting of 

genes that encode a PTS-dependent sucrose importer (a PTS protein usually named 

Enzyme IIscr, or EIIscr that functions together with other PTS proteins to accomplish the 

import and phosphorylation of sucrose to give cytoplasmic sucrose-6-hophate), sucrose-6-

phosphate hydrolase, fructokinase, sucrose permease (a PTS-independent permease that 

transports sucrose into the cell without concomitant phosphorylation), invertase or 
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sucrose hydrolase, sucrose phosphorylase, glucose kinase (also known as glucokinase), 

fructose kinase (also known as fructokinase), hexose-phosphate isomerase, and 

phosphofructo kinase (fructose-1-phosphate kinase). 

(048) In another embodiment, the present invention provides a process for producing 

succinic acid or other chemicals using sucrose as a renewable feedstock. In one aspect, 

the present invention provides a process for producing succinic acid from a sucrose-

containing medium that makes use of a biocatalyst that has a decreased activity in at least 

one protein of the organism's native PTS system relative to that of the ancestral or 

parental strain. In another aspect, the present invention provides a process for producing 

succinic acid or other chemical in a sucrose containing medium which makes use of a 

biocatalyst which has retained a fully functional native PTS-dependent system for sugar 

uptake. 

(049) The PTS was originally discovered in E. coli and it is now known to play an 

important role in carbohydrate transport in a vast number of bacterial species. The 

molecular organization of PTS is very well understood. Across bacterial species, PTS is 

highly conserved in its basic organization. The present invention provides biocatalysts 

wherein the components of PTS are genetically transferred from a second donor 

bacterium to a first recipient bacterium in order to enable the biocatalyst to better use a 

desirable carbohydrate source in fermentation. In particular, the present invention 

provides biocatalysts that can utilize sucrose-containing renewable feedstock in the 

fermentative production of products such as succinic acid. More specifically, the present 

invention provides biocatalysts that can utilize sucrose and molasses derived from 

sugarcane processing in the production of succinic acid through biological fermentation. 

Since the trisaccharide raffinose contains sucrose, all aspects of this invention that apply 

to sucrose will also apply to raffinose, as long as a raffinose cleaving system is present in 

the biocatalysts. 

(050) The basic composition of PTS is similar in all bacterial species studied so far. 

It contains three major components namely EI, HPr, and EII. EI and HPr components are 

in the cytoplasm and are known as "general" components as they can work in conjunction 

with variety of carbohydrate-specific EII components. 
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(051) The EII component contains three sub-components namely EIIA, EIIB and 

EIIC. The EIIB and EIIC proteins are membrane bound and EIIA component is located in 

the cytoplasm or the cytoplasmic side of a membrane protein. The enzyme EII either can 

form a single protein with three domains (A, B, and C) or can be split into two to four 

distinct proteins. EII is carbohydrate specific and E. coli is reported to have at least 15 

different EII complexes. Thus the EII component specific for the glucose transport across 

the membrane is designated as EIIAGlc/EIICBGlc. 

(052) All the components of the PTS are proteins in nature. The genes coding for the 

various components of PTS have been identified. The ptsl gene in E. coli codes for the 63 

kDa EI protein. The 10 kDa histidine containing phosphocarrier protein HPr is coded by 

the ptsH gene in E. coli. EIIAGlc protein is coded by the err (carbohydrate resistance 

repression resistant) gene. EIICBGlc protein is encoded by the ptsG gene in E. coli. 

(053) The PTS system is not only responsible for the transport of various 

carbohydrates across the cell membrane but also catalyzes the conversion of 

carbohydrates into their respective phosphoesters during the transport. The coupled 

transport and phosphorylation of carbohydrates by PTS is achieved by the interaction 

among EI, HPr, and EII protein components. 

(054) During glycolysis, four moles of PEP are produced from two moles of 

glucose, and half of the PEP is consumed to provide energy for glucose uptake. In the 

case of sucrose import, of two moles of hexose arising from one mole of sucrose also 

produce four moles of PEP, but only one mole of PEP is consumed for the sucrose 

transport, thus increasing 1.5 times the amount of PEP available as a source of carbon 

skeletons for biosynthesis within the cell when sucrose is used as the source of carbon. It 

is possible to further improve the yield of succinic acid and other chemicals by providing 

the E. coli with a PTS-independent sucrose utilization system which does not consume 

PEP for the import of sucrose. This approach is particularly advantageous for production 

of chemicals that are derived at least in part from or through PEP, such as succinate, 

malate, fumarate, lactate, ethanol, butanols, propane diols, 3-hydroxypropionic acid, 

acrylic acid, propionic acid, lactic acid, amino acids such as glutamate, aspartate, 

methionine, lysine, threonine, and isoleucine, and many other compounds. 
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(055) The present invention provides ways to manipulate a PTS and in turn the 

bacterial carbohydrate utilization pattern. Since EI and HPr proteins protein function as 

"general component" of the PTS system, inactivation of either the ptsl gene coding for EI 

protein or the ptsH gene coding for HPr protein would lead to the complete inactivation 

of PTS. There will be substantially less carbohydrate transport through the PTS system in 

bacterial cells where the activity of ptsH or ptsl has been decreased. When the PTS is 

partially or completely inactivated, the bacterial cell has to depend on one or other 

alternative permease systems for carbohydrate transport. On the other hand, when the 

gene coding for a carbohydrate-specific particular EII component is inactivated, only the 

transport of that particular carbohydrate dependent on the inactivated EII component 

would be blocked. Thus the inactivation of err or ptsG genes would block only the 

transport of the glucose through PTS, and the transport of other carbohydrates would 

occur normally. 

(056) When there is active glucose transport through PTS, the EIIGlc remains 

unphosphorylated as there is a carbohydrate substrate for accepting its phosphate group. 

However, when there is no glucose in the medium, the phosphorylated form of EIIGlc 

cannot transfer its phosphate group to glucose and therefore it remains in its 

phosphorylated state. The unphosphorylated EIIGlc mediates the phenomenon generally 

known as carbon catabolite repression (CCR). Under CCR, when glucose is present in 

the growth medium, the transport and utilization of other carbohydrates in the medium is 

prevented until the glucose in the medium is completely utilized. The carbon catabolite 

repression results from the inhibitory effect of unphosphorylated EIIGlc on the permease 

systems. A number of permeases involved in the carbohydrate transport are known to be 

inhibited by unphosphorylated EIIGlc. In addition, the unphosphorylated EIIGlc is known 

to have a negative effect on the transcription of number of genes involved in carbohydrate 

transport and metabolism through its influence on the adenylate cyclase system. Thus, 

under certain circumstances, it is advantageous to decrease activity of the glucose-specific 

PTS system in order to relieve the cell from carbon catabolite repression. 

(057) In the fermentative production of succinic acid, there is a need to conserve 

PEP within the cell. PEP can act as the substrate for carboxylating enzymes within the 
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cell. Carboxylation of the PEP yields oxaloacetic acid which enters into the tricarboxylic 

acid cycle and contributes to succinic acid production. The importance of the 

carboxylation of PEP in the biological production of succinic acid is very well recognized 

as evidence by the fact that some of the more successful biocatalysts currently in use for 

succinic acid production, such as KJ122, have a PTS that is at least partially reduced in 

activity and carbohydrate transport is at least partially mediated by a PTS-independent 

permease system. Reduction of PTS activity helps in conserving PEP. In addition, 

biocatalysts for succinic acid production such as KJ122 have genetic modifications 

leading to an increase in the rate of carboxylation of PEP (Zhang et al., 2009 a, b). Thus 

in the KJ122 strain developed for succinic acid production, the PTS is at least partially 

inactivated by a mutation in the ptsl gene. In addition, the PEP carboxykinase gene pck 

has acquired a mutation causing an increase in the specific activity for carboxylation of 

PEP. While it is advantageous to reduce the activity of the PTS when glucose is used as 

the source of inorganic carbon in the fermentative production of succinic acid, the same 

strategy might not be optimal for developing a strain for succinic acid production using 

sucrose as the primary source of organic carbon. 

(058) In one embodiment, the present invention provides a process for reactivating 

the "general Component" of the PTS system in the KJ122 strain and at the same time 

inactivating the glucose uptake through the PTS system. The mutated ptsl gene in KJ122 

is replaced by a wild type ptsl gene and ptsG gene is deleted. These genetic 

manipulations allow the transport of carbohydrates other than glucose through PTS. 

Further, the elimination of the ptsG gene eliminates the carbon catabolite repression 

resulting from the unphosphorylated EIIAGlc protein. This situation is in contrast to the 

situation when the ptsl gene is mutated. In the bacterial cell with an intact ptsl gene and 

deletion of ptsG, the EIIAGlc protein is expected to be in its phosphorylated state. When 

the EIIAGlc protein is in its phosphorylated state, it does not cause any inhibitory acts on 

other permeases and on the transcription of the genes involved in carbohydrate 

metabolism. 

(059) When sucrose is transported through a PTS, it enters into the cell in the 

phosphorylated form as sucrose-6-phosphate. Further metabolism of sucrose-6-phosphate 

within the cell involves the following biochemical reactions. In the first step, sucrose-6-

phosphate is hydrolysed through an appropriate hydrolyzing enzyme such as sucrose-6-
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phosphate hydrolase to release glucose-6-phosphate and fructose. The glucose-6-phospate 

is converted into fructose-6-phosphate by the action of isomerase enzyme. In the next 

steps, fructose-6-phospate is further phosphorylated to form fructose 1-6 bisphosphate 

which is in turn cleaved into phosphoglyceraldehyde and dihydroxyacetone phosphate. 

Both these three carbon compounds derived from fructose-1,6-bisphosphate will enter 

into the tricarboxylic acid cycle and provide the carbon backbone for succinic acid 

production. 

(060) The fructose released from the hydrolysis of sucrose-6-phophate needs to be 

phosphorylated before it can enter the glycolytic pathway. The phosphorylation of 

fructose is mediated by fructokinase. When there is no endogenous fructokinase or when 

the activity of endogenous enzyme is low, it is necessary to provide an additional source 

of fructokinase enzyme activity by means of introducing an exogenous gene coding for 

the fructose kinase enzyme activity. 

(061) This approach of inactivating the ptsG gene and transporting sucrose through 

PTS is possible only in those strains where there is a sucrose-specific EIIA/CB 

component of the PTS. This protein is called among other names Enzyme IIscr. When 

there is no such endogenous sucrose-specific EIIA/CB component in the strain already 

developed for succinic acid production, there is a need to provide exogenous genes 

coding for sucrose-specific EIIA/CB components, which can function together with the 

"general components" of PTS already present in the biocatalyst for succinic acid 

production. 

(062) In another embodiment of the present invention, where there is a need to 

maintain the PTS in a state of reduced activity for the purpose of maintaining a sufficient 

pool of PEP as the substrate for carboxylase and/or carboxykinase enzyme, the sucrose 

transport can be facilitated by using a PTS-independent sucrose permease. Under the 

circumstance where the biocatalyst already developed for succinic acid production does 

not have a gene coding for non-PTS sucrose specific permease, it is necessary to 

introduce an exogenous gene that could mediate non-PTS sucrose transport into the cell. 

A number of bacterial strains such as E. coli W strain are reported to have an operon 

coding for proteins involved in the non-PTS sucrose transport into the cell. Any one of 

those known sucrose permease operons from other bacterial strains can be introduced 
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into those bacterial strains lacking capacity for non-PTS of sucrose transport. An example 

of this non-PTS sucrose uptake is encoded by the chromosomal cscRAKB genes present 

near the dsdA (D-serine deaminase) locus in some, but not all, strains of E. coli. 

Examples of E. coli strains that contain the cscRAKB genes are EC3132 strain of E. coli 

and ATCC 9637 strain of E. coli, also known as E. coli W or the Waksman strain, 

Klebsiella pneumoniae, Salmonella ssp., Erwinia amylovora, and many others. 

(063) Certain strains of E. coli such as the W strain of E. coli (ATCC 9637) are 

known to possess a chromosomally encoded PTS-independent sucrose-transport and 

metabolic pathway. Three different genes involved in the PTS-independent sucrose 

transport and metabolism, namely cscB, cscA, and cscK are organized in the 

chromosomal DNA as an operon. The cscB gene codes for a sucrose:H+ symporter. The 

cscA gene codes for an invertase enzyme which cleaves the sucrose transported into the 

cell into glucose and fructose. The cscK gene codes for a fructokinase. The csc operon is 

under the control of a repressor protein coded by the cscR gene. In one specific 

embodiment of the present invention, the cscA, cscB and cscK genes were introduced into 

a succinate production strain KJ122, without an intact regulatory control gene cscR. 

These three genes, cscABK, can be introduced into KJ122 strain on a self-replicating 

plasmid or, preferably, can be integrated into the host chromosome. In a preferred 

embodiment, the three genes, cscABK, are integrated at a non-essential region of the host 

chromosome (a region where insertion of the added genes do not have a significantly 

negative influence on any relevant aspect of growth or production of the desired product 

such as succinate in a commercial process) and the added genes are expressed from one 

or more appropriate constitutive promoters. 

(064) The titer of product from sucrose is equal to at least the titer produced by the 

parent organism from glucose, and the yield of product is greater than 0.8 gram of 

succinic acid produced /gram of sucrose consumed. The exogenous genes introduced into 

the cell can be maintained within the cell on a self-replicating plasmid. A plasmid can be 

maintained through antibiotic selection or complementation of a chromosomal mutation. 

Preferentially, the exogenous genes are integrated into the host chromosome so that there 

is no need to add any antibiotics to maintain the plasmids within the cell. There are 

several possible locations within the cell for the integration of the exogenous genes. The 

preferential locations for integrating the exogenous genes within the E. coli chromosomal 
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DNA includes regions with no essential functions for growth and product formation under 

commercial fermentation conditions. 

(065) These PTS-independent sugar permeases facilitate sucrose transport into the 

cell without any chemical modifications. The PTS-independent sucrose permease system 

include solute-cation symport systems, such as the ScrT symporter in the sucrose operon 

in Bifidobacerium lactis and the CscB transporter of E. coli. These sucrose-specific 

transport systems are generally clustered with the catabolic and regulatory genes in 

various arrangements in different bacteria. 

(066) When the exogenous genes are obtained as an operon , it is preferential to 

remove any possible negative regulatory genes or proteins from the operon. It is ideal to 

have only the genes and proteins that function positively in sucrose transport and 

metabolism. Thus, expression of sucrose utitilisation genes is preferably not inhibited by 

a repressor or by carbon catabolite repression. 

(067) When a non-PTS sucrose transport system is used as the transport mechanism, 

the sucrose entering into the cell is still in an unphosphorylated form and it is necessary to 

phosphorylate the sucrose before it can enter into the metabolic pathway within the cell. 

Sucrose can be phosphorylated using an endogenous sucrose kinase already present 

within the cell. In the event that there is no endogenous sucrose kinase within the cell, 

exogenous DNA coding for sucrose kinase can be introduced into the cell. Once the 

sucrose is phosphorylated, the resulting sucrose-6-phosphate can be metabolized by the 

actions of the enzymes sucrose-6-phosphate hydrolase, glucose-6- phosphate isomerase, 

fructokinase, phophofructokinase and fructose 1,6-bisphosphate aldolase as described 

above. Again, if necessary, genes encoding these enzymes can be introduced into the 

biocatalyst being developed. As an alternative, after sucrose enters the cell, it can be 

cleaved into glucose and fructose by an invertase. The resulting glucose and fructose can 

enter into metabolism by actions of the enzymes glucokinase and fructokinase 

respectively. 

(068) Phosphorylation of sucrose can also be accomplished by (sucrose 

phosphorylase (SPase). Sucrose phosphorylase catalyses conversion of sucrose (a-D-
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glucopyranosyl-1,2-/?-D-fructofuranoside) and phosphate into D-fructose and a-G-l-P (a-

D-glucose 1-phosphate). This phosphorolysis reaction accomplishes two steps required 

for the carbons of sucrose to enter into central metabolism, 1) the cleavage of the 

disaccharide into two monosaccharides, and 2) the phosphorylation of at least one of the 

monosaccharides. Another benefit of this phosphorolysis is that it does not consume an 

ATP for the phosphorylation as does the glucokinase reaction. Instead the energy for 

formation of the phosphate bond is derived from the energy released by hydrolysis. As 

such, an improvement in the efficiency of sucrose utilization can be realized by 

introducing, for example besides the cscAKB genes of E. coli W strain, a gene encoding a 

sucrose phosphorylase into a bacterial cell with no ability for sucrose utilization.. 

Alternatively, the invertase gene, cscA can be replaced with a gene encoding sucrose 

phosphorylase. Several sucrose phosphorylases have been described (Goedl et al., 

2007). Any such gene encoding a sucrose phosphorylase can be cloned and expressed in 

a recipient strain by methods well known in the art. In a preferred embodiment, an 

expression cassette that includes a sucrose phosphorylase gene is integrated into the 

chromosome of a recipient strain. 

(069) The PTS-dependent and the PTS-independent permease systems for sucrose 

transport are not mutually exclusive of each other. It is possible to have a functionally 

active PTS along with a functionally active PTS-independent permease system for 

sucrose transport within a single bacterial cell. 

(070) According to the present invention, it is disclosed to genetically transfer one or 

more sucrose transport and utilization systems from one or more donor organisms that 

naturally contain the relevant genes (for example scrKYABR, cscRAKB, scrP, spl, or a 

combination, or a subset thereof) into a recipient organism that does not naturally contain 

said relevant genes, so as to confer on said recipient organism a new ability to utilize 

sucrose or to enhance an already existing sucrose utilization capacity. ScrP and Spl are 

genes that encode a sucrose phosphorylase. Examples of said recipient organisms that do 

not naturally contain relevant sucrose transport and utilization genes include, but are not 

limited to, E. coli K-12 strains (such as EMG2, MG1655, W3110, W3350, C600, and 

DH5a), which is the strain background for the vast majority of genetic engineering work 

done in E. coli, ATCC 8739 (E. coli C), ATCC 11303 (E. coli B), BL21 (see New 
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England Biolabs catalog, 2007-2008) and derivatives of these strains, Other examples of 

said recipient organisms includes a wide variety of other bacteria and archea that do not 

have a native ability to utilize sucrose, or that utilize sucrose poorly. The only limitation 

is that the recipient organism must be capable of being genetically altered (by genetic 

engineering, mating, transduction, transformation, etc.), such that the sucrose utilization 

genes of the invention may be installed in the recipient strain. The recipient organism can 

also be of a type that has already been constructed, selected, screened, bred, or otherwise 

altered such that it can already produce a chemical of interest. An example of this type of 

recipient strain is KJ122 (Jantama et al., 2008 a, b) and an example of a chemical of 

interest is succinic acid. 

(071) Other examples of recipient organisms include, but are not limited to: 

Gluconobacter oxydans, Gluconobacter asaii, Achromobacter delmarvae, 

Achromobacter viscosus, Achromobacter lacticum, Agrobacterium tumefaciens, 

Agrobacterium radiobacter, Alcaligenes faecalis, Arthrobacter citreus, Arthrobacter 

tumescens, Arthrobacter paraffineus, Arthrobacter hydrocarboglutamicus, Arthrobacter 

oxydans, Aureobacterium saperdae, Azotobacter indicus, Brevibacterium ammoniagenes, 

divaricatum, Brevibacterium lactofermentum, Brevibacterium flavum, Brevibacterium 

globosum, Brevibacterium fuscum, Brevibacterium ketoglutamicum, Brevibacterium 

helcolum, Brevibacterium pusillum, Brevibacterium testaceum, Brevibacterium roseum, 

Brevibacterium immariophilium, Brevibacterium linens, Brevibacterium protopharmiae, 

Corynebacterium acetophilum, Corynebacterium glutamicum, Corynebacterium callunae, 

Corynebacterium acetoacidophilum, Corynebacterium acetoglutamicum, Enterobacter 

aerogenes, Erwinia amylovora, Erwinia carotovora, Erwinia herbicola, Erwinia 

chrysanthemi, Flavobacterium peregrinum, Flavobacterium fucatum, Flavobacterium 

aurantinum, Flavobacterium rhenanum, Flavobacterium sewanense, Flavobacterium 

breve, Flavobacterium meningosepticum, Micrococcus sp. CCM825, Morganella 

morganii, Nocardia opaca, Nocardia rugosa, Planococcus eucinatus, Proteus rettgeri, 

Propionibacterium shermanii, Pseudomonas synxantha, Pseudomonas azotoformans, 

Pseudomonas fluorescens, Pseudomonas ovalis, Pseudomonas stutzeri, Pseudomonas 

acidovolans, Pseudomonas mucidolens, Pseudomonas testosteroni, Pseudomonas 

aeruginosa, Rhodococcus erythropolis, Rhodococcus rhodochrous, Rhodococcus sp. 

ATCC 15592, Rhodococcus sp. ATCC 19070, Sporosarcina ureae, Staphylococcus 

aureus, Vibrio metschnikovii, Vibrio tyrogenes, Actinomadura madurae, Actinomyces 
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violaceochromogenes, Kitasatosporia parulosa, Streptomyces coelicolor, Streptomyces 

flavelus, Streptomyces griseolus, Streptomyces lividans, Streptomyces olivaceus, 

Streptomyces tanashiensis, Streptomyces virginiae, Streptomyces antibioticus, 

Streptomyces cacaoi, Streptomyces lavendulae, Streptomyces viridochromogenes, 

Aeromonas salmonicida, Bacillus pumilus, Bacillus circulans, Bacillus thiaminolyticus, 

Escherichia freundii, Microbacterium ammoniaphilum, Serratia marcescens, Salmonella 

typhimurium, Salmonella schottmulleri, Bacillus subtilis, Bacillus licheniformis, Bacillus 

amylolliquefaciens and Xanthomonas citri. 

(072) The present invention will be explained in detail below. The bacterium 

belonging to the genus Escherichia of the present invention is a strain which is 

constructed from a sucrose non-assimilative Escherichia coli as a parental strain, and 

which after construction harbors sucrose genes, preferably sucrose PTS-independent 

genes and has the ability to produce succinic acid. 

(073) The genetic materials for conferring sucrose utilization capacity to a recipient 

bacterial strain can be obtained from a number of donor bacterial strains. Depending on 

the donor bacterial strain serving as the source of genetic material for conferring sucrose 

utilization capacity, the recipient strain acquires either the PTS-dependent sucrose 

utilization capacity or a PTS-independent sucrose utilization capacity. 

(074) Clostridium acetobutyllicum ATCC 824 and Clostridium beijerinickii are 

known to transport sucrose through a PTS. The operon for sucrose transport and 

metabolism in each of these organisms is reported to code for three functional proteins 

and one regulatory protein. Thus in Clostridium acetobutylicum, the sucrose transport and 

metabolism operon contains the genes scrA, scrB, scrK and scrT encoding Enzyme II of 

the PTS, sucrose-6-phosphate hydrolase, fructokinase, and an antiterminator regulatory 

protein, respectively. In the case of Clostridium beijerinickii, the sucrose transport 

metabolism operon contains the genes scrA, scrB, scrK and scrR encoding Enzyme II of 

the PTS, sucrose-6-phosphate hydrolase, fructokinase, and a regulatory protein, 

respectively. When it is required to convert a bacterial strain incapable of utilizing 

sucrose into a sucrose-utilizing strain, only the scrA, scrB and scrK genes obtained from 

either one of the Clostridial species are introduced into sucrose-PTS negative strain. All 

these three genes can be derived from a single Clostridium species. Alternately, one or 
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two genes may be derived from one species and the rest of the genes may be derived from 

another species. 

(075) Staphylococcus xylosus can be a source for a scrA gene coding for a sucrose 

specific PTS protein and a scrB gene coding for sucrose phosphate hydrolase. 

(076) Mannheimia succiniproducens is another source for a gene coding for sucrose 

specific PTS protein. The gene MS0784 of M. succiniproducens has recently been 

shown to code for a protein with sucrose specific PTS function. The gene MS0909 has 

recently been shown to code for a protein with sucrose 6-phosphate hydrolase activity. 

Corynebacterium glutamicum is yet another source of genes useful in the present 

invention. Sucrose PTS gene encoding for sucrose EIIBCA protein as well as that 

sucrose-6-phosphate hydrolase can be obtained from the sucrose PTS operon of C. 

glutamicum. The fructose PTS operon of C. glutamicum can be used as the source of a 

fructose-1-phosphate kinase gene. Both Corynebacterium glutamicum and Mannheimia 

succiniproducens lack the fructokinase gene and the fructose released from the hydrolysis 

of sucrose-6-phosphate is released into the medium and taken up through a fructose PTS. 

One way to improve the sucrose utilization in those strains lacking fructose kinase 

enzyme activity is to introduce an exogenous gene coding for fructose kinase enzyme. 

(077) Other sources of sucrose utilization genes and proteins are as follows: The 

sucrose-specific PTS protein ScrA can be derived from Erwinia chrysanthemi 3937. 

Similarly Bacillus subtilis can be source for sucrose-specific PTS protein SacP. B. subtilis 

sacP gene codes for EIIBCscr protein presumably functioning with EIIAglu to transport 

sucrose. The sacA gene codes for sucrose-6-phosphate hydrolase which hydrolyzes the 

intracellular sucrose-6-phosphate. 

(078) In the scrARBK operon of Clostridium species, scrA codes for EIIBCscr 

domain of the sucrose PTS, which is probably complemented by the EIIAglu protein. scrB 

codes for sucrose hydrolase and scrK codes for fructokinase. In the Staphylococcus 

xylosus, scrA is separate from scrB and scrK. The scrA gene codes for EIIBCscr. The 

scrB gene codes for sucrose hydrolase and scrK codes for fructokinase. In the gram-

positive lactic acid bacteria Pediococcus pentosaceus, Lactobacillus plantarum, and 
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Streptococcus mutans scrA codes for a sucrose PTS protein. scrB codes for sucrose-6-P 

hydrolase. scrK codes for fructokinase. In the enteric bacteria Salmonella spp the 

conjugative plasmid and conjugative transposon have a scrKYABR operon. scrK codes for 

fructokinase, scrY codes for an outer membrane porin, scrA codes for EIIscr transport 

protein, and scrB codes for a sucrose-6-p hydrolase. Erwinia amylovora has the same 

gene cluster scrKYABR as in Klebsiella pneumonia and pUR400. Vibrio alginolyticus has 

the scrRAKB operon. The scrA gene encodes an EIIBCscr protein that is complemented 

by the E. coli EIIAglu subunit and scrB codes for sucrose hydrolase. 

(079) E. coli wild type isolate EC3132 can use sucrose while the E. coli strain K12 

can not utilize sucrose. The non-PTS genes involved in the sucrose utilization and 

metabolism namely cscB, cscK cscA and cscR are chromosomally situated in EC3132. 

These cscB, cscK, cscA and cscR genes from E. coli strain EC3132 can be introduced into 

the E. coli strain K12 to confer sucrose utilization capacity to K12 E. coli strain. 

(080) The sucrose phosphorylase gene can be obtained from Bifidobacterium 

longum, Leuconostoc mesenteroides (for example strain DSM 20193), Pseudobutyrivibrio 

ruminis, or Bifidobacterium lactis DNA. The scrP gene of B. lactis and spl gene of B. 

longum code for sucrose phosphorylase. 

(081) B. longum can be a source for permease, phosphorylase and fructokinase 

genes. In B. longum, the permease (scrT) and phosphorylase (scrP) genes occur in a 

operon along with a gene coding for a transcriptional regulator (scrR). Also present in B. 

longum is a fructokinase gene (frk) which is induceable by fructose and is subjected to 

glucose-mediated repression. By means of using specific primer sets, the open reading 

frames of these genes can be obtained and expressed in the biocatalyst using appropriate 

promoters. 

(082) Genes coding for glucokinase and fructokinase can be obtained from 

Zymomonas mobilis. A glucokinase with broad hexose specificity can be obtained from 

Bacillus sphaericus C3-41. The glucokinase from this bacterial species has been shown to 

phosphorylate fructose and mannose as well. Genomic E. coli g/A'-cncodcd glucokinase 

alone or in combination with plasmid-localized Zymomonas mobilis glk-Qncoded 
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glucokinase also catalyzes the phosphorylation of glucose. Besides the copy of the glk 

already present in the genomic DNA of E. coli, additional copies of the glk gene is 

provided on a of low copy plasmid under the control of certain constitutive promoters, or 

integrated into the chromosome. 

(083) The exogenous genes introduced into the cell can be maintained within the cell 

on a self-replicating plasmid. A plasmid can be maintained through antibiotic selection or 

complementation of a chromosomal mutation. However, when the exogenous genes are 

maintained within the biocatalyst on a self-replicating plasmid within the cell, it is 

necessary to assure the there is no unnecessary waste of energy and materials leading to 

the inhibition of growth, and a decrease in the yield or productivity of the organic 

material being manufactured using the biocatalyst. Preferentially, the exogenous genes 

are integrated into the host chromosome so that there is no need to add any antibiotics to 

maintain the plasmids within the cell. There are several possible locations within the cell 

for the integration of the exogenous genes. The preferential locations for integrating the 

exogenous genes within the E. coli chromosomal DNA includes regions with no essential 

functions for growth and product formation under commercial fermentation conditions. 

(084) When the exogenous genes are obtained as an operon, it is preferable to 

remove any possible negative regulatory genes or proteins from the operon. It is ideal to 

have only the genes and proteins that function positively in sucrose transport and 

metabolism. Thus, expression of sucrose utilization genes is preferably not inhibited by a 

repressor or by carbon catabolite repression. 

(085) The genes necessary for sucrose utilization can be derived from two separate 

donor organisms. For example, the scrK gene for fructokinase could be derived from K 

pneuomoniae, and the cscsA and cscB genes could be derived form E. coli W strain, and 

the three genes could be combined into one recipient strain. As another example, a gene 

encoding sucrose phosphorylase from Leuconostoc meseteroides could be installed 

together with the cscB and cscK genes from E. coli W strain, either with or without the 

csc A gene. 

(086) Any bacterium which is sucrose non-assimilative and has the capacity to 

produce succinic acid can be improved according to the present invention. 
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(087) The bacterium of the present invention may be obtained by introduction of 

genes that utilize sucrose by a PTS-dependent sucrose utilizing system or a PTS-

independent sucrose utilizing system into a succinic acid producing strain such as KJ122. 

Alternatively the bacterium of the present invention may be obtained by conferring an 

ability to produce succinic acid to a bacterium in which a PTS-dependent sucrose 

utilizing system or a PTS-independent sucrose utilizing system is already present. This 

latter alternative can be accomplished, for example, by following all the steps used for 

constructing KJ122 (disclosed in Janatama et al., 2008), but starting with strain ATCC 

9637 instead of starting with strain ATCC 8739. 

(088) The source of a PTS-dependent sucrose utilizing system or a PTS-independent 

sucrose utilizing system is not particularly limited as long as the relevant genes can 

function or be made to function in the bacterial cell of interest. 

(089) The following examples are provided as a way of illustrating the present 

invention and not as a limitation. 

Example 1 

Construction of SD14, a derivative of KJ122 that contains the cscBKA gene cluster 

from E. coli W. 

(090) The cscBKA gene cluster encoding genes for sucrose utilization uptake and 

utilization, was amplified from the genomic DNA of the W strain of Escherichia coli 

(ATCC 9637) using polymerase chain reaction. The PCR primers were designed in such 

a way so that the resulting PCR product contained only the cscB, cscK, and cscA genes 

from the original csc operon in the W strain and not a functional cscR gene encoding for a 

repressor protein. In addition to sequences homologous to the csc operon, the primers for 

PCR amplification included at the 5' end 50 bases (bp) of sequences that are homologous 

to the site for integration into the E. coli KJ122 chromosome. The sequences of the PCR 

primers used in this example are listed in the Table 1. The target site for integration is 291 
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bp upstream from the rrnC gene. This site does not code for any known genes thus 

minimizing the possibility of disrupting an important E. coli genetic function. 

(091) The PCR product obtained by using primers SD032 and SD033 and ATCC 9673 

chromosomal DNA as template was purified using Qiagen QIAquick PCR Purification 

Kits as instructed by the manufacturer. The purified fragments were then transformed 

into KJ122 containing pKD46 helper plasmid according to the method described by 

Datsenko and Wanner. (Datsenko and Warner 2000). pKD46 is available from the Coli 

Genetic Stock Center, Yale University, New Haven, CT. Selection was for growth on 

minimal sucrose plates. The resulting strains were tested for correct integration of the csc 

genes at the intended target site upstream from rrnC by diagnostic PCR using primers 

SD033 through SD036 in various appropriate combinations. The correct strains grew 

well on minimal sucrose medium and gave red colonies on MacConkey sucrose plates. 

For all culture media, sucrose was ultrapure (for example Sigma catalog number S 7903). 

Sucrose stock solutions were made 50% (weight/volume) in deionized water and 

sterilized by filtration through disposable Nalgene 0.2 micron nylon membrane filter 

units. One particular isolate named SD14 was used for further work. 

(092) In a fashion similar to that described above, any DNA sequence that encodes 

sucrose utilization genes (either PTS-independent or PTS-dependent, for example, an 

scrKYBA operon from Klebsiella pneumoniae or pUR400) can be amplified by PCR and 

integrated into the chromosome of a recipient strain at the same target described above or 

at any suitable other target. For example, by using primers SD038 and SD039, the 

cscBAK operon of E. coli W can be integrated just upstream of the dnaA gene in KJ122. 

(093) Figures 1-5 provides the results of the experiments done with SD14 strain in 

a small scale microaerobic fermentors. Figure 1 provides the data on the kinetics of 

sucrose utilization, and kinetics for the accumulation of glucose, fructose, and succinic 

acid. Also shown in Figure 1 is the kinetics of bacterial growth. Figures 2-5 show the 

kinetics of sucrose utilization, kinetics of glucose accumulation, kinetics of fructose 

accumulation, and kinetics of succinic acid accumulation respectively. In the experiments 

described in the Figures 2-5, three different concentrations of sucrose (100 g/L. 150 g/L 

and 200 g/L) were used. 
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Example 2 

Analysis of growth and sucrose utilization in the 

recombinant stain SD14 in a 7 liter fermentor. 

(094) The SD14 strain was grown in minimal medium supplemented with 10% 

sucrose. A stock solution containing both ammonium hydroxide and ammonium 

bicarbonate (7 N NH4OH and 3M NH4HCO3) was used to neutralize succinic acid 

produced in the fermentors at 39° C. The starting volume of 3 liters contained potassium 

phosphate monobasic (18 mM) magnesium sulfate (2 mM), betaine (1.33 mM), trace 

elements (Jantama et al., 2008a, b), Antifoam 204 (8 ppm) and sucrose batched at 98 g/1. 

pH was adjusted initially to pH 7.0 and thereafter was maintained at pH 6.5 by addition of 

the ammonium hydroxide/ammonium bicarbonate solution described above. Air was 

delivered at 5 ml/minute. The 150 ml inoculum was grown aerobically and contained a 

minimal medium with 2% sucrose and supplemented with 0.1 mM calcium chloride. 

(095) For comparison, KJ122 was fermented in the same medium with the same 

neutralization solution, except that the carbon source was glucose, which was batched at 

25 g/1 and then delivered in fed batch mode from a concentration of 220 g/1. Sugars, 

succinate, and byproducts were assayed by HPLC, as described (Zhang et al., 2009 a,b; 

Jantama et al., 2008 a, b). 

(096) The results are compared to a typical fed batch run of the parent strain KJ122 

grown in glucose in Table 2. The kinetics of sucrose utilization, glucose accumulation, 

fructose accumulation and succinate production during the fermentation with SD14 is 

shown in Figure 6. Sucrose was completely consumed by 50 hours and the succinic acid 

concentration in the medium reached a value of 83.08 grams per liter of fermentation 

broth at 50 hours. Glucose and fructose concentrations in the medium reached their peak 

around 25 hours. 

Example 3 

Cloning and expression of a sucrose phosphorylase in SD14 

(097) The sucrose phosphorylase gene from Leuconostoc mesenteroides strain DSM 
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20193 (Goedl et al., 2007) is cloned by PCR amplification using primers BY 107 and 

BY108 (see Table 1) and genomic DNA as a template. The resulting 1594 bp PCR 

product is purified on a Quiagen QIAquick PCR purification column, cleaved with Xbal 

and BamHI restriction enzymes (New England Biolabs), and purified by agarose gel 

electrophoresis. The resulting fragment is ligated into the Xbal to BamHI backbone of 

pOM324 (US Patent Application 2009/0311756) to give plasmid pRY801, which places 

the sucrose phosphorylase gene under the control of a strong constitutive promoter. The 

promoter-sucrose phosphorylase gene-terminator cassette is excised from pRY801 by 

cutting with Xhol and BamHI, and the sticky ends of the resulting cassette are made blunt 

with the Quick Blunting Kit (New England Biolabs) and the blunted fragment is ligated 

into pMH17F (SEQ ID NO. 13) that had been cut with BsrBI and treated with calf 

intestine phosphatase (New England Biolabs), to give plasmid pRY802F (SEQ ID 14). 

In pRY802F, the sucrose phosphorylase expression cassette is flanked on each end with 

about 500 bp of DNA sequence that is homologous to a sequence just downstream of the 

thrV gene of strain SD14. The cassette and surrounding sequence is amplified by PCR 

using pRY802F as template and primers BY83 and BY84 (see Table 1). The resulting 

2.7 kilobase fragment is purified on a Qiagen QIAquick PCR purification column. This 

fragment is then installed into SD14 next to the thrV locus by the two step gene 

replacement method of Jantama et al (2008 a, b), using a selectable and counterselectable 

cat-sacB cassette with the same flanking sequences homologous to the thrV region for the 

first step. For the first step, the cat-sacB cassette is obtained as a blunt Eco ICRI 

fragment from pCA2 and ligated into BsrBI cleaved, and calf intestine phosphatase 

treated, pMH17F as described above, to give plasmid pRY803F (SEQ ID NO 15). The 

cat-sacB cassette with surrounding sequences homologous to the thrV region is amplified 

by PCR using primers BY83 and BY84. The resulting 4 kb linear DNA product is used 

to transform SD14 to chloramphenicol resistance to give strain RY863. In the second 

step, the 2.7 kb linear DNA product described above (which contains the the sucrose 

phosphorylase expression cassette from pRY802F) is used to transform RY863 to sucrose 

resistance (Jantama et al., 2008 a, b) to give strain RY864. The correct strain is verified 

using diagnostic PCR with chromosomal DNA as template and BY83 and BY84 as 

primers. The resulting strain, RY864, has the sucrose phosphorylase cassette integrated 

near thrV, and expresses a significant level of sucrose phosphorylase, which improves 

sucrose utilization efficiency by saving one ATP per mole of sucrose cleaved. 
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Table 1 Primers used in the PCR 

SEQ ID 

NO. 

Primer 

No 

Primer sequence (5' to '3) 

SEQ ID 
NO. 1 

SD032 taaatttcctcttgtcaggccggaataactccctataatgcgccaccact 
aggcgtttggattaggcgatt 

SEQ ID 
NO. 2 

SD033 ctcaggagaaccccgctgacccggcggcgtgtttgccgttgttccgtgtc 
gatccgttgttccacctgatatt 

SEQ ID 
NO. 3 

SD034 ttagtatgccaccaggaagt 
primes in rrnc flanking insert (has 1 mismatch with 
KJ122 sequence) 

SEQ ID 
NO. 4 

SD035 atgctcaaagaattaaactt 
primes in rrnc flanking insert (has 1 mismatch with 
KJ122 sequence) 

SEQ ID 
NO. 5 

SD036 cagttttcttcgcaatttcg 
primer internal to cscB 

SEQ ID 
NO. 6 

SD037 gacacgctcgccctaaggat 
primer internal to cscA 

SEQ ID 
NO. 7 

SD038 tggaaagtcctgtggataaatcgggaaaatctgtgagaaacagaagatct 
gagcgactgtaccagaacatga 

SEQ ID 
NO. 8 

SD039 agatcctgcaaaacgatcgggaccgcggatcatagcctaaactgcgcaag 
tcgccgtaatgggctttga 

SEQ ID 
NO. 9 

BY83 ttacctagagagggtgagaattgccgaacat 

SEQ ID 
NO. 10 

BY84 gatgagagaagattttcagcctgatacagatt 

SEQ ID 
NO. 11 

BY 107 gggtctagaatagtggaggaataataatggaaattcaaaacaaag 

SEQ ID 
NO. 12 

BY 108 cgcggatccttgtctgtcaatataatatttcccactatcagca 

SEQ ID 
NO. 13 

pMH17F plasmid clone of thrV region, spectinomycin resistance 

SEQ ID 
NO. 14 

pRY802F Leuconostoc mesenteroides strain DSM 20193 sucrose 
phosphorylase gene driven by a constitutive promoter, for 
integration at the thrV \ocus 

SEQ ID 
NO. 15 

pRY803F cat-sacB cassette for integration at thrV locus 
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Table 2. Fermentation examples 

Strain Carbon 

source 

Succinate 

Titer g/1 

Succinate 

Yield g/g 

Fructose 

Titer g/1 

Time 

SD14 Sucrose 

98 g/1 

Batch 

83.1 0.85 1.80 45 hr 

KJ122 Glucose 

106 g/1 

Fed batch 

82.6 0.86 0 48 hr 
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What is claimed is: 

1. A genetically altered bacterium that produces at least 20 grams per liter of an organic 
chemical selected from a group consisting of succinic acid, fumaric acid, malic acid, 
1,4-butanediol, and 1,3-propanediol in a minimal medium, said bacterium comprising 
at least one exogenous gene that encodes a sucrose utilization function. 

2. The bacterium of claim 1, wherein said exogenous gene is contained on a replicating 
plasmid. 

3. The bacterium of claim 1, wherein said exogenous gene is integrated into the host 
chromosome. 

4. The bacterium of claim 1, wherein the bacterium is selected from a group consisting 
of Gluconobacter oxydans, Gluconobacter asaii, Achromobacter delmarvae, 
Achromobacter viscosus, Achromobacter lacticum, Agrobacterium tumefaciens, 
Agrobacterium radiobacter, Alcaligenes faecalis, Arthrobacter citreus, Arthrobacter 
tumescens, Arthrobacter paraffineus, Arthrobacter hydrocarboglutamicus, 
Arthrobacter oxydans, Aureobacterium saperdae, Azotobacter indicus, 
Brevibacterium ammoniagenes, divaricatum, Brevibacterium lactofermentum, 
Brevibacterium flavum, Brevibacterium globosum, Brevibacterium fuscum, 
Brevibacterium ketoglutamicum, Brevibacterium helcolum, Brevibacterium pusillum, 
Brevibacterium testaceum, Brevibacterium roseum, Brevibacterium immariophilium, 
Brevibacterium linens, Brevibacterium protopharmiae, Corynebacterium 
acetophilum, Corynebacterium glutamicum, Corynebacterium callunae, 
Corynebacterium acetoacidophilum, Corynebacterium acetoglutamicum, 
Enterobacter aerogenes, Erwinia amylovora, Erwinia carotovora, Erwinia herbicola, 
Erwinia chrysanthemi, Flavobacterium peregrinum, Flavobacterium fucatum, 
Flavobacterium aurantinum, Flavobacterium rhenanum, Flavobacterium sewanense, 
Flavobacterium breve, Flavobacterium meningosepticum, Micrococcus sp. CCM825, 
Morganella morganii, Nocardia opaca, Nocardia rugosa, Planococcus eucinatus, 
Proteus rettgeri, Propionibacterium shermanii, Pseudomonas synxantha, 
Pseudomonas azotoformans, Pseudomonas fluorescens, Pseudomonas ovalis, 
Pseudomonas stutzeri, Pseudomonas acidovolans, Pseudomonas mucidolens, 
Pseudomonas testosteroni, Pseudomonas aeruginosa, Rhodococcus erythropolis, 
Rhodococcus rhodochrous, Rhodococcus sp. ATCC 15592, Rhodococcus sp. ATCC 
19070, Sporosarcina ureae, Staphylococcus aureus, Vibrio metschnikovii, Vibrio 
tyrogenes, Actinomadura madurae, Actinomyces violaceochromogenes, 
Kitasatosporia parulosa, Streptomyces coelicolor, Streptomyces flavelus, 
Streptomyces griseolus, Streptomyces lividans, Streptomyces olivaceus, Streptomyces 
tanashiensis, Streptomyces virginiae, Streptomyces antibioticus, Streptomyces cacaoi, 
Streptomyces lavendulae, Streptomyces viridochromogenes, Aeromonas salmonicida, 
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Bacillus pumilus, Bacillus circulans, Bacillus thiaminolyticus, Escherichia freundii, 
Microbacterium ammoniaphilum, Serratia marcescens, Salmonella typhimurium, 
Salmonella schottmulleri, Bacillus subtilis, Bacillus licheniformis, Bacillus 
amylolliquefaciens and Xanthomonas citri. 

5. The bacterium of claim 1, wherein the bacterium is selected from a group consisting 
of Escherichia coli, Corynebacterium glutamicum Brevibacteium flavum, Mannhemia 
succiniproducens and Anaerobiospirilum succiniproducens. 

6. The bacterium of claim 1, wherein the bacterium is SD14 or a descendent or a 
derivative of SD14. 

7. The bacterium of claim 1, wherein the exogenous genes codes for sucrose 
phosphorylase. 

8. The bacterium of claim 7, wherein the exogenous gene is a Leuconostoc 
mesenteroides sucrose phosphorylase gene. 

9. The bacterium of claim 1, wherein the bacterium is a PTS+ bacterial strain. 

10. The bacterium of claim 1, wherein the bacterium has a reduce level of PTS activity 
compared to a related wild type strain. 

11. The bacterium of claim 1, wherein the bacterium is a PTS" bacterial strain. 

12. The bacterium of claim 1, wherein said sucrose utilization function is a sucrose 
permease associated with a phosphotransferase system. 

13. A bacterium of claim 1, wherein said sucrose utilization function is a sucrose 
permease that is not associated with a phosphotransferase system. 

14. A bacterium of claim 1 wherein said sucrose utilization function is selected from a 
group consisting of sucrose phosphorylase, sucrose-6-P-hydrolase, sucrose hydrolase 
(invertase), glucokinase, fructokinase, and phosphofructokinase. 

15. A bacterium of claim 14, wherein the sucrose-6-P hydrolase gene is derived from a 
group consisting of sacA gene of Bacillus subtilis, scrB gene of Clostridium species, 
scrB gene of Staphylococcum xylosus, scrB gene of lactic acid bacterium, cscA 
invertase gene of E. coli. 
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16. A genetically altered bacterium that produces at least 20 grams per liter of succinic 
acid, said bacterium comprising at least one exogenous gene that encodes a sucrose 
utilization function. 

17. The bacterium of claim 16, wherein said exogenous gene is contained on a replicating 
plasmid. 

18. The bacterium of claim 16, wherein said exogenous gene is integrated into the host 
chromosome. 

19. The bacterium of claim 16, wherein the bacterium is selected from a group consisting 
of Gluconobacter oxydans, Gluconobacter asaii, Achromobacter delmarvae, 
Achromobacter viscosus, Achromobacter lacticum, Agrobacterium tumefaciens, 
Agrobacterium radiobacter, Alcaligenes faecalis, Arthrobacter citreus, Arthrobacter 
tumescens, Arthrobacter paraffineus, Arthrobacter hydrocarboglutamicus, 
Arthrobacter oxydans, Aureobacterium saperdae, Azotobacter indicus, 
Brevibacterium ammoniagenes, divaricatum, Brevibacterium lactofermentum, 
Brevibacterium flavum, Brevibacterium globosum, Brevibacterium fuscum, 
Brevibacterium ketoglutamicum, Brevibacterium helcolum, Brevibacterium pusillum, 
Brevibacterium testaceum, Brevibacterium roseum, Brevibacterium immariophilium, 
Brevibacterium linens, Brevibacterium protopharmiae, Corynebacterium 
acetophilum, Corynebacterium glutamicum, Corynebacterium callunae, 
Corynebacterium acetoacidophilum, Corynebacterium acetoglutamicum, 
Enterobacter aerogenes, Erwinia amylovora, Erwinia carotovora, Erwinia herbicola, 
Erwinia chrysanthemi, Flavobacterium peregrinum, Flavobacterium fucatum, 
Flavobacterium aurantinum, Flavobacterium rhenanum, Flavobacterium sewanense, 
Flavobacterium breve, Flavobacterium meningosepticum, Micrococcus sp. CCM825, 
Morganella morganii, Nocardia opaca, Nocardia rugosa, Planococcus eucinatus, 
Proteus rettgeri, Propionibacterium shermanii, Pseudomonas synxantha, 
Pseudomonas azotoformans, Pseudomonas fluorescens, Pseudomonas ovalis, 
Pseudomonas stutzeri, Pseudomonas acidovolans, Pseudomonas mucidolens, 
Pseudomonas testosteroni, Pseudomonas aeruginosa, Rhodococcus erythropolis, 
Rhodococcus rhodochrous, Rhodococcus sp. ATCC 15592, Rhodococcus sp. ATCC 
19070, Sporosarcina ureae, Staphylococcus aureus, Vibrio metschnikovii, Vibrio 
tyrogenes, Actinomadura madurae, Actinomyces violaceochromogenes, 
Kitasatosporia parulosa, Streptomyces coelicolor, Streptomyces flavelus, 
Streptomyces griseolus, Streptomyces lividans, Streptomyces olivaceus, Streptomyces 
tanashiensis, Streptomyces virginiae, Streptomyces antibioticus, Streptomyces cacaoi, 
Streptomyces lavendulae, Streptomyces viridochromogenes, Aeromonas salmonicida, 
Bacillus pumilus, Bacillus circulans, Bacillus thiaminolyticus, Escherichia freundii, 
Microbacterium ammoniaphilum, Serratia marcescens, Salmonella typhimurium, 
Salmonella schottmulleri, Bacillus subtilis, Bacillus licheniformis, Bacillus 
amylolliquefaciens and Xanthomonas citri. 
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20. The bacterium of claim 16, wherein the bacterium is selected from a group consisting 
of Escherichia coli, Corynebacterium glutamicum Brevibacteium flavum, Mannhemia 
succiniproducens and Anaerobiospirilum succiniproducens. 

21. The bacterium of claim 16, wherein the bacterium is SD14 or a descendent or a 
derivative of SD14. 

22. The bacterium of claim 16, wherein the exogenous genes codes for sucrose 
phosphorylase. 

23. The bacterium of claim 22, wherein the exogenous gene is a Leuconostoc 
mensenteroides sucrose phosphorylase gene. 

24. The bacterium of claim 16, wherein the bacterium is a PTS+ bacterial strain. 

25. The bacterium of claim 16, wherein the bacterium has a reduce level of PTS activity 
compared to a related wild type strain. 

26. The bacterium of claim 16, wherein the bacterium is a PTS" bacterial strain. 

27. The bacterium of claim 16, wherein said sucrose utilization function is a sucrose 
permease associated with a phosphotransferase system. 

28. A bacterium of claim 16, wherein said sucrose utilization function is a sucrose 
permease that is not associated with a phosphotransferase system. 

29. A bacterium of claim 16, wherein said sucrose utilization function is selected from a 
group consisting of sucrose phosphorylase, sucrose-6-P-hydrolase, sucrose hydrolase 
(invertase), glucokinase, fructokinase, and phosphofructokinase. 

30. A bacterium of claim 29, wherein the sucrose-6-P hydrolase gene is derived from a 
group consisting of sacA gene of Bacillus subtilis, scrB gene of Clostridium species, 
scrB gene of Staphylococcum xylosus, scrB gene of lactic acid bacterium, cscA 
invertase gene of E. coli. 

31. A method for fermentative production of an organic chemical selected from a group 
consisting of succinic acid, fumaric acid, malic acid, 1,4-butanediol, and 1,3-
propanediol comprising: 

a. providing a microorganism expressing at least one exogenous gene coding for 
a protein that functions in sucrose utilization; 

b. culturing the microorganism of step (a) in a sucrose-containing medium, 
whereby the microorganism utilizes sucrose to produce said organic chemical; 
and 
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c. optionally recovering said organic chemical from the fermentation broth. 

32. A method for fermentative production of an organic chemical as in claim 31, wherein 
said microorganism is PTS" organism. 

33. A method for fermentative production of an organic chemical as in claim 31, wherein 
said microorganism is PTS+ organism. 

34. A method of Claim 31, wherein the sucrose-containing medium comprises juice or 
molasses derived from sugar cane processing, sugar beet, sweet sorghum, or other 
sucrose-containing plant material. 

35. A method for fermentative production of succinic acid comprising: 

a. providing a microorganism expressing at least one exogenous gene coding for 
a protein that functions in sucrose utilization; 

b. culturing the microorganism of step (a) in a sucrose-containing medium, 
whereby the microorganism utilizes sucrose to produce said organic chemical; 
and 

c. optionally recovering said organic chemical from the fermentation broth. 

36. A method for fermentative production of an organic chemical as in claim 35, wherein 
said microorganism is PTS" organism. 

37. A method for fermentative production of an organic chemical as in claim 35, wherein 
said microorganism is PTS+ organism. 

38. A method of Claim 35, wherein the sucrose-containing medium comprises juice or 
molasses derived from sugar cane processing, sugar beet, sweet sorghum, or other 
sucrose-containing plant material. 


