
    

ABSTRACT 

Plengvidhya Vethachai. Microbial ecology of sauerkraut fermentation and genome 

analysis of lactic acid bacterium Leuconostoc mesenteroides ATCC 8293. (Under the 

direction of  Fred Breidt) 

 

Previous studies using traditional biochemical methods to study the ecology of 

commercial sauerkraut fermentations revealed that four major lactic acid bacteria species, 

namely, Leuconostoc mesenteroides, Lactobacillus plantarum, Pediococcus pentosaceus, 

and Lactobacillus brevis were involved. However, molecular fingerprinting techniques 

can lead to a better understanding of the ecology. The objective of this research was to 

study the microbial diversity and community structure of commercial sauerkraut 

fermentations by using nucleic acid-based detection methods. Brine samples from 

commercial fermentation tanks were sampled several times, over a period of 14 days. The 

samples were plated on MRS agar and selected numbers of isolates for each time point 

were recovered. DNA was isolated for PCR fingerprinting and 16S rDNA sequence 

analysis. A total of six hundred eighty-six isolates were collected for analysis. A database 

of PCR fragment patterns has been generated by amplifying the intergenic transcribed 

spacer regions between the 16S and 23S rDNA genes. The 16S rDNA gene has been 

sequenced to further identify selected isolates. Some of the isolates recovered had never 

been reported to be present in sauerkraut fermentations, including Leuconostoc  citreum, 

Leuconostoc argentinum, Lactobacillus  paraplantarum, Lactobacillus coryniformis, and 

Weissella sp. The newly identified lactic acid bacteria species, Leuconostoc fallax, was 

also present at day three and seven of the fermentations. We recovered only a small 

number of isolates belonging to Lactobacillus  brevis and Pediococcus pentosaceus. 

According to ITS-PCR banding patterns, the number of bacterial species involved in the 

fermentations were highest on days seven and nine. The use of molecular techniques to 

complement biochemical identification methods has revealed the presence of species not 

previously reported to be present in sauerkraut fermentations. The ecology of these 

commercial fermentations has been shown to be more complex than previously reported. 



    

L. mesenteroides is perhaps the most predominant lactic acid bacteria (LAB) 

species found on fruits and vegetables and is responsible for initiating the sauerkraut and 

other vegetable fermentations. L. mesenteroides starter cultures also used in some dairy 

and bread dough fermentations. More recently, L. mesenteroides is being used in the 

production of industrial chemical and biological products including biopolymers. 

Realizing L. mesenteroidesc practical significance in fermentation, bioprocesssing, 

agriculture, food, and medicine, the whole genome sequence of  L. mesenteroides  

ATCC 8293 originally isolated from olive fermentation has been determined. The 

chromosome has 2,038,395 bp and contains predicted 1,924 protein-encoding genes. 

Putative biological functions could be assigned to 54% of the predicted proteins. 

Consistent with the classification of L. mesenteroides as heterofermentative lactic acid 

bacterium (LAB), the genome encoded all enzymes required for the 6-

phosphogluconate/phosphoketolase pathway. Furthermore, L. mesenteroides encodes a 

number of pyruvate dissipating enzymes that are predicted to catalyze the production of 

many metabolites leading to various end products of fermentation. A large proportion of 

the genes is encoded for carbohydrate transport and utilization. The chromosome also 

containing genes belonging to phage remnants and mobile genetic elements. The genomic 

sequence also indicated a potential horizontal transfer of genetic information between L. 

mesenteroides and gram-negative bacteria including Salmonella-Escherichia group. The 

data presented here can help facilitate evaluation of  L. mesenteroides as a model 

organism for studies of heterofermentative LAB metabolism, physiology, and regulation. 

Compared to the well established Gram-positive model of, B. subtilis, L. mesenteroides 

represents more simplified but also several unique and interesting characteristics.   
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Sauerkraut fermentation 

 
Introduction 

Vegetables can be preserved by fermentation, direct acidification or a 

combination of these, along with other processing conditions and additives to yield 

products that are referred to as “pickled”. Fermented vegetables might change their 

characteristics but remain appetizing and nutritious. Most vegetables can be fermented; 

examples include cucumbers, cabbages, olives, carrots, beans, celery, beets, turnips, 

radishes, and peppers (Daeschel et al., 1987). However, cucumbers, cabbages, olives and 

peppers are the main fruits and vegetables commercially pickled (Fleming et al., 1992). 

The preservation of vegetables by fermentation is thought to have originated before 

recorded history and the technology was developed by trial and error. 

 The Chinese are believed to be the first to preserve vegetables in salt or brine in 

tightly pack containers. Also it has been assumed that fermentation in salt brine occurred 

first and dry salting came later (Daeschel et al., 1987). 

 Fermentation of vegetables is due primarily to the action of LAB, although yeasts 

and other microbes may be involved depending on salt concentration and other factors. 

The number of LAB is usually quite low on fresh vegetables when compared to the total 

number of microorganisms (Table 1). LAB eventually predominate due to the production 

of acids and other products which restrict growth and survival of other groups of 

microorganisms (Fleming, 1991).  

  

Sauerkraut production 

Modern hard-head cultivars of cabbage (Brassica oleracea) are grown for the 

fresh market and sauerkraut production. For sauerkraut production, large (typically 8-12 

lb.) compact (i.e., dense) head cabbage with a minimum of green outers leaves is desired 

and posses desirable flavor, color, and textural properties when fermented into sauerkraut 

(Fleming et al., 1995). Varieties have been developed for the fresh market, as well as for  

sauerkraut manufacture. When demand exceeds supply, varieties can serve multiple 

purposes.  
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Cabbage for sauerkraut is grown in cooler climates in the U.S., primarily in the 

states of New York and Wisconsin, with production in lesser quantities in Oregon, Ohio 

and other states. Processing plants for sauerkraut productions are also located mostly in 

these states (Fleming et al., 1995).  

 Processing Fresh cabbage is harvested mechanically or by hand mostly 

between August and November. The cabbage is transported to the processor where it is 

graded, cored, and trimmed to remove outer leaves and core, reducing the level of 

contaminating microflora and increasing the relative proportion of LAB (Garbutt, 1997). 

The waste from the coring and trimming operations is typically returned to the field, 

where it is plowed into the soil. This waste constitutes approximately 30% of the weight 

of the fresh cabbage (Fleming et al., 1995)  

 Shredding produces a large surface area for moisture extraction and gives the 

sauerkraut its characteristic texture. The cabbage is conveyed by belt to the fermentation 

tanks. Salt is added to the cabbage during the conveying step to extract plant cell sap and 

generate the fermentation brine. Salt also inhibits the natural putrefactive flora and selects 

for lactic acid bacteria (Garbutt, 1997). Fermentation tanks typically hold 20 – 180 tons 

of shredded cabbage (Stamer, 1983). Most tanks today are constructed of reinforced 

concrete but some wooden tanks still remains in use. The tank is uniformly filled, heaped 

to extend slightly above the top of the tank, and loosely covered with plastic sheeting. 

After 24 hours, brine is generated and is allowed to drain from the tank, to allow the top 

of the cabbage to settle below the top of the tank. Then the cabbage is manually 

distributed to create a slightly concave surface. Plastic sheeting is then placed on the 

surface and water is added on top to weigh it down and to provide an anaerobic seal 

(Fleming et al., 1995). This ensures that all shreds are covered, oxygen is excluded and 

anaerobic conditions are quickly produced (Garbutt, 1997). Gas generated during 

fermentation escapes by forcing its way between the tank wall and the cabbage, or 

through a plastic tube placed between the cabbage and the cover (Fleming et al., 1995). 

 The cabbage undergoes fermentation, generally, until most the fermentable sugar 

is converted to acids and other end products or the kraut is removed for processing 

(Fleming et. al.,, 1988). In the U.S., the cabbage is allowed to remain in the tanks until at 

least 1% lactic acid is formed (about 30 days minimum depending upon temperature) and 
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is stored beyond this time until the kraut is needed for processing. Therefore, the tanks 

are used for both storage and fermentation. However, European manufacturing procedure 

differs significantly from the U.S. procedure. In Europe, the kraut is processed and 

packaged when it reaches the desired level of titratable acidity (calculated as lactic acid, 

typically 1%), usually after one week fermentation (Fleming et al., 1995) 

 The sauerkraut is removed pneumatically, by mechanical fork, or by hand from 

the tanks as needed. Sauerkraut may be packaged in cans, plastic or glass. The product is 

not heated when packaged in glass or plastic and sodium benzoate (0.1%, w/w) and 

potassium metabisulfite are needed as preservatives together with refrigeration for 

increased shelf life (Stamer and Stoyla, 1978). Canned sauerkraut is preserved by 

pasteurization without addition of preservatives. The shelf life of canned products is 

estimated at 18-30 months when compared to 8-12 months for glass and plastic packaged 

product (Stamer, 1983)      

 

The microbiology of sauerkraut fermentation 

Sauerkraut fermentation is an example of a microbial succession which involves 

the growth of epiphytic microorganisms. The environmental conditions change as a result 

of microbial activities so that a series of groups or species is favored. The initial stages in 

the fermentation are important in establishing a strong lactic acid bacteria population 

which will carry out a rapid fermentation (Daeschel et al., 1987). Sauerkraut fermentation 

is complex and involves many physical, chemical and microbiological factors that 

influence quality of the product. The fermentation can be broadly categorized into 2 

stages, an initial heterofermentative (gaseous) stage, followed by a homofermentative 

stage. Pederson and Albury (1969) listed 5 species of lactic acid bacteria as important in 

the sauerkraut fermentation : Streptococcus faecalis, L. mesenteroides, Lactobacillus 

brevis, Pediococcus pentocaceus, L. plantarum.  

 Typically, the fermentation is initiated by L. mesenteroides, a heterofermentative 

LAB, converting fermentable sugars of cabbage, which are primarily glucose and fructose, 

into lactic acid, mannitol, acetic acid, ethanol and carbon dioxide. L. mesenteroides 

typically dominates the early fermentation since it is present in larger numbers (Mundt et 

al., 1967; Mundt and Hammer, 1968). L. mesenteroides initiates growth sooner and has a 
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shorter generation time than other LAB in cabbage juice (Stamer et al., 1971). Formation 

of lactic and acetic acids rapidly reduces the pH in the weakly buffered brine. This inhibits 

the growth of undesirable microorganisms and activities of their enzymes, which may 

cause the cabbage to spoil and soften. Acetic acid produced by L. mesenteroides inhibits 

the growth of Listeria monocytogenes and most other pathogenic bacteria, and increases the 

desirable sensory properties of the product (Schleifer and Ludwig, 1995). Carbon dioxide 

production replaces oxygen and provides an anaerobic condition. This is important in 

restricting the growth of other microorganisms and stimulating the growth of other LAB in 

microbial succession. In addition, growth of L. mesenteroides converts excess sugar to 

mannitol and dextran, which are generally nonfermentable, other than by lactic acid 

bacteria. Furthermore, mannitol and dextran do not have a free aldehyde or ketone group to 

combine with amino acids , causing browning (Pederson and Albury, 1969). 

 As acid accumulates in the brine and the pH drops, the more acid tolerant 

homofermentative LAB, including L. plantarum (McDonald et. al., 1990), become the 

dominant microflora (Figure 2. and 3.). These organisms continue to ferment residual 

sugar and produce lactic acid until yielding a fully fermented and stable product (Fleming 

et al., 1995).   

 Evidence for the heterofermentative to homofermentative succession was clearly 

shown by Pederson and Albury (1969) and Fleming et al. (1988). This conclusion was 

based on the evidence of rapid fructose depletion with the formation of mannitol, acetic 

acid and ethanol, which are the products of heterofermentative metabolism (Figure 1 and 

2). Also the microbial growth profile show two stages of lactic acid bacteria growth; a  

rapid increase in numbers of gas-forming LAB during the first period, followed by a 

decrease and then the growth of non-gas formers (Figure 3). 

 

Effect of environmental factors on growth of lactic acid bacteria 

 Salt concentration and temperature are the primary environmental factors which 

influence the growth of the two main LAB groups and the quality of sauerkraut. The ideal 

temperature and salt concentration for sauerkraut production are 18°C and 2.0-2.25% 

(w/w) respectively for shredded cabbage in the U.S. or 0.75-1.5% salt in German 

sauerkraut manufacture (Fleming, 1991).  
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Temperature Pederson (1969) demonstrated that L. mesenteroides initiates growth more 

rapidly at low temperature than the other species involved in sauerkraut fermentation 

(Figure 4). The shorter generation time of L. mesenteroides, as compared to other LAB in 

cabbage juice, was confirmed later by the work of Stamer et al. (1971). It is assumed that 

the quality of sauerkraut is dependent on the growth of this lactic acid bacterium. At 

higher temperatures the growth of the homofermentor L. plantarum is favored (Figure 4), 

altering sauerkraut quality. Fermentation at higher temperatures will often result in a low 

concentration of acetic acid due to limited growth of heterofermentative LAB. Yeast 

spoilage may occur with low concentrations of carbon dioxide, and sauerkraut will have a 

darker color and poor shelf life. Pederson and Albury, based on years of study, concluded 

that sauerkraut fermented at temperatures of 13 to 18°C will be superior in quality to that 

fermented at 24 °C and above, since the heterofermentative lactics grow better at lower 

temperatures (Fleming et al., 1985).  

Influence of salt  The role of salt in sauerkraut fermentation has been well defined. Salt 

withdraws water and nutrients from the cabbage tissue. The nutrients serve as substrates 

for growth of lactic acid bacteria. Salt together with acid inhibits growth of undesirable 

microorganisms and delays enzymatic softening of the cabbage. It is generally known 

that insufficient salt results in softening of sauerkraut and yields products that lack 

desirable flavor. The proper salt concentration for the fermentation of cabbage has been  

determined to be 2 to 3 %. Salt concentration dictates the growth of the four major LAB 

species involved in sauerkraut fermentation (Fleming et al., 1985). 

 Pederson and Albury (1969) demonstrated that low salt concentration is more 

advantageous to the growth of heterofermentative L. mesenteroides since this 

microorganism is more salt sensitive than other LAB (Figure 5). High salt concentration 

favors the growth of homofermentative lactic acid bacteria. Excess salt inhibits the 

growth of heterofermentative LAB resulting in a predominance of homofermentative 

species that produce little carbon dioxide essential for flushing out entrapped air among 

cabbage shreds, so yeast growth might become more prevalent. 

 In conclusion, the unique flavor of sauerkraut is derived from its content of acids, 

alcohol and esters. In a complete fermentation any factor, such as high salt concentration 

or high fermentation temperature, which decrease the ratio of hetero- to 
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homofermentative LAB will result in higher amounts of lactic acid in relation to other 

end products which in turn will effect the desirable flavor of sauerkraut.  

 

Sauerkraut fermentation microbial ecology study 

Several attempts have been made in the 1930s to study the microbiology and 

microbial ecology of sauerkraut fermentation. The sauerkraut samples were taken at time 

intervals designed to obtain cultures representative of the active phases of fermentation. 

The identification of the microorganisms involved in the fermentation was based 

primarily on classical physiological and biochemical criteria (Pederson and Albury, 

1969).  Only a minimal number of studies has been conducted in the past  20 years to 

study microbial ecology of sauerkraut. However many LAB, other than the considered 

five important species as previously mention by Pederson and albury (1969), including 

Lactobacillus curvatus, Lactobacillus confuscus, Lactobacillus sake, and Lactococcus 

lactis subsp. lactis have also been isolated from sauerkraut or related products by 

Buckenhueskes et al. (1986), Kandler and Weiss (1986), Puspito and Fleet (1985), and 

Yago et al. (1985), (Harris, 1991). In addition, Murcia and Collins (1991) identified an 

unknown Leuconostoc sp.isolated from sauerkraut by comparing the 16S rRNA sequence 

with other LAB and proposed the unknown isolate as a new species, Leuconostoc fallax. 

The involvement of L. fallax in sauerkraut fermentation has been confirmed by the study 

of Barrangou et. al., (2002). Six L. fallax strains have been isolated from brine samples 

after 7 days into the fermentation.  

Several changes in the taxonomic characterization of LAB have been made in the 

last 10 years (Schleifer and Ludwig.1995). Several new species and genera have been 

described, by using molecular biology techniques, including LAB that participate in fruits 

and vegetables fermentation (Collins et. al., 1993; Dicks et. al., 1993; Dicks et. al., 1995; 

Martinez-Murcia et. al., 1991; Yoon et. al., 2000). The recent improvements in microbial 

identification and the development of approaches for modifying and applying molecular 

biology techniques to study microbial ecology can offer new opportunities for the 

analysis of the structure and species composition of microbial communities. There is 

strong evidence that in many environments the genetic diversity, as assessed by 

molecular techniques, far exceeds the microbial diversity determined by culture methods 
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(Ward et al., 1990). Microbial diversity and community structure studies are important 

for understanding the microbial ecology of the sauerkraut fermentation in order to 

determine the potential for successful fermentation. The emergence of molecular 

identification and typing methods can help facilitate us in better understanding the 

microbial ecology of vegetable fermentation. Although molecular techniques will not 

replace the classical microbiological characterization methods, they can offer several 

important advantages that compliment the time-consuming cultural techniques. 
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Table 1. Microorganisms on raw vegetables used for fermentation. From Fleming et al., 

(1995). 

 

 

     Number/g Fresh weight 

     Cucumbera     Cabbageb 

 

Microrganism    Fruit  Flower    

 

Total aerobes    1.6x104   1.8x107   1.3x105 

Enterobacteriaceae   3.9x103  6.4x106   3.9x103 

Lactic acid bacteria   5x100  2.6x104   4.2x101 

Yeast     1.6x100  3x103   <10 

  

 
a From Etchells et. al. (1975) 
b From Fleming et al. (1988) 
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The lactic acid bacterium Leuconostoc mesenteroides 
 

Organisms that produce lactic acid as a major metabolic by-product have been 

used for millennia as fermenting agents for the preservation of food. The low pH 

generated by the acid and the action of other fermentation products inhibits the growth of 

many spoilage and pathogenic bacteria. (Davidson et. al.,1996). Industrial applications of 

the LAB rely on six key beneficial and non-pathogenic species; Lactococcus (milk), 

Lactobacillus (milk, meat, vegetable, cereal), Pediococcus (vegetable, meat), Oenococcus 

oeni (wine), Streptococcus thermophilus (milk), and Leuconostoc (vegetables, milk) 

More recently, LAB are being used in the production of industrial chemical and 

biological products including biopolymers (Leuconostoc spp.), bulk enzymes 

(Lactobacillus brevis), ethanol, and lactic acid (Lactobacillus casei, L. lactis, L. 

delbrueckii, and  L. brevis) (Klaenhammer et. al., 2002).  

Leuconostoc species are epiphylic bacteria that are widespread in the natural 

environment and play an important role in several industrial and food fermentations 

(Klaehammer et. al, 2002). The genus Leuconostoc was first defined in 1878 by van 

Tieghem from dextran-producing strains isolated in sugar refineries (Dessart and 

Steenson, 1995). Various names have been used for leuconostoc , ranging from 

Streptococcus to Betacoccus. The first classification was made in 1931 by Hucker and 

Pederson on strains isolated from various origin. The classification as described in 

Bergey’s Manual of Systematic Bacteriology, vol. 2 (1986), suggests four Leuconostoc 

species: L. oenos, L. lactis , L. paramesenteroides, and L. mesenteroides. Many new 

species of Leuconostoc have been reported, such as L. amelibiosum (Schillinger et. al., 

1989), L. fallax (Murcia and Collins, 1991), L. citreum, L. pseudomesenterroides (Farrow 

et. al., 1989), L. carnosum, and L. gelidum (Shaw and Harding, 1989). The differentiation 

characteristics of some Leuconostoc species are shown in Table 2.  

 L. mesenteroides have several useful characteristics for the production of many 

food and industrial products such as sauerkraut (Fleming, 1995), fermented milk product 

(Holzapfel and Schillinger, 1992), and dextran (Vandamme et. al., 1996).  The list of 

recognized L. mesenteroides subspecies presented inn Bergey’s Manual of Systematic 
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Bacteriology, vol. 2 (1986) comprises three subspecies dextranicum, cremoris, and 

mesenteroides. 

General description 

L. mesenteroides are Gram-positive, nonmotile, non-sporeforming, facultative anaerobes 

(Garvie, 1986). This organism shares numerous natural and artificial habitats with the 

lactobacilli (Holzapfel and Schillinger, 1992). Cells of L. mesenteroides may be spherical 

but often lenticular and usually occurs in pairs and chains (Figure 6.). Colonies are small, 

smooth, round, grayish white, and usually less than 1.00 mm in diameter. Optimum 

temperature for growth are 20-30 ºC but growth can occur between 5ºC and 37ºC. 

(Garvie, 1986).  

Habitat 

Beverages 

Wine and cider: L. mesenteroides and some other lactic acid bacteria populate the 

surface of grapes and vine leaves (Wibowo et al., 1985) and are present at low levels in 

wine must (Holzapfel and Schillinger, 1992). 

Other alcoholic beverages: Bryan-Jones (1975) and Priest and Pleasants (1988) reported 

that leuconostocs are usually involved in both grain and malt whiskey distillery 

fermentations. L. mesenteroides belongs to the microbial population responsible for 

fermentation and may contribute to the final flavor of the product (Priest and Pleasants, 

1988). Exceptionally acid-tolerant strain of L. mesenteroides able to grow at pH 3.3 were 

isolated from fruit mashes (Holzapfel and Schillinger, 1992).  

Non-alcoholic beverages: In fruit juices, leuconostocs may contribute to flavor 

deterioration as a result of increased levels of diacetyl and acetoin produced as 

metabolites (Hatcher et al., 1984). L. mesenteroides were also isolated from orange juices 

(Sodeko et al., 1987) and citrus molasses (Parish and Higgins, 1988). 
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Meat and meat products 

Leuconostoc species are usually considered as one of the minor group of bacteria 

found on meats and poultry (Jay, 1992). However, meat and processed, cured meat 

products apparently can provide a favorable growth substrate for some leuconostocs 

(Holzapfel and Schillinger, 1992). L. mesenteroides had been found associated with 

vacuum packaged meat (Hitchener et. al., 1982), chill-stored meat (Shaw and Harding, 

1989), as well as prepacked meat and meat products (Borche and Molin, 1988). In an 

attempt to determine the composition and origin of the spoilage microorganisms of 

refrigertaed vacuum-packed ham, Samelis et. al. (1998) had identified L. mesenteroides 

as the major causative spoilage agent of sliced ham stored at 4 and 12ºC.                         

L. mesenteroides also was found to be predominated in the spoilage microflora of sliced, 

vacuum-packed, unsmoked, boiled turkey breasts (Samelis et. al., 2000). Although not 

considered as a major predominant microflorganism in sausage fermentation (Jay, 1992),        

L. mesenteroides had been found to be present throughout the fermentation of traditional 

fermented Thai pork sausages. The organism represented 9% of the total population at 12 

hours and increasing to 31% at 84 hours into the fermentation (Valyasevi and Rolle, 

2002). 

Milk and milk products 

L. mesenteroides species are often associated with milk and milk products and can 

cause undesirable effects in fresh milk. However, it also can be used as a part of starter 

cultures for a variety of milk products.  

Milk: L. mesenterodies is one of the typical contaminants of the dairy environment but it 

has only limited growth potential in refrigerated milk. Studies on 182 representative 

strains of LAB associated with milk in Brazil by Antunes and De Oliverira in 1986 

showed L. mesenteroides subsp. cremoris as a minor group constituted only 1.1% of the 

total bacterial population. Keller et. al. (1997) has identified 9.6% of 258 representative 

isolates from pasteurized milk as Leuconostoc sp. Of the 23 isolates identified, 13 were 

classified as L. mesenteroides using phenotypic criteria including cell wall peptidoglycan 

and determination of the GC content of the DNA (Holzapfel and Schillinger, 1992).  
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Fermented milk products: Leuconostocs are not considered as a competitive species or 

important producers of lactic acid in milk (Holzapfel and Schillinger, 1992). According 

to Sadovski et. al., (1980), L. mesenteroides subsp. cremoris had the slowest growth rate 

of starter organisms under psychrotropic conditions. However, the ability to produce the 

flavor compound diacetyl (butter aroma) has led to the incoporation of L. mesenteroides 

into starter cultures for buttermilk, butter, and cheese (Axelsson, 1998).  

Plant materials 

Herbage: Among lactic acid bacteria found on plants, Leuconostoc appears to be 

predominant (Mundt et al., 1967). Species of Leuconostoc other than L. mesenteroides 

are only rarely isolated from plant materials (Mundt, 1970). In vegetables such as peas 

and beans prepared for freezing, L. mesenteroides may multiply and cause sourness, 

discoloration, or off-flavor (Holzapfel and Schillinger, 1992). L. mesenteroides 

dominated among the isolates of lactic acid bacteria responsible for spoilage of fresh 

ready-to-use grated carrots (Carlin et al., 1989). 

Fermented foods of plant origin: L. mesenteroides plays an important role in the 

fermentation of vegetables such as sauerkraut and cucumbers. Although not the dominant 

species present on cabbage at the time of shredding, L. mesenteroides initiates the 

fermatation of sauerkraut and is then succeeded by the more acid-tolerant lactobacilli 

(Pederson and Albury, 1969). L. mesenteroides is apparently better adapted to plant 

materials and initiates growth more rapidly than other lactic acid bacteria and produces 

the acid and carbon dioxide essential for the inhibition of the aerobic mesophilic 

organisms that might destroy crispness in the cabbage or cucumbers (Steinkraus, 1983). 

On the other hand, slimy or ropy kraut may be the result of dextran formation caused by 

L. mesenteroides (Holzapfel and Schillinger, 1992). L. mesenteroides has also been found 

to be involved in the preservation of small-sized ripe tomatoes by lactic acid 

fermentation. L. mesenteroides is also predominant and responsible for initiating the 

fermentation of many traditional lactic acid fermented foods in the tropics (Holzapfel and 

Schillinger, 1992). 

Sugar: Leuconostocs are known to be responsible for a variety of problems in the sugar 

industry. During harvesting, sugar cane is contaminated with L. mesenteroides which is 
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able to grow within the cut stalks and cause souring of the cane juice. In hot, humid 

climates, growth of L. mesenteroides in harvested cane may result in a loss of 1 to 5% of 

total sugar for each day between harvesting and processing. Moreover, large amounts of 

dextran may be synthesized from sucrose by L. mesenteroides causing undesirable 

complication during the refining process (Day, 1992). In beet sugar plants, similar 

spoilage is caused by slime-producing strains of L. mesenteroides and heterofermenative 

lactobacilli (Sharpe et al., 1972). The ability of L. mesenteroides to produce dextrans 

from sucrose by a dextransucrase has been exploited for the production of commercially 

valuable dextrans on an industrial scale.  

 

L. mesenteroides cell wall 

The cell wall of L. mesenteroides has the typical Gram-positive structure made of 

a thick, multilayered peptidoglycan sacculus with proteins and polysaccharides. Strains 

belonging to L. mesenteroides are characterized by the lysine-serine-alanine-alanine types 

of the interpeptide bridge (Table.2) which is covalently links the two adjacent 

peptidoglycans together (Holzapfel and Schillinger, 1992). In addition, in a vancomycin-

resistant strain of L. mesenteroides, the C-terminal D-alanine was substituted by D-lactate 

(Handwerger et. al., 1994).      

 

Metabolism of  L. mesenteroides 

The essential feature of L. mesenteroides is efficient carbohydrate fermentation 

coupled to substrate level phosphorylation. The generated ATP is subsequently used for 

biosynthetic purpose. Actually, L. mesenterodies exhibit an enormous capacity to degrade 

different carbohydrates and related compounds. Generally, the predominant end-product 

is lactic acid. It is clear, however, that L. mesenteroides can adapt to various conditions 

and change its metabolism accordingly. This may lead to significantly different end-

product patterns (Dessart and Steenson, 1995). 
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Major Fermentation Pathways 

Carbohydrate Fermentation 

L. mesenteroides can metabolize various carbohydrates including lactose, glucose, 

fructose, saccharose, mannose, galactose, maltose arabinose, xylose, ribose, raffinose, 

and trehalose (Foucaud et. al., 1997) as shown in Table 2. The sugars enter the major 

pathways at the level of glucose-6-phosphate or fructose-6-phosphate after isomerization 

and/or phosphorylation. The main carbohydrate fermentation pathway used by L. 

mesenteroides is the 6-phosphogluconate /phosphoketolase (6-PG/PK) pathway (Figure 

7.). It is characterized by initial dehydrogenation steps with the formation of 6-

phosphogluconate, followed by decarboxylation. The remaining pentose-5-phosphate is 

split by phosphoketolase into glyceraldehyde-3-phosphate (GAP) and acetyl phospate. 

GAP is then converted to pyruvate and subsequently reduced to lactic acid together with 

substrate level phosphorylation. When no additional electron acceptor is available, acetyl 

phosphate is reduced to ethanol via acetyl CoA and acetyldehyde. Since this metabolism 

leads to significant amounts of other end-products (CO2, ethanol) in addition to lactic 

acid, it is referred to as a heterolactic fermentation (reviewed by Axelsson, 1998). 

Heterolactic fermentation of hexose through the 6-PG/PK pathway gives equimolar 

amounts (1 mole) of lactic acid, ethanol, and CO2  and 1 ATP for each mole of hexose 

metabolized (Dessart and Steenson, 1995). Furthermore, certain L. mesenteroides strains 

can synthesize high molecular weight D-glucose polymer (dextran) by using glucose 

moiety from sucrose cleavage (Monchois et. al.,1999).  

Pyruvate metabolism 

L. mesenteroides may change its metabolism in response to various conditions 

resulting in a different end product pattern. In most of these cases, the change can be 

attributed to an altered pyruvate metabolism and/or the use of external electron acceptor 

(Axelsson, 1998). Under certain circumstances, L. mesenteroides can use alternative 

pathways to utilize pyruvate other than the reduction to lactic acid as shown in Figure 8. 

The diacetyl/acetoin pathway: The pathways leading to production of diacetyl (butter 

aroma) and acetoin/2,3 butanediol is common in L. mesenteroides subsp. cremoris and is 

very significant in the fermentation of milk (Axelsson, 1998). This metabolism  proceeds 
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to a significant degree only when there is a pyruvate surplus in the cell. In milk, 

additional pyruvate comes from the breakdown of citrate which is present in significant 

amount (~1.5 mg/ml). Citrate is transported into the cell by citrate permease and cleaved 

by citrate lyase to oxaloacetate and acetate. Oxaloacetate can then be metabolized further 

to yield pyruvate (Axelsson, 1998). The capacity to ferment citrate was reported to be 

associated with a 22.4 kb plasmid in L. mesenteroides subsp. mesenteroides (Lin et. Al., 

1991). Acetoin, the precursoe of 2,3 butanediol, is formed by either enzymatic 

decarboxylation of intracellular acetate or by reduction of diacetyl before reduced to 2,3 

butanediol (Dessart and Steenson, 1995).   

Oxygen as electron acceptor: As previously mentioned L. mesenteroides fermented 

carbohydrates by the 6-PG/PK pathway which used acetyl phosphate as electron acceptor 

in addition to pyruvate. Reduction of acetyl phosphate can lead to formation of ethanol 

without substrate phosphorylation. However, L. mesenteroides can generate ATP by 

substrate level phosphorylation if an external electron acceptor is available. Oxygen can 

play an active role in this situation which has been shown by Johnson and McCleskey 

(1957) when the aerobic growth rate of Leuconostoc is much faster than the anaerobic 

one. 

Fructose as electron acceptor: In L. mesenteroides, fructose is fermented by the normal 

6-PG/PK pathway but some of the sugar can reduced to mannitol by mannitol 

dehydrogenase. In this reaction, fructose acts as electron acceptor facilitating the 

improved energetic ATP yield by orienting acetyl phosphate toward acetate rather than 

ethanol (Aarnikunnas et. al., 2002). Fructose enables the cells to produce ATP through 

the acetate kinase reaction as shown below. 

  

3 Fructose + 2 ADP + 2 Pi                1 Lactate + 1 Acetate + 1 CO2 + 2 Mannitol + 2 ATP 
         Acetate kinase 

 

The malolactic fermentation: Malolactic fermentation (MLF) is the conversion of L-

malic acid to L-lactic acid and CO2 (Labarre et. al., 1996). This fermentation which can 

be performed by L. mesenteroides and may be significant in the fermentation of 

vegetables and fruits where malate is present in fairly high concentration (Daeschel et. 
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al., 1987). MLF also very important in wine making since conversion of malate to lactate 

would result in a natural decrease in acidity (Labarre et. al., 1996) where it may be 

desirable or undesirable depending on the wine variety (Axelsson, 1998).  

Nutritional requirements 

L. mesenteroides are fastidious bacteria that require several amino acids and 

vitamins in addition to fermentable carbohydrates. The amino acid requirements can vary 

considerably among species of Leuconostoc. However, valine and glutamate were found 

to be essential while methionine stimulate the growth of most strains. L. mesenteroides 

subsp. cremoris required a larger number of amino acids than L. mesenteroides subsp. 

mesenteroides and L. mesenteroides subsp. dextranicum (Garvie, 1967). Foucaud et. al., 

(1997) recommended the inclusion of cysteine and threonine in addition to 10 amino 

acids (glutamine, leucine, isoleucine, valine, methionine, histidine, tryptophan, arginine, 

proline, and phenylalanine) for the chemically defined medium for the growth of L. 

mesenteroides. Other than carbon and nitrogen sources, most LAB require vitamins, 

minerals, and growth factors (Dessart and Steenson, 1995). L. mesenteroides required 

niacin, thiamin, pantothenic acid, and biotin for growth (Garvie, 1986). L. mesenteroides 

subsp. cremoris was the most fastidious since it has additional requirements for uracil, 

riboflavin, pyridoxal, and folic acid. L. mesenetroides can not grow in the absence of 

metal ions (Foucaud et. al., 1997). Manganese, phosphate, and potassium are required for 

the growth of L. mesenteroides subsp. mesenteroides while only manganese and 

phosphate are essential for L. mesenteroides subsp. dextranicum (Dessart and Steenson, 

1995).  

 

Bacteriocin of L. mesenteroides 

Mesenterocin 5 and mesentericin Y105 were the first identified bacteriocin or 

bacteriocin-like substances produced by L. mesenteroides subsp. mesenteroides. Both had 

a narrow spectrum of inhibition and were found to be active mainly against Listeria 

species, including L. monocytogenes (Dessart and Steenson, 1995). However, their modes 

of action are different. Mesenteriocin Y105 was shown to exhibit a bactericidal mode of 

action (Hechard and Sahl, 2002) while mesenterocin 5 was found to be bacteriostatic 
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(Dessart and Steenson, 1995). Recently, additional bacteriocin or bacteriocin-like 

substances have been identified in L. mesenteroides. L. mesenteroides subsp. 

mesenteroides FR52 can produce mesenterocin 52A and 52B (Revol-Junells et. al., 

1996), which are identical to mesentericin Y105 and mesentericin B105 respectively 

(Hechard et. al., 1992). L. mesenteroides TA33a was found to produces leucocins A-

TA33a and C-TA33a, two anti-Listeria active peptides, and leucocin B-TA33a with 

activity against Leuconostoc/Weisella genera (Papathanasopoulos et. al., 1997).  

 

L. mesenteroides genetic 

L. mesenteroides genomes have the G + C content of 37 to 40% (Garvie, 1986).  

Chromosome sizes have been determined to have 2,038,395 bp (Plengvidhya et. al., 

2003) which is close to the size estimated by summing the sizes of restriction fragments 

separated by pulse field gel electrophoresis (PFGE) (Tenreiro et. al., 1994).  

Plasmid 

O’Sullivan and Daly (1982) were the first who reported the occurrence of plasmid in  

L. mesenteroides. The number of plasmids per strain varied from one to seven with sizes 

ranging from 1.3 to 80 Mda (Dessart and Steenson, 1995). Several of plasmids possess 

genes that encoded for bacteriocin production (Fremaux et. al., 1995) and citrate 

utilization (Vaughan et. al., 1995). The 3.7 kb plasmid had been detected in  

L. mesenteroides subsp. mesenteroides ATCC 8293. This cryptic plasmid encoded 

several mobile genetic elements. There are several open reading frames in the plasmid 

that encodes proteins from several prokaryotes not closely related to L. mesenteroides. 

Furthermore, no gene associated with citrate utilization and bacteriocin production has 

been identified. Most of the remaining genes are encoded for hypothetical or conserved 

hypothetical proteins similar to different organisms. Therefore the purpose of           

L. mesenteroides ATCC 8293 to harbor the plasmid is unclear (Plengvidhya et. al., 

unpublished).  

Transposable elements 

A number of insertion sequence (IS) elements have been reported and characterized in 

LAB especially L. lactis (Ward et. al., 1996). However, The analysis of the  



 

 

25

L. mesenteroides IS elements has received limited attention. A single IS element has been 

characterized in L. mesenteroides subsp. dextranicum. The IS element identified from this 

strain has substantial homology to the ISS1 group of lactococcal IS element but the direct 

evidence for transposition has not been demonstrated (Ward et. al., 1996). Several mobile 

genetic elements have been identified in L. mesenteroides ATCC 8293 chromosome and 

its plasmid. There are 3 different IS elements in the chromosome; IS1070, orfA, and orfC 

that highly similar to IS-3 like IS element found in Leuconostoc lactis. In addition, two 

others transposases resemble S. aureus prophage phi PV 83 which have been found in the 

L. mesenteroides chromosome. The plasmid of L. mesenteroides ATCC 8293 encoded at 

least two type of IS elements similar to IS1163 in L. sakei and orfC of IS3-like IS 

elements in L. lactis (Plengvidhya et. al., unpublished). 

 

Conclusion 
 The contribution of L. mesenteroides to fermentation of vegetable products, 

dextran production, and to flavor production in fermented milk product has been well 

documented. The increasing availability of information on L. mesenteroides genetics can 

lead to the improvement of technologically important strains by genetic modification and 

also bring in new ideas for increased utilization of this LAB.    



 

 

26

REFERENCES 
 

Aarnikunnas , J., K. Rönnholm , and A. Palva. 2002. The mannitol dehydrogenase gene 

(mdh) from Leuconostoc mesenteroides is distinct from other known bacterial mdh genes. 

Appl. Microbiol. Biotech. 59:665-671. 

 

Axelsson, L. 1998. Lactic acid bacteria: classification and physiology, in Lactic acid 

bacteria: microbiology and functional aspects, 2 nd edition (Salminen, S. and A. von 

Wright, eds.), Marcel Dekker Inc., New York, p. 1-72.  

 

Borch, E., and C. Molin. 1988. Numerical taxonomy of psychrotrophic lactic acid 

bacteria from prepared meat and meat products. Antonie van Leeuwenhoek. 54: 301-323. 

 

Bryan-Jones, G. 1975. Lactic acid bacteria in distillery fermentations, in Lactic acid 

bacteria in beverages and foods (Carr, J. C., C. V. Cutting, and G. C. Whiting, eds.) pp. 

165-175, Academic Press, London. 

 

Carlin, F., C. Nguyen-The, P. Cudennec, and M. Reich. 1989. Microbiological spoilage 

of fresh ready-to-use grated carrots. Sci. Aliments. 9: 371-386. 

 

Daeschel, M. A., R. E. Andersson, and H. P. Fleming. 1987. Microbial ecology of 

fermenting plant materials. FEMS Microbiol. Rev. 46: 357-367.  

 

Davidson, B. E., N. Kordias, M. Dobos, and A. J. Hillier. 1996. Genomic organization of 

lactic acid bacteria. Antonie van Leeuwenhoek. 70: 161-183. 

 

Day, D. F. 1992. Spoilage in the sugar industry, in The lactic acid bacteria vol. 1: the 

lactic acid bacteria in health and disease (Wood, B. J. B., ed.) pp. 351-358, Elsevier, 

London. 

 



 

 

27

Dessart, S. R., and L. R. Steenson. 1995. Biotechnology of dairy Leuconostoc, in Food 

biotechnology microrganisms (Hui, Y. H. and G. G. Khachatourians, eds.), VCH 

Publishers, Inc., New York, pp. 665-702. 

 

Farrow, J. A. E., R. R. Facklam, and M. D. Collins. 1989. Nucleic acid homologies of 

some vancomycin-resistant leuconostocs and description of Leuconostoc citreum sp. nov. 

and Leuconostoc pseudomesenteroides. Int. J. Syst. Bacteriol. 39: 279-283.   

 

Fleming, H. P., K. H. Kyung, and F. Breidt. 1995. Vegetable fermentations, in 

Biotechnology, Vol. 9 (Rehm, H. J. and G. Reed, eds.) pp. 629-661, VCH Publishers, 

New York. 

 

Foucaud, C., A. Francois, and J. Richard. 1997. Development of a Chemically Defined 

Medium for the Growth of Leuconostoc mesenteroides. Appl. Environ. Microbiol. 63: 

301-304. 

 

Fremaux, C., Y. Hechard, and Y. Cenatiempo. 1995. Mesentericin Y105 gene clusters in 

Leuconostoc mesenteroides Y105. Microbiology 141: 1637–1645. 

 

Garvie, E. I. 1986. Genus Leuconostoc, in Bergey’s Manual of Systematic Bacteriology, 

Vol. 2 (Sneath, P. H. A., N. S. Mair, M. E. Sharpe, and J. G. Holt, eds.), Williams and 

Wilkins, Baltimore, p. 1071-1075. 

 

Handwerger, S., M. J. Pucci, K. J. Volk, J. Liu, and M. S. Lee. 1994. Vancomycin-

resistant Leuconostoc mesenteroides and Lactobacillus casei synthesize cytoplasmic 

peptidoglycan precursors that terminate in lactate. J. Bacteriol. 176: 260-264. 

 

Hatcher, W. S., Jr., E. C. Hill, D. F. Splittstoesser, and J. L. Weihe. 1984. Fruit 

beverages, in Compendium of methods for the microbiological examination of foods 

(Speck, M. L., ed.) p. 645, Am. Pub. Health Assoc., Washington, D. C.   

 



 

 

28

 Hechard, Y., B. Derijard, F. Letellier, and Y. Cenatiempo. 1992. Characterization and 

purification of mesentericin Y105, an anti-Listeria bacteriocin from Leuconostoc 

mesenteroides. J. Gen. Microbiol. 138: 2725–2731. 

 

Héchard, Y., and H. Sahl. 2002. Mode of action of modified and unmodified bacteriocins 

from Gram-positive bacteria. Biochimie. 84: 545-557. 

 

Hitchener, B. J., A. F. Egan, and P. J. Rogers. 1982. Characteristics of lactic acid bacteria 

isolated from vacuum packaged beef. J. Appl. Bacteriol. 52: 31-37. 

 

Holzapfel, W. H., and U. Schillinger. 1992. The genus Leuconostoc, in The Prokaryotes : 

a handbook on the biology of bacteria : ecophysiology, isolation, identification, 

applications (Balows, A., ed.) pp. 1508-1534. Springer-Verlag, New York. 

 

Jay, J. M. 1982. Modern food microbiology 4th edition. Chapman & Hall, New York. 

 

Klaenhammer, T., E. Altermann, F. Arigoni, A. Bolotin, F. Breidt, J. Broadbent, et. al. 

2002. Discovering lactic acid bacteria by genomics. Antonie van Leeuwenhoek. 82: 29-

58. 

 

Langston, C. W., C. Bouma, and R. M. Conner. 1962. Chemical and bacteriological 

changes in grass silage during the early stages of fermentation. J. Dairy Sci. 45: 618-624. 

 

Lin, J., P. Schmitt, and C. Davies. 1991. Characterization of a citrate-negative mutant of 

Leuconostoc spp. mesenteroides: metabolic and plasmidic properties. Appl. Microbiol. 

Biotechnol. 34: 628-631. 

 

Monchois, V., R. Willemot, and P. Monsan. Glucansucrases: mechanism of action and 

structure–function relationships. 1999. FEMS Microbiol. Rev. 23: 131-151 

 



 

 

29

Mundt, J. O., W. F., Graham, and I. E., McCarty. 1967. Spherical lactic acid producing 

bacteria of southern-grown raw and processed vegetables. Appl. Microbiol. 15:1303-

1308. 

 

Murcia-Martinez, A. J., and M. D. Collins 1991. A phylogenic analysis of an atypical 

leuconostoc:description of Leuconostoc fallax sp. nov. FEMS  Microbiol. Lett. 82: 55-60. 

 

Papathanasopoulos, M.A., F. Krier, A. M. Revol-Junelles, G. Lefebvre, J. P. Le Caer, A. 

von Holy, and J. W. Hastings. 1997. Multiple bacteriocin production by Leuconostoc 

mesenteroides TA33a and other Leuconostoc/Weissella strains. Curr. Microbiol. 35: 331–

335. 

 
Parish, M., and D. Higgins. 1988. Isolation and characterization of lactic acid bacteria 

from samples of citrus molasses and unpasterized orange juice. J. Food Sci. 38: 645-646. 

 

Pederson, C. S., and M. N. Albury. 1969. The sauerkraut fermentation. New York state 

Agr. Expt. Sta. Bull. No. 824. 

 

Plengvidhya, V., F. Breidt, and H. P. Fleming. 2003. The genome sequence of the lactic 

acid bacterium Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293. 

manuscript in preparation. 
  

Plengvidhya, V., F. Breidt, and H. P. Fleming. Unpubsihed.  

 
Priest, F. G., and J. G. Pleasants. 1988. Numerical taxonomy of some leuconostocs and 

related bacteria isolated from Scotch whiskey distilleries. J. Appl. Bacteriol. 64: 379-388. 

 

Revol-Junelles, A.M., R. Mathis, F. Krier, Y. Fleury, A. Delfour, and G. Lefebvre. 1996. 

Leuconostoc mesenteroides subsp. mesenteroides FR52 synthesizes two distinct 

bacteriocins. Lett. Appl. Microbiol. 23: 120–124. 

 



 

 

30

Sadovski, A. Y., S. Gordin, and J. Foreman. 1980. Psychrotrophic growth 

microorganisms in a cultured milk product. J. Food Prot. 43: 765-768. 

 

Samelis, J., A. Kakouri, K. G. Georgiadou, and J. Metaxopoulos. 1998. Evaluation of the 

extent and type of bacterial contamination at different stages of processing of cooked 

ham. J. Appl. Bacteriol. 84: 649-660. 

Samelis, J., A. Kakouri, and J. Rementzis. 2000. The spoilage microflora of cured, 

cooked turkey breasts prepared commercially with or without smoking. Int. J. Food. 

Microbiol. 56: 133-143. 

 

Schillinger, U., W. Holzapfel, and O. Kandler. 1989. Nucleic acid hybridization studies 

on Leuconostoc and heterofermentative lactobacilli and description of Leuconostoc 

amelibiosum sp. nov. Syst. Appl. Microbiol. 12: 48-55. 

 

Sharpe, M. E., E. I. Garvie, and R. H. Tilbury. 1972. Some slime forming 

heterofermentative species of the genus Lactobacillus. Appl. Microbiol. 23:389-397. 

 

Shaw, B. G., and C. H. Harding. 1989. Leuconostoc gelidum sp. nov. and Leuconostoc 

carnosum sp. nov. from chill-stored meats. Int. J. Syst. Bacteriol. 39: 217-223.  

 

Sodeko, O. O., Y. S. Jzuagbe, and M. E. Ukhun. 1987. Effect of different preservative 

treatments on the microbial population of Nigerian orange juice. Microbios. 51: 133-144. 

 

Steinkraus, K. H. 1983. Lactic acid fermentation in the production of foods from 

vegetables, cereals, and legumes. Antonie van Leeuwenhoek. 49: 337-348. 

 

Tenreiro, R., M. A. Santos, H. Paveia, and G. Vieira. 1994. Inter-strain relationships 

among wine leuconostoc and their divergence from other Leuconostoc species, as 

revealed by low  frequency restriction fragment analysis of genomic DNA. J. Appl. 

Bacteriol. 77: 271-280. 

 



 

 

31

Valyasevi, R., and R. S. Rolle. 2002. An overview of small-scale food fermentation 

technologies in developing countries with special reference to Thailand: scope for their 

improvement. Int. J. Food Microbiol. 75: 231-239. 

 

Vandamme, E. J., M. Raemaekers, N. Vekemans, and W. Soetaert. 1996. 

Polysaccharides, oligosaccharides, special sugars and enzymes via Leuconostoc 

mesenteroides sp. fermentations, in Lactic acid bacteria: current advances in 

metabolism, genetics, and applications (Bozoglu, T. F. and B. Ray, eds.) pp. 205-217, 

Springer-Verlag, Berlin, Germany. 

 

Vaughan, E.E., S. David, A. Harrington, C. Daly, G. F. Fitzgerald, and W. M. De Vos. 

1995. Characterization of plasmid-encoded citrate permease (citP) genes from 

Leuconostoc species reveals high sequence conservation with the Lactococcus lactis citP 

gene. Appl. Environ. Microbiol. 61: 3169-3171. 

 

Ward, L. J. H., J. C. S. Brown, and G. P. Davey. 1996. Identification and sequence 

analysis of IS1297, an ISS1-like insertion sequence in a Leuconostoc strain. Gene.  

174: 259-263.   

 

Wibowo, D. R., Eschenbruch, C. R. Davis, G. H. Fleet, and T. H. Lee. 1985. Occurrence 

and growth of lactic acid bacteria in wine: a review. Am. J. Enol. Vitic. 36: 302-313. 

 

Wibowo, C. R. Davis, G. H. Fleet, T. H. Lee and D. R., Eschenbruch. 1988. Factors 

effecting the induction of malo-lactic fermentation in red wines with Leuconostoc oenos. 

J. Appl. Bacteriol. 64: 421-428.  

 

Wisselink, H. W., R. A. Weusthuis, G. Eggink, J. Hugenholtz, and G. J. Grobben. 2002. 

Mannitol production by lactic acid bacteria: a review. Int. Dairy J. 12: 151-161. 

 

 

 



 

 

32

Table 2. Differentiation within the genus Leuconostoc. From Holzapfel and Schillinger, 1992.

+, positive reaction; -, negative reaction; ±, most strains positive; +, most strains negative; d, variable reaction; ND, no data.
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Figure 6. Electron micrograph showing cells of Leuconostoc mesenteroides subp. mesenteroides. 
Bar = 1 uM
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Figure 7. Proposed pathway for hexose metabolism of heterofermentative lactic acid bacteria. (1) and (2); glucose and fructose permease; 
(3) glucokinase; (4) glucose-6-phosphate dehydrogenase; (5) 6-phosphogluconate dehydrogenase; (6) epimerase; (7) phosphoketolase; (8) glucose 
phosphate isomerase; (9) fructokinase; (10) mannitol dehydrogenase; (11)glyceraldehyde-3-phosphate dehydrogenase and phosphoglyceraet kinase;
(12) Phosphoglyceromutase and enolase; (13) pyruvate kinase; (14) lactate dehydrogenase; (15) phosphate acetyl transferase; (16) acetaldehyde
dehydrogenase and alcohol dehydrogenase; (17) acetate kinase. From: Wisselink et. al., 2002.
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Figure 8. Pathways for the alternative fates of pyruvate in L. mesenteroides. Dashed arrow denoted a non-enzymatic 
reaction. Selected enzymatic reactions are numbered. 1, diacetyl synthase; 2, acetolactate synthase; 3, pyruvate
dehydrogenase; 4, pyruvate oxidase; 5, acetate kinase. From Axelsson, 1998.
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ABSTRACT 

 

Previous studies using traditional biochemical methods to study the ecology of 

commercial sauerkraut fermentations revealed that four major lactic acid bacteria species, 

namely, Leuconostoc mesenteroides, Lactobacillus plantarum, Pediococcus pentosaceus, 

and Lactobacillus brevis were involved. However, molecular fingerprinting techniques 

can lead to a better understanding of the ecology. The objective of this research was to 

study the microbial diversity and community structure of commercial sauerkraut 

fermentations by using nucleic acid-based detection methods. Brines from commercial 

fermentation tanks were sampled several times, over a period of 14 days. The samples 

were plated on MRS agar and selected numbers of isolates for each time point were 

recovered. DNA was isolated for PCR fingerprinting and 16S rDNA sequence analysis. A 

total of six hundred eighty-six isolates were collected for analysis. A database of PCR 

fragment patterns has been generated by amplifying the intergenic transcribed spacer 

regions between the 16S and 23S rDNA genes. The 16S rDNA gene has been sequenced 

to further identify selected isolates. Some of the isolates recovered had never been 

reported to be present in sauerkraut fermentations, including Leuconostoc  citreum, 

Leuconostoc argentinum, Lactobacillus  paraplantarum, Lactobacillus coryniformis, and 

Weissella sp. The newly identified lactic acid bacteria species, Leuconostoc fallax, was 

also present at days three and seven of the fermentation. We recovered only a small 

number of isolates belonging to Lactobacillus  brevis and Pediococcus pentosaceus. 

According to ITS-PCR banding patterns, the numbers of bacterial species involved in the 

fermentations were highest on days seven and nine. The use of molecular techniques to 
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complement biochemical identification methods has revealed the presence of species not 

previously reported to be present in sauerkraut fermentations. The ecology of these 

commercial fermentations has been shown to be more complex than previously reported. 
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INTRODUCTION 

 

    Previously, fives species of lactic acid bacteria (LAB) have been identified  

in the sauerkraut fermentation: Streptococcus faecalis, Leuconostoc mesenteroides, 

Lactobacillus brevis, L. plantarum, and Pediococcus pentosaceus  

(Pederson and Albury, 1969). L. mesenteroides is a major species, in the early, 

heterofermentative stage of fermentation, and L. plantarum is a major species  

involved in the late, homofermentative stage of fermentation. However, many  

other lactic acid bacterial species have also been isolated from sauerkraut   

or related products (Harris, L. J. 1991; Murcia and Collins, 1991). Recent evidence 

from our laboratory has indicated an unsuspected diversity of LAB may be present 

in sauerkraut fermentation (Johanningsmeier and Fleming, unpublished).The 

development of approaches for modifying and applying molecular biology 

techniques to study microbial ecology has advanced greatly since it was first 

demonstrated in the mid-1980s. The techniques offer new opportunities for the 

analysis of the structure and species composition of microbial communities.  

There is strong evidence that in many environments the genetic diversity, as 

assessed by molecular techniques, far exceeds the microbial diversity determined 

by culture and biochemical methods (Ward et al., 1990). Our objectives were to 

study and understand microbial diversity under changing environmental conditions 

in commercial sauerkraut fermentations by using the nucleic acid-based detection 

approaches for identifying major microorganisms involved. 
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MATERIALS AND METHODS 

 

Selection of bacterial strains for intergenic transcribed spacer (ITS) region-PCR 

databases setup: All bacterial strains (except those from sauerkraut samples) were 

obtained from the culture collection maintained by the Food Fermentation Laboratory, 

US Department of Agriculture, Agriculture Research Service, Raleigh, North Carolina 

(Table 3.). Different bacterial species or subspecies belonging to the genera 

Lactobacillus, Leuconostoc, Lactococcus, Pediococcus, Weissella, and Carnobacterium 

were selected. Some of these species had been associated with vegetable fermentations. 

Cultures were maintained at –80°C in MRS broth (Difco Laboratories, Detroit, MI) with 

16% glycerol. Cultures were streaked onto MRS agar plates prior to the experiment. 

 

Commercial sauerkraut fermentation and sample collection: Sauerkraut 

fermentations were carried out at a commercial processing plant, consisting of one and 

three tanks, in year 2000 and year 2001 respectively. Each tank had a 90-ton capacity. 

These fermentations were carried out with 2.3 % NaCl (after equilibration with the 

shredded cabbage). The temperature was not controlled, but the temperature in these 

commercial fermentations typically averages 18˚C.  Shredded cabbage samples 

(approximately 500 g) were collected in sterile plastic bags prior to salting. Brine samples 

were obtained with a 1-cm-diameter, perforated stainless steel tube from a depth of 

approximately 60 cm from the tops of the fermentation tanks, about 60 cm from the sides, 

at the time intervals indicated below. Brine samples, 100 mL each, were obtained from 
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fermentation tanks after the start of the fermentation on days 1, 3, 5, 7, 9, and 14. Each of 

the brine samples was transported in two separate 50 mL sterile plastic tubes on ice by 

overnight mail and processed immediately upon arrival.  

 

Preparation of shredded cabbage samples for chemical and biological analysis: For 

chemical analysis, 100 g of the shredded cabbage sample were blended with 200 g water 

for 3 min in a Waring blender (Dynamic Products Corp., New Hartford, CT) and then 

homogenized in a stomacher (Stomacher 400, Tekmar, Cincinnati, OH) for 3 min at the 

maximum speed. The cabbage extract, approximately 30 mL, was transferred from the 

filter side of the stomacher bag to a 50 mL sterile plastic tube prior to being frozen at  

-20˚C for later analysis. For microbiological analysis, 30 g of the shredded cabbage 

sample were homogenized in a stomacher with 270 g saline (0.85% NaCl) as described 

above. One mL cabbage extract was obtained from the stomacher bag for further 

microbiological analysis. 

 

Chemical analysis of brine samples: Organic acids, alcohol, and sugars were 

determined by high-performance liquid chromatography (HPLC). Organic acids and 

ethanol were analyzed using an anion-exchange column (Aminex HPX-87H, Bio-Rad 

Laboratories, Richmond, CA) with a 0.8 mL/min flow rate of 0.03 N H2SO4 at 75˚C. A 

UV detector (UV-6000, Thermo Separation Products Inc., San Jose, CA) and a 

differential refractometer (Waters 410, Waters, Milford, MA) were connected in series 

for detection of organic acids (at 210 nm) and ethanol, respectively. Isobutyric acid was 

used as an internal standard. Sugars and mannitol were separated by a Carbopac PA1 
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column (Dionex Corp., Sunnyvale, CA) with a 0.8 mL/min flow rate of 0.12 N NaOH at 

room temperature, and detected by a pulsed amperometric detector (model PAD-2; 

Dionex). Cellobiose was used as an internal standard. The salt (NaCl) content in brine 

was determined by titration with standard AgNO3 using dichlorofluorescencein as 

indicator (Fleming et. al., 1992). 

 

Microbiological analysis: Each brine sample was diluted and plated on plat count agar 

(PCA) (Difco Laboratories, Detroit, MI), VRBG (VRB agar, Difco, with 1% glucose), 

modified MRS agar (MRS, Difco, supplemented with 2% sodium azide, Fisher Scientific, 

Pittsburgh, PA) (MMRS), and YM agar to enumerate total aerobic microflora, 

Enterobacteriaceae, LAB, yeasts and molds respectively. In addition, each brine sample 

was plated on MRS agar (Difco) for collection of LAB isolates.  

 

Collection of LAB isolates: Bacterial cell counts and LAB isolates from cabbage 

fermentations were obtained using a spiral plater (Spiral Systems model 4000, Spiral 

Systems Inc., Cincinnati, OH) with an automated colony counter (Protos Plus Bioscience 

International, Rockville, MD). Well isolated colonies from each brine sample (96 each 

from year 2000 samples and 20 each from year 2001) were randomly picked from MRS 

plates and further purified by streaking on MRS agar prior to being maintained in MRS 

broth with 16% glycerol at –80°C. Gas production by heterolactic fermenting LAB was 

determined by using Durham tubes (6 x 50 mm, Kimble) with MRS broth and HHD 

medium (McDonald et. al.,1987). The formulation of HHD medium was based on that of 

the MD medium of Daeschel et. al.(1984). By using 0.25% (14mM) fructose and 0.25% 
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(18mM) KH2PO4 with amino acid sources, a differential of 1 pH unit or more could be 

established between homofermentative and heterofermentative LAB grown in HHD 

broth. Bromocresol green (pK, 4.6) was used as the pH indicator. Incorporation of 

bromocresol green into the medium led to a color difference between broth containing 

heterofermentative and homofermentative organisms. HHD broth inoculated with 

homofermentative LAB was green, while HHD broth containing heterofermentative LAB 

remained blue. In addition, the sedimented cells of the homofermentative species were 

blue to green, whereas those of the heterofermentative species were white (McDonald et. 

al., 1987). 

 

DNA extraction and cell lysis: MRS broth cultures of each bacterial strains and 

fermentation isolate were incubated at 30°C 12-16 hours before performing DNA 

extraction. Genomic DNA from isolated bacterial colonies was extracted by using a 

Wizard Genomic DNA Purification kit (Promega Corporation, Madison, WI) in 

accordance with the manufacturer’s instructions, with minor modification. Twenty 

microliters of stock 2.4 mg/ml mutanolysin (Sigma Laboratories, St.Louis, MO) was 

substituted for lysostaphin. 

 

PCR amplification of the intergenic transcribed spacer (ITS) region: The method of 

Breidt and Fleming (1996) was used to amplify the ITS region between 16S and 23S 

rRNA gene. Each 100 µl reaction mixture consisted of 10 µl of 10X PCR buffer II 

(500mM KCl and 100mM Tris-Cl, pH 8.0), 10 µl of 25 mM MgCl2, 1 µl of dNTP 

mixture (25mM each dNTP, Stratagene), 4 µl of DNA preparation as described above, 70 
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µl of water, 1 µl of Taq DNA polymerase (5 U/µl), and 2 µl of each primers. Two 

primers were used for PCR amplification (Breidt and Fleming, 1996): G1-16S, 

GAAGTCGTAACAAGG and L2-23S, GGGTTTCCCCATTCGGA (Genosys 

Biotechnologies, Inc., The Woodlands, TX). PCR reactions were carried out using a 

model GTC-2 Genetic Thermal Cycler, with a model LTM-2 refrigeration unit (Precision 

Scientific Inc.) with an initial heat denaturation step at 94 °C for 5 min. A temperature 

program consisting of 25 cycles of 1 min at 94 °C, 5 min at 55 °C, and 2 min at 72 °C 

followed by a final 5 min interval at 72 °C was used. The aqueous phase of the reaction 

mixture was then removed from the tubes and stored at –20 °C. After PCR amplification, 

20 µl of reaction mixtures containing DNA products was treated with 1 µl of Rsa I 

enzyme solution (16 U/µl. No. 500890, Stratagene) for 1 hour at 37 °C in a water bath 

(model 18800, Lab Line Instruments Inc., Melrose Park, IL). The restriction digest 

samples were placed at –20 °C prior to electrophoresis in 5% nondenaturing 

polyacrylamide gels using a vertical gel electrophoresis box with glass plate supplied by 

the manufacturer (BRL Model V16, Life Technologies, Inc., Gaithersburg, MD). Gels 

were run approximately 6 hours at 60 V in a Tris-borate buffer (TBE, Maniatis et al. 

1982). A 100bp DNA molecular weight marker (Invitrogen, Carlsbad, CA) was used as a 

standard. After electrophoresis, the gels were stained in ethidium bromide (0.5 µg/ml, in 

water, Sigma) and photographed with UV illumination (UV Transilluminator, model 

2040EV, Stratagene).  

 

Analysis of ITS-PCR banding patterns: The banding profiles generated were aligned 

and homology determined using the GelCompar II software (Applied Maths, Inc., Austin, 
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TX). This software standardized ITS-PCR banding profiles to minimize migration 

differences between gels. Reference LAB strains PCR patterns were used to construct the 

database libraries for identification purposes. The similarities were generated using the 

Dice coefficient with the software.  Each sauerkraut isolate PCR pattern was identified 

against the construct database libraries for genus and/or species identification. Selected 

isolates were subjected to 16S rDNA sequencing analysis for further confirmation.   

 

PCR amplification of the 16S ribosomal DNA (rDNA) variable region: The 

procedure of Barrangou et al. (2002) was used to amplify variable regions V1 and V2 

(Neefs et. al., 1993) of the16S rDNA gene. The thermal cycler (Precision Scientific Inc.) 

was programmed as follows: 10 min at 94˚C; 25 cycles of 1 min at 94˚C, 2 min at 61˚C, 

and 2 min at 72˚C; and 5 min at 72˚C. The primers used for PCR amplification were 5’-

AGAGTTTGATCCTGGCTCAG-3’and 5’-GTCTCAGTCCCAATGTGGCC-3’. 

Alternatively, primers 5’-AGTTTGATCMTGGCTCAG-3’ (M=A+C), and 5’-

AGGAGGTGATCCARCCGCA-3’ (R=A+G) (Genosys) were used to amplify the whole 

16S rDNA gene (Dasen et. al., 1998). The thermal cycler was programmed as described 

above with minor modification. The annealing temperature was set at 55˚C instead of 

61˚C. The amplification products were analyzed by electrophoresis in 5% nondenaturing 

polyacrylamide gel as described previously.  

 

16S rDNA sequencing and comparative sequence analysis: The PCR products of the 

16S rDNA gene were purified using a QIAquick PCR purification kit (Qiagen Inc., 

Valencia, CA.). DNA samples were sequenced commercially (Davis Sequencing, Davis, 
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CA). All sequences were subjected to the BLAST basic local alignment search tool 

(Altschul et. al., 1990) in the GeneBank database (Benson et. al., 1997) to determine the 

most likely identities of the isolates.  
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RESULTS 

 

Chemical analysis: The composition of the shredded cabbage used in the fermentations 

is summarized in Table 4. Glucose and fructose constituted most of the fermentable 

sugars in the cabbage.  Sucrose constituted only a small amount of fermentable substrate 

from cabbage used in 2000 and was non-detectable from year 2001 cabbage. Overall, the 

cabbage used in year 2000 contained higher fermentable substrate than those used in year 

2001. However the level of fermentable substrates were lower than previously reported 

by Fleming et. al.,(1988). 

 Sugar depletion, acid production, and pH profiles were similar in all commercial 

tanks from year 200 and 2001. During the early phase of fermentation, fructose and 

glucose were depleted rapidly as shown in Figure 9. The rapid appearance of mannitol 

corresponded to the rapid disappearance of fructose. This commonly occurs in the 

heterofermentative stage when fructose is used as electron acceptor by such species as 

Leuconostoc mesenteroides and Lactobacillus brevis (Daeschel et. al., 1987). In addition 

to lactic acid, acetic acid also was produced during the early part of fermentation, giving 

further evidence of heterofermentation.  As cabbage sugars were exhausted, mannitol 

concentration was found to decrease, as mannitol then serves as a substrate for 

homofermentative species (Daeschel et. al., 1987). This resulted in additional acid 

production and further pH decrease.  

 The overall pH profiles were similar in all commercial fermentation tanks as 

shown in Figure 10. The pH decreased more rapidly in the first week of fermentation 
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compared to the second week.  The pH on day 14 was in the range of 3.4 to 3.7 in all 

tanks. The pH on day 1 in the year 2000 tank was lower than the three tanks of year 2001. 

 

Microbiological analysis: The overall microbiological profiles were mainly similar in all 

four commercial tanks. The shredded cabbage contained between 6 and 4 x 106 cfu/g 

total aerobes, 2 to 3 x 106 cfu/g total Enterobacteriaceae, and less than102 cfu/g yeast and 

mold. However, LAB populations had been found to vary from 1 x 104 cfu/g in year 2000 

tank and one tank from year 2001 to 1.6 x 106 cfu/g from the remaining tanks in year 

2001. Microbiological changes during fermentations were summarized in Figure 11. The 

early part of fermentation was characterized by rapid increase in total and lactic acid 

bacteria and a rapid decrease in Enterobacteriaceae.   The majority of LAB isolates (90% 

to 100%) taken from day 1 and 3 from commercial fermentations were 

heterofermentative species. Homofermentative organisms predominated in the 

fermentations after day 7 as indicated by the increase in the number of isolates that had 

been found to be a non-gas forming species as shown in Figure 12. Interestingly, we have 

observed the variation in hetero- and homofermentative microorganism composition 

among different sauerkraut fermentation tanks. The fermentation tank in year 2000 and 

tank 1 in year 2001 had a very similar pattern of microorganisms as shown in Figure 

12(A) and (B). The patterns started from exclusively heterofermentative microorganisms 

in day 1 to similar numbers between hetero- and homofermentative microorganisms 

during day 3 followed by higher number of homofermentor than heterofermentor at day 7 

to exclusively homofermentative microorganisms at day 14. The gas production patterns 

in tank 2 of 2001 are slightly different from the previous two since heterofermentors 
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continued to be in substantially higher numbers than homofermentor at day 3 of the 

fermentation (Fig. 12(C)). Only at day 7 was the proportion between these two types of 

microorganisms at a 1:1 ratio followed by exclusively homofermentors at day 14 (similar 

to year 2000 and tank1 of year 2001). Tank 3 of year 2001 has a unique pattern when 

compare to the previously mentioned fermentation tanks (Fig. 12(D)). 

Homofermentors started to appear from day1 but disappeared during day 3 into the 

fermentation. Furthermore, we were able to isolate heterofermentative microorganisms 

from this tank even at day 14 of the fermentation. The different patterns among these four 

fermentation tanks clearly indicated the variability in microorganism content in these 

commercial sauerkraut fermentations.              

 

ITS-PCR database setup: Forty-four LAB species and sub-species, including LAB 

considered as the major types of microflora found in vegetable fermentations: 

Leuconostoc mesenteroides, Pediococcus pentosaceus, Lactobacillus plantarum, and 

Lactobacillus brevis (Breidt and Fleming, 1996), were used to establish the ITS-PCR 

database by using GelCompar II fingerprinting analysis software (Applied Maths, Inc., 

Austin, TX). Most of these LAB species generated a unique fingerprint pattern (Fig. 13). 

The level of discrimination for selected LAB genus is reported below. 

 Leuconostoc. Leuconostoc citreum, Leuconostoc fallax, and Leuconostoc 

mesenteroides were distinguishable by ITS-PCR. Most L. mesenteroides strains produced 

similar banding profiles except LA0145. We could not distinguish among  

L. mesenteroides subsp. cremoris, subsp.mesenteroides, and subsp. dextranicum.   
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 Pediococcus. P. pentosaceus and P. acidilactici produced similar banding profiles 

but different from P. dextranicus. 

 Weissella. Each reference Weissella sp. produced a unique ITS-PCR pattern. 

 Lactobacillus. ITS’s-PCR could differentiate most of the Lactobacillus genera 

members. Some Lactobacilli species produced very similar banding patterns, such as  

L. curvatus and L. jensenni as well as L. farciminis and L. fructivorans.  

 

Investigation of microbial diversity in commercial sauerkraut fermentations: We 

used the ITS-PCR database established with reference strains to identify bacterial species 

present in several commercial sauerkraut fermentation tanks (one in 2000 and three in 

2001).  

Year 2000: There were only three bacterial species found in samples obtained 

from day 1, namely L. mesenteroides, Weissella sp., and L. citreum (Table 5.). As 

expected, L. mesenteroides is a major organism associated with the fermentation 

comprised of almost 80% (84 out of 95 isolates) of total isolates from the first day. The 

number of bacterial species increased from three in day 1 to seven in day 3.  

L. mesenteroides remained the major species found in brines sample but it contributed 

only 35% (38 from 93) of total isolates. Weisella sp. represented almost 19% of days 3 

isolates. It was interesting to note that we could not identify species of any Weissella sp. 

isolates. All 16S rDNA sequence comparisons with GenBank databases gave equally 

high scores to several Weissella species, such as Weissella confusa, Weissella cibraria, 

and Weissella kimchii. All of these Weissella species had been previously recovered from 

fermented plant products (Choi et. al., 2002; De-Vuyst et. al., 2002; Mugula et. al., 2003). 
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All of the above-mentioned Weissella sp.  had been reported to have very similar 

16SrDNA sequences ( Bjorkroth et. al., 2002; Choi et. al., 2002).    

Homofermentative L. plantarum started to appear in the fermentation on days 3 

but only in a small fraction. Other LABs that had been found on days 3 in significant 

numbers were L. curvatus and L. fallax. L. citreum was also recovered from day 3 

samples but in less proportion. From day 7 to 14, no L. mesenteroides and Weissella sp. 

were recovered from the fermentation.  The number of bacterial species recovered from 

the fermentation was at the highest level (total of possible 10 species) on day 9 before 

decreasing to five on day 14. L. plantarum was the major LAB isolated from brine 

sample during days 7 to 14, and contributed between 60% to 72% of total isolates.  

L. argentinum originally isolated from Argentine raw milk (Dick et. al., 1993) was also 

recovered in significant number from brine samples. This species accounted for 10% of 

total isolates recovered from day 9 of the sauerkraut fermentation. Surprisingly, we 

recovered only a small number of isolates belonging to L. brevis and P. pentosaceus.  

L. brevis accounted for between 3 to 5% of total isolates recovered from any time-point.  

Of all isolates recovered, only one was identified as P. pentosaceus.   Other LABs that 

had been found between day 7 and 14 were L. paraplantarum and L. coryniformis. It was 

noteworthy that 14 out of 90 and 13 out of 96 isolates from days 9 and 14, respectively, 

were identified by 16S rDNA as an uncultured bacterium or lactobacilli with unidentified 

species.      

 Year 2001: All three fermentation tanks had similar hetero to homofermentative 

microbial successions as year 2000, but significantly different bacterial species profiles 

are obtained. The bacterial species profiles were described in Table 6. 
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In tank 1, three heterofermtative LABs species were recovered from day 1,  

L. mesenteroides, Weissella sp., and L. citreum. However Weissella sp. represented the 

majority of isolates recovered (12 of 20 in day 1 and 7 of 19 in days 3). L. curvatus,  

L. fallax, and L. plantarum were also recovered from day 3 brine samples.  

L. plantarum was the major LAB species isolated from sauerkraut fermentation on days 7 

and 14, representing over 46 and 94% of isolates. In addition, no L. brevis and P. 

pentosaceus were recovered from any brine samples obtained from tank1. 

 In tank 2, the bacterial species profiles were similar to year 2000 fermentation 

(Table 7.). L. mesenteroides was the major species recovered from the early part of the 

fermentation. This LAB accounted from 64 to 84% of total isolates recovered in days 1 

and 3, respectively. Weissella sp. was recovered only from day 1, together with  

L. argentinum. There were only 3 LAB species isolated from day 3 brine sample,  

L. mesenteroides, L. fallax, and Lactococcus lactis. Surprisingly, we were able to recover  

L. mesenteroides from the day 7 brine sample. It accounted for almost 37% of total LAB 

isolates, compared to 47% for L. plantarum.  At day 14, L. plantarum was the only LAB 

isolated from the brine sample, accounted for 100% (18 of 18) of the isolates. Similar to 

tank 1, no L. brevis and P. pentosaceus were recovered from any brine samples. 

 In tank 3, the bacterial species profile obtained from the early part of fermentation 

was very different from any previously mentioned brine samples as shown in Table 8. 

There were as many as 9 LAB species recovered from day 1. L. paracasei and L. citreum 

were the major LABs discovered. Both accounted for 23% (4 from 17) of total day 1 

isolates. L. mesenteroides, L. fallax, L. plantarum, Weissella sp., and L. argentinum were 

also recovered.  At day 3, L. mesenteroides and Weissella sp. were the major LAB found 
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in the brine accounting for 45 (9 out of 20) and 35% (7 out of 20) of total isolates 

respectively. Similar to tank 2, we were able to recover L. mesenteroides, and Weissella 

sp., from day 7 along with L. plantarum, L. fallax, and L. curvatus. Homofermentative L. 

plantarum was the major LAB isolated from days 7 and 14 of the fermentation. It was 

represented between 55 and 88% of total isolates from days 7 and days 14 respectively. 

In addition, brine sample from tank 3 was the only fermentation from which we were able 

to isolate L. brevis from all three 2001tanks.    

 

Confirmation of ITS-PCR identification by using 16S rDNA sequencing 

DNA of variable region (V1, V2, and V6) of the 16S rRNA genes has been successfully 

used for the identification of LAB (Collins et. al., 1993; Kullen et. al., 2000). The 

sequences of the ~300 bp fragment of the 16S rRNA genes containing variable regions 

V1 and V2 were use to confirm the identification by the ITS-PCR database. We have 

obtained a total of 38 unique ITS-PCR banding patterns from sauerkraut isolates (Fig. 

14A and B). Of the 38, eight can be identified by ITS-PCR database, the remaining 30 

did not resemble any patterns in the database. However, most of the isolates (656 from 

686) can be assigned into one of the eight patterns already available in the ITS-PCR 

database. Furthermore, all of the designated patterns that have been identified by the 

database have the same identification from 16S rRNA sequencing (Table 9.) The 

remaining thirty unidentified ITS-PCR patterns were analyzed by using 16S rRNA 

sequencing and are included in the ITS-PCR database for further use. Of the thirty 

patterns, six each has been identified as Weisella sp., four as L. mesenteroides, six as 

Lactobacillus sp., two each for L. coryniformis, L. curvatus, L. citreum, L. argentinum,  
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L. fallax, and one each as L. plantarum, L. paracasei, uncultured bacterium, and 

uncultured eubacterium. The list of 16S rRNA sequences from selected isolates and the 

identification is shown in appendix 2. 
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DISCUSSION 

 

Sauerkraut fermentation is an example of a microbial succession. The 

environmental conditions change as a result of microbial activities so that a series of 

groups or species is favored. The initial stages in the fermentation are important in 

establishing a strong lactic acid bacteria population which will carry out a rapid 

fermentation (Daeschel et al., 1987). Sauerkraut fermentation is complex and involves 

many physical, chemical and microbiological factors that influence quality of the 

product. Pederson and Albury (1969) listed 5 species of lactic acid bacteria as important 

in the sauerkraut fermentation: Streptococcus faecalis, L. mesenteroides, L.  brevis, 

Pediococcus pentocaceus, and L. plantarum. Other LABs have also been isolated from 

sauerkraut or related products as well (Harris, 1991; Murcia and Collins, 1991).  

L. mesenteroides is a major species in the early heterofermentative stage of fermentation 

and L. plantarum is a major species involved in the late homofermentative stage (Fleming 

et al., 1995).  

The results from microbial and chemical analysis indicated that the fermentation 

in the four commercial sauerkraut fermentation tanks were normal and consistent with 

those described by Fleming et. al. (1984) Chemical analysis of brine samples and 

biochemical characterization of each isolate had confirmed that the fermentation can be 

categorized into 2 stages, an initial heterofermentative stage, followed by a 

homofermentative stage as described by Pederson and Albury (1969).  LAB became the 

predominant species after the fermentation started between 1 to 3 days as reflected by 
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MMRS and PCA counts and continued to dominate during periods of this study (14 

days). 

We used the ITS-PCR database established with reference LABs to identify major 

bacterial species present in commercial sauerkraut fermentations. Analysis of ITS-PCR 

patterns and 16S rDNA sequences among isolates by using fingerprinting comparison 

software suggested the different in domination of heterofermentative LAB species in the 

early part of sauerkraut fermentation. L. mesenteroides is not the only major species 

found associated with sauerkraut fermentation during the early phase. Weissella sp. were 

recovered together with L. mesenteroides both in day1 and 3. In some cases, this 

organism was the dominance or as dominate as L. mesenteroides suggesting the possible 

major contribution in early heterofermentative stage. This may be concluded from the 

fact that Weissella sp. used to be characterized as members of Leuconostoc genera 

(Collins et. al., 1993) and was misidentified previously. These two heterofermentative 

LABs could be recovered from the fermentation for up to seven days, even at pH less 

than 3.7 (3.9 for Weissella sp.). The newly identified lactic acid bacteria species,  

L. fallax, was also present at days three and seven of the fermentations. During the 

transition period between hetero and homofermentation (days 3 to 9), the commercial 

sauerkraut fermentations were found to containe several LABs species in significant 

numbers (at least 10%) namely, L. curvatus and Leuconostoc  argentinum. Many LABs 

isolated during 14 days of study had never been previously recovered from sauerkraut 

fermentation such as Weissella sp., L. argentinum, Lactobacillus coryniformis, 

Leuconostoc citreum, Lactobacillus  paraplantaum, and Lactobacillus  paracasei (Fig. 

15.). Several of these species, such as Weissella sp., L. citreum and L. argentinum, were 
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consistency found in most commercial fermentation tanks used in this study. It might be 

possible that these LAB species present in the early part and during the transition period 

between hetero and homofermentation phase are vital for successful microbial succession 

of sauerkraut fermentation. As previously reported, L. plantarum became the dominant 

microflorganism after seven days into the fermentation when the pH decreased to at least 

3.91. However, surprisingly, we only recovered small numbers of L. brevis and only two 

isolate of P. pentosaceus.  This contradicted the previous reports that both LABs were 

considered to be major bacterial species involved in sauerkraut fermentation (Pederson 

and Albury, 1969). We might have recovered more isolates that belong to these two 

LABs in the later part of fermentation (later than 14 days into the fermentation) but this 

need to be further investigated.  

It was noteworthy that many isolates recovered from commercial fermentations 

had been characterized as lactobacilli with unidentified species or uncultured bacterium. 

They might belong to additional species other than previously mentioned. These isolates 

need to be further analyzed for better identification and characterization.    

This study has shown the importance of using a starter culture to achieve more 

consistency and uniformity in sauerkraut production. The sauerkraut fermentation is more 

complex than previously reported. The early part of fermentation, which is believed to be 

vital to the quality of sauerkraut (Garbutt, 1997), was found here to have contained a 

variety of LABs species. Different commercial tanks had different initiation bacterial 

profiles. Using a starter culture which is capable of growing rapidly could potentially 

improve product quality and allow greater flexibility in processing parameters.   
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In conclusion, we believe that establishing a ITS-PCR profile database for 

comparison with recovered isolates can offer an alternative tool for describing the 

important species involved in complex microbial ecology. The use of this database to 

complement biochemical identification methods has revealed the presence of species not 

previously reported to be present in sauerkraut fermentations. The ecology of these 

commercial fermentations has been shown to be more complex than previously reported.  

The discovery of a variety of LAB species in the sauerkraut fermentation encourages 

further investigation of the roles of this species in the fermentation of cabbage and 

perhaps other vegetables.   
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Table 3. Bacterial strains used to create the ITS-PCR database. 

 

   FFL No.a  Speicies or subspecies     Strains   

 

LA0003      Pediococcus pentosaeceus   ATCCb 43200 

LA0010      Leuconostoc mesenteroides   

LA0023      Lactobacillus plantarum   

LA0025      Lactobacillus brevis   

LA0026      Lactobacillus brevis   

LA0027      Lactobacillus brevis  

LA0031      Lactobacillus cellobiosis   ATCC 11739 

LA0035      Lactobacillus fermentum    ATCC 14931 

LA0037      Lactobacillus caseii   

LA0039      Lactobacillus  salivarius  

subp. salivarius    

LA0041       Lactobacillus coryneformis 

subp. torquens  

LA0043      Lactobacillus xylosus   

LA0052      Pediococcus pentosaceus   

LA0061      Pediococcus pentosaceus  

LA0070      Lactobacillus plantarum   ATCC 14917 

LA0073      Pediococcus pentosaceus   ATCC  25745 

LA0074      Pediococcus acidilactici    ATCC 33314 

LA0076      Pediococcus pentosaceus     ATCC 33316 

LA0078       Lactococcus lactis    

 

           
a USDA-ARS Food Fermentation Laboratory culture collection (North Carolina State University, 

Raleigh, NC) identification number 
bATCC = American Type Culture Collection (Rockville, MD) 
cNRRL = USDA-ARS Northern Regional Research Laboratory (Peoria, IL) 
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Table 3. (continued). Bacterial strains used to create the ITS-PCR database. 

 

   FFL No.a  Speicies or subspecies     Strains   

 

LA0086      Lactobacillus plantarum  

LA0090      Lactobacillus plantarum 

LA0108      Leuconostoc mesenteroides    ATCC 13146 

LA0121      Leuconostoc mesenteroides    ATCC  23368 

LA0123      Lactococcus lactis     ATCC 7962 

LA0136      Lactobacillus pentosus   ATCC 8041 

LA0138      Lactococcus lactis subp. lactis   

LA0145       Leuconostoc mesenteroides  

LA0147      Leuconostoc mesenteroides   

LA0188      Lactobacillus brevis    ATCC 4006 

LA0200      Lactobacillus brevis    ATCC 8287 

LA0223      Lactobacillus curvatus    ATCC 25601 

LA0224      Pediococcus dextranicus    ATCC  33087 

LA0228      Lactobacillus brevis     ATCC  14869 

LA0234       Lactobacillus bifermentans    ATCC  35409 

  LA0248      Lactobacillus amylophilus   ATCC 49845  

LA0249       Lactobacillus amylovorus   ATCC 33620  

LA0250       Lactobacillus animalis    ATCC 35046 

LA0251       Lactobacillus buchneri    ATCC  4005 

LA0252       Lactobacilus coryniformis   ATCC 25602 

subp.coryniformis  

LA0253       Lactobacillus coryniformis   ATCC 25600 

 subp. torquens 

 
a USDA-ARS Food Fermentation Laboratory culture collection (North Carolina State University, 

Raleigh, NC) identification number 
bATCC = American Type Culture Collection (Rockville, MD) 
cNRRL = USDA-ARS Northern Regional Research Laboratory (Peoria, IL) 



 

 

65

Table 3. (continued). Bacterial strains used to create the ITS-PCR database 

 

   FFL No.a  Speicies or subspecies     Strains   

 

LA0254       Lactobacillus farciminis    ATCC 29644 

LA0255       Lactobacillus fructivorans    ATCC 8288  

LA0256      Lactobacillus fructosus    ATCC 13162 

LA0257      Lactobacillus gasseri    ATCC  33323  

 

LA0258      Lactobacillus hilgardii     ATCC  8290 

LA0259      Lactobacillus jensenii     ATCC  25258 

LA0260      Lactobacillus mali     ATCC  27053 

LA0262      Lactobacillus salivarius   ATCC  11742 

LA0263      Lactobacillus salivarius   ATCC  11741 

subp. salivarius   

LA0265      Leuconostoc lactis     ATCC  19256 

LA0266     Leuconostoc mesenteroides  

subp. cremoris 

 

LA0267     Leuconostoc mesenteroides   ATCC 19255  

subp. dextranicum  

LA0268     Leuconostoc mesenteroides   ATCC 8293 

subp. mesenteroides  

LA0269     Weissella paramesenteroides    ATCC 33313 

LA0270      Weissella viridescens     ATCC 12706 

 

 
a USDA-ARS Food Fermentation Laboratory culture collection (North Carolina State University, 

Raleigh, NC) identification number 
bATCC = American Type Culture Collection (Rockville, MD) 
cNRRL = USDA-ARS Northern Regional Research Laboratory (Peoria, IL) 
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Table 3. (continued). Bacterial strains used to create the ITS-PCR database. 

 

FFL No.a  Speicies or subspecies     Strains  

 

LA0271      Lactobacillus sharpeae  

LA0272A    Lactobacillus curvatus  ATCC 25601 

subp. curvatus  

LA0273      Lactobacillus reuteri   

LA0274      Lactobacillus paraplantarum  

LA0275      Carnobacterium gallinarum    ATCC 49517 

 

LA0276      Lactobacillus gramminis   

LA0277      Weissella confusa   

LA0278      Lactobacillus paracasei  NRRLb 4560 

subp.  paracasei   

 LA0283 Leuconostoc fallax   ATCC 700006 

           
a USDA-ARS Food Fermentation Laboratory culture collection (North Carolina State University, 

Raleigh, NC) identification number 
bATCC = American Type Culture Collection (Rockville, MD) 
cNRRL = USDA-ARS Northern Regional Research Laboratory (Peoria, IL) 
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Table 4. Fermentable substrate composition of shredded cabbage used in commercial 

sauerkraut fermentationsa  

 

 

 
   Glucose    Fructose    Sucrose    Malic acid 
 
 
Year Tank           mM %   mM     %   mM   %    mM     % 
 
 
2000    1          119.2     2.15  90.8  1.64    4.8  0.17    5.6    0.08 
 
2001    1             92.4    1.66  81.7  1.47    NDb  ND    3.9    0.05 
 
2001    2             90.8    1.63  83.5  1.50    ND  ND    3.5    0.05 
 
2001    3             81.7    1.47  73.8  1.33    ND  ND    4.7    0.06 
 
 
 
 
amM = millimolar, percentage by weight. 
 
bND = not detected.  
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Table 5. Bacterial species profiles in commercial sauerkraut fermentations (year 2000) 

 
Times 

 

  Day1                Days 3                 Days 7                Days 9                Days 14 

Bacterial species 

recovered 

 

L. mesenteroides  84a/95  38/93b  0/93  0/90  0/96  

 

Weissella sp.  7/95  20/93  0/93  0/90  0/96 

 

L. citreum  4/95  1/93  0/93  0/90  0/96 

 

L. curvatus  0/95  14/93  14/93  3/90  0/96 

 

L. fallax   0/95  8/93  1/93  1/90  0/96 

 

L. plantarum  0/95  9/93  64/93  51/90  75/96 

 

L. brevis   0/95  3/93  3/93  3/90  5/96 

 

L. coryniformis  0/95  0/93  5/93  1/90  0/96 

 

L. argentinum  0/95  0/93  1/93  11/90  0/96 

 

P. pentosaceus  0/95  0/93  1/93  0/90  0/96 

 

L. paraplantarum  0/95  0/93  3/93  6/90  3/96 

 

Unculture bactereium     0/95  0/93  1/93  14/90  13/96 

clone/lactobacilli with 

unidentified species 

 
 

a = number of isolates belong in this specie/group 
b = Total isolates recovered  
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Table 6. Bacterial species profiles in commercial sauerkraut fermentations (tank 1 in 

2001) 

 
Times 

 

   Day1                 Days 3                  Days 7                 Days 14                 

Bacterial species 

recovered 

 

L. mesenteroides   6a/20  2/19b  2/15  0/17  

 

Weissella sp.   12/20  7/19  0/15  0/17   

 

L. citreum   2/20  0/19  0/15  0/17   

 

L. curvatus   0/20  5/19  3/15  0/17   

 

L. fallax    0/20  1/19  1/15  0/17 

 

L. plantarum   0/20  3/19  7/15  16/17   

 

L. brevis    0/20  0/19  0/15  0/17 

   

P. pentosaceus   0/20  1/19  0/15  0/17 

   

L. paraplantarum   0/20  0/19  1/15  1/17 

  

Unculture bactereium      0/20  0/19  1/15  0/17  

clone/lactobacilli with 

unidentified species 

 
 

a = number of isolates belong in this specie/group 
b = Total isolates recovered  
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Table 7. Bacterial species profiles in commercial sauerkraut fermentations (tank 2 in 

2001) 
 

Times 

 

   Day1                 Days 3                  Days 7                 Days 14                 

Bacterial species 

recovered 

 

L. mesenteroides   12a/19  16/19b  7/19  0/18  

 

Weissella sp.   2/19  0/19  0/19  0/18  

   

L. citreum   0/19  0/19  1/19  0/18   

 

L. fallax    0/19  2/19  1/19  0/18   

 

L. plantarum   1/19  0/19  9/19  18/18  

    

L. lactis    0/19  1/19  0/19  0/18 

 

L. argentinum   4/19  0/19  0/19  0/18 

 

L. mali    0/19  0/19  1/19  0/18  

   

 

    
 

a = number of isolates belong in this specie/group 
b = Total isolates recovered  
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Table 8. Bacterial species profiles in commercial sauerkraut fermentations (tank 3 in 

2001) 

 
Times 

 

   Day1                 Days 3                  Days 7                 Days 14                 

Bacterial species 

recovered 

 

L. mesenteroides   1a/17  9/20b  2/18  0/18  

 

Weissella sp.   1/17  7/20  1/18  0/18   

 

L. citreum   4/17  1/20  0/18  0/18  

 

L. curvatus   0/17  0/20  1/18  0/18   

 

L. fallax    2/17  2/20  4/18  0/18 

 

L. plantarum   1/17  0/20  10/18  16/18   

 

L. brevis    0/17  0/20  0/18  1/18 

   

L. argentinum   1/17  0/20  0/18  0/18 

   

L. paracasei   4/17  0/20  0/18  0/18 

  

Unculture bactereium      3/17  1/20  0/18  1/18  

clone/lactobacilli with 

unidentified species 

 
 

a = number of isolates belong in this specie/group 
b = Total isolates recovered  
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Table 9.  Identification of isolates PCR patterns by using the ITS-PCR database and 16S 
rRNA sequencing. 
 
 
Sauerkraut ITS-PCR pattern 

# 
Identification by ITS-PCR 

database 
Identification by 16S rRNA 

sequencing 
 

1 L. mesenteroides L. mesenteroides 
2 - L. mesenteroides 
3 - L. mesenteroides 
4 - L. mesenteroides 
5 - L. mesenteroides 
6 L. plantarum L. plantarum 
7 - L. plantarum 
8 - L. coryniformis 
9 - L. coryniformis 
10 L. curvatus L. curvatus 
11 - L. curvatus 
12 - L. curvatus 
13 - L. citreum 
14 - L. citreum 
15 L. citreum L. citreum 
16 - Weissella sp. 
17 - Weissella sp. 
18 - Weissella sp. 
19 - Weissella sp. 
20 - Weissella sp. 
21 - Weissella sp. 
22 - L. fallax 
23 - L. fallax 
24 L. fallax L. fallax 
25 P. pentosaceus P. pentosaceus 
26 - L. paracasei 
27 L. brevis L. brevis 
28 - L. argentinum 
29 - L. argentinum 
30 - Unculture bacterium 
31 - Lactobacillus sp. 
32 - Lactobacillus sp. 
33 - Lactobacillus sp. 
34 - Lactobacillus sp. 
35 - Lactobacillus sp. 
36 - Lactobacillus sp. 
37 - Unculture eubacterium 
38 L. lactis L. lactis 
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Figure 9. Changes in the concentration of substrates and products in
a commercial sauerkraut fermentation.
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Figure 11. Microbiological changes during commercial sauerkraut fermentations. 
(A) Tank in 2000; (B) tank 1 in 2001; (C) Tank 2 in 2001; (D) tank 3 in 2001
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Figure 13. ITS-PCR profiles from LABs used to create the database. 
Culture numbers are according to Table 3.
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Figure 13. ITS-PCR profiles from LABs used to create the database. 
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Figure 13. ITS-PCR profiles from LABs used to create the database. 
Culture numbers are according to Table 3.
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Figure 14. The unique restriction digestion ITS-PCR patterns obtained from commercial 
sauerkraut fermentation isolates. Patterns numbers are according to Table 9.
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Figure 15. ITS-PCR products and restriction digestion patterns for LAB species not previously reported from
commercial sauerkraut fermentation. (A) Lane 1 contained the 100 bp DNA ladder- size standards; 
lane 2, L. paracasei; lane 3, Weissella sp.; lane 4, Lactobacillus with unidentified species; lane 5, L. citreum; lane 6

contained the 100 bp DNA ladder- size standards. (B) Lane 1 contained the 100 bp DNA ladder- size standards; lane 2, 4, 6, 
and 8 undigested; lane 3, 5, 7, and 9 the corresponding samples digested with RsaI. The lane numbers for PCR patterns 
are: Lactobacillus with unidentified species. (2 to 5), L. coryniformis (6,7), L.argentinum (8,9). (C) Lane 9 contained 
the 100 bp DNA ladder- size standards; lane 1, 3, 5, and7 undigested;lane 2, 4, 6, and 8 the corresponding samples 
digested with RsaI. L. paraplantarum (1,2), L. argentinum (3,4),Lactobacillus with unidentified species. (5 to 8). 
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The genome sequence of the lactic acid bacterium Leuconostoc 

mesenteroides subsp. mesenteroides ATCC 8293 

 

 



 

 

83

 
ABSTRACT 

 

The whole genome sequence of of L. mesenteroides ATCC 8293 originally 

isolated from olive fermentation has been determined. The chromosome has 2,038,395 bp 

and contains predicted 1,924 protein-encoding genes. Putative biological functions could 

be assigned to 54% of the predicted proteins. Consistent with the classification of  

L. mesenteroides as heterofermentative lactic acid bacterium (LAB), the genome encoded 

all enzymes required for the 6-phosphogluconate/phosphoketolase pathway. Furthermore, 

L. mesenteroides encoded a number of pyruvate dissipating enzymes that are predicted to 

catalyze the production of many metabolites leading to various end products of 

fermentation. A large proportion of the genes is encoded for carbohydrate transport and 

utilization. The chromosome also contained genes belonging to phage remnants and 

mobile genetic elements. The genomic sequence also indicated a potential horizontal 

transfer of genetic information between L. mesenteroides and gram-negative bacteria 

including the Salmonella-Escherichia group. 
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INTRODUCTION 
 

The lactic acid bacteria (LAB) are a group of Gram-positive bacteria that are functionally 

related by their ability to produce lactic acid as the major end product during 

fermentation of carbohydrates (Axelsson, 1998). The acidification and enzymatic 

processes accompanying the growth of LAB impart the key flavor, texture, and 

preservative qualities to a variety of fermented foods. Industrial applications of the LAB 

rely on non-pathogenic genera including Leuconostoc (Klaenhammer et. al, 2002). 

Leuconostoc species are epiphytic bacteria that are widespread in the natural environment 

and commonly found on crop plants (Mundt et al 1967). L. mesenteroides is perhaps the 

most predominant LAB species found on fruits and vegetables and is responsible for 

initiating the sauerkraut and other vegetable fermentations (Pederson and Albury 1969). 

L. mesenteroides starter cultures also are used in some dairy and bread dough 

fermentations (Server-Busson et al. 1999). More recently, Leuconostoc spcies are being 

used in the production of industrial chemical and biological products including 

biopolymers (Klaenhammer et. al., 2002). L. mesenteroides is a facultative anaerobe 

requiring complex growth factors and amino acids (Garvie 1986). Most strains in liquid 

culture appear as cocci, occurring singly or in pairs and short chains, however, 

morphology can vary with growth conditions; cells grown in glucose or on solid media 

may have an elongated or rod-shaped morphology. Cells are Gram positive, 

asporogenous and non-motile. Under microaerophilic conditions, a heterolactic 

fermentation is carried out. Glucose and other hexose sugars are converted to equimolar 

amount of D-lactate, ethanol and CO2 via a combination of the hexose monophosphate 

and pentose phosphate pathways (Axelsson, 1998). Other metabolic pathways include 

conversion of citrate to diacetyl and acetoin (Axelsson, 1998) and production of dextrans 

and levan from sucrose (Vandamme et. al., 1996). Realizing the practical significance of 

LAB in fermentation, bioprocesssing, agriculture, food, and medicine, the LAB, 

including L. mesenteroidesc, has been the subject of considerable research and 

commercial development during the past decade.  From the fact that the essential 

catabolic and biosynthetic pathways in LAB, as in all other organisms, are 



 

 

85

chromosomally encoded (von Wright and Sibakov, 1998), the diagnostic sequencing 

study of the Leuconostoc genome can help facilitate evaluation of its metabolism, 

physiology, and regulation. We have selected L. mesenteroides subsp. mesenteroides 

ATCC 8293 for sequencing since this strain is generally accepted as a neotype for this 

species and widely available from a variety of culture collection (Klaenhammer et. al., 

2002).   
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MATERIALS AND METHODS 
 

Sequence analysis and annotation 

DNA sequencing was carried out at the Department of Energy Joint Genome 

Institute (JGI) sequencing facility (Walnut Creek, CA) using shortgun cloning and primer 

walking sequencing strategies. The first step was to generate a 10x coverage of  

L. mesenteroides ATCC  8293 genome with a random shotgun small-insert library (3 kb) 

followed by supplementation with approximately 5x coverage of a large insert (40 kb) 

cosmid library. The obtained data was incorporated into an assembly and the assembled 

scaffolds ordered by PCR primer walking to fill gap. The scaffolds were underwent an 

automated annotation by Oak Ridge National Laboratories (Oakridge, TN) using gene 

model parameters as described below. Three gene modeling programs, Glimmer, Critica, 

and Generation, were run on all scaffolds, using default settings that permit overlapping 

genes. Generation (ORNL) uses predominantly 6-mer statistics to recognize coding 

regions; it uses a proximity rule-based start call with ATG and GTG as potential starts. 

Glimmer uses interpolated Markov models (IMMs) to identify the coding regions; it uses 

ATG, GTG, and TTG as potential starts. Critica (v 1.5) uses blastn to produce alignments 

from the entire dataset and derives dicodon statistics to recognize coding sequences. It 

uses an SD sensor with ATG, GTG, and TTG as potential starts. The Generation and 

Glimmer training set selected consisted of non-overlapping ORFs greater than 900bp in 

length.  

Gap filling was carried out at Fidelity System, Inc. (Gaithersburg, MD) using the 

whole direct genome sequencing approach with ThermoFidelase and 2’ modified 

oligonucleotides (Fimers) as previously described (Slesarev et. al., 2002). In addition gap 

filling determination and confirmation of sequence analysis was performed using 

GAMOLA (Alterman and Klaenhammer, 2002) software. Briefly, a training model was 

built for use with Glimmer to identify the ORFs in L. mesenteroides ATCC 8293 whole 

genome sequence. The non-redundant databases from NCBI (April 2003) was used to 

BLASP the identified ORFs. The subsequent results were used to establish automated 
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computer annotation. In both cases of annotation, the program tRNAscan-SE (Lowe and 

Eddy, 1997) was used to identify tRNA genes. 

The functional classification of genes was done according to the list of Kyoto 

Encyclopedia of Genes and Genomes (KEGG) and the list of categories presented earlier 

(Bolotin et. al., 1999). Fully automatic computer-generated classification was used as a 

starting material followed by analysis by an expert to improve the category assignment. 
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RESULTS AND DISCUSSION 
 

General genome description 

The genome of L. mesenteroides ATCC 8293 consists of a single circular 

chromosome of 2,038,395 bp which is close to the size predicted on basis of estimation 

by pulse field gel electrophoresis (Davidson et. al., 1996). L. mesenteroides ATCC 8293 

was found to contain a large plasmid of 37,364 bp encoding several mobile genetic 

elements and other functions. The overall G+C content of the chromosome is 37.71% 

whereas the plasmid appeared to have a slightly lower G+C content (35.38%). The 

deviation from the mean GC content may indicate the presence of foreign insertion 

elements such as prophages or transposon as previously described in the B. subtilis 

genome (Kunst et. al., 1997). We did detect, in the L. mesenteroides genome, a 

correlation of GC content with location of insertion sequence and prophages (Figure 16). 

In addition, several regions of  highly elevated GC content belong to rRNA operons and 

the cluster of ribosomal protein genes similar to thiose previously reported in L. lactis 

(Bolotin et. al., 2001) as shown in Figure 17. We detected 1,885 open reading frames 

(ORFs) in the sequence with an average length of 964 bp. Protein coding genes represent 

87.8% of the entire genome. We have assigned a biochemical or biological role to 

54.27% (1,074 ORFs) of the genes and classified them into functional categories (Table 

12.). There are 43.99% of genes (846 ORFs) that match hypothetical coding sequences of 

unknown function, and the remaining 1.77% (34 ORFs) represent genes with no 

similarity to known proteins which can be considered specific for leuconostoc. The 

summary of distribution of ORFs over functional classes of L. mesenteroides is shown in 

Table 10.   

 

 Replication origin and terminus 

Approximate position of the replication origin (OriC) and terminus of the L. 

mesenteroides ATCC 8293 chromosome was determined by using the GC and AT skews 

as previously described (Bolotin et. al., 1999). GC or AT skews are useful to predict 

positions of replication origin and terminus. The sharp transition between positive and 

negative values was observed and indicated the presence of the replication of origin. GC 
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and AT skews may also indicate location of the replication terminus (Lobry, 1996). The 

distribution of the values (C-G/C+G) AND (A-T/A+T) over the chromosome region in 

the vicinity of dnaA gene is shown in Figure 18. A sharp transition between positive and 

negative values is observed and may indicate the presence of the replication origin. This 

region contains potentially four DnaA boxes which also indicate the presence of the 

replication origin (Fig. 19.). Based on the sharp transition in the GC-skew, the presence 

of dnaA and dnaN gene, and the present of DnaA boxes, we selected this region as the 

replication origin for L. mesenteroides ATCC 8293. We chose the start of dnaA genes 

(bases position 1,884,375) as the staring point for origin of replication. The circular L. 

mesenteroides genome map (Fig. 20.) was oriented to be colinear with the transcription 

direction of the dnaA and dnaN genes.    

GC and AT skews may also indicate location of the replication terminus. The 

transition between positive and negative values occurs near the position 0.9 Mb from 

OriC. The replication terminus is characterized by a sharp transition in the GC-skew as 

shown in Figure 21. The replication terminus appeared to be positioned almost 

diametrically opposite to the origin of replication. It should be noted that the precision of 

the origin mapping is greater than that of the terminus since there are conserved elements 

(dnaA, dnaN genes, and DnaA boxes) in the vicinity of the replication origin but not of 

the terminus (replication terminator protein (rtp) gene was not found).  

 

Plasmids 

Many Leuconostoc species harbor one or more plasmids of various sizes (Biet et. 

al., 2002). Several of the plasmids possess genes that encoded for bacteriocin production 

(Fremaux et. al., 1995), citrate utilization (Vaughan et. al., 1995), or lactose utilization 

(David et. al., 1992).  We detected a 3.7 kb plasmid in L. mesenteroides ATCC 8293. The 

detailed annotation is shown in appendix 1. Interestingly, we found five ORFs that 

encoded mobile genetic elements. The plasmid encoded at least two types of IS elements 

similar to IS1163 in L. sakei and orfC of IS3-like IS elements in L. lactis. There are 

several ORFs in the plasmid that encodes proteins from several prokaryotes not closely 

related to L. mesenteroides.  We did not find any genes involved in lactose transport and 

hydrolysis as well as bacteriocin production. Furthermore, no gene associated with citrate 
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utilization has been identified in the plasmid as previously reported (Lin et. al., 1991). 

Loss of the ability to metabolize citrate in known to occur during prolonged propagation 

of Leuconostoc strains used in industrial fermentations (Vaughan et. al., 1995). This may 

the case for L. mesenteroides ATCC 8293 or it has lost the ability to use citrate due to the 

environment it had been associated with. As previously mentioned, several mobile 

genetic elements have been identified on a plasmid. Most of the remaining genes are 

encoded for hypothetical or conserved hypothetical protein similar to different organisms. 

Therefore the purpose of L. mesenteroides ATCC 8293 to harbor the plasmid is unclear.  

RNA, IS elements, and prophages 

The L. mesenteroides genome contains four rRNA operons (rrn). All rRNA 

operons are located close to OriC as shown in Figure 19. A total of 60 tRNA, 

corresponding to the 20 amino acids, encoding genes were identified (Table 11). Most of 

tRNAs (36 from 60) are located in rrn operons. Component of RNAse P gene (rnpA) is 

not located adjacent to any of four rRNA operons. There are 50S ribosomal protein L34 

(rpmH) and transcriptional regulator (rcfA) genes located downstream and transcribed in 

the same direction as rnpA.  

Several other repeated sequence elements were found including possibly seven 

classes of transposase encoding regions that are likely to represent mobile genetic 

elements. There are 3 different IS elements in the ATCC 8293 chromosome; IS1070, 

orfA, and orfC that highly similar to IS-3 like IS element found in Leuconostoc lactis. 

Their similarity ranged from 93 to 97%.  Both insertion elements similar to IS 1070 are 

located very close to the terminus region. Two additional transposases resemble S. aureus 

prophage phi PV 83 had been identified in the L. mesenteroides chromosome but their 

position are further apart (77 kb) from one another. There is no evidence of IS element IS 

1297 in L. mesenteroides ATCC 8293 as had been previously reported in several dairy 

Leuconostoc strains (Ward et. al., 1996). 

The L. mesenteroides chromosome contains 18 prophages remnants. Of the 

eighteen found, six resemble S. thermophilus and 5 are similar to L. lactis phages. The 

largest prophage regions, hyp6709 (52 kb), is highly resembles L. lactis temperate phage 

BK5-T. Most of the prophage remnants are only clustered in one region 0.4 Mb from 
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OriC. It is noteworthy that there are as many as eighteen different ORFs in these 

prophages cluster area that encodes proteins from several prokaryotes not closely related 

to L. mesenteroides. This may suggest the possibility of phage involvement in horizontal 

gene transfer in this bacterium. A detailed analysis of the L. mesenteroides prophage 

regions including comparison with phages from other LAB is, therefore, necessary. 

 

Energy metabolism and transporters 

Global control of sugar metabolism:  

When bacteria are exposed to a mixture of carbon sources they normally choose 

the substrate that yields a maximum profit for growth. They have developed the 

mechanisms that enable them to govern and coordinate carbon source-specific regulation 

that fall under the term carbon catabolite repression (CCR). Low G + C bacteria, 

including LAB, apparently control utilization of carbon sources via CCR (Mahr et. al., 

2000). The global transcriptional control mechanism and the protein control mechanism 

of inducer exclusion are probably the most important. Both mechanisms take advantage 

of the components of the phosphotransferase system (PTS) to integrate carbon-regulatory 

signals (Titgemeyer and Hillen, 2002). LAB use the PTS  histidine-containing  protein 

(HPr) to exert inducer exclusion and to trigger the catabolite control protein (CcpA) to 

confer CCR (Titgemeyer and Hillen, 2002). Genes encoding CcpA have been found in L. 

mesenteroides ATCC 8293 from genome analysis. The genetic organization of ccpA 

genes is pepQ-ccpA where pepQ (encodes a prolidase) and ccpA are transcribed in 

different direction. The gene order pepQ-ccpA (or pepQ-ccpA homologue) is similar to 

the published ccpA region gene organization found in many LAB, namely L. pentosus, L. 

delbrueckii, L. casei, and L. lactis (Mahr et. al., 2000) (Fig. 22). Interestingly, we 

detected an additional ccpA operon located kb from the first ccpA ORF. There is 

difference in genetic organization of the two ccpA gene since no pepQ has been found 

next to the second ccpA operon.  
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Sugar transport:  

L. mesenteroides is a versatile and flexible organism and is able to grow on a wide 

variety of sugar sources. This is reflected by the high number of genes encoding sugar 

transporters. Many of these transporters are predicted phosphoenol pyruvate (PEP)-

dependent sugar PTSs, similar to L. plantarum WCFS1 and L. lactis IL1403. Sugar 

transport mediated by PTS involves phosphoryl transfer from PEP via the general 

cytoplasmic component enzyme I and HPr to the sugar specific components IIABC 

(Poolman, 1993). L. mesenteroides encodes complete 5 PTSs enzyme II complexes and 

several incomplete complexes.  The complete PTSs found in L.mesenteroides ATCC 

8293 are: mannose, fructose (mannose), two beta-glucoside, and cellobiose (Table 12.). 

The number of PTS systems found are similar to those of L. lactis IL1403 but far less 

than those in L. plantarum WCFS1 and Listeria monocytogenes (Kleerebezem et. al., 

2003). The substrate specificity of L. mesenteroides ATCC 8293 PTSs has been predicted 

based on homology to annotated PTS genes and from their genomic context because in 

many cases the PTS enzyme II genes are found to be clustered with enzyme and 

regulatory genes involved in sugar metabolism. In addition to PTSs, the L. mesenteroides 

genome encoded more than 40 transporter systems that were predicted to be involved in 

the transport of carbon sources. However, the substrate specificity could not be predicted 

for some PTS, other carbon-uptake systems, and various sugar transport systems are 

known to import more than one substrate. 

 

Sugar metabolism:  

L. mesenteroides can metabolize various carbohydrates including lactose, glucose, 

fructose, saccharose, mannose, galactose, maltose arabinose, xylose, ribose, raffinose, 

and trehalose (Foucaud et. al., 1997). Classically, L. mesenteroides is group among 

heterofermentative LAB indicating that sugars are fermented via the 6-

phosphogluconate/phosphoketolase 6-PG/PK) pathway leading to heterolactic 

fermentation profiles (Axelsson, 1998). The genes encoding enzymes involved in the 

phosphoketolase pathway were found on the L.mesenteroides ATCC 8293 genome. A 

number of genes encoding such enzymes namely, glucose –6-phosphate dehydrogenase, 

6-phosphogluconate dehydrogenase, and ribulose –5-phosphate epimerase which lead to 
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the formation of xylulose-5-phosphate. Phosphoketolase, the key emzyme in the 

phosphoketolase pathway, which catalyze formation of glyceraldehyde-3-phosphate and 

acetylphosphate are also confirmed by genome analysis (Table 12.). As expected, the   

L. mesenteroides chromosome does not encode intact glycolysis, citric acid cycle and 

gluconeogenesis pathways. However, similar to L. plantarum WCFS1 and L. lactis 

IL1403, several of the enzymes from these pathways appear to be present. Unlike L. 

plantarum WCFS1, the L. mesenteroides chromosome does not encode several copies of 

fumarate reductase and molybdopterin-dependent nitrate reduction systems. 

The lactose fermentation in L. mesenteroides is occured by means of lactose 

permease and subsequent cleavage by β-galactosidase to yield glucose and galactose. No 

P-β-galactosidase and lactose PTS were found in L. mesenteroides from genome analysis. 

There are apparently two gene clusters, transcribe in different direction, encoding 

enzymes involving in lactose utilization with different genetic organization. The first 

gene cluster (Fig. 23A) encoding lactose utilizing enzyme was determined to be: lacR 

encoding transcriptional repressor; lacA1, encoding beta-galactosidase; lacY1, encoding 

lactose permease. An ORF encoding for galactose utilization (galT-E-K) is located 1.3 kb 

downstream from the first lactose utilization genes cluster. The second genes cluster (Fig. 

23B) is located further apart (0.24Mb). The genetic organization is lacA2-yghZ (putative 

oxidoreductase)-lacY2. There is a galactokinase (galK) operon located only 29 bp 

downstream from lacY2 gene. Apparently there is no lacR operon next to the second gene 

cluster. However a gene similar to MSM operon regulatory protein in Streptococcus 

mutans, which is an araC family of bacterial regulatory proteins, is located 1.1 kb 

downstream from lactose permease operon. This protein might be involved in regulation 

of the second gene cluster, which needs to be further investigated. Duplication of the β-

galactosidase gene has been previously reported in some L. plantarum strains (Fernandez 

et. al., 1999). However, unlike L. mesenteroides ATCC 8293, the second copy of β-

galactosidase in L. plantarum is located on the plasmid not on the chromosome. Whether 

this gene duplication might offer a selective advantage for L. mesenteroides ATCC 8293 

to grow in lactose-containing environment remains to be determined.  

Mannitol production from L. mesenteroides was observed when grown in a 

mixture of glucose and fructose (Wisselink et. al., 2002). The reduction of fructose to 
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mannitol in heterofermentative LAB is catalyzed by an NADH-linked mannitol 

dehydrogenase (mdh) (Aarnikunnas et. al., 2002). In this reaction, fructose acts as 

electron acceptor facilitating the improved energetic ATP yield by guiding acetyl-

phosphate towards acetate rather than ethanol (Axelsson, 1998). We detected the 

presence of mdh enzyme in L. mesenteroides ATCC 8293 from genome analysis (Table 

12.). There are two ORFs encoding unknown proteins, positioned next to ORF of mdh 

gene. These two proteins might be involved in mannitol biosynthesis and transport, which 

need to be further investigated.  

  

Transport 

The transport proteins are the largest class of proteins represented in the   

L. mesenteroides genome. At least 238 proteins involved in transporter genes have been 

predicted. Of these transporters, thirty-two ATP-binding cassette (ABC) transporters 

were identitfied. Many of these importers transport amino acids and peptides. The 

substrate specificity of many of the exporters is unknown. The chromosome of 

L.mesenteroides encodes several transporters for uptake of amino acids which is in 

agreement with the absence of the genes encoding enzymes involved in the biosynthesis 

of these essential compounds in L. mesenteroides. It is noteworthly that the glutamine-

specific ABC transporters display considerable redundancy (Table 12.). We have 

identified four possible complete systems in L. mesenteroides ATCC 8293 similar to L. 

plantarum WCFS1. Interestingly, in L. mesenteroides ATCC 8293, we found an operon 

encoding glutamine synthetase repressor (glnR) next to the glutamine synthetase (glnA) 

gene. In B. subtilis,glutamine synthetase activity is affected by the presence of glutamine 

and plays an important role in modulation of global regulation of nitrogen metabolism. 

Also glnR activity can be modulated by glutamine synthetase (Kleerebezem et. al., 2003). 

These findings suggests that glutamine transport could play a crucial role in the 

regulation of nitrogen metabolism through its potential effect on the signaling role of 

glutamine synthetase similar to both L. plantarum and B. subtilis as previously suggested 

(Kleerebezem et. al., 2003).    
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Pyruvate metabolism 

The essential feature of L. mesenteroides fermentations is the oxidation of a 

substrate to generate energy-rich intermediates which can be used for ATP production by 

substrate level phosphorylation. The oxidation results in the formation of NADH from 

NAD+ which has to be regenerated for the cells to continue the fermentation. Pyruvate is 

a key intermediate in major fermentation used by L. mesenteroides. This intermediate 

serves as electron (or hydrogen) acceptor for the NADH regeneration step.  

L. mesenteroides displays heterolactic fermentation patterns during growth on glucose 

that is degraded via the 6-PG/PK pathway leading to pyruvate which subsequently is 

converted to D-lactate. In addition to D-lactate dehydrogenase (ldhA) genes, the 

chromosome encoded a number of other pyruvate-dissipating enzymes that are predicted 

to catalyze the production of other metabolites including acetate, CO2, and ethanol (Table 

12.). Oxygen has a profound effect on the fate of pyruvate in LAB. This effect may be 

mediated by the activity of enzyme pyruvate oxidase which converts pyruvate to CO2 and 

acetyl phosphate with the formation of H2O2 (Axelsson, 1998). We found an operon 

encoding pyruvate oxidase in L. mesenteroides from genome analysis. The enzyme has 

been suggested to be involved in aerobic metabolism of L. plantarum which forms 

significant amount of acetic acid aerobically (Sedewitz et. al., 1984). Whether this is the 

case for L. mesenteroides remains to be determined.  

 

The malo-lactic fermentation (MLF) 

MLF which is the conversion of L-malic acid to L-lactic acid and carbon dioxide 

is significant in the fermentation of fruits and vegetables where malate is present in fairly 

high concentration (Daeschel et. al., 1987). LAB performing the MLF in cofermentation 

with a carbohydrate generally benefit from this in the way that this reaction provides 

significant amounts of external electron acceptors (pyruvate and NADH) and help 

increase growth rate (Axelsson, 1998). In addition, the conversion of malate to lactate 

and CO2, results in a natural decrease in acidity, which is very important in the wine 

making industry since it may be desirable or undesirable depending on wine variety 

(Labarre et. al., 1996). Malolactic enzyme (MLE) which is responsible for MLF, has been 

purified from several LABs including L. mesenteroides . In L. mesenteroides ATCC 
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8293, a cluster of genes involved in MLF are clustered in a 4.0 kb region. The genes 

cluster encoding the MLF pathway was determined to be: mleS, encoding malolactic 

enzyme and mleP encoding malate transporter. A gene similar to malolactic regulator 

(mleR) in Oenococcus oeni is located 113 bp upstream from MLE operon (Fig. 24A). 

The identification of MLE operon in L. mesenteroides ATCC 8293 is in agreement with 

the finding by Johanningsmeier et. al. (2002) who observed that L. mesenteroides ATCC 

8293 has the ability to decarboxylate malic acid when testing with MD medium. As 

mentioned earlier, L. mesenteroides can decarboxylate malate to lactate and CO2, and the 

products leave the cell. Although the decarboxylation does not yield metabolic energy 

directly, the free energy of the decarboxylation reaction can be conserved via an indirect 

H+ pump mechanism (Fig. 24B) It has been shown that L. lactis can use malate utilization 

to drive the formation of ATP via the F0F1-ATPase (Poolman, 1993). L. mesenteroides 

might use the similar scenario to generate ATP through utilization of malate since it does 

not possess any complete pathway to generate ATP from arginine or glutamate utilization 

as described below. 

 

Adaptation to stress 

L. mesenteroides encodes genes for a number of stress-related proteins, including 

several proteases involved in stress response such as the energy-dependent intracellular 

proteases ClpP, ClpX, and ClpE which degraded aberrant and nonfunctional proteins. In 

addition to the hrcA-grpE-dnaK-dnaJ operons and the groES-groEL chaperone encoding 

heat shock proteins, L. mesenteroides also encodes small heat shock proteins of the 

HSP20, HSP33, and HtpX family and cold shock protein CspL and CspD (Table 12.).  

LAB also must efficiently deal with acidification of their local environment. The 

F0F1-ATPase presumably serves as a major regulator of intracellular pH has been 

identified in genome analysis of L. mesenteroides ATCC 8293 (Table 12.). In addition, 4 

genes encoded sodium-proton antiporters, three found on a chromosome and one 

identified on a plasmid, could also be involved in the L. mesenteroides acid stress 

responses as has been reported from similar genes in L. monocytogenes.   

LAB also often encounter changes in the osmolarity of their environment. A 

sudden increase of the medium osmolarity leads to loss of water from cells. As a result, 
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the concentration of internal solutes will increase and the cell volume will decrease. 

These hyper osmotic conditions can lead to cell death unless the cells are able to 

counteract these effects by accumulating compatible solute via synthesizing or by taking 

up these compounds. However LAB have a limited capability to synthesize these 

compounds thus they have to rely on transport systems for accumulating compatible 

solutes. The most important compatible solutes of LAB are glycine-betaine, carnitine, 

and proline (Kleerebezem et. al., 2003). The L. mesenteroides genome encodes at least 

two systems for the uptake of the osmoprotectants glycine-betaine/proline/choline, 

including two ABC transporters (opuAA-AB and hyp6547-6615) (Table 12.).  

Furthermore, there are genes encoding various oxidation stress-related proteins 

such as glutathione peroxidase, glutathione reductase, thioredoxins, oxidoreductases, 

NADH-oxidases, and NADH-dehydrogenases. In agreement with previous observations, 

the L. mesenteroides genome does not encode a superoxide dismutase (Archibald and 

Fridovich, 1981). It was established that some LAB such as L. plantarum compensates 

for the lack of this enzyme by high level intracellular accumulation of Mn+ ions. This 

LAB can accumulate Mn+ at concentrations of 20-30 mM, which can act as oxygen 

radicals scavenger (Kleerebezem et. al., 2003). The L. mesenteroides genome encodes at 

least 29 proteins involving in transport cations, 8 of which are for Mn+ (Table 12.). Thus 

L. mesenteroides might use the similar cation accumulation as a scavenger for oxygen 

radicals as in L. plantarum.    

LAB are often found on plants and in soils, environments that contain a wide 

variety of cytotoxic compounds such as cation alkaloids which are excreted by plants 

(Stermitz et. al., 2000). Growth of LAB in these environments will only be possible if the 

organisms have developed suitable protection mechanisms. In bacteria these resistance 

systems have been found to confer resistance to antibiotics (Putman et. al., 2000). In 

many of these antibiotic-resistant organisms the resistance is conferred mainly by drug 

efflux systems. These drug-efflux systems are specific for a given drug or class of drugs 

or can handle a wide variety of drugs with different chemical structures and targets (multi 

drug resistance systems, MDRs) (Konings, 2002). In L. mesenteroides ATCC 8293, there 

are at least ten MDRs (Table 12.). One of these multi drug resistance systems is possibly 

a cationic MDR (hyp5796). We also identified at least eight genes possibly involved in 



 

 

98

drug resistance capability of L. mesenteroides ATCC 8293. In addition, horA gene 

encoding HorA protein, which is a member of the ABC family of multidrug transporters 

(Sakamoto et. al., 2001), had been identified in L. mesenteroides from genome analysis. 

HorA is involved in resistance to hop compound in beer of L. brevis and resistance to the 

structurally unrelated drug novobiocin and ethidium bromide (Sami et. al., 1997).  

 

Cell wall metabolism 

Many important physiological functions of LAB such as acid tolerance, phage 

sensitivity, autolysis, and stress resistance may be depended on the structure of their cell 

wall (Kleerebezem et. al., 2003). The cell wall of LAB has the typical Gram-positive 

structure made of thick multilayered peptidoglycan decorated with proteins, teichoic 

acids and polysaccharides. These structurally complex networks, in some species, are 

surrounded by an outer envelope of S-layer proteins (Delcour et. al., 1999). In several 

species or strains of enterococci and lactobacilli, the terminal D-alanine residue of the 

muramyl pentapeptide is replaced by D-lactate or D-serine (Delcour et. al., 1999). There 

are at least 27 genes in L. mesenteroides ATCC 8293 encoding enzymes required for the 

synthesis of the main cell wall component, peptidoglycan (Table 12.). Among these, two 

encode amino acid racemase for alanine and glutamate but not for aspartate as found in L. 

lactis IL 1403 and L. plantarum WCFS1. D-alanine and D-glutamate are the components 

of linear peptide moiety of peptidoglycan whereas D-aspartate frequently required in 

cross-linking of the glycans in LAB (Delcour et. al., 1999). Thus L. mesenteroides 

peptodoglycan crosslink process may either be direct or has specific requirement for D-

aspartate.  

 

Secretion and processing machinery 

Components of the secretion machinery found in L. mesenteroides ATCC 8293 

include the signal recognition particle Ffh and FtsY, the trigger factor (tig), and the 

components SecA/SecG of the major translocation pathway (Table 12.). There is no gene 

encoded for SecB chaperone similar to B. subtilis (Kunst et. al., 1997). Two genes, gcp 

and dltD, similar to secreted metalloendopeptidase Gcp in Streptococcus pneumoniae R6 
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and putative secreted protein DltD in Streptococcus pyogenes MGAS315 respectively 

were found and may also play a role in secretion pathway. Furthermore, we identified 

seven additional genes similar to various proteins involving in secretion mechanism. 

More importantly, Two ORFs possibly encoding mesentericin Y105 secretion protein, 

mesE, and mesentericin Y105 transport, mesD, have been found in L. mesenterodies 

ATCC 8293 by genome analysis (Table 12.). Mesentericin Y105 (MesY105) is a class IIa 

anti-Listeria bacteriocin, produced by L. mesenteroides Y105 (Morisset and Frere, 2002). 

However, no operon encoded for mesentericin Y105 structural gene, normally localized 

on the plasmid (Morisset and Frere, 2002), has been found either on the plasmid or 

chromosome of this strain.  L. mesenteroides ATCC 8293 may lose the ability to produce 

mesentericin due to the environment it had been associated with. This strain was 

originally isolated from olive fermentation which normally used very high salt (6-10%) 

for fermentation (Harris, 1998). Therefore, the ability to produce bacteriocin is no longer 

necessary since less competitive microflora is present.   

 

Replication, transcription, and translation 

Two hundred and nine genes assigned to replication (54), transcription (30), and 

translation (125) functional categories were found in L. mesenteroides. It is apparent that 

the replication system of L. mesenteroides is similar to that of L. lactis IL1403, L. 

plantarum WCFS1, and B. subtilis. Counterparts of dnaB, dnaD, and dnaI genes essential 

for DNA replication in B. subtilis and not present in Gram-negative bacteria (Bolotin et. 

al., 1999) were detected (Table 12.). Interestingly, all three genes of L. mesenteroides 

have weakly sequence similarity to their counterparts in available databases which might 

suggest L. mesenteroides as an alternative model for studying gene regulation of LAB 

replication. Two DNA polymerase III alpha chain genes, one corresponding to polC and 

another to dnaE of B. subtilis, were also detected in L. mesenteroides which is different 

from E.coli that contain only dnaE gene  

Transcription machinery in L. mesenteroides is comprised of at least 30 genes as 

mentioned above. However, the number of sigma factors differs greatly among L. 
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mesenteroides ATCC 8293, L. lactis IL 1403, and B. subtilis. There are possibly three in 

L. lactis and as many as 18 in B. subtilis (Bolotin et. al., 2001) compared to only one in  

L. mesenteroides (Table 12.).  This might suggest a considerable difference in the mode 

of gene-expression regulation among these Gram-positive bacteria.   

Translation machinery in L. mesenteroides is comprised of 125 genes, which is 

very similar in number to B. subtilis and L.lactis. We found no duplication of aminoacyl-

tRNA synthetase genes in L. mesenteroides while there are three in B. subtilis (Kunst et. 

al., 1997). Post translational protein modification is likely to resemble L. lactis since 

there are ten such genes in L. Lactis compare to seven in L. mesenteroides.  

 

Synthesis of extracellular polysaccharides 

Synthesis of extracellular polysaccharides such as dextran is important for the 

industrial use of L. mesenteroides. On the other hand, slimy or ropy sauerkraut may be 

the result of dextran formation caused by L. mesenteroides (Holzapfel and Schillinger, 

1992). Commercial dextran mainly produced by L. mesenteroides. Dextran was one of 

the first biopolymers to be produced on an industrial scale in late 1940s. This 

polysaccharide has found several applications in medicine, separation technology, and 

biotechnology (Monchois et. al., 1999). The sole enzyme in its synthesis is 

dextransucrase. Dextransucrase is secreted extracellularly by the cells during their growth 

phase so the dextran synthesis occurs completely extracellular (Vandamme et. al., 1996). 

There are four possible ORFs (dsrE1, dsrE2, dsrD, and hyp6041) in L. mesenteroides 

ATCC 8293 encoding dextransucrase enzyme. Previously, only three dextransucrase 

genes (dsrA, dsrB, and dsrS) has been found in different L. mesenteroides strains. The 

dsrA and B were encoded on L. mesenteroides NRRL B-1299 while dsrS was found in  

L. mesenteroides B-512F. The dsrB gene sequence is very similar to dsrS and produced 

the same dextran product (Monchois et. al., 1998). However, dextran has been found in 

multiple forms of different molecular weights (Quirasco et. al., 1999). Thus there might 

be an indication of different dextrans resulting from the expression of different genes.     
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Horizontal gene transfer 

Horizontal gene transfer between bacteria can occur by various mechanisms 

including natural competence and bacteriophage infection (Kleerebezem et. al., 2003). 

We detected several genes in L. mesenteroides ATCC 8293 with > 47% DNA level 

identity and E score < e-74 to the genes of known function in Gram-negative enteric 

bacteria such as Salmonella and E.coli. Moreover, there are at least five genes encoding 

proteins with > 53% identity and E score <e-53 to the genes of known function in other 

Gram-negative microbes.     

 

Proteases and amino acid catabolism 

The conversion of peptides to free amino acids and the subsequent utilization of 

these amino acids is a central metabolic activity in LAB (Christensen et. al., 1999). 

Genome sequences of L. mesenteroides ATCC 8293 revealed twenty two protease 

encoding genes (Table 12.). These include the membrane protease HtrA which is 

responsible for degradation of the precursors of foreign exported proteins (Pouquet et. al., 

2000). Sixteen peptidases from LAB were characterized previously in LAB but not in L. 

mesenteroides (Christensen et. al., 1999). The catabolism of amino acids by LAB has 

implications with regard to the quality and safety of fermented foods. Amino acid 

catabolism by fermentative microorganisms is also believed to have an important role in 

there ability to obtain energy in nutrient-limited environments. The catabolic pathways 

for many amino acids remain unknown or partially characterized (Christensen et. al., 

1999).  

Various LAB have the ability to metabolize arginine via the arginine deaminase 

(ADI) pathway.  The ADI pathway includes arginine deaminase which catalyses the 

conversion of arginine into citrulline and ammonia, ornithine carbamoyl transferase 

which catalyses phospholysis of citrulline yielding ornithine plus carbamoylphosphate, 

and carbamate kinase which catalyses the conversion of carbamoylphosphate plus ADP 

into CO2, ammonia, and ATP. Additionally, survival at low pH of LAB can be enhanced 

by the activity of the ADI pathway, most likely by the result of an increased outside 



 

 

102

environment pH resulting from NH3 production (Marquis et. al., 1987). However, as 

found in numerous LABs (Christensen et. al., 1999), L. mesenteroides ATCC 8293 does 

not have a complete pathway. The gene clusters encoding the ADI pathway were 

determined to be: arcG, encoding argininosuccinate synthase; argH, encoding arginine 

succinate lyase; arcB, encoding ornithine carbamoyltransferase (Table 12.). A gene 

similar to ahrC in L. lactis, which is a regulator of arginine biosynthesis and catabolism 

(Rallu et. al., 1996), is located 443 bp downstream from ADI genecluster in  

L. mesenteroides. No operon encoded for carbamate kinase is present. Thus  

L. mesenteroides can not take advantage of arginine catabolism to increase outside 

environmental  pH as well as generate ATP via substrate level phosphorylation through 

the activity of carbamate kinase.  

In LAB, three different aspartate catabolic pathways have been identified: 

aminotransferase, decarboxylase, and aspartase. The details and distribution of these 

pathways are still not well understood (Christensen et. al., 1999). However 

decarboxylation of aspartate yielding alanine may be used to generate metabolic energy 

and regulate intracellular pH in Lactobacillus sp. (Abe et. al., 1996). In the cytoplasm, the 

decarboxylation of an amino acid results in the consumption of one proton. The transport 

of the corresponding amine outside of the cell leads to “ indirect proton extrusion” which 

may be used to regulate extracellular pH (Maloney et. al., 1992). In addition, amine 

transport results in an electrochemical gradient that can be used by the cell to generate 

ATP via a F1F0 ATPase (Konnigs et. al., 1997). Based upon genome analysis, it appears 

that L. mesenteroides ATCC 8293 only breaks down aspartate into oxaloacetate by 

aspartate aminotransferase (aspB) and into fumarate by aspartate ammonia-lyase (ansB) 

(Table 12.). L. mesenteroides could not generate metabolic energy through the 

metabolism of aspartate since no operon encoded for asparatae decarboxylase has been 

identified.  

The identified pathways of glutamate catabolism in LAB are initiated by an 

aminotransferase, a dehydrogenase, or a decarboxylase (Christensen et. al., 1999). 

Lactobacillus sp. incubated in the presence of glutamate are capable of synthesizing ATP 

by using F0F1 ATPase (Higuchi et. al.;, 1997) similar to the mechanism described earlier.  
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L. mesenteroides, from genome analysis, possibly initiates glutamate metabolism by 

aminotransferase. The ORFs encoding this pathway were determined to be: glnA, 

encoding glutamate-ammonia ligase (glutamine synthetase) and glnR encoding glutamine 

synthetase repressor. The resulting glutamine can be further utilized in various 

metabolisms or converted to carbamoyl phosphate by  carbamoyl-phosphate synthase 

(carA and carB ORFs) or recycled back to glutamate by glutamate synthase (gltB and 

gltD). However, like aspartate catabolism, L. mesenteroides can not take advantage of 

glutamate metabolism to generate ATP since no opreon encoded for glutamate 

decarboxylase has been found.   

 No genes for histidine decarboxylase, which catalyze the conversion of 

histidine to histamine and CO2 was detected in L. mesenteroides ATCC 8293, although 

such enzymatic activities were identified in Lactobacillus (Parks et. al., 1985; Voight and 

Eitenmiller, 1977). The likely roles for histidine decarboxylation include the regulation of 

metabolic energy similar to aspartate catabolism (Christensen et. al., 1999). Thus L. 

mesenteroides could not generate metabolic energy through the metabolism of histidine 

since no operon encoded for asparatae decarboxylase has been identified.  

 Threonine (Thr) catabolism by LAB is usually initiated by threonine aldolase, 

an enzyme widely distributed in LAB. Threonine aldolase converts Thr to glycine (Gly) 

and acetaldehyde. It is generally believed that the physiological role of threonine aldolase 

is the production of Gly (Christensen et. al., 1999). We detected glyA operon for 

threonine aldolase (serine hydroxymethyltransferase; glycine hydroxymethyltransferase) 

in L. mesenteroides ATCC 8293. This was in accordance with the previous report that 

adding threonine to a chemically defined medium is essential to achieve growth of  

L. mesenteroides (Foucaud et. al., 1997).  

 In most LABs, aromatic amino acid catabolism is initiated by an 

aminotransferase. Additionally, some LAB express decarboxylases that have activity on 

aromatic amino acids (Christensen et. al., 1999). Aminotransferase activity of 

phenylalanine (Phe) and tyrosine (Tyr) results in the formation of phenylpyruvate (PPA) 

and p-OH-phenylpyruvate (HPPA) respectively. From genome analysis, L. mesenteroides 

ATCC 8293 did not possessed any gene encoding enzyme responsible for further 

catabolism of PPA similar to lactococci (Christensen et. al., 1999). In contrast to 
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lactococci which can convert HPPA to 4-hydroxyl-benzaldehyde and p-OH-phenyl 

lactate, no such enzymes were identified in L. mesenteroides. From genome analysis, 

catabolism of branched-chain amino acids (BCAAs) is most likely initiated in  

L. mesenteroides by an aminotrnsferase (ilvE) similar to L. lactis. All products of each 

BCAA were not likely to be further catabolized.  

      

Amino acid biosynthesis  

 L. mesenteroides requires certain metabolites in the growth medium, although it 

has a genetic potential to synthesize some of them. L. mesenteroides chemically defined 

medium (LMCDM) should contain at least 12 amino acids (Gln, Leu, Ile, Val, Met, His, 

Trp, Arg, Pro, Phe, Cys, and Thr) and 6 vitamins (pantothenic acid, thiamine, riboflavin, 

folic acid, pyridoxal, and nicotinic acid) (Foucaud et. al., 1997). The L. mesenteroides 

genome encodes the pathway for biosynthesis of many amino acids as shown in Table 12. 

and their genes are generally organized in large clusters or operons. However most of 

them are incomplete pathways, which are reflect in elaborate protein degradation genes 

found in L. mesenteroides and many amino acid requirements for LMCDM. 

 

Nucleotide metabolism 

 As previously mentioned, in addition to twelve amino acids and six vitamins, 

LMCDM should contained thymidine, inosine, adenine and uracil (Foucaud et. al., 1997). 

We detected genes involved in nucleotide de novo biosynthesis and salvage pathways in 

L. mesenteroides ATCC 8293 (Table 12.). De novo biosynthesis occurs via a pathway 

that lead to the production of uridine monophosphate (UMP), the precursor of all 

pyrimidine nucleotides (Horvath et. al., 2000). The pyr genes, involved in pyrimidine 

biosynthesis, are organized into 2 gene clusters. This is different from L. plantarum and 

L. lactis as previously described (Horvath et. al., 2000). The order on the chromosome is 

pyrB-C-carA-B-pyrF-E for the first cluster. The general structure of this pyr cluster is 

similar to L. plantarum (Horvath et. al., 2000), except for the absence of pyrR which 

encodes the operon expression regulatory protein and pydA (pyrD) encodes 

dihydroorotate dehydrogenase. Importantly, most of the pyr genes overlap, suggesting 

translational coupling. Three genera of LAB, Lactococcus, Enterococcus, and 
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Streptococcus, possess two dihydroorotate dehydrogenase genes (Horvath et. al., 2000). 

However, this is not the case for L. mesenteroides ATCC 8293. We have found only a 

single ORF encoded for dihydroorotate dehydrogenase from genome analysis and it is 

located between two gene clusters for pyrimidine biosynthesis on the chromosome. The 

second gene cluster for pyr synthesis in L. mesenteroides is comprised of 2 ORFs 

encoding pyrR and second operon of carbamoylphosphate synthethase gene.  

 The pyrimidine salvage pathway is used to salvage molecules from the 

extracellular medium and also to recycle intracellular nucleic acids. The key enzyme is 

uracil phosphoribosyltransferase (UPRTase encoded by the upp gene) which catalyses the 

transformation of uracil to UMP. Uracil is transported into the cell by a membrane-bound 

protein, uracil permease, which encoded by the pyrP gene. Unlike L. plantarum in which 

pyrP and upp genes are clustered on the chromosome (Horvath et. al., 2000), these two 

genes are 0.4 Mb apart on L. mesenteroides ATCC 8293 chromosome. However, similar 

to L. plantarum, both genes are transcribed in the same direction.  

 In L. mesenteroides ATCC 8293, a cluster of genes, designated the pur operon, 

involved in de novo purine nucleotides biosynthesis, leading to IMP, are clustered in a 

10.2 kb operon possibly transcribed as a single polycistronic mRNA. The general 

structure of the operon is similar to that of B. subtilis (Ebbole and Zalkin, 1989). Their 

order on the chromosome is pureE-K-C-hyp6657-purQ-L-F-M-N-H. However, in B. 

subtilis, purB gene encoding adenylosuccinate lyase is located next to purK gene and 

purH is 15 bp upstream from last gene of pur operon,  purD (phosphoribosylglycinamide 

synthetase) (Ebbole and Zalkin, 1989). In contrast to B. subtilis, L. mesenteroides ATCC 

8293 purD gene is 1.7 kb upstream from the pur operon and purB is located elsewhere in 

the chromosome next to hypoxanthine-guanine phosphoribosyltransferase (hprT) gene, 

which is involved in the purine salvage reaction. In addition, the operon encoding formyl-

tetrahydrofolate synthetase (fhs) is located immediately downstream from purD gene in 

L. mesenteroides ATCC 8293. This may represent a different kind of purine biosynthesis 

transcriptional regulation between both organisms. Purine nucleotides can also be formed 

by salvage reactions from exogenous purine nucleosides or bases. However studying of 

the purine salvage pathway in LAB has received limited attention. Only one gene 

involved in salvage pathway has been previously reported in L. lactis (Nilsson et. al., 
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1992). We detected the presence of both key enzymes for purine salvage pathway: hprT 

and adenine phosphoribosyl transferase (apt) on the chromosome of L. mesenteroides 

ATCC 8293 (Table 12.). It is noteworthy that hprT and purB genes are overlapped 

suggesting translational coupling. 

 

Regulatory systems 

 There are several classes, including repressors, activators and sigma factors, of 

transcriptional regulatory proteins found in L. mesenteroides (Table 12.). We have 

putatively identified six regulators of the GntR family, four regulators of the LysR  

family, and nine regulators of the LacI family. Other transcription regulatory proteins 

were of the AraC family (4 members) as well as several member of DeoR-, MarR-, 

TetR/ArcR-, AcrR-, Cro/CI-, and BglG-family. 

 

Two-component signal-transduction pathways 

 Two component regulatory systems, consisting of a sensor protein kinase and a 

response regulator, are widespread among prokaryotes (Kunst et. al., 1997). We have 

identified at least 12 genes possibly involving in L. mesenteroides two-component signal-

transduction pathways, most of which have adjacent genes encoding histidine kinase 

similar to B. subtilis (Kunst et. al., 1997). 

 

Conclusion 

The sequence of the L. mesenteroides ATCC 8293 chromosome clearly indicated that this 

organism primarily focuses on utilization of carbon sources. The genome sequence also 

indicated the flexibility and versatility of this microbe which is corraborated by the 

finding that its chromosome contains a high number of sugar import systems. The data 

presented here can help facilitate the evaluation of  L. mesenteroides as a model organism 

for studies of heterofermentative LAB metabolism, physiology, and regulation. 

Compared to the well established Gram-positive models, B. subtilis, L. mesenteroides 

represents more simplified but also several unique and interesting characteristics.   
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Table 10.  Distribution of open reading frames over functional classes of  L. 
mesenteroides ATCC 8293 

Class Number of 
ORFs % 

Hypothetical proteins 880 45.73 
Transport and binding proteins 238 12.38 
Regulatory functions 83 4.32 
Energy metabolism 112 5.83 
Cell envelope 50 2.6 
Other categories 17 0.52 
Cellular processes 33 1.72 
Purines, pyrimidines, nucleosides and nucleotides 65 3.38 
Replication 54 2.81 
Amino acid metabolism 85 4.42 
Biosynthesis of cofactors, prosthetic groups, and 
carriers 43 2.24 

Fatty acid and phospholipid metabolism 25 1.3 
Central intermediary metabolism 17 0.52 
Translation 125 6.5 
Transcription 30 1.56 
Phages related functions 18 0.94 
Transposon related function 10 0.52 
rRNA 9 0.47 
tRNA 60 3.12 
total 1924 100 
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Table 11. List of tRNAs of L. mesenteroides ATCC 8293 
 

Amino Acid Anticodon tRNA Location from OriC (bp) 
Ala TGC + 24,214 
Ala TGC + 149,948 
Arg CCT -589,489 
Arg TCT -718,793 
Arg ACG + 28,101 
Arg ACG + 153,836 
Asn GTT - 47,033 
Asn GTT +367,299 
Asn GTT -371,459 
Asp GTC + 28,727 
Asp GTC -236,100 
Asp GTC +726,494 
Asp GTC +154,462 
Cys GCA +499,954 
Gln TTG +197,144 
Gln TTG -144,741 
Glu CTC +318,228 
Glu CTC +318,300 
Glu TTC -198,823 
Gly TCC +154,656 
Gly GCC + 27,935 
Gly TCC + 28,921 
Gly GCC + 153,670 
His GTG -236,348 
Ile GAT + 29,024 
Ile GAT +154,759 
Ile GAT + 15,583 

Leu CAG +577,321 
Leu CAA -236,447 
Leu TAG -203,717 
Leu TAA + 28,012 
Leu TAA + 153,747 
Lys CTT - 114,716 
Lys CTT +247,410 
Met CAT + 154,080 
Met CAT +154,167 
Met CAT +722,518 
Met TGC -358,020 
Met CAT + 28,345 
Met CAT + 28,432 
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Table 11. List of tRNAs of L. mesenteroides ATCC 8293 (continued) 
 
 
 

Amino Acid Anticodon tRNA Location from OriC (bp) 
Met CAT + 28,651 
Phe GAA + 28,821 
Phe GAA +154,556 
Pro TGG + 28,243 

Pseudo CCG -205,504 
Ser TGA +154,265 
Ser CGA -712,552 
Ser GGA -235,930 
Ser GCT -155,726 
Ser TGA + 27,724 
Ser GGA + 28,530 
Ser GGA + 153,381 
Thr AGT -203,874 
Thr TGT + 27,854 
Thr TGT + 153,589 
Trp CCA -236,272 
Tyr GTA +197,024 
Tyr GTA - 144,621 
Val TAC + 27,741 
Val TAC + 153,476 
Val TAC -236,025 

 

 
+ = Transcribe in the same direction as dnaA gene 
- =  Transcribe in the opposite direction of dnaA gene 
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Table 12. Functional classification of the Leuconostoc mesenteroides ATCC 8293 
protein-coding genes 
 
Amino acid metabolism 
 
Aromatic amino acid family 
 
aroA  3-phosphoshikimate 

  1-carboxyvinyltransferase 
hyp6442  3-dehydroquinate synthase 
aroC  chorismate synthase 
hyp5927  3-dehydroquinate dehydratase 
aroE  shikimate 5-dehydrogenase 
hyp6072  shikimate kinase 
trpA  tryptophan synthase alpha chain 
trpB  tryptophan synthase beta chain 
trpC  indole-3-glycerol phosphate synthase 
hyp7031  anthranilate phosphoribosyltransferase 
trpE  anthranilate synthase component I 
trpF  phosphorybosyl-anthranilate isomerase 
trpG  anthranilate synthase component II 
tyrA  prephenate dehydrogenase 

aspC                             aromatic amino acid transferase 

hipO1                           hippurate hydrolase 

hipO2                           hippurate hydrolase 
  
Aspartate family 
 
ansB  asparagine synthetase B 
aspB  aspartate aminotransferase 
dapA  dihydrodipicolinate synthase 
dapB  dihydrodipicolinate reductase 
hom  homoserine dehydrogenase 
lysA  diaminopimelate decarboxylase 
metA  homoserine O-succinyltransferase 
metB1  cystathionine gamma-synthase 
metB  cystathionine beta lyase 
metB2  cystathionine beta lyase 
metC  cystathionine beta lyase 
metK  5-methionine synthase 
metF  5,10-methylenetetrahydrofolate reductase 
thrA  aspartokinase 
thrB  homoserine kinase 
thrC  threonine synthase 
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Table 12. (continued) 
 
Branched chain amino acid  
 
ilvA  dihydroxy-acid dehydratase 
ilvB  acetolactate synthase large subunit 
ilvC  ketol-acid reductoisomerase 
ilvE  branched chain amino acid aminotransferase 
ilvN  acetolactate synthase small subunit 
leuA  2-isopropylmalate synthase 
leuB  3-isopropylmalate dehydrogenase 
leuC  3-isopropylmalate dehydratase large subunit 
leuD  3-isopropylmalate dehydratase small subunit 
 
Glutamate family 
 
argB  acetylglutamate kinase 
argC  N-acetyl-gamma-glutamyl-phosphate 

  reductase 
argD  acetylornithine aminotransferase 
hyp7268  acetylornithine deacetylase 
argG  argininosuccinate synthase 
argH  argininosuccinate lyase 
argJ  ornithine acetyltransferase 
gabD  succinic semialdehyde dehydrogenase 
glnA  glutamine synthetase 
gltB  glutamate synthase large subunit  
gltD  glutamate synthase small subunit 
proA  gamma-glutamyl phosphate reductase 
hyp5783  pyrroline-5-carboxylate reductase 
  
 
Histidine family 
 
hisA  phosphoribosylformimino-5-aminoimidazole 

  carboxamide ribotide isomerase 
hisB  imidazoleglycerol-phosphate dehydratase 
hisC  histidinol-phosphate aminotransferase 
hisD  histidinol dehydrogenase 
hisF  cyclase HisF 
hyp6264  ATP phosphoribosyltransferase 
hisH  amidotransferase 
hisI2  phosphoribosyl-AMP cyclohydrolase 
hisIE  phosphoribosyl-ATP pyrophosphohydrolase 
hisJ  histidinol phosphatase 
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Table 12. (continued) 
 
Serine family 
 
cysD  O-acetylhomoserine sulfhydrylase 
cysE1  serine acetyltransferase 
cysE2  serine acetyltransferase 
hyp5825  serine hydroxymethyltransferase 
serA1  D-3-phosphoglycerate dehydrogenase 
serA2  D-3-phosphoglycerate dehydrogenase 
serC  phosphoserine aminotransferase 
solA  sarcosine oxidase 
 
Lysine family 
 
patA                            aminotransferase class I and II  
dapA                            dihydrodipicolinate synthase 
dapB                            dihydrodipicolinate reductase 
dapD                            2,3,4,5-tetrahydropyridine-2-carboxylate N-succinyltransferase 
dapE                            succinyl-diaminopimelic descuccinlyase 
 
Valine family 
 
yeiG                             aminotransferase class I 
 
Leucine family 
 
leuA                             2-isopropylmalate synthase 
leuB                             beta-isopropylmalate dehydrogenase 
leuC                             3-isopropylmalate dehydratase (large subunit) 
leuD                             aconitase C 
 
 
Urea cycle 
 
proA                            gamma-glutamyl phosphate reductase 
proB                            gamma-glutamyl kinase 
 
 
Biosynthesis of cofactors, prosthetic groups and carriers 
 
Folic acid 
 
dfr dihydrofolate reductase 
fhs formyltetrahydrofolate synthetase 
folC1 folylpolyglutamate synthase 
folC2 folylpolyglutamate synthase 
folD tetrahydrofolate dehydrogenase/cyclohydrolase 
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Table 12. (continued) 
 
Heme and porphyrin 
 
hemH ferrohelatase 
hyp6389 protoporphyrinogen oxidase 
 
Menaquinone and ubiquinone 
 
ispB  heptaprenyl diphosphate synthase 

  component II 
menB  dihydroxynaphthonic acid synthase 
menD  2-oxoglutarate decarboxylase 
hyp5856  O-succinylbenzoic acid-CoA ligase 
menH  2-heptaprenyl-1,4-naphthoquinone methyltransferase 
 
Pantothenate 
 
hyp6988  pantothenate kinase 
yloI  pantothenate metabolism flavoprotein 
panE  ketopantoate reductase 
hyp6386  ketopantoate reductase 
coaD  phosphopantetheine adenylyltransferase 
 
Riboflavin and cobalamin 
 
ribA  GTP cyclohydrolase II /3,4-dihydroxy-2-butanone 4-phosphate 

  synthase 
risA  ribiflavin synthase alpha chain 
ribC  riboflavin kinase 
ribG  riboflavin-specific deaminase 
ribH  ribiflavin synthase beta chain 
hyp5780  macrolide efflux protein 
 
Thioredoxin, glutaredoxin, and glutathione 
 
gpo  glutathione peroxidase 
gshR1  glutathione reductase 
gshR2  glutathione reductase 
gshR3  glutathione reductase 
trxA1  thioredoxin 
trxA2  thioredoxin 
trxB1  thioredoxin reductase 
trxB2  thioredoxin reductase 
trxB3  thioredoxin reductase 
trxH  thioredoxin  
 
Pyridine nucleotides 
 
nadE  NAD-synthetase 
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Table 12. (continued) 
 
Thiamin 
 
thiD1 phosphomethylpyrimidine kinase 
thiD2 phosphomethylpyrimidine kinase 
thiD3 phosphomethylpyrimidine kinase 
thiD4 phosphomethylpyrimidine kinase 
thiE1 thiamin-phosphate pyrophosphorylase 
thiE2 thiamin-phosphate pyrophosphorylase 
thiM1 hydroxyethylthiazole kinase 
thiM2 hydroxyethylthiazole kinase 
 
Biotin 
 
bioY  biotin biosynthesis protein 
 
 
Cell envelope 
 
Membranes, lipoprotein, and porins 
 
bmpA  basic membrane protein A 
cdsA  phosphatidate cytidylyltransferase 
clsA  cardiolipin synthase 
pgsA  CDP-diacylglycerol-phosphate 

  phosphatidyltransferase 
plpB1  outer membrane lipoprotein precursor 
plpB2  outer membrane lipoprotein precursor 
 
Surface polysaccharides, lipopolysaccharides, and antigens 
 
hyp6011  D-alanine activating enzyme 
dltB  peptidoglycan biosynthesis protein 
dltC  D-alanyl carrier protein 
dltD  D-alanine transfer protein DltD 
hasC  UDP-glucose pyrophosphorylase 
kdsA  2-dehydro-3-deoxyphosphooctonate aldolase 
mvaA  hydroxymethylglutaryl-CoA reductase 
hyp5694  cell wall teichoic acid glycosylation protein 
ycbD  UDP-glucose 4-epimerase 
hyp7390  LPS biosynthesis protein 
hyp7607  LPS biosynthesis protein 
yohH  lipopolysaccharide biosynthesis protein 
yohJ  lipopolysaccharide biosynthesis protein 
hyp7298  polysacharide biosynthesis protein 
hyp6911  polysacharide biosynthesis protein 
hyp6614  polysacharide biosynthesis protein 
hyp7049  capsular polysacharide biosynthesis protein 
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Table 12. (continued) 
 
Murein sacculus and peptidoglycan 
 
acmA  N-acetylmuramidase 
acmC  N-acetylmuramidase 
asd  aspartate-semialdehyde dehydrogenase 
dacA  D-alanyl-D-alanine carboxypeptidase 
dacB  D-alanyl-D-alanine carboxypeptidase 
dal  alanine racemase 
ddl  D-alanine-D-alanine ligase 
glmU  UDP-N-acetylglucosamine 

  pyrophosphorylase 
mraY  phospho-N-acetylmuramoyl-pentapeptide 

  transferase 
mreB  cell shape determining protein 
mreC  cell shape determining protein 
mle  similar to MreB-like protein 
murA1  UDP-N-acetylglucosamine 

  1-carboxyvinyltransferase 
murB  UDP-N-acetylenolpyruvoylglucosamine 

  reductase 
murC  UDP-N-acetylmuramate-alanine ligase 
murD  UDP-N-acetylmuramoylalanine D-glutamate 

  ligase 
murE  UDP-MurNac-tripeptide synthetase  
murF  D-Ala-D-Ala adding enzyme 
murG  peptidoglycan synthesis protein MurG 
racE  glutamate racemase 
murN  beta-lactam resistance factor 
Pbp2B  penicillin-binding protein 2B 
pbpB  penicillin-binding protein 
hyp6927  penicillin-binding protein pbpX 
pbpA  penicillin-binding protein 1A 
hyp7204  penicillin-binding protein 
uppS  undecaprenyl pyrophosphate synthetase 
 
 
Cellular process 
 
Cell division 
 
ftsA cell division protein FtsA 
ftsH cell division protein FtsH 
hyp6661 cell division protein FtsQ 
hyp5790 cell division protein FtsW 
ftsY cell division protein FtsY 
ftsZ cell division protein FtsZ 
gidB glucose-inhibited division protein GidB 
parA chromosome partitioning protein 
rodA rod-shape determining protein 
smc chromosome segregation SMC protein 
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Table 12. (continued) 
 
Cell killing  
 
hyl  hemolysin like protein 
 
Chaperones 
 
dnaK  DnaK protein 
groEL  60 KD chaperonin 
groES  10 KD chaperonin 
hyp5796  SugE protein 
 
Detoxification 
 
ahpC  alkyl hydroperoxide reductase 
 
Protein and peptide secretion 
 
ffh  signal recognition particle protein Ffh 
secA  preprotein translocase SecA subunit 
hyp5698  preprotein translocase SecE subunit 
secG  protein-export protein SecG 
spsB  signal peptidase 1B 
tig  trigger factor 
 
Transformation 
 
hyp6510  competence protein CoiA 
comE  response regulator of the competence regulon 
hyp7366  competence protein ComEA 
comEB  late competence operon required for DNA binding and uptake 
hyp7362  competence protein ComEC 
comFA  competence protein ComFA 
comFC  competence protein ComFC 
hyp6872  DNA processing SMF protein 
radA  DNA repair protein RadA 
recQ  ATP-dependent DNA helicase RecQ 
hyp6767  conjugation transfer protein 
 
 
Central intermediary metabolism 
 
General 
 
metK  S-adenosylmethionine synthetase 
yfjO  RNA methyltransferase 
yljE  RNA methyltransferase 
ywfA  RNA methyltransferase 
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Table 12. (continued) 
 
Amino sugars 
 
glmS glucosamine-fructose-6-phosphate 

  aminotransferase 
nagA N-acetylglucosamine-6-phosphate 

  deacetylase 
nagB glucosamine-6-P isomerase 
 
 
Degradation of polysaccharides 
 
agl  alpha-glucosidase 
malL  oligo-1,6-glucosidase 
hyp6120  endo-1,4-beta-xylanase D 
hyp6803  beta-1,3-exoglucanase 
 
Others 
 
dsrE1 dextran sucrase 
dsrE2 dextran sucrase 
dsrD dextran sucrase 
hyp6041 dextran sucrase 
hyp6703 1,4-alpha-glucan branching enzyme 
mapA maltosephosphorylase 
 
 
Energy metabolism 
 
General 
 
ara1  oxidoreductase 
nox  NADH oxidase 
poxA  pyruvate oxidase 
ycgD  oxidoreductase 
ycgG  oxidoreductase 
yghA  oxidoreductase 
yghZ  oxidoreductase 
yiaB  oxidoreductase 
ylbE  oxidoreductase 
ymgK  oxidoreductase 
yneD  oxidoreductase 
yphA  NADH dehydrogenase 
yphC  oxidoreductase 
yqiG1  oxidoreductase 
yqiG2  dehydrogenase 
yrfB  NADH-dependent oxidoreductase 
hyp5701  oxidoreductase 
hyp5833  oxidoreductase 
hyp6300  oxidoreductase 
hyp6388  oxidoreductase 
hyp7076  oxidoreductase 
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Table 12. (continued) 
 
Amino acids and amines 
 
ansB  L-asparaginase 
araT  aromatic amino acid specific 

  aminotransferase 
arcB  ornithine carbamoyltransferase  
arcT1  aminotransferase class V 
arcT2  aminotransferase class I/II 
arcT3  aminotransferase class V 
arcB  ornithine carbamoyltransferase 
ldh  L-2-hydroxyisocaproate dehydrogenase 
pfs  5'-methylthioadenosine/S-adenosylhomocysteine 

  nucleosidase 
hyp7004  L-amino acid amidohydrolase 
ywjF  3-hydroxyisobutyrate dehydrogenase 
 
 
Anaerobic 
 
gpdA  glycerol-3-phosphate dehydrogenase 
 
 
ATP-proton motive force interconversion 
 
hyp6395  ATP synthase alpha subunit 
hyp6627  ATP synthase subunit a 
hyp6174  ATP synthase beta subunit 
hyp6124  ATP synthase epsilon subunit 
hyp6556  ATP synthase subunit b 
hyp6319  ATP synthase gamma subunit 
hyp6506  ATP synthase delta subunit 
 
Electron transport 
 
cydA  cytochrome D ubiquinol oxidase subunit I 
cydB  cytochrome D ubiquinol oxidase subunit II 
ndrH  glutaredoxin-like protein NrdH 
ndrE  ribonucleotide reductase 
nifU  NifU protein 
nfrA2  NADPH-flavin oxidoreductase 
ydgJ  polyphosphate kinase 
yfjE  flavodoxin 
hyp6667  cytochrome c oxidase subunit 1 
 
 
Entner-Doudoroff 
 
kdgK  2-dehydro-3-deoxygluconokinase 
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Table 12. (continued) 
 
Fermentation 
 
ackA1  acetate kinase 
ackA2  acetate kinase 
adhA  alcohol dehydrogenase 
adhE  alcohol-acetaldehyde dehydrogenase 
aldB  alpha-acetolactate decarboxylase 
alsD  alpha-acetolactate decarboxylase 
als  acetolactate synthase  
butA1  acetoin reductase 
butA2  acetoin reductase 
frdC  fumarate reductase flavoprotein subunit 
mleS  malolactic enzyme 
pta  phosphate acetyltransferase 
 
 
Glycolysis and gluconeogenesis 
 
eno  enolase 
gapA  glyceraldehyde 3-phosphate dehydrogenase 
gapB  glyceraldehyde 3-phosphate dehydrogenase 
ldhA1  D-lactate dehydrogenase 
ldhA2  D-lactate dehydrogenase 
ldh  L-2-hydroxyisocaproate dehydrogenase 
pgiA  glucose-6-phosphate isomerase A 
pgk  phosphoglycerate kinase 
pgm  phosphoglucomutase 
pgmB  beta-phosphoglucomutase 
pmg  phosphoglycerate mutase 
pykA  pyruvate kinase 
tpiA  triosephosphate isomerase 
 
 
Pentose phosphate pathway 
 
gntZ 6-phosphogluconate dehydrogenase 
ptk phosphoketolase 
rpe ribulose-phosphate 3-epimerase 
rpiA ribose 5-phosphate isomerase A 
tkt transketolase 
zwf glucose-6-phosphate 1-dehydrogenase 
 
Pyruvate dehydrogenase (PDH) 
 
pdhA  PDH E1 component alpha subunit 
pdhB  PDH E1 component beta subunit 
pdhC  dihydrolipoamide acetyltransferase 

 component of PDH complex 
pdhD  lipoamide dehydrogenase component of 

 PDH complex 
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Table 12. (continued) 
 
Sugars 
 
bglA  phospho-beta-glucosidase 
bgl  beta-glucosidase 
bglH1  beta-glucosidase 
bglH2  beta-glucosidase  
galE1  UDP-glucose 4-epimerase 
galE2  UDP-glucose 4-epimerase 
galK  galactokinase 
galM  aldose 1-epimerase 
galT  galactose-1-phosphate uridylyltransferase 
glk  glucose kinase 
gntK  gluconate kinase 
lacA1  beta-galactosidase 
lacA2  beta-galactosidase 
mtlD  mannitol 1-phosphate 5-dehydrogenase 
pmi  mannose-6-phosphate isomerase 
rbsK  ribokinase  
scrK  fructokinase 
scrP  sucrose phosphorylase 
treA  trehalose-6-phosphate hydrolase 
sgh  hexulose-6-phosphate synthase 
sghU  hexulose-6-phosphate isomerase 
xylA  xylose isomerase 
xylB  xylulose kinase 
xylQ  alpha-xylosidase 
hyp6263  aldose 1-epimerase 
hyp6878  beta-1,4-xylosidase 
hyp5445  sugar transferase 
 
 
Fatty acids and phospholipids metabolism 
 
General 
 
accA  acetyl-CoA carboxylase carboxyl transferase 

  subunit alpha 
hyp5591  biotin carboxyl carrier protein of acetyl-CoA carboxylase 
accC  biotin carboxylase 
accD  acetyl-CoA carboxylase carboxyl transferase 

  subunit betta 
acpA1  acyl carrier protein 
acpA2  acyl carrier protein 
acpS  acyl carrier protein synthase 
cdsA  phosphatidate cytidylyltransferase 
cfa  cyclopropane fatty acid synthase 
clsA  cardiolipin synthase 
hyp5891  malonyl CoA-acyl carrier protein transacylase 
fabF  3-oxoacyl-acyl carrier protein synthase II 
fabG  3-oxoacyl-acyl carrier protein reductase 
fabH1  3-oxoacyl-acyl-carrier-protein synthase III 
fabH2  3-oxoacyl-acyl-carrier-protein synthase III 
fabI  NADH-dependent enoyl-ACP reductase 



 

 

129

Table 12. (continued) 
 
Fatty acids and phospholipids metabolism 
 
General (continued) 
 
fabK  2-nitropropane dioxygenase 
fabZ1  hydroxymyristoyl-acyl carrier protein 

  dehydratase 
fabZ2  3R-hydroxymyristoyl-acyl carrier protein 

  dehydratase 
hmcM  hydroxymethylglutaryl-CoA synthase 
lplL  lipoate-protein ligase 
plsX  fatty acid/phospholipid synthesis protein 
yeaG  mevalonate kinase 
yeaH  diphosphomevalonate decarboxylase 
hyp6077  mevalonate kinase 
 
 
Purines, pyrimidines, nucleosides, and nucleotides 
 
Purine ribonucleotide biosynthesis 
 
guaA1  GMP synthase 
guaA2  GMP synthase 
hyp7043  IMP dehydrogenase 
hyp7086  IMP dehydrogenase 
hprT  hypoxanthine-guanine 

  phosphoribosyltransferase 
purA  adenylosuccinate synthase 
purB  adenylosuccinate lyase 
purC  phosphoribosylaminoimidazole-succinocarboxamide synthetase 
purD  phosphoribosylamine-glycine ligase 
purE  phosphoribosylaminoimidazole carboxylase 
purF  phosphoribosylpyrophosphate 

  amidotransferase 
purH  bifunctional purine biosynthesis protein 

  PurH 
purK  phosphoribosylaminoimidazole carboxylase 
purL  phosphoribosyl formylglycinamidine 

  synthase II 
purM  phosphoribosyl-aminoimidazole synthetase 
purN  phosphoribosylglycinamide 

  formyltransferase 
purQ  phosphoribosyl formylglycinamidine 

  synttase I 
hyp6493  exopolyphosphatase 
hyp7151  exopolyphosphatase 
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Table 12. (continued) 
 
Purines, pyrimidines, nucleosides, and nucleotides (continued) 
 
Pyrimidine ribonucleotide biosynthesis 
 
carA1  carbamoyl-phosphate synthase small chain 
carA2  carbamoyl-phosphate synthase small chain 
carB1  carbamoylphosphate synthetase large chain 
carB2  carbamoylphosphate synthetase large chain 
dut  deoxyuridine 5'-triphosphate 

  nucleotidhydrolase 
pydA  dihydroorotate dehydrogenase  
pyrB  aspartate carbamoyltransferase 
pyrC  dihydroorotase 
pyrE  orotate phosphoribosyltransferase 
pyrF  orotidine-phosphate decarboxylase 
thyA  thymidylate synthase 
tmk  thymidylate kinase 
hyp5854  thymidylate kinase 
hyp6493  exopolyphosphatase 
hyp7151  exopolyphosphatase 
 
 
Salvage of nucleosides and nucleotides 
 
add  adenosine deaminase 
addC  adenine deaminases 
adk  adenylate kinase 
apt  adenine phosphoribosyltransferase 
cdd1  cytidine deaminase 
cdd2  cytidine deaminase 
gmk  guanylate kinase 
ndk  nucleoside diphosphate kinase 
nrdD  anaerobic ribonucleoside-triphosphate 

  reductase 
nrdG  anaerobic ribonucleoside-triphosphate 

  reductase activating protein  
prsA  ribose-phosphate pyrophosphokinase 
prs1  ribose-phosphate pyrophosphokinase 
pyrH  uridylate kinase 
rihC  purine nucleoside hydrolase 
upp  uracil phosphoribosyltransferase 
xpt  xanthine phosphoribosyltransferase 
yfiG  thymidine kinase 
 
2’-deoxyribonucleotide metabolism 
 
yhcI dCMP deaminase  
nrdE ribonucleoside-diphosphate reductase alpha 

  chain 
nrdF ribonucleoside-diphosphate reductase beta 

  chain 
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Table 12. (continued) 
 
Purines, pyrimidines, nucleosides, and nucleotides (continued) 
 
Nucleotide and nucleoside interconversion 
 
cmk  cytidine monophosphate kinase 
dukA  deoxynucleoside kinase 
dukB  deoxynucleoside kinase 
ycjM  phosphatase 
 
Sugar-nucleotide biosynthesis and interconversion 
 
cpsM  dTDP-4-keto-6-deoxyglucose-3,5-epimerase 
hasC  UDP-glucose pyrophosphorylase 
nagA  N-acetylglucosamine-6P-phosphate deacetylase 
rmlA  glucose-1-phosphate thymidylyltransferase 
rmlB  dTDP-glucose 4,6-dehydratase 
rmlC  dTDP-L-rhamnose synthase 
murZ  UDP-N-acetylglucosamine 1-carboxyvinyltransferase 
 
Regulatory functions 
 
General 
 
ahrC  transcriptional regulator 
hyp7194  arginine catabolic regulator 
birA1  bifunctional protein BirA 
hyp6664  bifunctional protein BirA 
cheY  response regulator 
fur  ferric uptake regulator 
hyp6772  ferric uptake regulator 
glnR  glutamine synthetase repressor 
gntR  transcriptional regulator 
nadR  transcriptional regulator 
phoU  phosphate transport system regulator 
purR  regulator of purine biosynthetic genes 
pyrR  pyrimidine operon regulator 
rcfA  transcriptional regulator 
relA  ppGpp synthetase I 
tenA  transcriptional regulator TenA 
hyp5596  transcriptional regulator 
hyp5748  transcriptional regulator 
hyp5801  transcription regulator 
hyp5907  transcriptional regulator 
hyp6036  transcriptional regulator 
hyp6825  negative transcriptional regulator 
hyp7002  transcriptional regulator 
hyp7116  transcriptional regulator 
hyp7367  transcriptional regulator 
hyp7370  transcriptional regulator 
hyp7400  transcriptional regulator 
hyp7401  transcriptional regulator 
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Table 12. (Continued) 
 
Regulatory functions (continued) 
 
Two-component systems 
 
kinF  sensor protein kinase 
llrF  two-component system regulator 
lisK  two-component sensor histidine kinase 
salK  two-component sensor histidine kinase 
hyp5965  two-component sensor histidine kinase 
 
Signal transduction 
 
phoR  sensor histidine kinase 
yycG  sensor histidine kinase 
hyp5598  sensor histidine kinase 
hyp6545  sensor histidine kinase 
hyp6689  sensor histidine kinase 
hyp6748  sensor histidine kinase 
hyp7377  sensor histidine kinase 
 
LacI-family regulators 
 
araR  transcription repressor of arabinose operon 
ccpA1  catabolite control protein A 
ccpA2  catabolite control protein A 
hyp6147  ribose operon repressor 
kdgR  transcriptional regulator 
yvdE  transcriptional regulator 
hyp5665  transcriptional regulator 
hyp6155  transcriptional regulator 
hyp6822  transcriptional regulator 
 
LysR-family regulators 
 
hyp5862  fhu operon transcriptional regulator 
mleR  malolactic fermentation system 

  transcriptional activator 
rlrG  transcriptional regulator 
hyp5620  transcriptional regulator 
 
AraC-family regulators 
 
xylR  xylose operon regulator 
hyp5592  transcriptional regulator 
hyp6492  transcriptional regulator 
hyp6561  transcriptional regulator 
 
MarR-family regulators 
 
hyp6135  transcriptional regulator 
hyp6221  transcriptional regulator 
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Table 12. (Continued) 
 
Regulatory functions (continued) 
 
GntR-family regulators 
 
busR  transcriptional regulator 
gntR  transcriptional regulator 
rgrB  transcriptional regulator 
treR  trehalose operon transcriptional repressor 
ytrA  transcriptional regulator 
hyp5655  transcriptional regulator 
 
DeoR-family regulators 
 
lacR  lactose transport regulator 
 
BglG-family regulators 
 
bglG  transcriptional regulator 
 
Cro/CI-family regulators 
 
hyp1872  transcriptional regulator 
 
ArsR-family regulators 
 
yvbA  transcriptional regulator 
 
AcrR-family regulators 
 
hyp5757  transcriptional regulator 
hyp6551  transcriptional regulator 
hyp6997  transcriptional regulator 
 
TetR/ArcR-family regulators 
 
hyp6220  transcriptional regulator 
hyp6989  transcriptional regulator 
hyp7211  transcriptional regulator 
 
GTP-binding proteins 
 
eraL  GTP-binding protein Era 
obg  GTP-binding protein Obg 
typA  GTP-binding protein TypA/BipA 
ylqL  GTP-binding protein 
yqeL  GTP-binding protein 
engB  GTP-binding protein 
lepA  GTP-binding protein 
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Table 12. (continued) 
 
Replication 
 
Degradation of DNA 
 
exoA  exodeoxyribonuclease A 
hyp5859  endonuclease  
recJ  single-stranded DNA specific exonuclease 
hyp5684  exonuclease 
uvrA  excinuclease ABC subunit A 
uvrB  excinuclease ABC subunit B 
uvrC  excinuclease ABC subunit C 
xseA  exonuclease VII large subunit 
xseB  exonuclease VII small subunit 
 
 
DNA replication, restriction, modification, recombination, and repair 
 
hyp6364  ATP-dependent helicase DinG 
dnaA  replication initiation protein DnaA 
hyp6832  replication protein DnaB 
dnaC  replicative DNA helicase 
dnaE  DNA polymerase III, alpha chain 2 
dnaG  DNA primase 
dnaJ  DnaJ protein 
dnaN  DNA polymerase III, beta chain 
dnaQ  DNA polymerase III, epsilon chain 
dnaX  DNA polymerase III, subunits gamma and tau 
gyrA  DNA gyrase subunit A 
gyrB  DNA gyrase subunit B 
mutS  DNA mismatch repair protein MutS  
mutL  DNA mismatch repair protein MutL 
dnaC  DNA polymerase III, delta' subunit 
hslB  HU-like DNA-binding protein 
ligA  DNA ligase 
mutM  formamidopyrimidine-DNA glycosylase 
hyp5586  A/G-specific adenine glycosylase 
parC  topoisomerase IV subunit B 
parE  topoisomerase IV subunit B 
pcrA  ATP-dependent helicase PcrA 
polA  DNA polymerase I 
polC  DNA polymerase III, alpha chain 
priA  primosomal protein N' 
hyp6610  DNA repair protein RadC 
recA  RecA protein 
recF  RecF protein 
recG  ATP-dependent DNA helicase RecG 
recN  DNA repair protein RecN 
recQ  ATP-dependent DNA helicase RecQ 
recR  recombination protein 
recU  DNA repair and homologous recombination protein 
ruvA  DNA helicase RuvA 
ruvB  DNA helicase RuvB 
ssb  single-strand binding protein 
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Table 12. (continued) 
 
Replication (continued) 
 
DNA replication, restriction, modification, recombination, and repair (continued) 
 
tag  DNA-3-methyladenine glycosidase I 
topA  DNA topoisomerase I 
ung  uracil-DNA glycosilase 
ripX  integrase-recombinase 
hyp5684  DNA repair exonuclease 
hyp5975  UvrD-helicase 
hyp6359  DNA polymerase III, delta prime subunit 
hyp7361  DNA polymerase III, delta subunit 
hyp6364  ATP-dependent helicase 
 
  
Transcription 
 
Degradation of RNA 
 
rnc  ribonuclease III 
rnhB  ribonuclease HII 
rnhC  ribonuclease HIII 
 
RNA synthesis, modification, and DNA transcription 
 
greA  transcription elongation factor GreA 
mfd  transcription-repair coupling factor 
nusA  transcription termination protein NusA 
nusB  transcription termination protein NusB 
nusG  transcription antitermination protein 
papS  poly(A) polymerase 
queA  S-adenosylmethionine tRNA ribosyltransferase 
rluA  pseudouridine synthase 
rluD1  pseudouridine synthase 
rluD2  pseudouridine synthase 
rluD3  pseudouridine synthase 
rpoA  DNA-directed RNA polymerase alpha chain 
rpoB  DNA-directed RNA polymerase beta chain 
rpoC  DNA-directed RNA polymerase beta' chain 
rpoD  major RNA polymerase sigma factor  
rpoE  DNA-directed RNA polymerase delta chain 
smpB  tmRNA-binding protein SmpB 
sunL  rRNA methylase 
trmD  tRNA methyltransferase 
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Table 12. (continued) 
 
Transcription (continued) 
 
RNA synthesis, modification, and DNA transcription (continued) 
  
yfjD  tRNA/rRNA methyltransferase 
yfjO  RNA methyltransferase 
yljE  RNA methyltransferase 
ywfA  RNA methyltransferase 
 
RNA processing 
 
rheA  ATP-dependent RNA helicase 
rheB  ATP-dependent RNA helicase 
yfmL  RNA helicase 
rimM  16S rRNA processing protein 
 
 
Translation 
 
Amino acyl tRNA synthetases 
 
alaS  alanyl-tRNA synthetase 
argS  arginyl-tRNA synthetase 
asnS  asparaginyl-tRNA synthetase 
aspS  aspartyl-tRNA synthetase 
cysS  cysteinyl-tRNA synthetase 
gltX  glutamyl-tRNA synthetase 
glyS  glycyl-tRNA synthetase alpha chain 
glyT  glycyl-tRNA synthetase beta chain 
hisS  histidyl-tRNA synthetase 
ileS  isoleucyl-tRNA synthetase 
leuS  leucyl-tRNA synthetase 
lysS  lysyl-tRNA synthetase 
metS  methyonyl-tRNA synthetase 
pheS  phenylalanil-tRNA synthetase alpha chain 
pheT  phenylalanyl-tRNA synthetase beta chain 
proS  prolyl-tRNA synthetase 
serS  seryl-tRNA synthetase 
thrS  theronyl-tRNA synthetase 
trpS  tryptophanyl-tRNA synthetase 
tyrS  tyrosyl-tRNA synthetase 1 
valS  valyl-tRNA synthetase 
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Table 12. (continued) 
 
Translation (continued) 
 
Degradation of proteins, peptides, and glycopeptides 
 
gcp  secreted metalloendopeptidase 
htrA  exported serine protease 
pepA  glutamyl aminopeptidase 
pepC  aminopeptidase C 
pepM  mathionine aminopeptidase 
pepN  aminopeptidase N 
pepO  neutral endopeptidase 
PepQ  proline dipeptidase 
pepS  aminopeptidase 
pepT  tripeptidase 
pepV  dipeptidase 
pepXP  X-prolyl dipeptidyl aminopeptidase 
yueE  protease 
yueF  protease 
yusX  oligopeptidase 
yqhT  Xaa-Pro dipeptidase 
ypwA  thermostable carboxypeptidases 
htpX  protease Htpx-like protein 
hyp5900  peptidase E 
hyp6204  peptidase 
hyp6247  ATP-dependent protease 
hyp6793  protease 
 
 
Protein modification 
 
fms  polypeptide deformylase 
sps-1  serine/threonine protein kinase 
pmsR1  peptide methionine sulfoxide reductase 
pmsR2  peptide methionine sulfoxide reductase 
ppiA  peptidyl-prolyl cis-trans isomerase 
ppiB  peptidyl-prolyl cis-trans isomerase 
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Table 12. (continued) 
 
Translation (continued) 
 
Ribosomal proteins: synthesis and modification 
 
rplA  50S ribosomal protein L1 
rplB  50S ribosomal protein L2 
rplC  50S ribosomal protein L3 
rplD  50S ribosomal protein L4 
rplE  50S ribosomal protein L5 
rplF  50S ribosomal protein L6 
rplI  50S ribosomal protein L9 
rplJ  50S ribosomal protein L10 
rplK  50S ribosomal protein L11 
rplL  50S ribosomal protein L7/L12 
rplM  50S ribosomal protein L13 
rplN  50S ribosomal protein L14 
rplO  50S ribosomal protein L15 
rplP  50S ribosomal protein L16 
rplQ  50S ribosomal protein L17 
rplR  50S ribosomal protein L18 
rplS  50S ribosomal protein L19 
rplT  50S ribosomal protein L20 
rplU  50S ribosomal protein L21 
rplV  50S ribosomal protein L22 
rplW  50S ribosomal protein L23 
rplX  50S ribosomal protein L24 
rpmA  50S ribosomal protein L27 
rpmB  50S ribosomal protein L28 
rpmC  50S ribosomal protein L29 
rpmD  50S ribosomal protein L30 
rpmE  50S ribosomal protein L31 
rpmF  50S ribosomal protein L32 
rpmH  50S ribosomal protein L34 
rpmI  50S ribosomal protein L35 
rpsA  30S ribosomal protein S1 
rpsB  30S ribosomal protein S2 
rpsC  30S ribosomal protein S3 
rpsD  30S ribosomal protein S4 
rpsE  30S ribosomal protein S5 
rpsF  30S ribosomal protein S6 
rpsG  30S ribosomal protein S7 
rpsH  30S ribosomal protein S8 
rpsI  30S ribosomal protein S9 
rpsJ  30S ribosomal protein S10 
rpsK  30S ribosomal protein S11 
rpsL  30S ribosomal protein S12 
rpsM  30S ribosomal protein S13 
rpsN  30S ribosomal protein S14 
rpsO  30S ribosomal protein S15 
rpsP  30S ribosomal protein S16 
rpsQ  30S ribosomal protein S17 
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Table 12. (continued) 
 
Translation (continued) 
 
Ribosomal proteins: synthesis and modification (continued) 
 
rpsR  30S ribosomal protein S18 
rpsS  30S ribosomal protein S19 
rpsT  30S ribosomal protein S20 
ydiD  ribosomal-protein-alanine N-acetyltransferase 
fmt  methyonyl-tRNA formyltransferase 
gatA  Glu-tRNA amidotransferase subunit A  
gatB  Glu-tRNA amidotransferase subunit B 
gatC  Glu-tRNA amidotransferase subunit C 
ksgA  Ribosomal RNA adenine dimethylase 
miaA  tRNA isopentenyltransferase 
pth  peptidyl-tRNA hydrolase 
queA  S-adenosylmethionine tRNA ribosyltransferase 
rnpA  ribonuclease P protein component 
tgt  queuine tRNA-ribosyltransferase 
truA  tRNA pseudouridine synthase A 
truB  tRNA pseudouridine synthase B 
 
Translation factors 
 
efp  elongation factor P 
frr  ribosome recycling factor 
fusA  elongation factor G 
infB  translation initiation factor IF-2 
infC  translation initiation factor IF-3 
lepA  GTP-binding protein LepA 
prfA  peptide chain release factor 1 
prfB  peptide chain release factor 2 
prfC  peptide chain release factor 3 
rbfA  ribosome-binding factor A 
tsf  elongation factor Ts 
tuf  elongation factor Tu 
greA  prokaryotic transcription elongation factor, GreA/GreB  
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Table 12. (continued) 
 
Transport and binding proteins 
 
General 
 
aurT  ATP binding cassette transporter 
ecsA  ABC transporter ATP binding protein 
ecsB  ABC transporter permease protein 
hyp761  ABC transporter ATP-binding protein 
hyp5780  ABC transporter permease protein 
hyp5738  ABC transporter permease protein 
hyp5837  ABC transporter ATP-binding protein 
hyp5945  ABC transporter ATP binding protein 
hyp5992  ABC transporter ATP-binding protein 
hyp6050  ABC transporter ATP binding protein 
hyp6094  ABC transporter permease protein 
hyp6136  ABC transporter ATP-binding protein 
hyp6156  ABC transporter ATP binding protein 
hyp6171  ABC transporter ATP binding and permease 

  protein 
hyp6206  ABC transporter ATP binding protein 
hyp6291  ABC transporter permease protein 
hyp6361  ABC transporter substrate 

  binding protein 
hyp6382  ABC transporter ATP binding protein 
hyp6390  permease 
hyp6427  ABC transporter 
hyp6483  large conductance mechanosensitive 

channel protein 
hyp6525  ABC transporter permease protein 
hyp6543  ABC transporter permease protein 
hyp6546  ABC transporter ATP-binding protein 
hyp6601  ABC transporter ATP binding protein 
hyp6615  ABC transporter permease protein 
hyp6641  ABC transporter ATP-binding protein 
hyp6665  ABC transporter ATP binding protein 
hyp6669  ABC transporter permease protein 
hyp6735  ABC transporter ATP binding protein 
hyp6754  ABC transporter ATP binding protein 
hyp6768  ABC transporter permease protein 
hyp6776  ABC transporter ATP binding protein 
hyp6864  ABC transporter permease protein 
hyp6881  ABC transporter ATP-binding protein 
hyp6918  ABC transporter ATP binding protein 
hyp6952  ABC transporter ATP binding protein 
hyp6955  ABC transporter permease protein 
hyp7055  ABC transporter permease protein 
hyp7227  ABC transporter ATP binding protein 
hyp7260  ABC transporter ATP-binding protein 
hyp7350  ABC transporter ATP binding protein 
hyp7353  ABC transporter permease protein 
hyp7419  ABC transporter ATP binding protein 
mrbE  ABC transporter ATP binding and permease 

  protein 
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Table 12. (continued) 
 
Transport and binding proteins (continued) 
 
General (continued) 
 
yclH  ABC transporter ATP binding protein 
yceI  transporter 
yajA  transporter 
ycfC  ABC transporter permease protein 
ychF  ABC transporter permease protein 
ydiA  permease 
yhcA  ABC transporter ATP-binding and permease 

  protein 
hyp6560  Ion channel protein 
hyp6965  aquaporin Z water channel 
hyp6448  permease 
hyp5765  antiporter 
hyp7434  permease 
hyp6842  transport protein 
hyp5723  formate –nitrite transporter 
hyp5903  lipoprotein release ATP binding protein 
hyp6961  permease 
 
 
 
Amino acids, peptides, and amines 
 
 
aapA  amino acid permease 
opuAA  glycine/betaine ABC transporter ATP binding 

  protein 
opuAB  glycine/betaine ABC transporter permease and 

  substrate binding protein 
gadC  glutamate-gamma-aminobutyrate antiporter 
glnP  glutamine ABC transporter permease and 

  substrate binding protein 
gltP  glutamate ABC transporter permease protein 
gltJ  binding-protein-dependent transport systems inner membrane component 
gltK  binding-protein-dependent transport systems inner membrane component 
gltL  glutamate ABC transporter ATP-binding 

  protein 
gltI 
 

 glutamate or arginine ABC transporter 
  substrate binding protein 

lysQ  lysine specific permease 
oppA  oligopeptide ABC trasporter substrate 

  binding protein 
oppB  oligopeptide ABC trasporter permease 

  protein 
oppC  oligopeptide ABC trasporter permease 

  protein 
oppD  oligopeptide ABC trasporter ATP binding 

  protein 
oppF  oligopeptide ABC trasporter ATP binding protein  
potA  spermidine/putrescine ABC transporter ATP-binding protein 



 

 

142

Table 12. (continued) 
 
Transport and binding proteins (continued) 
 
Amino acids, peptides, and amines (continued) 
 
potB  spermidine/putrescine ABC transporter 

  permease protein 
potC  spermidine/putrescine ABC transporter permease protein 
potD  spermidine/putrescine ABC transporter 

  substrate binding protein 
ykbA  amino acid permease 
hyp6607  brannched chain amino acid ABC trasporter periplasmic components 

 
hyp6450  brannched chain amino acid ABC trasporter permease 

  protein 
hyp6537  brannched chain amino acid ABC trasporter permease protein 
hyp6398  brannched chain amino acid ABC trasporter ATP binding 

  protein 
hyp6342  brannched chain amino acid ABC trasporter ATP binding 

  protein 
hyp7182  oligopeptide ABC transporter substrate 

  binding protein 
hyp5619  oligopeptide ABC transporter substrate 

  binding protein 
hyp7419  proline/glycine /betaine ABC transporter ATP binding protein 
hyp6547  choline ABC transporter ATP binding protein  
hyp7422  choline ABC transporter 
hyp6197  glutamine ABC transporter substrate binding 

  protein 
hyp6285  glutamine ABC transporter ATP-binding 

  protein 
hyp6338  glutamine ABC transporter permease 

  protein 
hyp6549  glutamine ABC transporter periplasmic 

  protein 
hyp6659  amino acid ABC transporter ATP-binding 

  protein 
hyp6711  amino acid ABC transporter ATP-binding 

  protein 
hyp5996  histidine ABC transporter ATP-binding 

  protein  
hyp6062  histidine  ABC trasporter permease protein 
hyp6134  histidine  ABC transporter substrate binding 

  protein 
hyp6215  histidine  ABC trasporter permease protein 
hyp5794  amino acid ABC transporter periplasmic 

  protein 
hyp6122  amino acid ABC trasporter permease protein 
hyp5627  amino acid permease 
hyp6402  amino acid permease 
hyp5556  amino acid permease 
hyp6553  amino acid ABC transporter substrate 

 binding protein 
hyp6620  amino acid ABC trasporter permease protein 
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Table 12. (continued) 
 
Transport and binding proteins (continued) 
 
Amino acids, peptides, and amines (continued) 
 
hyp6668  amino acid ABC trasporter permease protein 
hyp6726  amino acid ABC transporter ATP binding 

  protein 
hyp6706  amino acid  ABC transporter substrate binding 

  protein 
hyp6761  amino acid ABC transporter ATP binding 

  protein 
hyp6809  amino acid ABC trasporter permease protein 
hyp6103  glutamine ABC transporter substrate binding 

  protein 
hyp6184  amino acid ABC transporter membrane component 
hyp6240  amino acid ABC transporter ATP binding 

  protein 
glnP  glutamine ABC transporter permease protein 
hyp5964  glutamine ABC transporter substrate binding protein 
hyp6050  glutamine ABC transporter ATP-binding 

  protein 
hyp6122  glutamine ABC transporter permease protein 
hyp5666  polar amino acid ABC transporter ATP binding 

  protein 
hyp5627  amino acid permease 
hyp5794  amino acid permease 
yrfD  amino acid antiporter 
hyp7185  amino acid permease 
hyp7297  amino acid permease 
hyp6197  amino acid ABC transporter substrate 

 binding protein 
hyp6567  amino acid ABC transporter peptide 

 binding protein 
hyp7344  amino acid efflux protein 
 
 
Anions 
 
phoU  phosphate transporter regulator 
pstB  phosphate ABC transporter ATP binding protein 
hyp6474  phosphate ABC transporter ATP binding protein 
hyp6539  phosphate ABC transporter ATP binding protein 
hyp6740  phosphate ABC transporter ATP binding protein 
hyp6664  phosphate ABC transporter permease protein 
hyp6600  phosphate ABC transporter permease protein 
hyp6867  sulfonate/taurine/bicarbonate/nitrate ABC transporter substrate binding 

  protein 
hyp6918  sulfonate/taurine/bicarbonate/nitrate ABC transporter ATP binding 

 protein 
hyp6955  sulfonate/taurine/bicarbonate/nitrate ABC transporter permease 

 protein 
hyp6521  chloride channel protein 
hyp6371  voltage-gated chloride channel protein 
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Table 12. (continued) 
 
Transport and binding proteins (continued) 
  
Carbohydrates, organic alcohols, and acids 
 
hyp5602  glycerol uptake facilitator 
gntP  gluconate permease  
yoiJ  gluconate permease 
hyp6471  gluconate permease 
lacY1  lactose permease 
lacY2  lactose permease 
maeP  malate permease 
mleP  malate transporter 
xylQ  D-xylose proton-symporter 
xylT  D-xylose proton-symporter 
hyp6226  sugar ABC transporter ATP binding protein 
hyp6116  sugar ABC transporter permease protein 
hyp6021  sugar ABC transporter permease protein 
hyp228  sugar transporter 
hyp6862  sugar transporter 
hyp7190  sugar transporter 
hyp7132  exopolysaccharide biosynthesis and export 
hyp7088  glucose uptake protein 
hyp6728  sugar permease 
hyp6436  polysaccharide transporter 
hyp7289  polysaccharide transporter 
hyp7109  exopolysaccharide biosynthesis and export 
 
 
Nucleosides, purines, and pyrimidines 
 
hyp7420  xanthine permease 
pyrP  uracil permease 
hyp6675  nicotinamide mononucleotide (NMN) uptake permease 
hyp6253  pyrimidine nucleoside transporter 
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Table 12. (continued) 
 
Transport and binding proteins (continued) 
 
Cations 
 
nrgA  ammonium transporter 
hyp6852  copper-potassium transporting ATPase B 
feoA  ferrous ion transport protein A 
feoB  ferrous ion transport protein B 
hyp6162   potassium uptake protein 
hyp5677  Trk-type K+ transport systems, membrane component 
hyp5839  K+ transport system, NAD-binding component 
hyp7385  manganese ABC transporter substrate 

  binding protein 
hyp7389  manganese ABC transporter ATP binding 

  protein 
hyp7387  manganese ABC transporter permease 

  protein 
nahC  Na+/H+ antiporter 
hyp6975  cation-transporting ATPase 
hyp6326  cation transporter 
hyp6831  divalent cation transporter 
hyp5575  Na+/H+ antiporter 
hyp6232  Na+/H+ antiporter 
hyp6272  cation-transporting ATPase 
hyp5658  divalent cation ABC transporter substrate binding protein  
hyp7359  cation-transporting ATPase 
hyp6780  cation transport efflux 
hyp6224  cationic efflux permease 
hyp6860  manganese transport protein 
hyp6066  metal transporting ATPase 
hyp6933  bile acid:sodium symporter 
hyp5904  zinc/manganese ABC transporter permease protein 
hyp6154  zinc/manganese ABC transporter permease protein 
hyp6087  zinc/maganese ABC transporter ATP binding protein 
hyp5997  zinc/maganese ABC transporter ATP binding protein 
hyp6071  high affinity Ni2+ uptake porter 
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Table 12. (continued) 
 
Transport and binding proteins (continued) 
 
Phosphoenol pyruvate phosphotransferase (PTS) systems 
 
 
hyp6192  cellobiose-specific PTS system IIC 

  component 
sacL  fructose (mannose)-specific PTS system enzyme IIA 

  component 
manX  fructose (mannose)-specific PTS system enzyme IIB 

  component 
hyp5590  fructose (mannose)-specific PTS system enzyme IIC 

  component 
hyp5653  fructose (mannose)-specific PTS system enzyme IID 

  component 
hyp7231  sucrose-specific PTS system IIBC 

  component 
hyp7406  cellobiose-specific PTS system IIA 

  component 
hyp7409  cellobiose-specific PTS system IIB 

  component 
hyp7408  cellobiose-specific PTS system IIC 

  component 
hyp5564  mannose-specific PTS system component 

  IIAB 
manM  mannose-specific PTS system component IIC 
manN  mannose-specific PTS system component IID 
ptsH  phosphocarrier protein Hpr 
ptsI  phosphoenolpyruvate-protein 

  phosphotransferase 
ptsK  Hpr(Ser) kinase 
bglP  beta-glucoside-specific PTS system IIABC 

  component 
hyp7427  cellobiose-specific PTS system IIB 

  component 
hyp383  glucose-specific PTS system IIA component 
hyp6078  beta-glucoside-specific PTS system IIABC 

  component 
hyp7110  PTS system IIA component 
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Table 12. (continued) 
 
Transport and binding proteins (continued) 
 
Multidrug resistance (MDR) 
 
hyp5601  multidrug efflux transporter 
cydC  cytochrome D ABC transporter ATP binding 

  and permease protein 
cydD  cytochrome D ABC transporter ATP binding 

  and permease protein 
horA  ABC transporter ABC binding and permease protein HorA 
hyp5874  multidrug-efflux protein 
hyp6897  multidrug resistance protein 
hyp6998  multidrug: H+ antiporter 
hyp5933  multidrug resistance protein;permease of the MFS superfamily 
hyp6151  multidrug resistance protein;permease of the MFS superfamily 
hyp6652  drug exporter protein 
hyp6260  UVRA-like protein, probably involved in MDR transport 
hyp5842  multidrug resistance permease 
hyp6277  drug:H+ antiporter 
hyp6093  antibiotic transport associated protein 
hyp6454  drug:H+ antiporter 
hyp6487  multidrug efflux transporter 
hyp7201  multidrug resistance efflux pump 
hyp7229  antibiotic resistance protein, permeases of the major facilitator superfamily 
hyp7364  drug resistance protein 
mbrB  mutance bacitracin -resistance protein B, ABC transporter, permease  

and substrate -binding protein 
mbrA  mutance bacitracin -resistance protein A, ABC transporter, ATP -binding 

protein 
 
 
Other categories 
 
Adaptation and atypical conditions 
 
clpC  ATP-dependent protease ATP-binding subunit 
clpE  ATP-dependent protease ATP-binding subunit 
clpP  ATP-dependent Clp protease proteolytic subunit 
hyp6333  ATP-dependent Clp protease  
clpX  ATP dependent Clp protease 
cspL  cold shock protein 
cspD  cold shock protein D 
hyp6970  damage-inducible protein DinF 
dinP  DNA-damage-inducible protein P 
grpE  stress responce protein GrpE 
hrcA  heat-inducible transcription repressor HrcA 
hsp33  33 kDa chaperonin (heat shock protein 33 homolog) 
phoH  phosphate starvation inducible protein 
tpx  thiol peroxidase 
yxaB  general stress protein GSP30 
yjbE  general stress protein GSP13 
hyp7287  heat shock protein 
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Table 12. (continued) 
 
Phage related functions and prophages 
 
pI1  P1-antirepressor homolog [Streptococcus thermophilus bacteriophage 

TP-J34] 
pI2  Int44 [Oenococcus oeni  temperate bacteriophage fOg44] 
hyp1737  lysin [Lactobacillus johnsonii prophage Lj965] 
hyp5741  G1 envelope protein Cache Valley virus 
hyp5867  Lactococcus phage BK5-T 
hyp5850  gp63 [Bacteriophage A118] 
hyp5970  Streptococcus thermophilus bacteriophage DT1 
hyp6022  terminase large subunit [Streptococcus thermophilus bacteriophage Sfi21] 

 
hyp6037  zinc finger protein -Lactobacillus phage phi-gle 
hyp6255  prophage pi1 protein 35 [Lactococcus lactis subsp. lactis] 

 
hyp6384  capsid protein [bacteriophage bIL285] [Listeria innocua] 

 
hyp6500  head-tail joining protein - Streptococcus thermophilus phage Sfi19 
hyp6536  ORF29 [Streptococcus thermophilus bacteriophage 7201] 

 
hyp6592  major tail protein [Streptococcus thermophilus bacteriophage Sfi19] 

 
hyp6709  Lactococcus phage BK5-T 
hyp7012  tail-host specificity prot. Lactococcus bacteriophage 4268 
hyp7188  prophage pi2 protein 49 [Lactococcus lactis subsp. lactis] 
hyp6275  recombinase 
 
 
Transposon related functions 
 
orfA1  ORFA of IS3-like IS [Leuconostoc lactis] 

 
orfA2  ORFA of IS3-like IS [Leuconostoc lactis] 

 
orfA3  ORFA of IS3-like IS [Leuconostoc lactis] 

 
orfC  ORFC of IS3-like IS [Leuconostoc lactis] 

 
traB  transposase subunit B [Lactobacillus sakei] 
tra1  IS element transposase [Bacillus thuringiensis serovar israelensis], 
IS1  transposase of IS1070 [Leuconostoc lactis] 
IS2  transposase of IS1070 [Leuconostoc lactis] 
tra2  transposase [Staphylococcus aureus prophage phiPV83] 

 
hyp7334  transposase [Staphylococcus aureus prophage phiPV83] 
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37.71

Figure 16. Distribution of GC content over the cluster of phage remnants in L. mesenteroides ATCC 8293. 
The overall GC content of the whole chromosome is 37.71%. The gene nomenclature is according to Table 12.
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Figure 17. Distribution of GC content over the cluster of ribosomal protein in 
L. mesenteroides ATCC 8293.The overall GC content of the whole chromosome is 37.71%. 
The gene nomenclature is according to Table 12.

37.71
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Figure 18. GC skew distribution over the region of dnaA gene. 
Change of the skew distribution indicates the position of replication origin.
The gene nomenclature is according to Table 12.
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tcaatttttgctccccagcatcaattggttcatttattctaacacgttttattttgtgaa  60 
agttaaaaacgaggggtcgtagttaaccaagtaaataagattgtgcaaaataaaacactt 

 M 
hyp5899  
 

aataattattaatgcattttggttgaccatcctaacaaaaacggctcaaaagctatgata  120 
ttattaataattacgtaaaaccaactggtaggattgtttttgccgagttttcgatactat  

 
 

attaaggttttttcaaaaatatttatcaactttttagaggaaaaacagaaaataaaatag  180 
taattccaaaaaagtttttataaatagttgaaaaatctcctttttgtcttttattttatc 

 
 
 

ctccttaataaattctttaacattcacaatgttataaaaacttatcctctacctgtttac  240 
gaggaattatttaagaaattgtaagtgttacaatatttttgaataggagatggacaaatg 

 
          DnaA box 

tcacggtgttttttagctttttactaacatgctctttcacaagttatccacatatccaca  300 
agtgccacaaaaaatcgaaaaatgattgtacgagaaagtgttcaataggtgtataggtgt 

 
      DnaA box 

tgttgtgaactcacccctgtggataatgtttataaacagcctcaattattgtcctttcgc  360 
tcaacacttgagtggggacacctattacaaatatttgtcggagttaataacaggaaagcg 

     DnaA box 
 

ccttttgcttgtgtataacaatgttcatttgtggataacccacacatttgttcgtcttaa  420 
ggaaaacgaacacatattgttacaagtaaacacctattgggtgtgtaaacaagcagaatt 

      DnaA box 
  

tatcaacaacccctctttttcattgtccacaactgttgatattctctaaagttgtcgttt  480 
atagttgttggggagaaaaagtaacaggtgttgacaactataagagatttcaacagcaaa 

 
 

gcctgtggaaaactatttttcttattgttataattatctttgctacttcttctatattag  540 
cggacaccttttgataaaaagaataacaatattaatagaaacgatgaagaagatataatc 

 
 

aaaagtcgtcggttcaatccataatcttcgttaaatactatcaacgtaagatcgtcattt  600 
ttttcagcagccaagttaggtattagaagcaatttatgatagttgcattctagcagtaaa 

 
                                     V  T  K  P  T  I  K  E dnaA    

cattctgacttgaaccatatttaggagagataatcgtgacaaaaccaataaccaaagaag  660 
gtaagactgaacttggtataaatcctctctattagcactgttttggttattggtttcttc 

 
E  L  W  S  K  V  Q  A  E  F  F  T  K  L  G  R  V  T  F  S dnaA 
Aattatggtcaaaagtgcaagccgaattttttaccaagctcggtcgtgttactttttcca  720 
ttaataccagttttcacgttcggcttaaaaaatggttcgagccagcacaatgaaaaaggt 

 
 
 
Figure 19. Sequence of L. mesenteroides chromosome near the origin of replication. 
Putative DnaA boxes are shown in bold. The beginning of dnaA gene and hyp 5899  
are shown. Numbering corresponds to the start of hyp5899 gene. 
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OriC

Ter

rrn
rrn

0.2 Mb

0.5 Mb

1.0 Mb

1.5 Mb

rrn

rrn

2.0 Mb

Figure 20. Genetic map of L. mesenteroides subsp. mesenteroides ATCC 8293. The markers are:
OriC, origin of replication; Ter, replication terminus; rrn, rRNA operon; 

Pi, phage remnants cluster.The scale of the map was drawn as a percentage of the total size. 
The arrow indicate the 5’-3’ orientation of the gene  

Pi
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Figure 21. GC skew distribution over the chromosome of L. mesenteroides ATCC 8293. 
Change of the skew distribution indicates the position of replication origin (red arrow)
and replication terminus (blue arrow)

0.9 Mb

2.0 Mb
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pepQ

pepQ

pepQ

pepQ

pepQ

ccpA

pepR1

ccpA

ccpA

ccpA

ccpA

orf1 orf2

trxB

aroA ytxD ytxE acuC

Figure 22. Comparison of ccpA regions of different lactic acid bacteria and Bacillus subtilis. 
Orientation of genes are indicated by arrows. pepQ, prolidase; ccpA, catabolite control protein;
pepR1, ccpA homologue; ytxD and ytxE, integral membrane protein; acuC, gene involved in acetoin
and butanediol metabolism; trxB, thioredoxin reductase; orf1 and orf2, hypothetical protein. 
Modified from Mahr et. al., (2000).  
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Lactobacillus delbruckii

Lactobacillus casei

Lactococcus lactis

Bacillus subtitlis

Leuconostoc mesenteroides ATCC 8293
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Figure 23. Organization of lactose utilization gene in L. mesenteroides ATCC 8293 chromosome. 
Gene nomenclature are: lacA, β-galactosidase; lacY, lactose permease; lacR lactose transport regulator;
yvfO, endo-1,4-beta-galactosidase; yghZ, oxidoreductase; galT, galactose-1-phosphate uridyltransferase;
galE, UDP-glucose 4-epimerase; galK, galactokinase; hyp6367, hypothetical protein.
(A) first gene cluster; (B) second gene cluster. Map is not draw to scale

(A)

(B)
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Figure 24. The malolactic fermentation in L. mesenteroides. (A) The organization of genes cluster encoding 
the malolactic fermentation pathway. mleR, malolactic regulator; mleS, malolactic enzyme; 
mleP, malate transporter. (B) Schematic representation of metabolic energy conservation by 
malolactic fermentation. MH-, mono-anionic malate; LH, lactic acid; Malate uptake is shown as MH-/LH
exchange and MH- uniport. Modified from Poolman (1993). 
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Appendix 1:  PCR amplification of the intergenic transcribed spacer (ITS) 

region of isolates taken from sauerkraut fermentation in year 2000 and 2001  
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Introduction 

 

Previously, fives species of lactic acid bacteria (LAB) have been identified  

in the sauerkraut fermentation: Streptococcus faecalis, Leuconostoc mesenteroides, 

Lactobacillus brevis, L. plantarum, and Pediococcus pentosaceus  

(Pederson and Albury, 1969). L. mesenteroides is a major species, in the early, 

heterofermentative stage of fermentation, and L. plantarum is a major species  

involved in the late, homofermentative stage of fermentation. However, many  

other lactic acid bacterial species have also been isolated from sauerkraut   

or related products (Harris, L. J. 1991; Murcia and Collins, 1991). Recent evidence 

from our laboratory has indicated an unsuspected diversity of LAB may be present 

in sauerkraut fermentation (Johanningsmeier and Fleming, unpublished). However, 

molecular fingerprinting techniques can lead to a better understanding of the 

ecology. The techniques offer new opportunities for the analysis of the structure 

and species composition of microbial communities. There is strong evidence that 

in many environments the genetic diversity, as assessed by molecular techniques, 

far exceeds the microbial diversity determined by culture and biochemical methods 

(Ward et al., 1990). 

The objective of this research was to study and understand microbial diversity 

under changing environmental conditions in commercial sauerkraut fermentations 

by using the nucleic acid-based detection approaches for identifying major 

microorganisms involved. 



 

 

160

Materrials and methods 

 

Brine samples from commercial fermentation tanks (one in year 2000 and 3 in year 2001) 

were taken over a period of 14 days. The samples were plated on MRS agar and selected 

numbers of isolates for each time point were recovered. A total of six hundred eighty-six 

isolates were collected for analysis. DNA was isolated, using a commercially available 

kit, for PCR fingerprinting.  The method of Breidt and Fleming (1996) was used to 

amplify the ITS region between 16S and 23S rRNA gene. Each 100 µl reaction mixture 

consisted of 10 µl of 10X PCR buffer II (500mM KCl and 100mM Tris-Cl, pH 8.0), 10 

µl of 25 mM MgCl2, 1 µl of dNTP mixture (25mM each dNTP, Stratagene), 4 µl of DNA 

preparation as described above, 70 µl of water, 1 µl of Taq DNA polymerase (5 U/µl), 

and 2 µl of each primers. Two primers were used for PCR amplification (Breidt and 

Fleming, 1996): G1-16S, GAAGTCGTAACAAGG and L2-23S, 

GGGTTTCCCCATTCGGA (Genosys Biotechnologies, Inc., The Woodlands, TX). PCR 

reactions were carried out using a model GTC-2 Genetic Thermal Cycler, with a model 

LTM-2 refrigeration unit (Precision Scientific Inc.) with an initial heat denaturation step 

at 94 °C for 5 min. A temperature program consisting of 25 cycles of 1 min at 94 °C, 5 

min at 55 °C, and 2 min at 72 °C followed by a final 5 min interval at 72 °C was used. 

The aqueous phase of the reaction mixture was then removed from the tubes and stored at 

–20 °C. After PCR amplification, 20 µl of the reaction mixture containing DNA products 

was treated with 1 µl of Rsa I enzyme solution (16 U/µl. No. 500890, Stratagene) for 1 

hour at 37 °C in water bath (model 18800, Lab Line Instruments Inc., Melrose Park, IL). 

The restriction digest samples were placed at –20 °C prior to electrophoresis in 5% 
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nondenaturing polyacrylamide gels using a vertical gel electrophoresis box with glass 

plate supplied by the manufacturer (BRL Model V16, Life Technologies, Inc., 

Gaithersburg, MD). Gels were run approximately 6 hours at 60 V in a Tris-borate buffer 

(TBE, Maniatis et al. 1982). A 100bp DNA molecular weight marker (Invitrogen, 

Carlsbad, CA) was used as a standard. After electrophoresis, the gels were stained in 

ethidium bromide (0.5 µg/ml, in water, Sigma) and photographed with UV illumination 

(UV Transilluminator, model 2040EV, Stratagene). 

 The banding profiles generated were aligned and homology determined using the 

GelCompar II software (Applied Maths, Inc., Austin, TX). This software standardized 

ITS-PCR banding profiles to minimize migration differences between gels. Each 

sauerkraut isolate PCR pattern was identified against the construct database libraries 

generated from reference LAB strains (Table 3.) for genus and/or species identification. 

The similarities were generated using the Dice coefficient with the software.  Selected 

isolates were subjected to 16S rDNA sequencing analysis for further confirmation.   
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Results and conclusion 

A total of 38 unique ITS-PCR banding patterns was identified from 686 sauerkraut 

isolates (Fig. 25-85). Of the 38, eight can be identified by ITS-PCR database generated 

from 44 reference LAB strains (Table 3.), the remaining 30 did not resemble any patterns 

in the database. However, most of the isolates (656 from 686) can be assigned into one of 

the eight patterns already available in the ITS-PCR database. The summary of isolate 

species identification were shown in Table 5 to 8. Analysis of ITS-PCR patterns and 

among isolates by using fingerprinting comparison software suggested the difference in 

domination of heterofermentative LAB species in the early part of sauerkraut 

fermentation. L. mesenteroides is not the only major species found associated with 

sauerkraut fermentation during the early phase. Weissella sp. was recovered together with 

L. mesenteroides from all fermentations both in day 1 and 3. In some cases, this organism 

was the dominant, or present with L. mesenteroides suggesting a significant contribution 

in early heterofermentative stage. During the transition period between hetero and 

homofermentation, the commercial sauerkraut fermentations were found to contain 

several LABs species in significant numbers such as L. curvatus and Leuconostoc  

argentinum. Many LABs isolated during period of this study have not been previously 

recovered from sauerkraut fermentation, such as Weissella sp., L. argentinum, 

Lactobacillus coryniformis, Leuconostoc citreum, Lactobacillus  paraplantaum, and 

Lactobacillus  paracasei. It might be possible that these LAB species present in the early 

part and during the transition period between hetero and homofermentation phase are 

vital for successful microbial succession of sauerkraut fermentation. It is noteworthly that 

only small numbers of L. brevis and only two isolate of P. pentosaceus have been 
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recovered from commercial sauerkraut fermentations.  This contradicted  previous reports 

that both LABs were considered to be one of the major bacterial species involved in 

sauerkraut fermentation. This study has shown that sauerkraut fermentation is more 

complex than previously reported. The early part of fermentation which is believed to be 

vital to the quality of sauerkraut was found here to have contained a variety of LABs 

species and show substantial variation..  

In conclusion, we believe that establishing a ITS-PCR profiles database for 

identification of recovered isolates can be an useful tool for describing the important 

species involve in the complex microbial ecology of vegetable fermentations. The use of 

this database to complement biochemical identification methods has revealed the 

presence of species not previously reported to be present in sauerkraut fermentations. The 

ecology of these commercial fermentations has been shown to be more complex than 

previously reported.  The discovery of a variety of LAB species in the sauerkraut 

fermentation encourages further investigation of the roles of this species in the 

fermentation of cabbage and perhaps other vegetables.   
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Fig 25. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1A2 ; 
lane 3 isolate 1A5; lane 4 isolate 1A6; lane 5 isolate 1A7;lane 6 isolate 1A8; lane 7 isolate 1A9; 
lane 8 isolate 1A10; lane 9 isolate 1A11; lane 10 isolate 1A12.

1   2    3    4    5    6    7    8    9   10

600

400

200

 

1    2    3    4   5    6    7   8   9   10   11

600

400

200

Fig 26. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1B1;
lane 3 isolate 1B2 ; lane 4 isolate 1B3; lane 5 isolate 1B4; lane 6 isolate 1B5; lane 7 isolate 1B6; 
lane 8 isolate 1B7; lane 9 isolate 1B9; lane 10 isolate 1B11; lane 11 isolate 1B12.
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Fig 27. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1C2 ; 
lane 3 isolate 1C3; lane 4 isolate 1C6; lane 5 isolate 1C7;lane 6 isolate 1C8; lane 7 isolate 1C9; 
lane 8 isolate 1C10; lane 9 isolate 1C11; lane 10 isolate 1C12.
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Fig 28. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1D1 ; 
lane 3 isolate 1D2; lane 4 isolate 1D3; lane 5 isolate 1D4;lane 6 isolate 1D5; lane 7 isolate 1D8; 
lane 8 isolate 1D9; lane 9 isolate 1D10; lane 10 isolate 1D11.
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Fig 29. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1E1;
lane 3 isolate 1E2 ; lane 4 isolate 1E3; lane 5 isolate 1E4; lane 6 isolate 1E5; lane 7 isolate 1E6; 
lane 8 isolate 1E7; lane 9 isolate 1E8; lane 10 isolate 1E9; lane 11 isolate 1E11; lane 12 isolate 1E12.
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Fig 30. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1F1 ; 
lane 3 isolate 1F2; lane 4 isolate 1F3; lane 5 isolate 1F4;lane 6 isolate 1F5; lane 7 isolate 1F6; 
lane 8 isolate 1F11; lane 9 isolate 1F12.
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Fig 31. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1G1;
lane 3 isolate 1G2 ; lane 4 isolate 1G3; lane 5 isolate 1G4; lane 6 isolate 1G6; lane 7 isolate 1G8; 
lane 8 isolate 1G9; lane 9 isolate 1G10; lane 10 isolate 1G11; lane 11 isolate 1G12.
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Fig 32. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1H1 ; 
lane 3 isolate 1H2; lane 4 isolate 1H4; lane 5 isolate 1H5; lane 6 isolate 1H6; lane 7 isolate 1H7; 
lane 8 isolate 1H10; lane 9 isolate 1H11; lane 10 isolate 1H12.
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Fig 33. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1A1;
lane 3 isolate 1A3 ; lane 4 isolate 1A4; lane 5 isolate 1B8; lane 6 isolate 1B10; lane 7 isolate 1C1; 
lane 8 isolate 1C4; lane 9 isolate 1C5; lane 10 isolate 1D6; lane 11 isolate 1D7.
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Fig 34. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 1E10;
lane 3 isolate 1F7 ; lane 4 isolate 1F8; lane 5 isolate 1F9; lane 6 isolate 1F10; lane 7 isolate 1G5; 
lane 8 isolate 1G7; lane 9 isolate 1H3; lane 10 isolate 1H8; lane 11 isolate 1H9.
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Fig 35. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3A1; lane 3 isolate 3A2; 
lane 4 isolate 3A3; lane 5 isolate 3A6; lane 6 isolate 3A7; lane 7 isolate 3A8; lane 8 isolate 3A9; 
lane 9 isolate 3A10; lane 10 isolate 3A11; lane 11 isolate 3A12.
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Fig 36. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3B2; lane 3 isolate 3B4; 
lane 4 isolate 3B6; lane 5 isolate 3B7; lane 6 isolate 3B8; lane 7 isolate 3B10; lane 8 isolate 3B12.
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Fig 38. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3C10; lane 3 isolate 3C11; 
lane 4 isolate 3C12; lane 5 isolate 3D1; lane 6 isolate 3D2; lane 7 isolate 3D3; lane 8 isolate 3D6; 
lane 9 isolate 3D7; lane 10 isolate 3D8.
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Fig 37. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3C1; lane 3 isolate 3C2; 
lane 4 isolate 3C3; lane 5 isolate 3C4; lane 6 isolate 3C5; lane 7 isolate 3C6; lane 8 isolate 3C7; 
lane 9 isolate 3C8; lane 10 isolate 3C9.



 

 

171

1    2     3    4    5    6    7    8    9   10

600

400

200

Fig 39. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentation
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3D9; lane 3 isolate 3D10; 
lane 4 isolate 3D11; lane 5 isolate 3D12; lane 6 isolate 3F1; lane 7 isolate 3F2; lane 8 isolate 3F3; 
lane 9 isolate 3F5; lane 10 isolate 3F6.
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Fig 40. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3E1; lane 3 isolate 3E2; 
lane 4 isolate 3E3; lane 5 isolate 3E4; lane 6 isolate 3E5; lane 7 isolate 3E6; lane 8 isolate 3E7; 
lane 9 isolate 3E8; lane 10 isolate 3E10; lane 11 isolate 3E12.
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Fig 41. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3F7; lane 3 isolate 3F8; 
lane 4 isolate 3F9; lane 5 isolate 3F10; lane 6 isolate 3F11; lane 7 isolate 3F12; lane 8 isolate 3H1; 
lane 9 isolate 3H3; lane 10 isolate 3H4.
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Fig 42. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3G2; lane 3 isolate 3G4; 
lane 4 isolate 3G5; lane 5 isolate 3G6; lane 6 isolate 3G7; lane 7 isolate 3G8; lane 8 isolate 3G11; 
lane 9 isolate 3G12.
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Fig 43. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentatio
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3H5; lane 3 isolate 3H7; 
lane 4 isolate 3H8; lane 5 isolate 3H9; lane 6 isolate 3H10; lane 7 isolate 3H11; lane 8 isolate 3H12.
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Fig 44. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut fermentation
in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 3A4; lane 3 isolate 3A5; 
lane 4 isolate 3B1; lane 5 isolate 3B5; lane 6 isolate 3B9; lane 7 isolate 3B11; lane 8 isolate 3D4; 
lane 9 isolate 3D5; lane 10 isolate 3E9; lane 11 isolate 3E11.
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Fig 45. Restriction digestion ITS-PCR patterns for selected isolates taken from day 3, 7, and 9 of commercial 
sauerkraut fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2 isolate 3F4; lane 3 isolate 3G1; lane 4 isolate 3G3; lane 5 isolate 3G9; lane 6 isolate 3G10; 
lane 7 isolate 3H2; lane 8 isolate 3H6; lane 9 isolate 7C4; lane 10 isolate 7E1; lane 11 isolate 9B4.

 

  

Fig 46. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7A1; 
lane 3 isolate 7A2; lane 4 isolate 7A3;lane 5 isolate 7A4; lane 6 isolate 7A5; lane 7 isolate 7A6; 
lane 8 isolate 7A7; lane 9 isolate 7A8; lane 10 isolate 7A9; lane 11 isolate 7A10; lane 12 isolate 7A11;
lane 13 isolate 7A12.
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Fig 47. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7B1; 
lane 3 isolate 7B2; lane 4 isolate 7B3;lane 5 isolate 7B4; lane 6 isolate 7B5; lane 7 isolate 7B6; 
lane 8 isolate 7B7; lane 9 isolate 7B8; lane 10 isolate 7B9; lane 11 isolate 7B10; lane 12 isolate 7B11;
lane 13 isolate 7B12.
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Fig 48. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7C1; 
lane 3 isolate 7C2; lane 4 isolate 7C3;lane 5 isolate 7C5; lane 6 isolate 7C6; lane 7 isolate 7C7; 
lane 8 isolate 7C8; lane 9 isolate 7C9; lane 10 isolate 7C10; lane 11 isolate 7C11; lane 12 isolate 7C12.
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Fig 49. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7D1; 
lane 3 isolate 7D2; lane 4 isolate 7D3;lane 5 isolate 7D4; lane 6 isolate 7D5; lane 7 isolate 7D6; 
lane 8 isolate 7D7; lane 9 isolate 7D8; lane 10 isolate 7D9; lane 11 isolate 7D10; lane 12 isolate 7D11;
lane 13 isolate 7D12.
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Fig 50. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7E2; 
lane 3 isolate 7E3;lane 4 isolate 7E4; lane 5 isolate 7E5; lane 6 isolate 7E6; lane 7 isolate 7E7; 
lane 8 isolate 7E8; lane 9 isolate 7E9; lane 10 isolate 7E10; lane 11 isolate 7E11;lane 12 isolate 7E12.
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Fig 51. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7F1; 
lane 3 isolate 7F2; lane 4 isolate 7F3;lane 5 isolate 7F4; lane 6 isolate 7F5; lane 7 isolate 7F6; 
lane 8 isolate 7F7; lane 9 isolate 7F8; lane 10 isolate 7F9; lane 11 isolate 7F10; lane 12 isolate 7F11;
lane 13 isolate 7F12.

 

Fig 52. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7G1; 
lane 3 isolate 7G2; lane 4 isolate 7G3;lane 5 isolate 7G4; lane 6 isolate 7G5; lane 7 isolate 7G6; 
lane 8 isolate 7G7; lane 9 isolate 7G8; lane 10 isolate 7G9; lane 11 isolate 7G10; lane 12 isolate 7G11;
lane 13 isolate 7G12.
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Fig 53. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 7H1; 
lane 3 isolate 7H3; lane 4 isolate 7H4; lane 5 isolate 7H5; lane 6 isolate 7H6; lane 7 isolate 7H7; 
lane 8 isolate 7H8; lane 9 isolate 7H9; lane 10 isolate 7H10; lane 11 isolate 7H11; lane 12 isolate 7H12.

 

1    2    3   4    5   6    7   8   9  10  11 12  13

Fig 54. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9A1; 
lane 3 isolate 9A2; lane 4 isolate 9A3;lane 5 isolate 9A4; lane 6 isolate 9A5; lane 7 isolate 9A6; 
lane 8 isolate 9A7; lane 9 isolate 9A8; lane 10 isolate 9A9; lane 11 isolate 9A10; lane 12 isolate 9A11;
lane 13 isolate 9A12.
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Fig 55. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9B1; 
lane 3 isolate 9B2; lane 4 isolate 9B3;lane 5 isolate 9B5; lane 6 isolate 9B6; lane 7 isolate 9B7; 
lane 8 isolate 9B8; lane 9 isolate 9B9; lane 10 isolate 9B10; lane 11 isolate 9B11; lane 12 isolate 9B12.

600

400

200

 

1    2    3   4    5   6   7    8   9  10  11 12  13

Fig 56. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9C1; 
lane 3 isolate 9C2; lane 4 isolate 9C3;lane 5 isolate 9C4; lane 6 isolate 9C5; lane 7 isolate 9C6; 
lane 8 isolate 9C7; lane 9 isolate 9C8; lane 10 isolate 9C9; lane 11 isolate 9C10; lane 12 isolate 9C11;
lane 13 isolate 9C12.
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Fig 57. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9D1; 
lane 3 isolate 9D2; lane 4 isolate 9D3;lane 5 isolate 9D4; lane 6 isolate 9D5; lane 7 isolate 9D6; 
lane 8 isolate 9D7; lane 9 isolate 9D8; lane 10 isolate 9D9; lane 11 isolate 9D10; lane 12 isolate 9D11;
lane 13 isolate 9D12.
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Fig 58. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9E1; 
lane 3 isolate 9E2; lane 4 isolate 9E3;lane 5 isolate 9E4; lane 6 isolate 9E5; lane 7 isolate 9E6; 
lane 8 isolate 9E7; lane 9 isolate 9E8; lane 10 isolate 9E9; lane 11 isolate 9E10; lane 12 isolate 9E11;
lane 13 isolate 9E12.
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Fig 59. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9F1; 
lane 3 isolate 9F2; lane 4 isolate 9F3;lane 5 isolate 9F4; lane 6 isolate 9F5; lane 7 isolate 9F6; 
lane 8 isolate 9F7; lane 9 isolate 9F8; lane 10 isolate 9F9; lane 11 isolate 9F10; lane 12 isolate 9F11;
lane 13 isolate 9F12.
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Fig 60. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9G1; 
lane 3 isolate 9G2; lane 4 isolate 9G3;lane 5 isolate 9G4; lane 6 isolate 9G5; lane 7 isolate 9G6; 
lane 8 isolate 9G7; lane 9 isolate 9G8; lane 10 isolate 9G9; lane 11 isolate 9G10; lane 12 isolate 9G11;
lane 13 isolate 9G12.
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Fig 61. Restriction digestion ITS-PCR patterns for isolates taken from day 9 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 9H1; 
lane 3 isolate 9H2; lane 4 isolate 9H3;lane 5 isolate 9H4; lane 6 isolate 9H5; lane 7 isolate 9H6; 
lane 8 isolate 9H7; lane 9 isolate 9H8; lane 10 isolate 9H9; lane 11 isolate 9H10; lane 12 isolate 9H11;
lane 13 isolate 9H12.
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Fig 62. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14A1; 
lane 3 isolate 14A3; lane 4 isolate 14A5; lane 5 isolate 14A6; lane 6 isolate 14A7; lane 7 isolate 14A8; 
lane 8 isolate 14A9; lane 9 isolate 14A10; lane 10 isolate 14A11; lane 11 isolate 14A12.
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Fig 63. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14B1; 
lane 3 isolate 14B2; lane 4 isolate 14B3;lane 5 isolate 14B4; lane 6 isolate 14B5; lane 7 isolate 14B6; 
lane 8 isolate 14B8; lane 9 isolate 14B9; lane 10 isolate 14B10; lane 11 isolate 14B11;lane 12 isolate 14B12.
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Fig 64. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14C1; 
lane 3 isolate 14C3; lane 4 isolate 14C4; lane 5 isolate 14C5; lane 6 isolate 14C6; lane 7 isolate 14C7; 
lane 8 isolate 14C9; lane 9 isolate 14C10; lane 10 isolate 14C11; lane 11 isolate 14C12.
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Fig 65. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14D1; 
lane 3 isolate 14D2; lane 4 isolate 14D3;lane 5 isolate 14D4; lane 6 isolate 14D5; lane 7 isolate 14D6; 
lane 8 isolate 14D7; lane 9 isolate 14D8; lane 10 isolate 14D9; lane 11 isolate 14D11;lane 12 isolate 14D12.
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Fig 66. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14E1; 
lane 3 isolate 14E2; lane 4 isolate 14E3;lane 5 isolate 14E4; lane 6 isolate 14E5; lane 7 isolate 14E6; 
lane 8 isolate 14E7; lane 9 isolate 14E8; lane 10 isolate 14E9; lane 11 isolate 14E11;lane 12 isolate 14E12.
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Fig 67. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14F1; 
lane 3 isolate 14F2; lane 4 isolate 14F4; lane 5 isolate 14F5; lane 6 isolate 14F6; lane 7 isolate 14F7; 
lane 8 isolate 14F8; lane 9 isolate 14F9; lane 10 isolate 14F11; lane 11 isolate 14F12.
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Fig 68. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14G1; 
lane 3 isolate 14G2; lane 4 isolate 14G3;lane 5 isolate 14G4; lane 6 isolate 14G5; lane 7 isolate 14G6; 
lane 8 isolate 14G7; lane 9 isolate 14G8; lane 10 isolate 14G9; lane 11 isolate 14G10; lane 12 isolate 14G11;
lane 13 isolate 14G12.
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Fig 69. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation in year 2000. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate 14H1; 
lane 3 isolate 14H2; lane 4 isolate 14H3; lane 5 isolate 14H5; lane 6 isolate 14H6; lane 7 isolate 14H8; 
lane 8 isolate 14H9; lane 9 isolate 14H10; lane 10 isolate 14H11; lane 11 isolate 14H12.
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Fig 70. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation tank 1 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #1;
lane 3 isolate #2 ; lane 4 isolate #3; lane 5 isolate #4; lane 6 isolate #5; lane 7 isolate #6; lane 8 isolate #7; 
lane 9 isolate #8; lane 10 isolate #9; lane 11 isolate #10; lane 12 isolate#11; lane 13 isolate#12; 
lane 14 isolate #13; lane 15 isolate #14; lane 16 isolate #15; lane 17 contained the 100 bp DNA 
ladder-sized standard 
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Fig 71. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation tank 1 and 2 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-6, tank 1; lane 6-9 and lane 11-17, tank 2. The lane number for isolates were: lane 2 isolate #16;
lane 3 isolate #17 ; lane 4 isolate #18; lane 5 isolate #19; lane 6 isolate #20; lane 7 isolate #1; lane 8 isolate #2; 
lane 9 isolate #3; lane 10 contained the 100 bp DNA ladder-sized standard ; lane 11 isolate #4; lane 12 isolate#5;
lane 13 isolate#6; lane 14 isolate #7; lane 15 isolate #8; lane 16 isolate #9; lane 17 isolate #10;
lane 18 contained the 100 bp DNA ladder-sized standard 
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Fig 72. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation tank 2 and 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-5, tank 3; lane 7-16, tank 2. The lane number for isolates were: lane 2 isolate #15;
lane 3 isolate #16 ; lane 4 isolate #17; lane 5 isolate #19; lane 6 contained the 100 bp DNA ladder-sized standard
lane 7 isolate #11; lane 8 isolate #12; lane 9 isolate #13; lane 10 isolate #14; lane 11 isolate#15;
lane 12 isolate#16; lane 13 isolate #17; lane 14 isolate #18; lane 15 isolate #19; lane 16 isolate #20;
lane 17 contained the 100 bp DNA ladder-sized standard 
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Fig 73. Restriction digestion ITS-PCR patterns for isolates taken from day 1 of commercial sauerkraut 
fermentation tank 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #1;
lane 3 isolate #2 ; lane 4 isolate #3; lane 5 isolate #4; lane 6 isolate #5; lane 7 isolate #6; lane 8 isolate #7; 
lane 9 isolate #8; lane 10 contained the 100 bp DNA ladder-sized standard; lane 11 isolate #9; lane 12 isolate#10;
lane 13 isolate#11; lane 14 isolate #12; lane 15 isolate #13; lane 16 isolate #14; lane 17 contained the 100 bp DNA 
ladder-sized standard 
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Fig 74. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut 
fermentation tank 1 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #1;
lane 3 isolate #2 ; lane 4 isolate #3; lane 5 isolate #4; lane 6 isolate #5; lane 7 isolate #6; lane 8 isolate #7; 
lane 9 isolate #8; lane 10 isolate #9; lane 11 isolate #10; lane 12 isolate#11; lane 13 isolate#12; 
lane 14 isolate #13; lane 15 isolate #14; lane 16 isolate #15; lane 17 isolate# 16;lane 18 contained the 
100 bp DNA ladder-sized standard. 
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Fig 75. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut 
fermentation tank 1 and 2 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-5, tank 1; lane 6-15, tank 2. The lane number for isolates were: lane 2 isolate #17;
lane 3 isolate #18 ; lane 4 isolate #19; lane 5 isolate #20; lane 6 isolate #1; lane 7 isolate #2; lane 8 isolate #3; 
lane 9 isolate #4; lane 10 isolate#5; lane 11 isolate#6; lane 12 isolate #7; lane 13 isolate #8; lane 14 isolate #9;
lane 15 isolate #10; lane 16 contained the 100 bp DNA ladder-sized standard 
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Fig 76. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut 
fermentation tank 2 and 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-10, tank 2; lane 11-15, tank 3. The lane number for isolates were: lane 2 isolate #12;
lane 3 isolate #13 ; lane 4 isolate #14; lane 5 isolate #15; lane 6 isolate # 16
lane 7 isolate #17; lane 8 isolate #18; lane 9 isolate #19; lane 10 isolate #20; lane 11 isolate#1;
lane 12 isolate #2; lane 13 isolate #3; lane 14 isolate #4; lane 15 isolate #5; 
lane 16 contained the 100 bp DNA ladder-sized standard. 
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Fig 77. Restriction digestion ITS-PCR patterns for isolates taken from day 3 of commercial sauerkraut 
fermentation tank 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #6;
lane 3 isolate #7 ; lane 4 isolate #8; lane 5 isolate #9; lane 6 isolate #10; lane 7 isolate #11; lane 8 isolate #12; 
lane 9 isolate #13; lane 10 isolate #14; lane 11 isolate #15; lane 12 isolate#16;lane 13 isolate#17; 
lane 14 isolate #18; lane 15 isolate #19; lane 16 isolate #20; lane 17 contained the 100 bp DNA 
ladder-sized standard 
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Fig 78. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation tank 1 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #1;
lane 3 isolate #3 ; lane 4 isolate #4; lane 5 isolate #5; lane 6 isolate #6; lane 7 isolate #9; lane 8 isolate #10; 
lane 9 isolate #11; lane 10 isolate #12; lane 11 isolate#13; lane 12 isolate#14; lane 13 isolate #15; 
lane 14 isolate #16; lane 15 isolate #17; lane 16 isolate #18; lane 17 isolate #19; lane 18 contained the 
100 bp DNA ladder-sized standard. 
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Fig 79. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation tank 2 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #1;
lane 3 isolate #2 ; lane 4 isolate #3; lane 5 isolate #4; lane 6 isolate #5; lane 7 isolate #6; lane 8 isolate #7; 
lane 9 isolate #8; lane 10 isolate #9; lane 11 isolate#10; lane 12 isolate#11; lane 13 isolate #12; 
lane 14 isolate #13; lane 15 isolate #14; lane 16 isolate #15; lane 17 contained the 100 bp DNA ladder-sized 
standard. 
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Fig 80. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation tank 2 and 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-5, tank 2; lane 6-14, tank 3. The lane number for isolates were: lane 2 isolate #16;
lane 3 isolate #17 ; lane 4 isolate #18; lane 5 isolate #19; lane 6 isolate # 1; lane 7 isolate #3; lane 8 isolate #4; 
lane 9 isolate #5; lane 10 isolate #6; lane 11 isolate#7;lane 12 isolate #8; lane 13 isolate #9; lane 14 isolate #10; 
lane 15 contained the 100 bp DNA ladder-sized standard
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Fig 81. Restriction digestion ITS-PCR patterns for isolates taken from day 7 of commercial sauerkraut 
fermentation tank 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #11;
lane 3 isolate #12; lane 4 isolate #13; lane 5 isolate #14; lane 6 isolate #15; lane 7 isolate #16; lane 8 isolate #17; 
lane 9 isolate #18; lane 10 isolate #20; lane 11 contained the 100 bp DNA ladder-sized standard
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Fig 82. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation tank 1 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #2;
lane 3 isolate #3; lane 4 isolate #4; lane 5 isolate #5; lane 6 isolate #6; lane 7 isolate #7; lane 8 isolate #8; 
lane 9 isolate #9; lane 10 isolate #10; lane 11 isolate#12; lane 12 isolate#13; lane 13 isolate #14; 
lane 14 isolate #15; lane 15 contained the 100 bp DNA ladder-sized standard.
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Fig 83. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation tank 1 and 2 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-5, tank 1; lane 6-15, tank 2. The lane number for isolates were: lane 2 isolate #16;
lane 3 isolate #17 ; lane 4 isolate #18; lane 5 isolate #19; lane 6 isolate #2; lane 7 isolate #3; lane 8 isolate #4; 
lane 9 isolate #5; lane 10 isolate#6; lane 11 isolate#7; lane 12 isolate #8; lane 13 isolate #9; lane 14 isolate #11;
lane 15 isolate #12; lane 16 contained the 100 bp DNA ladder-sized standard 
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Fig 84. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation tank 2 and 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; 
lane 2-9, tank 2; lane 10-13, tank 3. The lane number for isolates were: lane 2 isolate #13;
lane 3 isolate #14; lane 4 isolate #15; lane 5 isolate #16; lane 6 isolate # 17; lane 7 isolate #18; 
lane 8 isolate #19; lane 9 isolate #20; lane 10 isolate #2; lane 11 isolate#3;lane 12 isolate #4; lane 13 isolate #5;
lane 14 contained the 100 bp DNA ladder-sized standard
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Fig 85. Restriction digestion ITS-PCR patterns for isolates taken from day 14 of commercial sauerkraut 
fermentation tank 3 in year 2001. Lane 1 contained the 100 bp DNA ladder-sized standard; lane 2 isolate #6;
lane 3 isolate #7; lane 4 isolate #8; lane 5 isolate #9; lane 6 isolate #10; lane 7 isolate #11; lane 8 isolate #12; 
lane 9 isolate #14; lane 10 isolate #15; lane 11 isolate#16; lane 12 isolate#17; lane 13 isolate #18; 
lane 14 isolate #19; lane 15 isolate #20; lane 16 contained the 100 bp DNA ladder-sized standard. 
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Appendix 2:  16S rRNA sequence and identification of isolates taken from 

sauerkraut fermentation in year 2000 and 2001 
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Isolate 16S rRNA sequence Identification 

 
1A3 AGAAAGGCTACGTATCATTGCCATGGTGAGCCGTTACCTCACCA 

TCTAGCTAATACGCCGCGGGACCATCCAAAAGTGATAGCCGAAG 
CCATCTTTCAAACTCGGACCATGCGGTCCAAGTTGTTATGCGGT 
ATTAGCATCTGTTTCCAGGTGTTATCCCCCGCTTCTGGGCAGGT 
TTCCCACGTGTTACTCACCAGTTCGCCACTCACTCAAATGTAAT 
TCATGATGCAAGCACCAATCATTACCAGAGTTCGTTCGACTTGC 
ATGTATTAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAA 
ACTCTA 
 

Weissella sp. 

1A4 GATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCAC 
AGCGAAAGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGTGA 
GTAACACGTGGACAACCTGCCTCAAGGCTGGGGATAACATTTGG 
AAACAGATGCTAATACCGAATAAAACTTAGTGTCGCATGACAAA 
AAGTTAAAAGGCGCTTCGGCGTCACCTAGAGATGGATCCGCGGT 
GCATTAGTTAGTTGGTGGGGTAAAGGCCTACCAAGACAATGATG 
CATAGCCGAGTTGAGAGACTGATCGGCCACATTGGGACTGAGACAA 
 

L. mesenteroides 

1B8 ATTTGGGACTGAGACAGGCNCGTATCATTGNCTGGTGAGCCGTT 
ACCTCACCATCTAGCTAATACGCCGCGGGACCATCCAAAAGTGA 
TAGCCGAAGCCATCTTTCAAACTCGGACCATGCGGTCCAAGTTG 
TTATGCGGTATTAGCATCTGTTTCCAGGTGTTATCCCCCGCTTC 
TGGGCAGGTTTCCCACGTGTTACTCACCAGTTCGCCACTCACTC 
AAATGTAATTCATGATGCAAGCACCAATCATTACCAGAGTTCGT 
TCGACTTGCATGTATTAGGCACGCCGCCAGCGTTCGTCCTGAGC 
CAGGATCAAACTCTAA 
 

L. mesenteroides 

1B10 GCTATGCATCATCGTCTTGGTAAGCCTTTACCCCACCAACTAAC 
TAATGCACCGCGGATCCATCTCTAGGTGACGCCGTAGCGCCTTT 
TAACTTGATATCATGCGATACTAAGTTTTATTCGGTATTAGCAT 
CTGTTTCCAAATGTTATCCCCAGCCTTGAGGCAGGTTATCCACG 
TGTTACTCACCCGTTCGCCACTCGCTTGAAAGGTGCAAGCACCT 
CTCGCTGCGCGTTCGACTTGCATGTATTAGGCACGCCGCCAGCG 
TTCATCCTGAGCCAGGAT 
 

L. citreum 

1C4 AGATAGGCTACGTATCATTGCCATGGGTGAGCCGTTACCCCACCA 
TCTAGCTAATACGCCGCGGGACCATCCAAAAGTGATAGCCGAAGC 
CATCTTTCAAGCTCGGACCATGCGGTCCAAGTTGTTATGCGGTAT 
TAGCATCTGTTTCCAGGTGTTATCCCCCGCTTCTGGGCAGGTTTC 
CCACGTGTTACTCACCAGTTCGCCACTCACTCAAATGTAAATCAT 
GATGCAAGCACCAATCAATACCAGAGTTCGTTCGACTTGCATGTA 
TTAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCTAA 
 

L. mesenteroides 

1C5 CATTGGGATGAGAAGGCNCGTATCATTGCCTGGTGAGCCGTTACCT 
CACCATCTAGCTAATACGCCGCGGGACCATCCAAAAGTGATAGCCG 
AGCCATCTTTCAAACTCGGACCATGCGGTCCAAGTTGTTATGCGGT 
ATTAGCATCTGTTTCCAGGTGTTATCCCCCGCTTCTGGGCAGGTTT 
CCCACGTGTTACTCACCAGTTCGCCACTCACTCAAATGTAAATCAT 
GATGCAAGCACCAATCAATACCAGAGTTCGTTCGACTTGCATGTAT 
TAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCT 
 
 
 
 

L. mesenteroides 
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Isolate 16S rRNA sequence Identification 
 

1E1 AACGCTGGCGGCGTGCTAATACATGCAAGTCGAACGCTTTGTGGTT 
CAACTGATTTGAAGAGCTTGCTCAGATATGACGATGGACATTGCAA 
AGAGTGGCGAACGGGTGAGTAACACGTGGGAAACCTACCTCTTAGC 
AGGGGATAACATTTGGAAACAGATGCTAATACCGTATAACAATAGC 
AACCGCATGGTTGCTACTTAAAAGATGGTTCTGCTATCACTAAGAG 
ATGGTCCCGCGGTGCATTAGTTAGTTGGTGAGGTAATGGCTCACCA 
AGACGATGATGCATAGCCGAGTTGAGAGACTGATCGGCCACATTGG 
GAC 
 

Weissella sp. 

1E10 CGTATCATCGTCTTGGTGGGCCTTTACCTCACCAACTAACTAATA 
CGCCGCGGGATCATCCAGAAGTGATAGCCGAAGCCACCTTTCAAA 
CAAAATCCATGCGGATTTTGTTGTTATACGGTATTAGCACCTGTT 
TCCAAGTGTTATCCCCTGCTTCTGGGCAGATTTCCCACGTGTTAC 
TCACCAGTTCGCCACTCGCTTCATTGTTGAAATCAGTGCAAGCAC 
GTCATTCAACGGAAGCTCGTTCGACTTGCATGTATTAGGCATGCC 
GCCAGCGTTCGTCCTGAGCCAGGATCAAACTCAA 
 
 
 
 

L. mesenteroides 

1F7 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACAGCG 
ANAGGTGCTTGCACCTTTCAAGCGAGTGGCGAACGGGTGAGTAAC 
ACGTGGACAACCTGCCTCAAGGCTGGGGATAACATTTGGAAACAGA 
TGCTAATACCGAATAAAACTTAGTGTCGCATGACATAAAGTTAAAAGGCGC 
TTCGGCGTCACCTAGAGATGGATCCGCGGTGCATTAGTTAGTTGGTGGGGT 
AAAGGCCTACCAAGACAATGATGCATAGCCGAGTTGAGAGACTGATCGGCCA
CA 
TTGGGACTGAGACA 
 

L. citreum 

1F8 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACAGCGA 
AAGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGTGAGTAACAC 
GTGGACAACCTGCCTCAAGGCTGGGGATAACATTTGGAAACAGATG 
CTAATACCGAATAAAACTTAGTGTCGCATGACAAAAAGTTAAAAGG 
CGCTTCGGCGTCACCTAGAGATGGATCCGCGGTGCATTAGTTAGTT 
GGTGGGGTAAAGGCCTACCAAGACAATGATGCATAGCCGAGTTGAG 
AGACTGATCGGCCACATTGGGACTGAGACAAN 
 

L. mesenteroides 

1F10 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACAG 
CGAAAGGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGTGA 
GTAACACGTGGACAACCTGCCTCAAGGCTGGGGATAACATTTG 
GAAACAGATGCTAATACCGAATAAAACTTAGTGTCGCATGACA 
CAAAGTTAAAAGGCGCTTTGGCGTCACCTAGAGATGGATCCGC 
GGTGCATTAGTTAGTTGGTGGGGTAAAGGCCTACCAAGACAAT 
GATGCATAGCCGAGTTGAGAGACTGATCGGCCACATTGGGACTGAGACA 
 

L. mesenteroides 

3A4 GACTGAGACAGGCTATGCATCATTGTCTTGGTAGGCCTTTACC 
CCACCAACTAACTAATGCACCGCGGATCCATCTCTAGGTGACG 
CCGAAGCGCCTTTTAACTTTTTGTCATGCGACACTAAGTTTTA 
TTCGGTATTAGCATCTGTTTCCAAATGTTATCCCCAGCCTTGA 
GGCAGGTTGTCCACGTGTTACTCACCCGTTCGCCACTCACTTG 
AAAGGTGCAAGCACCTTTCGCTGTGCGTTCGACTTGCATGTAT 
TAGGCACGCCGCCAGCGTTCATCCTGAGCCAGGATCAAACTCTA 
 
 

L. mesenteroides 
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Isolate 16S rRNA sequence Identification 
 

3B1 TGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACAG 
CGAAAGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGTGAGT 
AACACGTGGACAACCTGCCTCAAGGCTGGGGATAACATTTGGAA 
ACAGATGCTAATACCGAATAAAACTTAGTGTCGCATGACAAAAA 
GTTAAAAGGCGCTTCGGCGTCACCTAGAGATGGATCCGCGGTGC 
ATTAGTTAGTTGGTGGGGTAAAGGCCTACCAAGACAATGATGCA 
TAGCCGAGTTGAGAGACTGATCGGCCACATTGGGACTGAGACAAN 
 

L. mesenteroides 

3B9 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGGCTCCCG 
AAGGTTACCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGTG 
ACGGGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGGCGTG 
CTGATCCGCGATTACTAGCGATTCCGACTTCATGTAGGCGAGTTG 
CAGCCTACAATCCGAACTGAGACGTACTTTAAGAGATTAGCTCAC 
CCTCGCGGGTTGGCAACTCGTTGTATACGCCATTGTAGCACGTGT 
GTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCAC 
CTTCCTCCGGTTTGTCACCGGCAGTCTCACTAGAGTGCCCAACTG 
AATGCTGGCAACTAGTAATAAGGGTTGCGCTCGTTGCGGGACTTA 
ACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCT 
GTCACCTTGTCCCCGAAGGGAACGCTCCATCTCTGGAGTTGTCAA 
GGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAA 
ACCACATGCTCCACCGCTTGTGCGGGTCCCCGTCAATTCCTTTGA 
GTTTCAACCTTGCGGTCGTACTCCCCAGGCGGAGTGCTTAATGCG 
TTAGCTGCGGCACTTAAGGGCGGAAACCCTCAAACACCTAGCACT 
CATCGTTTACGGTGTGGACTACCAGGGTATCTAATCCTGTTTGCT 
ACCCACACTTTCGAGCCTCAACGTCAGTTACAGTCCAGAAAGCCG 
CCTTCGCCACTGGTGTTCTTCCATATATCTACGCATTTCACCGCT 
ACACATGGAGTTCCACTTTCCTCTACTGCACTCAAGTCATCCAGT 
TTCCAAAGCAATTCCTCAGTTGAGCTGAGGGCTTTCACTTCAAAC 
TTAAATAACCGTCTGCGCTCGCTTTACCCCCAATAAATCCGGNAT 
AACGCTTGGAAACATACGTATTACCGC 
 

Weissella sp.  

3B11 GGANGNANTCAGGCTATGCATCATTGTCTTGGTAGGCCTTTACC 
CCACCAACTAACTAATGCACCGCGGATCCATCTCTAGGTGACGC 
CAAAGCGCCTTTTAACTTTGTGTCATGCGACACTGAGTTTTATT 
CGGTATTAGCATCTGTTTCCAAATGTTATCCCCAGCCTTGAGGC 
AGGTTGTCCACGTGTTACTCACCCGTTCGCCACTCACTTGAAAG 
GTGCAAGCACCTTTCGCTGTGCGTTCGACTTGCATGTATTAGGC 
ACGCCGCCAGCGTTCATCCTGAGCCAGGATCAAACTCTA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

L. mesenteroides 
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Isolate 16S rRNA sequence Identification 
 

3C12 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGGCTCCCG 
AAGGTTACCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGTG 
ACGGGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGGCGTG 
CTGATCCGCGATTACTAGCGATTCCGACTTCATGTAGGCGAGTTG 
CAGCCTACAATCCGAACTGAGACGTACTTTAAGAGATTAGCTCAC 
CCTCGCGGGTTGGCAACTCGTTGTATACGCCATTGTAGCACGTGT 
GTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCAC 
CTTCCTCCGGTTTGTCACCGGCAGTCTCACTAGAGTGCCCAACTA 
AATGCTGGCAACTAGTAATAAGGGTTGCGCTCGTTGCGGGACTTA 
CCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCTG 
TCACCTTGTCCCCGAAGGGAACGCTCCATCTCTGGAGTTGTCAAG 
GGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAA 
CCACATGCTCCACCGCTTGTGCGGGTCCCCGTCAATTCCTTTGAG 
TTTCAACCTTGCGGTCGTACTCCCCAGGCGGAGTGCTTAATGCGT 
TAGCTGCGGCACTTAAGGGCGGAAACCCTCAAACACCTAGCACTC 
ATCGTTTACGGTGTGGACTACCAGGGTATCTAATCCTGTTTGCTA 
CCCACACTTTCGAGCCTCAACGTCAGTTACAGTCCAGAAAGCCGC 
CTTCGCCACTGGTGTTCTTCCATATATCTACGCATTTCACCGCTA 
CACATGGAGTTCCACTTTCCTCTACTGCACTCAAGTCATCCAGTT 
TCCAAAGCAATTCCTCAGTTGAGCTGAGGGCTTTCACTTTCAAAC 
TTAAATAAACCGTCTGCGCTCGCTTTACNCCCAATAAATCCGGAT 
AACGCTTGGAACATACNTATTACCGCGNCTGCTGGGN 
 

Weissella sp.  

3D9 ACGCTGGCGGCATGCCTAATACATGCAAGTCGAACGAGCTTCCGT 
TGAATGACGTGCTTGCACTGATTTCAACAATGAAGCGAGTGGCGA 
ACTGGTGAGTAACACGTGGGGAATCTGCCCAGAAGCAGGGGATAA 
CACTTGGAAACAGGTGCTAATACCGTATAACAACAAAATCCGCAT 
GGATTTTGTTTGAAAGGTGGCTTCGGCTATCACTTCTGGATGATC 
CCGCGGCGTATTAGTTAGTTGGTGAGGTAAAGGCCCACCAAGACG 
ATTATACGTAGCCNACCTGAGAGGGTAATCGGCCACATTGGGACTTGA 
 

L. brevis 

3D10 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGGCTCCCG 
AAGGTTACCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGTG 
ACGGGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGGCGTG 
CTGATCCGCGATTACTAGCGATTCCGACTTCATGTAGGCGAGTTG 
CAGCCTACAATCCGAACTGAGACGTACTTTAAGAGATTAGCTCAC 
CCTCGCGGGTTGGCAACTCGTTGTATACGCCATTGTAGCACGTGT 
GTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCAC 
CTTCCTCCGGTTTGTCACCGGCAGTCTCACTAGAGTGCCCAACTG 
AATGCTGGCAACTAGTAATAAGGGTTGCGCTCGTTGCGGGACTTA 
ACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCT 
GTCACCTTGTCCCCGAAGGGAACNCTCCATCTCTGGAGTTGTCAA 
GGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAA 
CCACATGCTCCACCGCTTGTGCGGGTCCCCGTCAATTCCTTTGAG 
TTTCAACCTTGCGGTCGTACTCCCCAGGCGGAGTGCTTAATGCGT 
TAGCTGCGGCACTTAAGGGCGGAAACCCTCAAACACCTAGCACTC 
ATCGTTTACGGTGTGGACTACCAGGGTATCTAATCCTGTTTGCTA 
CCCACACTTTCGAGCCTCAACGTCAGTTACAGTCCAGAAAGCCGCC 
TTCGCCACTGGTGTTCTTCCATATATCTACGCATTTCACCGCTACA 
CATGGAGTTCCACTTTCCTCTACTGCACTCAAGTCATCCAGTTTCC 
AAAGCAATTCCTCAGTTGAGCTGAGGGCTTTCACTTCAAACTTAAA 
TAACCGTCTGCGCTCGCTTTACGCCCAATAAATCCGGAATAACGCT 
TGGANCATACGTATTACCCCGGC 
 

Weissella sp 



 

 

200

Isolate 16S rRNA sequence Identification 
 

3E1 ACGCTGGCGGCGTGCTAATACATGCAAGTCGAACGCACTCTCGTTA 
GATTGAAGAAGCTTGCTTCTGATTGATAACATTTGAGTGAGTGGCG 
GACGGGTGAGTAACACGTGGGTAACCTGCCCTAAAGTGGGGGATAA 
CATTTGGAAACAGATGCTAATACCGCATAAAACCTAGCACCGCATG 
GTGCAAGGTTGAAAGATGGTTTCGGCTATCACTTTAGGATGGACCC 
GCGGTGCATTAGTTAGTTGGTGAGGTAAAGGCTCACCAAGACCGTG 
ATGCATAGCCNACCTGAGAGGGTAATCGGCCACATTGGGA 
 

L. curvatus 

3E4 GACTTCCCCTAATCATCTGTCCCACCTTAGACGGCTGGCTCCCGAA 
GGTTACCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGTGACG 
GGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGGCGTGCTGA 
CCGCGATTACTAGCGATTCCGACTTCATGTAGGCGAGTTGCAGCCT 
ACAATCCGAACTGAGACGTACTTTAAGAGATTAGCTCACCCTCGCG 
GGTTGGCAACTCGTTGTATACGCCATTGTAGCACGTGTGTAGCCCA 
GGTCATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCG 
GTTTGTCACCGGCAGTCTCACTAGAGTGCCCAACTGAATGCTGGCA 
ACTAGTAATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCT 
CACGACACGAGCTGACGACAACCATGCACCACCTGTCACCTTGTCC 
CCGAAGGGAACGCTCCATCTCTGGAGTTGTCAAGGGATGTCAAGAC 
CTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCAC 
CGCTTGTGCGGGTCCCCGTCAATTCCTTTGAGTTTCAACCTTGCGG 
TCGTACTCCCCAGGCGGAGTGCTTAATGCGTTAGCTGCGGCACTTA 
AGGGCGGAAACCCTCAAACACCTAGCACTCATCGTTTACGGTGTGG 
ACTACCAGGGTATCTAATCCTGTTTGCTACCCACACTTTCGAGCCT 
CAACGTCAGTTACAGTCCAGAAAGCCGCCTTCGCCACTGGTGTTCT 
TCCATATATCTACGCATTTCACCGCTACACATGGAGTTCCACTTTC 
CTCTACTGCACTCAAGTCATCCAGTTTCCAAANNAATTCCTCAGTT 
GANCTGANGGCTTTCACTTCANACTTAAATAANCGTCTGCNCTCGC 
TTTACNCCCNAAAAAATCCGGAATAACNNTTGGNAACANACNNAAT 
AACCNCANCCTGNTGN 
 

Weissella sp 

3E8 GACTTCCCCTAATCATCTGTCCCACCTTAGACGGCTGGCTCCCGAA 
GGTTACCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGTGACG 
GGCGGTGTGTAAAAACACCCGGGATACAGTATTCANCGACNGTTTG 
NAGANCCACGNTTACNNNGGANNCCNANTNNCACCNGNTTGATTGC 
NANTNAAAAAATGGTNCTGCNNANCACTANTAGATGGTCCCGCGGN 
GCNTTAGTTAGTTGGAGAGGTANTGGNTCACCANTANNANGATNCA 
TNNCCCNCTGGAGAGACTGATCGGNCANATTGANACTGACACACGG 
NCCATACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGG 
CGAAAGCCTGATGGANCAACGCCGCGTGTGTGATGAAGGGTTTCGN 
CTCGTAAAACACTGTTGTAANAGAAGANTGACTTNCANAGTANCTG 
TTCNTGTCNGACNGGGANCTTACCNNAANAGGAACNGNNTAAANAC 
GTGTCCAACAGCCNNGGGAAATACTTTATGGTTCCAANNNTTATCC 
GGATTTATNGCNCCNTAAATTGAGCGCATNCNGTTATTTTANCTTT 
TGAATTNAAACCNNTCAGCTCAACTGNCGAATTTGCATTTGCAAAC 
TGGATTGACTTGAGNGCCCTTAAANGNAAAAAANGCA 
 
 
 
 
 
 
 
 

Weissella sp 



 

 

201

Isolate 16S rRNA sequence Identification 
 

3E9 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGGCTCCCGA 
AGGTTACCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGTGAC 
GGGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGGCGTGCTG 
ATCCGCGATTACTAGCGATTCCGACTTCATGTAGGCGAGTTGCAGC 
CTACAATCCGAACTGAGACGTACTTTAAGAGATTAGCTCACCCTCG 
CGGGTTGGCAACTCGTTGTATACGCCATTGTAGCACGTGTGTAGCC 
AGGTCATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCC 
GGTTTGTCACCGGCAGTCTCACTAGAGTGCCCAACTGAATGCTGGC 
AACTAGTAATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATC 
TCACGACACGAGCTGACGACAACCATGCACCACCTGTCACCTTGTC 
CCCGAAGGGAACGCTCCATCTCTGGAGTTGTCAAGGGATGTCAAGA 
CCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCA 
CCGCTTGTGCGGGTCCCCGTCAATTCCTTTGAGTTTCAACCTTGCG 
GTCGTACTCCCCAGGNGGAGTGCTTAATGCGTTAGCTGCGGCACTT 
AAGGGCGGAAACCCTCAAACACCTAGCACTCATCGTTTACGGTGTG 
GACTACCAGGNTATCTAATCCTGTTTGCTACCCACACTTTCGAGCC 
TCAACGTCAGTTACAGTCCAGAAAGCCGCCTTCGCCACTGNTGTTC 
TTCCATATATCTACGCATTTCACCGCTACACATGGAGTTCCACTTT 
CCTCTACTGCACTCAAGTCATCCAGTTTNNAAANCAATTCCCTCAG 
TTGAGCTGANGGCTTTCANTTCAAACTAAAAATAACCNNTCTGCGC 
TCNCNTTTAC 
 

Weissella sp 

3E11 CGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCTAGTCG 
CGGACCTGATCACTTCGGTGAGACGTAAAGCATATGGCTAGA 
GTGGCGAACGGGTGAGTAACACGTGGACAACCTGCCTCTAAG 
CAGGGGATAACATTTGGAAACAGATGCTAATACCGTATAACA 
ACACATTTCGCATGAAGTGTGTTTAAAAGGGGCTTCGGCCTC 
ACTTAGAGATGGATCCGCGGTGCATTAGTTAGTTGGTGAGGT 
AAAGGCTTACCAAGACGATGATGCATAGCCGAGTTGAGAGAC 
TGATCGGCCACATTGGGACTGAGACA 
 

L. fallax 

3F2 TGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCGCA 
GCGAGAGGTGCTTGCACCTTTCAAGCGAGTGGCGAACGGGTGA 
GTAACACGTGGATAACCTGCCTCAAGGCTGGGGATAACATTTG 
GAAACAGATGCTAATACCGAATAAAACTTAGTATCGCATGATA 
TCAAGTTAAAAGGCGCTACGGCGTCACCTAGAGATGGATCCGC 
GGTGCATTAGTTAGTTGGTGGGGTAAAGGCTTACCAAGACGAT 
GATGCATAGCCGAGTTGAGAGACTGATCGGCCACATTGGGACT 
TGAGACA 
 

L. citreum 

3G1 GTGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCT 
AGTCGCGGACCTGATCACTTCGGTGAGACGTAAAGCATATGG 
CTAGAGTGGCGAACGGGTGAGTAACACGTGGACAACCTGCCT 
CTAAGCAGGGGATAACATTTGGAAACAGATGCTAATACCGTA 
TAACAACGCATTTCGCATGAAGTGTGTTTAAAAGGGGCTTCG 
GCCTCACTTAGAGATGGATCCGCGGTGCATTAGTTAGTTGGT 
GAGGTAAAGGCTTACCAAGACGATGATGCATAGCCGAGTTGA 
NAGACTGATCGGCCACATTGGGACTGAGACA 
 
 
 
 
 
 

L. fallax 



 

 

202

Isolate 16S rRNA sequence Identification 
 

3G10 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCTAG 
TCGCGGACCTGATCACTTCGGTGAGACGNAAAGCATATGGCT 
AGAGTGGCGAACGGGTGAGTAACACGTGGACAACCTGCCTCT 
AAGCAGGGGATAACATTTGGAAACAGATGCTAATACCGTATA 
ACAACGCATTTCGCATGAAGTGTGTTTAAAAGGGGCTTCGGC 
CTCACTTAGAGATGGATCCGCGGTGCATTAGTTAGTTGGTGA 
GGTAAAGGCTTACCAAGACGATGATGCATAGCCGAGTTGAGA 
GACTGATCGGCCACATTGGGACTGAGACAA 
 

L. fallax 

3H2 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCTTT 
GTGGTTCAACTGATTTGAAGAGCTTGCTCAGATATGACGATG 
GACATTGCAAAGAGTGGCGAACGGGTGAGTAACACGTGGGAA 
ACCTACCTCTTAGCAGGGGATAACATTTGGAAACAGATGCTA 
ATACCGTATAACAATAGCAACCGCATGGTTGCTACTTAAAAG 
ATGGTTCTGCTATCACTAAGAGATGGTCCCGCGGTGCATTAG 
TTAGTTGGTGAGGTAATGGCTCACCAAGACGATGATGCATAG 
CCGAGTTGAGAGACTGATCGGCCACATTGGGACTGAGACA 
 

Weissella sp.  

3H5 TGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACA 
GCGAAAGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGTGA 
GTAACACGTGGACAACCTGCCTCAAGGCTGGGGATAACATTTG 
GAAACAGATGCTAATACCGAATAAAACTTAGTGTCGCATGACA 
CAAAGTTAAAAGGCGCTTCGGCGTCACCTAGAGATGGATCCGC 
GGTGCATTAGTTAGTTGGTGGGGTAAAGGCCTACCAAGACAAT 
GATGCATAGCCGAGTTGAGAGACTGATCGGCCACATTGGGA 
 

L. mesenteroides 

3H6 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCTTTG 
TGGTTCAACTGATTTGAAGAGCTTGCTCAGATATGACGATGG 
ACATTGCAAAGAGTGGCGAACGGGTGAGTAACACGTGGGAAA 
CCTACCTCTTAGCAGGGGATAACATTTGGAAACAGATGCTAA 
TACCGTATAACAATAGCAACCGCATGGTTGCTACTTAAAAGA 
TGGTTCTGCTATCACTAAGAGATGGTCCCGCGGTGCATTAGT 
TAGTTGGTGAGGTAATGGCTCACCAAGACGATGATGCATAGC 
CGAGTTGAGAGACTGATCGGCCACATTGGA 
 

Weissella sp.  

7A11 TGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAAC 
TTCCGTTAATTGATTATGACGTACTTGTACTGATTGAGATTT 
TAACACGAAGTGAGTGGCGAACGGGTGAGTAACACGTGGGTA 
ACCTGCCCAGAAGTAGGGGATAACACCTGGAAACAGATGCTA 
ATACCGTATAACAGAGAAAACCGCATGGTTTTCTTTTAAAAG 
ATGGCTCTGCTATCACTTCTGGATGGACCCGCGGCGTATTAG 
CTAGTTGGTGAGGTAAAGGCTCACCAAGGCAGTGATACGTAG 
CCGACCTGAGAGGGTAATCGGCCACATTGGG 
 

P. pentosaceus 

7B2 ACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCAC 
TGACGTCGACCGAAGCTGCTTGCAGTGGACGTTGATTGACGTG 
AGTGGCGGACGGGTGAGTAACACGTGGGTAACCTACCCTTAAG 
TGGGGGATAACATTTGGAAACAGATGCTAATACCGCATAACCA 
TTCAGACCACATGGTCTGAATGTAAAAGACGGCCTTTGGCTGT 
CACTTTTGGACGGACCCGCGGCGTATTAGTTAGTTGGTAAGGT 
AACGGCTTACCAAGACAATGATACGTAGCCGACCTGAGAGGGT 
AATCGGCCACATTGGG 
 
 

L. coryniformis 



 

 

203

Isolate 16S rRNA sequence Identification 
 

7B7 NGTCGGGGGCTAGTNATGCNGAGCCTGANCGCACCTCTTCGC 
TCTANATTGAANNAAGTNTTGCTNCGGNNTGNCAATCCTTAT 
GANGGGNNGGCGAAACCATCTTTCAACCATTGCACCATGCGG 
TGCTAGGTTTTATGCGGTATTAGCATCTGTTTCCAAATGTTA 
TCCCCCACTTTAGGGCAGGTTACCCACGTGTTACTCACCCGT 
CCGCCACTCACTCAAATGTTATCAATCAGAAGCAAGCTTCTT 
CAATCTAACGAGAGTGCGTTCGACTTGCATGTATTAGGCACG 
CCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCTA 
 

L. curvatus 

7C4 GACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAACTC 
TGGTATTGATTGGGTGCTTGCATCATGATTTACATTTGAGTG 
AGTGGCGAACTGGTGAGTAACACGTGGGAAACCTGCCCAGAA 
GCGGGGGATAACACCTGGAAACAGATGCTAATACCGCATAAC 
AACTTGGACCGCATGGTCCGAGNTTGAAAGATGGCTTCGGCT 
ATCACTTTTGGATGGTCCCGCGGCGTATTAGCTAGATGGTGN 
GGTAACGGCTCACCATGGCAATGATACGTAGCCGACCTGAGA 
GGGTAATCGGCCACATTGGGACTGAGACA 
 

L. plantarum 

7C7 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGACTC 
CCGTAAGGTTATCTCACCGGCTTTGGGTGTTACAAACTCTCA 
TGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCA 
CCGCGGNNTGCTGATCCGCGATTACTANNNATTCCANNTTCN 
TGTNTGCAAGNTGNATNCNACNATCCNANCTGNGAANGGCNT 
TNAGAGANTAACTTAGCCNCACGACTTCNNGNCTCNTTGNAC 
CNTGCNTTGTAGCCCGANTGNAGNCCNAAATCGTANCACATN 
GGAATTGATANACGGCCCAAACTCCTACGGGAGGCAGCAGTA 
GGGAATCTTCCACAATGGACGAAAGTCTGATGGAGCAATGCC 
GCGTGAGTGAAGAAGGGTTTCGGCTCGTAAAACTCTGTTGTT 
AAAGAAGAACACTCTTGAGAGTAACTGTTCAGGAGTTGACGG 
TATTTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCG 
CGGTAATACGTAGGTGGCAANGCGNTGGTCGGGATTTAATNG 
GCCGNAAAGCGAGCGCNGNGGTTTTCTTAANNCTGATGTGAA 
AGCCTTCGCCTTANCCGGAGAANTGCANCGGAAACTGGGAGA 
NTTGAGTGCAGANGAGGACAGGGNAACTCCATGT 
 

L. brevis 

7D4 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAACTCT 
GGTTATTGATTGAAGGTGCTTGCACCTGATTGATTTAACATTT 
GAGTGAGTGGCGAACTGGTGAGTAACACGTAGGAAACCTGCCC 
AGAAGCGGGGGATAACACCTGGAAACAGATGCTAATACCGCAT 
AACAACTCGGACCGCATGGTCTGAGCTTGAAAGATGGCTTCGG 
CTATCACTTTTGGATGGTCCTGCGGCGTATTAGCTAGATGGTG 
AGGTAAAGGCTCACCATGGCAATGATACGTAGCCGACCTGAGA 
GGGTAATCGGCCACATTGGA 
 

L. plantarum 

9B4 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAACTC 
TGGTATTGATTGGTGCTTGCATCATGATTTACATTTGAGTGAG 
TGGCGAACTGGTGAGTAACACGTGGGAAACCTGCCCAGAAGCG 
GGGGATAACACCTGGAAACAGATGCTAATACCGCATAACAACT 
TGGACCGCATGGTCCGAGTTTGAAAGATGGCTTCGGCTATCAC 
TTTTGGATGGTCCCGCGGCGTATTAGCTAGATGGTGAGGTAAC 
GGCTCACCATGGCAATGATACGTAGCCGACCTGAGAGGGTAAT 
CGGCCACATTGGGACTGAGACA 
 
 

L. plantarum 



 

 

204

 
Isolate 16S rRNA sequence Identification 

 
9C2 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGACTCC 

CGAAGGTTATCTCACCGGCTTTGGGTGTTACAAACTCTCATGG 
NGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGC 
GGCATGCTGATCCGCGATTACTAGCGATTCCAACTTCATGTAG 
GCGAGTTGCAGCCTACAATCCGAACTGAGAACGGCTTTAAGAG 
ATTAGCTTAGCCTCACGACTTCGCGACTCGTTGTACCGTCCAT 
TGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTT 
GACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCA 
CCAGAGTGCCCAACTGAATGCTGGCAACTGATAATAAGGGTTG 
CGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTG 
ACGACAACCATGCACCACCTGTCATTCTGTCCCCGAAGGGAAC 
GTCTTATCTCTAAGATTGGCAGAAGATGTCAAGACCTGGTAAG 
GTTCTTCGCGTAGCTTCGAATTAAACCACATGCTCCACCGCTT 
GTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAACCTTGCGGTC 
GTACTCCCCAGGCGGAGTGCTTAATGCGTTAGCTGCAGCACTG 
AAGGGCGGAAACCCTCCAACACTTAGCACTCATCGTTTACGGC 
ATGGACTACCAGGGTATCTAATCCTGTTCGCTACCCATGCTTT 
CGAGCCTCANCGTCAGTTACAGACTAGACAGCCGCCTTCGCCA 
CTGGTGTTCTTCCATATATCTACGCATTCCACCGCTACACATG 
GAGTTCCACTGTCCTCTTCTGCACTCAAGTCTCCCAGTTTCCG 
ATGCACTTCTCCGGTTAAGCCGAAGGCTTTCACATCANACTTA 
AAAANCCNCCCTGCNCTCGCTTTACNCCCAATAAATCCGGACA 
ACGCTTGCCACCTACNTATTACCGNGN 
 

L. brevis 

9C4 CTATCATGCAAGTCGAACGAACTCTGGTATTGATTGGTGCTTGC 
ATCATGATTTACATTTGAGTGAGTGGCGAACTGGTGAGTAACAC 
GTGGGAAACCTGCCCAGAAGCGGGGGATAACACCTGGAAACAGA 
TGCTAATACCGCATAACAACTTGGACCGCATGGTCCGAGTTTGA 
AAGATGGCTTCGGCTATCACTTTTGGATGGTCCCGCGGCGTATT 
AGCTAGATGGTGNGGTAACGGCTCACCATGGCAATGATACGTAG 
CCGACCTGAGAGGGTAATCGGCCACATTGGGACTGAGACACGGC 
CCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGG 
ACGAAAGTCTGATGGAGCAACGCCGCGTGAGTGAAGAAGGGTTT 
CGGCTCGTAAAACTCTGTTGTTAAAGAAGAACATATCTGAGAGT 
AACTGTTCAGGTATTGACGGTATTTAACCAGAAAGCCACGGCTA 
ACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTG 
TCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTTTTAAG 
TCTGATGTGAAAGCCTTCGGCTCAACCGAAGAAGTGCATCGGAA 
ACTGGGAAACTTGAGTGCAGAAGAGGACAGTGGAACTCCATGTG 
TAGCGGTGAAATGCGTAGATATATGGAAGAACACCAGTGGCGAA 
GGCGGCTGTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGTATG 
GGTAGCAAACAGGATTAGATACCCTGGTAGTCCATACCGTAAAC 
GATGAATGCTAAGTGTTGGAGGGTTTCCGCCCTTCAGTGCTGCA 
GCTAACGCATTAAGCATTTCCGCCTGGGGAGTACGGCCGCAAGG 
CTGAAACTCAAAGGAATTGACGGGGGNCCCGCACAANCGGTGGA 
NCATGTGGTTTAATTCNAAGCTACNCGAANAACCTTACCAGGTC 
TTGACATAC 
 
 
 
 
 
 

Lactobacillus sp.  



 

 

205

 
Isolate 16S rRNA sequence Identification 

 
9C5 AACGCTGGCGGCGATGCCTAATACATGCAAGTCGAACGAACTCT 

GGGTAATGATTGGTGCTTGCATCATGAATTACATTTGAGTGAGT 
GGCGAACTGGTGAGTAACACGTGGGAAACCTGCCCAGAAGCGGG 
GGATAACACCTGGAAACAGATGCTAATACCGCATAACAACTTGG 
ACCGCATGGTCCGAGTTTGAAAGATGGCTTCGGCTATCACTTTT 
GGATGGTCCCGCGGACGTATTAGCTAGATGGTGAGGTAACGGCT 
CACCATGGCAATGATACGTAGCCGACCTGAGAGGGTAATCGGCC 
ACATTGGGA 
 

L. paraplantarum 

9C6 GTGAGCCGTTACCTCACCATCTAGCTAATACGCCGCGGGACCAT 
CCAAAAGTGATAGCCGAAGCCATCTTTCAAACTCGGACCATGCG 
GTCCAAGTTGTTATGCGGTATTAGCATCTGTTTCCAGGTGTTAT 
CCCCCGCTTCTGGGCAGGTTTCCCACGTGTTACTCACCAGTTCG 
CCACTCACTCAAATGTAAATCATGATGCAAGCACCAATCAATAC 
CAGAGTTCGTTCGACTTGCATGTATTAGGCACGCCGCCAGCGTT 
CGTCCTGAGCCAGGATCAAACTA 
 

Lactobacillus sp.  

9C7 TATCATTGCCATGGTGAGCCGTTACCCCACCATCTAGCTAATACG 
CCGCGGGACCATCCAAAAGTGATAGCCGAAGCCATCTTTCAAGCT 
CGGACCATGCGGTCCAAGTTGTTATGCGGTATTAGCATCTGTTTC 
CAGGTGTTATCCCCCGCTTCTGGGCAGGTTTCCCACGTGTTACTC 
ACCAGTTCGCCACTCACTCAAATGTAAATCATGATGCAAGCACCA 
ATCAATACCAGAGTTCGTTCGACTTGCATGTATTAGGCACGCCGC 
CAGCGTTCGTCCTGAGCCAGGGATCAAACT 
 

L. plantarum 

9C9 GCCATGGTGAGCCGTTACCTCACCATCTAGCTAATACGCCGCGGG 
ACCATCCAAAAGTGATAGCCGAAGCCATCTTTCAAACTCGGACCA 
TGCGGTCCAAGTTGTTATGCGGTATTAGCATCTGTTTCCAGGTGT 
TATCCCCCGCTTCTGGGCAGGTTTCCCACGTGTTACTCACCAGTT 
CGCCACTCACTCAAATGTAATTCATGATGCAAGCACCAATCATTA 
CCAGAGTTCGTTCGACTTGCATGTATTAGGCACGCCGCCAGCGTT 
CGTCCTGAGCCGGAATCAAACTAA 
 

L. paraplantarum 

9C10 TATCATTGCCATGGTGAGCCGTTACCTCACCATCTAGCTAATAC 
GCCGCGGGACCATCCAAAAGTGATAGCCGAAGCCATCTTTCAAA 
CTCGGACCATGCGGTCCAAGTTGTTATGCGGTATTAGCATCTGT 
TTCCAGGTGTTATCCCCCGCTTCTGGGCAGGTTTCCCACGTGTT 
ACTCACCAGTTCGCCACTCACTCAAATGTAATTCATGATGCAAG 
CACCAATCATTACCAGAGTTCGTTCGACTTGCATGTATTAGGCA 
CGCCGCCAGCGTTCGTCCTGAGCCAGGAATCAAACTA 
 

L. paraplantarum 

9C11 GAGCCGTTACCTCACCATTCTAGCTAATACGCCGCGGGACCATT 
CCAAAAGTGATAGCCGANGCCATCTTTCAAACTCGGACCATGCG 
GTCCAAGTTGTTATGCGGTATTAGCATCTGTTTCCAGGTGTTAT 
CCCCCGCTTCTGGGCAGGTTTCCCACGTGTTACTCACCAGTTCG 
CCACTCACTCAAATGTAATTCATGATGCAAGCACCAATCATTAC 
CAGAGTTCGTTCGACTTGCATGTATTAGGCACGCCGCCAGCGTT 
CGTCCTGAGCCGGAAATCAAACTA 
 
 
 
 
 

L. paraplantarum 



 

 

206

 
Isolate 16S rRNA sequence Identification 

 
9C12 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCGCAGCG 

AAAGGTGCTTGCACCTTTCAAGCGAGTGGCGAACGGGTGAGTAA 
CACGTGGATAACCTGCCTCAAGGCTGGGGATAACATTTGGAAAC 
AGATGCTAATACCGAATAAAACTTAGTATCGCATGATACAAAGT 
TGAAAGGCGCTACGGCGTCACCTAGAGATGGGTCCGCGGTGCAT 
TAGTTAGTTGGTGGGGTAAAGGCCTACCAAGACAATGATGCATA 
GCCGAGTTGAGAGACTGATCGGCCACATTGGG 
 

L. argentinum 

9D2 CCTATCATGCAGTCGAACGAGCTTCCGTTGAATGACGTGCTTGC 
ACTGATTTCAACAATGAAGCGAGTGGCGAACTGGTGAGTAACAC 
GTGGGAAATCTGCCCAGAAGCAGGGGATAACACTTGGAAACAGG 
TGCTAATACCGTATAACAACAAAATCCGCATGGATTTTGTTTGA 
AAGGTGGCTTCGGCTATCACTTCTGGATGATCCCGCGGCGTATT 
AGTTAGTTGGTGAGGTAAAGGCCCACCAAGACGATGATACGTAG 
CCGACCTGAGAGGGTAATCGGCCACATTGGGACTGAGACACGGC 
CCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGG 
ACGAAAGTCTGATGGAGCAATGCCGCGTGAGTGAAGAAGGGTTT 
CGGCTCGTAAAACTCTGTTGTTAAAGAAGAACACCTTTGAGAGT 
AACTGTTCAAGGGTTGACGGTATTTAACCAGAAAGCCACGGCTA 
ACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTG 
CCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTTTTAAGT 
CTGATGTGAAAGCCTTCGGCTTAACCGGAGAAGTGCATCGGAAA 
CTGGGAGACTTGAGTGCAGAAGAGGACAGTGGAACTCCATGTGT 
AGCGGTGGAATGCGTAGATATATGGAAGAACACCAGTGGCGAAG 
GCGGCTGTCTAGTCTGTAACTGACGCTGAGGCTCGAAAGCATGG 
GTAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACG 
ATGAGTGCTAAGTGTTGGAGGGTTTCCGCCCTTCAGTGCTGCAG 
CTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTT 
GAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCA 
TGTGGTTTAATTCNAAGCTACNCGAANAACCTTACCAGGTCTTG 
ACATCTTCTGCCATN 
 

L. fallax 

9D6 CTTGTTCGACTTCACCCTAATCATCTGTCCCACCTTAGGCGGCTG 
GTTCCTAAAAGGTTACCCCACCGACTTTGGGTGTTACAAACTCTC 
ATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACC 
GCGGCATGCTGATCCGCGATTACTAGCGATTCCGACTTCATGTAG 
GCGAGTTGCAGCCTACAATCCGAACTGAGAATGGCTTTAAGAGAT 
TAGCTTACTCTCGCGAGTTCGCAACTCGTTGTACCATCCATTGTA 
GCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTC 
ATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCACCAGAGTG 
CCCAACTTAATGCTGGCAACTGATAATAAGGGTTGCGCTCGTTGC 
GGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATG 
CACCACCTGTATCCATGTCCCCGAAGGGAACGTCTAATCTCTTAG 
ATTTGCATAGTATGTCAAGACCTGGTAAGGTTCTTCGCGTAGCTT 
CGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAAT 
TCCTTTGAGTTTCAGCCTTGCGGCCGTACTCCCCAGGCGGAATGC 
TTAATGCGTTAGCTGCAGCACTGAAGGGCGGAAACCCTCCAACAC 
TTAGCATTCATCGTTTACGGTATGGACTACCAGGGTATCTAATCC 
TGTTTGCTACCCATACTTTCGAGCCTCAGCGTCAGTTACAGACCA 
GACAGCCGCCTTCGCCACTGGTGTTCTTCCATATATCTACGCATT 
TCACCGCTACACATGGAGTTCCACTGTCCTCTTCTGCACTCAAGT 
TTCCCAGTTTCCGATGCACTTCTTCGGTTGAGCCGAANGCTTTC 
ACATCANACTTAAAAAAACCGCCTGCGCTCGCTTTNACGCCCAA 

Lactobacillus sp.  
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Isolate 16S rRNA sequence Identification 

 
9D8 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCGCNCCGA 

ATAGGTGCTTGGCTNCTNTCATCGACTGAAGTTGTGCAANCGGGC 
TGAGGTAACACNATGTGAGTNANCTGACCATCGANGGGCNGGTGC 
TATANCATAATGCGAGAAGCNNATGCATNATTACCNACATAATAC 
TTATANCTCGCTATGATACAAAGTCCGAAATGGCNCCGACGTGNG 
TCACCTAGGCTATGGGTCCTCNCTTGCATTATGTGACCCNGGTGG 
GTNTAAAGCGCCTANCNNGAACGNNNATGCNTACCCTGAGCTAGA 
GANACTGATCNGCCNNATTGGGC 
 

Lactobacillus sp.  

9D10 TCTTGGTCGACTTCCCCTAATCATCTGTCCCACCTTAGGCGGCTG 
GTTCCTAAAAGGTTACCCCACCGACTTTGGGTGTTACAAACTCTC 
ATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACC 
GCGGCATGCTGATCCGCGATTACTAGCGATTCCGACTTCATGTAG 
GCGAGTTGCAGCCTACAATCCGAACTGAGAATGGCTTTAAGAGAT 
TAGCTTACTCTCGCGAGTTCGCAACTCGTTGTACCATCCATTGTA 
GCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTC 
ATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCACCAGAGTG 
CCCAACTTAATGCTGGCAACTGATAATAAGGGTTGCGCTCGTTGC 
GGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATG 
CACCACCTGTATCCATGTCCCCGAAGGGAACGTCTAATCTCTTAG 
ATTTGCATAGTATGTCAAGACCTGGTAAGGTTCTTCGCGTAGCTT 
CGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAAT 
TCCTTTGAGTTTCAGCCTTGCGGCCGTACTCCCCAGGCGGAATGC 
TTAATGCGTTAGCTGCAGCACTGAAGGGCGGAAACCCTCCAACAC 
TTAGCATTCATCGTTTACGGTATGGACTACCAGGGTATCTAATCC 
TGTTTGCTACCCATACTTTCGAGCCTCAGCGTCAGTTACAGACCA 
GACAGCCGCCTTCGCCACTGGTGTTCTTCCATATATCTACGCATT 
TCACCGCTACACATGGAGTTCCACTGTCCTCTTCTGCACTCAAGT 
TTCCCAGTTTCCGATGCACTTCTTCGGTTGAGCCGAAGGCTTTCA 
CATCAGACTTAAAAAACCGCCTGCGCTCGCTTTACGNCCAATAAA 
TCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCAC  
GTAA 
 

Lactobacillus sp. 

9E7 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACTGACG 
TCGACCGAAGCTGCTTGCAGTGGACGTTGATTGACGTGAGTGGCG 
GACGGGTGAGTAACACGTGGGTAACCTACCCTTAAGTGGGGGATA 
ACATTTGGAAACAGATGCTAATACCGCATAACCATTCAGACCACA 
TGGTCTGAATGTAAAAGACGGCCTTTGGCTGTCACTTTTGGACGG 
ACCCGCGGCGTATTAGTTAGTTGGTAAGGTAACGGCTTACCAAGA 
CAATGATACGTAGCCGACCTGAGAGGGTAATCGGCCACATTGGA 
 
 
 
 
 
 
 
 
 
 
 
 
 

L. coryniformis 
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Isolate 16S rRNA sequence Identification 

 
9E12 GACTTCACCCTAATCATCTGTCCCACCTTAGACGGCTGACTCCC 

GAAGGTTATCTCACCGGCTTTGGGTGTTACAAACTCTCATGGTG 
TGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGCGGC 
ATGCTGATCCGCGATTACTAGCGATTCCAACTTCATGTAGGCGA 
GTTGCAGCCTACAATCCGAACTGAGAACGGCTTTAAGAGATTAG 
CTTAGCCTCACGACTTCGCNACTCGTTGTACCGTCCATTGTAGC 
ACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCA 
TCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCACCAGAGTG 
CCCAACTTAATGCTGGCAACTGATAATAAGGGTTGCGCTCGTTG 
CGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCA 
TGCACCACCTGTATCCATGTCCCCGAAGGGAACGTCCTATCTCT 
AGGATTTGCATAGTATGTCAAGACCTGGTAAGGTTCTTCGCGTA 
GCTTCNAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCG 
TCAATTCCTTTGAGTTTCAACCTTGCGGTCGTACTCCCCAGGCN 
GAGTGCTTAATGCGTTAGCTGCGGCACTGAAGGGCGGAAACCCT 
CCAACACCTANCACTCATCGTTTACGGCATGAACTACCAGGGTA 
TCTAATCCTGTTTGCTACCCATGCTTTCGAGCCTCANCGTCAGT 
TACAGACTANACAGCCGCCTTCNCCACTGGTGTTCTTCCATATA 
TCTACGCATTCCACCGCTACACATGGANTTCCACTGTCCTCTTC 
TGCACTCAAGTNTCCCANTTTCCGATGGNNTTCTCCGGTTAAGC 
CGAAGCTTTCACATCANACTTAANAAACCCCCCGC 
 

L. brevis 

9F9 CATGCAGTCGAACGAGCTTCCGTTGAATGACGTGCTTGCACTGC 
ATTTCAACAATGAAGCGAGTGGCGAACTGGTGAGTAACACGTGG 
GTAACTTGCCCAGAAGCNGGGGATAACACTTGGAAACAGGTGCT 
AATACCGTATAACAACNGAAACCGCATGGTTTCTGTTTGAAAGG 
TGGTTTCGGCTATCACTTCTGGATGGACCCGCGGCGTATTAGTT 
AGTTGGTGAGGTAAAGGCCCACCAAGACNATGNTACGTAGCCNA 
CCTGAGAGGGTAATCNGNCACATTGGGACTGANANACGGCCCAA 
ACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGACGA 
AAGTCTGATGGAGCAATGCCGCGTGAGTGAAGAAGGGTTTCGGC 
TCGTAAAACTCTGTTGTTAAAGAAGAACACTCTTGAGAGTAACT 
GTTCAGGAGTTGACGGTATTTAACCAGAAAGCCACGGCTAACTA 
CGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCG 
GATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTCTTAAGTCTG 
ATGTGAAAGCCTTCGGCTTAACCGGAGAAGTGCATCGGAAACTG 
GGAGACTTGAGTGCAGAAGAGGACAGTGGAACTCCATGTGTAGC 
GGTGGAATGCGTAGATATATGGAAGAACACCAGTGGCGAAGGCG 
GCTGTCTAGTCTGTAACTGACGCTGAGGCTCGAAAGCATGGGTA 
GCAAACAGGATTANATACCCTGGTAGTCCATGCCGTAAACNATG 
ANTGCTAGGTGTTGGAGGGTTTCCNCCCTTCANTGCCNCANCTA 
ACNCATTAANCACTCCNCCTGGGGANTACNACCNCNAGGTTGAA 
ACTCAAAGGAATTGACNGGNGCCCCNCACAANCNNTGGANCATG 
TGGTTTAATTC 
 

L. brevis 

9F12 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCGCAGCG 
AAAGGTGCTTGCACCTTTCAAGCGAGTGGCGAACGGGTGAGTAA 
CACGTGGATAACCTGCCTCAAGGCTGGGGATAACATTTGGAAAC 
AGATGCTAATACCGAATAAAACTTAGTATCGCATGATACAAAGT 
TGAAAGGCGCTACGGCGTCACCTAGAGATGGGTCCGCGGTGCAT 
TAGTTAGTTGGTGGGGTAAAGGCCTACCAAGACAATGATGCATA 
GCCGAGTTGAGAGACTGATCGGCCACATTGGA 
 

L. argentinum 
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Isolate 16S rRNA sequence Identification 

 
9H2 ACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCAC 

TCTCGTTAGATTGAAGAAGCTTGCTTCTGATTGATAACATTTG 
AGTGAGTGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCT 
AAAGTGGGGGATAACATTTGGAAACAGATGCTAATACCGCATA 
AAACCTAGCACCGCATGGTGCAAGGTTGAAAGATGGTTTCGGC 
TATCACTTTAGGATGGACCCGCGGTGCATTAGTTAGTTGGTGA 
GGTAAAGGCTCACCAAGACCGTGATGCATAGCCGACCTGAGAG 
GGTAATCGGCCACATTGGGA 
 

L. curvatus 

9H7 ACGAACGCTGGCGGCATGCCTAATACATGCAAGTCGAACGAGC 
TTCCGTTGAATGACGTGCTTGCACTGATTTCAACAATGAAGCG 
AGTGGCGAACTGGTGAGTAACACGTGGGTAACTTGCCCAGAAG 
CAGGGGATAACACTTGGAAACAGGTGCTAATACCGTATAACAA 
CAGAAACCGCATGGTTTCTGTTTGAAAGGTGGTTTCGGCTATC 
ACTTCTGGATGGACCCGCGGCGTATTAGTTAGTTGGTGAGGTA 
AAGGCCCACCAAGACAATGATACGTAGCCGACCTGAGAGGGTA 
ATCGGCCACATTGGA 
 

Unculture 
bacterium 

14A4 ACGCTGCGGCGTGCCTAATACATGCAAGTCGAACGAACTCT 
GGTATTGATTGGTGCTTGCATCATGATTTACATTTGAGTGA 
GTGGCGAACTGGTGAGTAACACGTGGGAAACCTGCCCAGAA 
GCGGGGGATAACACCTGGAAACAGATGCTAATACCGCATAA 
CAACTTGGACCGCATGGTCCGAGTTTGAAAGATGGCTTCGG 
CTATCACTTTTGGATGGTCCCGCGGCGTATTAGCTAGATGG 
TGAGGTAACGGCTCACCATGGCAATGATACGTAGCCGACCT 
GAGAGGGTAATCGGCCACATTGGGACTGAGACAA 
 

L. plantarum 

14B10 ACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAA 
CTCTGGTATTGATTGGTGCTTGCATCATGATTTACATTTGAG 
TGAGTGGCGAACTGGTGAGTAACACGTGGGAAACCTGCCCAG 
AAGCGGGGGATAACACCTGGAAACAGATGCTAATACCGCATA 
ACAACTTGGACCGCATGGTCCGAGTTTGAAAGATGGCTTCGG 
CTATCACTTCTGGATGGTCCCGCGGCGTATTAGCTAGATGGT 
GAGGTAACGGCTCACCATGGCAATGATACGTAGCCGACCTGA 
GAGGGTAATCGGCCACATTGGA 
 

Lactobacillus sp.  

14B11 ACGCTGGCGGCATCCTAATACATGCAAGTCGAACGAGCTTC 
CGTTGAATGACGTGCTTGCACTGATTTCAACAATGAAGCGA 
GTGGCGAACTGGTGAGTAACACGTGGGTAACTTGCCCAGAA 
GCAGGGGATAACACTTGGAAACAGGTGCTAATACCGTATAA 
CAACAGAAACCGCATGGTTTCTGTTTGAAAGGTGGTTTCGG 
CTATCACTTCTGGATGGACCCGCGGCGTATTAGTTAGTTGG 
TGAGGTAAAGGCCCACCAAGACAATGATACGTAGCCGACCT 
GAGAGGGTAATCGGCCACATTGGGACTTAACAAG 
 

Unculture 
bacterium 

14C3 ACGAACGCTGGCGGCATGCCTAATACATGCAAGTCGAACGA 
NCTCTCCGTNGAATGACGTGCTTGCACTGATNTCAAACAAT 
TGTAAGCTGAGTGGCGAACTGGGTGAGTAACACGTGGGTAA 
CTTGCCCAGAAGCAGGGGATAACACTTGGGAAACAGGTGCT 
AATACCGTATAACAACAGAAACCGCATGGTTTCTGTTTGAA 
AGGTGGTTTCGGCTATCACTTCTGGATGGACCCGCGGCGTA 
TTAGTTAGTTGGTGAGGTAAAGGCCCACCAAGACAATGATA 
CGTAGCCNACCTGAGAGGGTAATCGGCCACATTGGA 

Unculture 
bacterium 
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Isolate 16S rRNA sequence Identification 

 
14C8 GACTGAGACAGGCTACGTATCATTGCCATGGTGAGCCGTTA 

CCTCACCATCTAGCTAATACGCCGCGGGACCATCCAAAAGT 
GATAGCCGAAGCCATCTTTCAANCTCGGACCATGCGGTCCA 
AGTTGTTATGCGGTATTAGCATCTGTTTCCAGGTGTTATCC 
CCCGCTTCTGGGCAGGTTTCCCACGTGTTACTCACCAGTTC 
GCCACTCACTCAAATGTAAATCATGATGCAAGCACCAATCA 
ATACCAGAGTTCGTTCGACTTGCATGTATTAGGCACGCCGC 
CAGCGTTCGTCCTGAGCCAGGATCAAACTCTA 
 

L. plantarum 

14E10 CGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGA 
ACTCTGGTATTGATTGGTGCTTGCATCATGATTTACATTT 
GAGTGAGTGGCGAACTGGTGAGTAACACGTGGGAAACCTG 
CCCAGAAGCGGGGGATAACACCTGGAAACAGATGCTAATA 
CCGCATAACAACTTGGACCGCATGGTCCGAGNTTGAAAGA 
TGGCTTCGGCTATCACTTTTGGATGGTCCCGCGGCGTATT 
AGCTAGATGGTGGGGTAACGGCTCACCATGGCAATGATAC 
GTAGCCGACCTGAGAGGGTAATCGGCCACATTGGGACTGAGACA 
 

L. plantarum 

14F3 ACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAACT 
CTGGTAATGATTGGTGCTTGCATCATGAATTACATTTGAG 
TGAGTGGCGAACTGGTGAGTAACACGTGGGAAACCTGCCC 
AGAAGCGGGGGATAACACCTGGAAACAGATGCTAATACCG 
CATAACAACTTGGACCGCATGGTCCGAGTTTGAAAGATGG 
CTTCGGCTATCACTTTTGGATGGTCCCGCGGCGTATTAGC 
TAGATGGTGAGGTAACGGCTCACCATGGCAATGATACGTA 
GCCGACCTGAGAGGGTAATCGGCCACATTGGGACTGAGACA 
 

L. paraplantarum 

14H4 GAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAAA 
CTCTGGTAATGATTGGTGCTTGCATCATGAATTACATTTGA 
GTGAGTGGCGAACTGGTGAGTAACACGTGGGAAACCTGCCC 
AGAAGCGGGGGATAACACCTGGAAACAGATGCTAATACCGC 
ATAACAACTTGGACCGCATGGTCCGAGTTTGAAAGATGGCT 
TCGGCTATCACTTTTGGATGGTCCCGCGGCGTATTAGCTAG 
ATGGTGAGGTAACGGCTCACCATGGCAATGATACGTAGCCG 
ACCTGAGAGGGTAATCGGCCACATTGGGACTGAGACA 
 

L. paraplantarum 

1-1-17 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACA 
GCGAAAGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGT 
GAGTAACACGTGGACAACCTGCCTCAAGGCTGGGGATAACA 
TTTGGAAACAGATGCTAATACCGAATAAAACTTAGTGTCGC 
ATGACACAAAGTTAAAAGGCGCTTCGGCGTCACCTAGAGAT 
GGATCCGCGGTGCATTAGTTAGTTGGTGGGGTAAAGGCCTA 
CCAAGACAATGATGCATAGCCGAGTTGAGAGACTGATCGGC 
CACATTGGGACTGAGACAA 
 
 
 
 
 
 
 
 
 

L. mesenteroides 
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Isolate 16S rRNA sequence Identification 

 
1-3-1 CTGGTCGACTTCCCCTAATCATTTGTCCCACCTTAGACGGCT 

CGCTCCCTAAAAGGGTTACGCCACCGGCTTCGGGTGTTACAA 
ACTCTCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAAC 
GTATTCACCGCGGCGTGCTGATCCGCGATTACTAGCGATTCC 
GACTTCGTGTAGGCGAGTTGCAGCCTACAGTCCGAACTGAGA 
ATGGCTTTAAGAGATTAGCTTGACCTCGCGGTCTCGCAACTC 
GTTGTACCATCCATTGTAGCACGTGTGTAGCCCAGGTCATAA 
GGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGGTTT 
GTCACCGGCAGTCTTACTAGAGTGCCCAACTAAATGCTGGCA 
ACTAGTCATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAAC 
ATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCA 
TTTTGCCCCCGAAGGGGAAACCTGATCTCTCAGGTGATCAAA 
AGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATT 
AAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCC 
TTTGAGTTTCAACCTTGCGGTCGTACTCCCCAGGCGGAATGC 
TTAATGCGTTAGCTGCGGCACTGAAGGGCGGAAACCCTCCAA 
CACCTAGCATTCATCGTTTACGGCATGGACTACCAGGGTATC 
TAATCCTGTTCGCTACCCATGCTTTCGAGCCTCAGCGTCAGT 
TACAGACCAGACAGCCGCCTTCGCCACTGGTGTTCTTCCATA 
TATCTACGCATTTCACCGCTACACATGGAGTTCCACTGTCCT 
CTTCTGCACTCAAGTTTCCCAGTTTCCGATGCGCTTCCTCGG 
TTAAGCCGAGGGCTTTCANATCAGACTTAAAAAACCGCCTGC 
GCTCGCTTTACGCCCAATAAATCCNGATAACGCNTGCCACCT 
ACGTATTACCGCGGCTGCTGGCAC  
 
 

L. paracasei 

1-3-3 GACTTCCCCTAATCATCTGTCCCGCCTTAGGCGGCTGNTTCC 
TAAAAGGTTACCCCACCGACTTTGGGTGTTACAAACTCTCAT 
GGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCAC 
CGCGGCATGCTGATCCGCGATTACTAGCGATTCCGACTTCAT 
GTAGGCGAGTTGCAGNCTACAATCCGAACTGAGAATGGCTTT 
AAGAGATTAGCTTACTCTCGCGAGTTCGCAACTCGTTGTACC 
ATCCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATG 
ATGATTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGG 
CAGTCTCACCAGAGTGCCCAACTTAATGCTGGCAACTGATAA 
TAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACG 
CACGAGCTGACGACAACCATGCACCACCTGTATCCATGTCCC 
CNAAGGGAACGTCTAATCTCTTAAATTTGCATANTATGTCAA 
GACCTGGNAAGGTTCTTCGCGTANCTTCNAATTAAACCACAT 
GCTCCACCGCTTGTGCGGGCCCCCNTCAATTCCTTTGAGTTT 
CANCCTTGCGGNCGAACTCCCCNNGNGGAATGNTTAATGGGTTA 
 
 
 
 
 
 
 
 
 
 
 
 

Lactobacillus sp.  
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Isolate 16S rRNA sequence Identification 

 
1-3-16 GTNGGNNGGNCNTAATCANGGCNAGGCTCGGAACGGCATCCNCN 

TNCCNGNNCGCCTNTGCCACGTAGNTTGNGAATNGNNGTTGTNG 
CNAATCGNNATGTAGGTNAACNTGCGCTNANGGTGCACNCTNCT 
CCATATTANGNGAGNNGTGCATAACNNATGNTGNGTGAACAGTN 
NAGGCGTAATTACCGTCAATNGTAGANCCTCTAANGTACTNANG 
CNACCTAAATTNGAACGGGGCANNNNGNTTCACTNTNANNTGGN 
CCTNCNTTGTNNNANTTGGATGGANNNGTANCGGCTCANCTAGG 
TGGCGATGCNTAGCCNACCNGATANGGTGATCCNGNACCNNGGN 
ANTGANCTANTCNGCNNCATTGGAACACNAGNAANCAGTAGGNA 
ATCTTCGGCAATGGGGGCAACCCTGACCNAGCAACGCCNCGTGAG 
TGAANAAGGTTTTCGGATCGTAAAGCTCTGTTGTTANAGAANAA 
CGGTAATGNGAGTGGAAAATCCATTACGTGACGGTAACTAACCNN 
AAAGGGACGGCTAACTACNTGCCANCAGCCGCGGTAATACNTAGG 
TCTCGAGCGTTGTCCGGATTTATTGGGCGTAAAGCGANCGCAGGC 
GGTTATTTAANTCTGAAGTTAAAGGCCGTGNCTCANCCATGGTTC 
GCTTTGGAAACTGGATAACTTGAGTGCANAANGGGAGAGTGGANT 
TCCATGTGTAGCGGTGAAATGCGTACATATNTGGAGGAACACCGG 
TGGCGAAAGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCTCGAA 
AGCGTGGGGAGCAAACAGGATTANATACCCTGGTAGTCCACGCCG 
TAAACGATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTANTGC 
CGCANCTAACNCATTAANCACTCCNCCTGGGNAGTACNACCNCNN 
GGTTGAAACTCAAAGGAATTGACGGGGCCC 
 

Swine manure 
bacterium 

3-1-14 ATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGAACTT 
CCGTTAATTGATTATGACGTACTTGTACTGATTGAGATTTTAACAC 
GAAGTGAGTGGCGAACGGGTGAGTAACACGTGGGTAACCTGCCCAG 
AAGTAGGGGATAACACCTGGAAACAGATGCTAATACCGTATAACAG 
AGAAAACCGCATGGTTTTCTTTTNAAAGATGGCTCTGCTATCACTT 
CTGGATGGACCCGCGGCGTATTAGCTAGTTGGTGAGGTAAAGGCTC 
ACCAAGGCAGTGATACGTAGCCGACCTGAGAGGGTAATCGGCCACA 
TTGGGACNTGAGACAGATCNNNCTCTAA 
 

P. pentosaceus 

3-1-17 GGCGGCGTGCCTAATACATGCAAGTCGAACGCACTCTCGTTAGATT 
GAAGAAGCTTGCTTCTGATTGATAACATTTGAGTGAGTGGCGGACG 
GGTGAGTAACACGTGGGTAACCTGCCCTAAAGTGGGGGATAACATT 
TGGAAACAGATGCTAATACCGCATAAAACCTAGCACCGCATGGTGC 
AAGGTTGAAAGATGGTTTCGGCTATCACTTTAGGATGGACCCGCGG 
TGCATTAGTTAGTTGGTGAGGTAAAGGCTCACCAAGACCGTGATGC 
ATAGCCGACCTGAGAGGGTAATCGGCCACATTGGGACTGAGACAAT 
CNCACTCTATA 
 

L. curvatus 

3-2-1 AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAACGCACAGCGAA 
AGGTGCTTGCACCTTTCAAGTGAGTGGCGAACGGGTGAGTAACACG 
TGGACAACCTGCCTCAAGGCTGGGGATAACATTTGGAAACAGATGC 
TAATACCGAATAAAACTTAGTATCGCATGATACTAAGTTAAAAGGC 
GCTTCGGCGTCACCTAGAGATGGATCCGCGGTGCATTAGTTAGTTG 
GTGGGGTAAAGGCCTACCAAGACGATGATGCATAGCCGAGTTGAGA 
GACTGATCGGCCACATTGGGACTGAGACAGTCANACTCTA 
 
 
 
 
 

L. mesenteroides 
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Isolate 16S rRNA sequence Identification 

 
3-3-8 GTCGGNGGTCCTAANCATGGCNAGTTCGGAACGCACCTCTTCGCTNT 

TAGCATTGCAAGAGAGCTTGCCCTCCTGNNTTGCATAAACAATATTG 
TAGATGGAGCTGNCGGCACNCGNTGCAGANNACNCCGANGNGGTNAC 
CTNGTCCCNAATAGTNGTGNGGANATACAGTTATCGTGAANNCCANG 
CTGANTNATCCCGCCNNNATTTACTGAACAGCGTGTACTGCACGTNG 
NGNACTCAANCCNTTCCGCCACTCACTCAAATGTTTATCAATCAGGA 
GCAAGCTCCTTCAATCTAAACGAGAGTGCGTTCGACTTGCATGTATT 
AGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCTA 
 

Unculture 
bacterium 

7-1-6 GTCGCGNCTANCATGCAAGTCGAACGCACTCTCGCTTTAGATTGAAG 
GAGCTTGCTCCTGATTGATAAACATTTGAGTGAGTGGCGGACGGGTG 
AGTAACACGTGGGTAACCTGCCCTAAAGTGGGGGATAACATTTGGAA 
ACAGATGCTAATACCGCATAAAACCTAACACCGCATGGTGTAGGGTT 
GAAAGATGGTTTCGGCTATCACTTTAGGATGGACCCGCGGTGCATTA 
CTTAGTTGGTGAGGTAAAGGCTCACCAAGACCGTGATGCATAGCCCG 
ACCTGAGAGGGTAATCGGCCACANTGGGACTGACNAACGGCCCAGAC 
TCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGACGAAAGTC 
TGATGGAGCAACGCCGCGTGAGTGAAGAAGGTTTTCGGATCGTAAAA 
CTCTGTTGTTGGAGAAGAATGTATCTGATAGTAACTGATCAGGTAGT 
GACGGTATCCAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCG 
CGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAAA 
GCGAGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCTTCNGCTCA 
ACCGAANAANTGCATCGGAAACTGGGAAACTTGANTGCANAANANGA 
CAGTGGAACTCCATGTGTANCGNTGAAATGCNTANATATATGGAAGA 
ACACCANTGGCGAA 
 

Unculture 
bacterium 

7-1-19 CTGGTCGACTTCCCCTAATCATCTGTCCCACCTTAGACGGCTACCTC 
CCGAAGGTTAGCCCACCGGCTTTGGGTGTTACAAACTCTCATGGTGT 
GACGGGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGGCATGC 
TGATCCGCGATTACTAGCGATTCCGACTTCATGTAGTCGAGTTGCAG 
ACTACAATCCGAACTGAGACGTACTTTAAGAGATTAGCTTACCGTCG 
CCGGTTCGCAACTCGTTGTATACGCCATTGTAGCACGTGTGTAGCCC 
AGGTCATAAGGGGCATGATGATCTGACGTCATCCCCGCCTTCCTCCG 
GTTTGTCACCGGCAGTCTGTCTAGAGTGCCCAACTAAATGCTGGCAA 
CTAAACATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCA 
CGACACGAGCTGACGACGACCATGCACCACCTGTCACTTTGTCTCCG 
AAGAGAACAATATTATCTCTAACATCTTCAAAGGATGTCAAGACCTG 
GTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCT 
TGTGCGGGTCCCCGTCAATTCCTTTGAGTTTCAACCTTGCGGNCGTA 
CTCCCCAGGCGGAGTGCTTAATGCGTTAGCTCCGGCACTAAGAGGCG 
GAAACCTCCTAACACCTAGCACTCATCGTTTACGGNGTGGACTACCA 
GGGTATCTAATCCTGTTTGCTACCCACACTTTCGAGCCTCAACGTCA 
GTTACAGTCCAGCAAGCCGCCTTCGCCACTGGTGTTCTTCCATATAT 
CTACGCATTCCACCGCTACACATGGAGTTCCACTTGCCTCTACTGCA 
CTCAAGTTCGCCAGTTTCCGAAGGCATTCCACAGTTGAGCTGNGGGG 
CTTTCACTTTCAGACTTAACGAAACCGTCTGCGCTCGCTTTACGNCC 
AATTAAATCCGGAATAACGNTCGGGAACTTACGTATTACCGCGGCCTGC 
 
 
 
 
 
 

L. fallax 
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Isolate 16S rRNA sequence Identification 
 

14-3-19 
 

GACTTCACCCTAATCATCTGTCCCACCTTAGGCGGCTGGTTCCTAAA 
AGGTTACCCCACCGACTTTGGGTGTTACAAACTCTCATGGTGTGACG 
GGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGCGGCATGCTGAT 
CCGCGATTACTAGCGATTCCGACTTCATGTAGGCGAGTTGCAGCCTA 
CAATCCGAACTGAGAATGGCTTTAAGAGATTAGCTTACTCTCGCGAG 
TCGCAACTCGTTGTACCATCCATTGTAGCACGTGTGTAGCCCAGGTC 
ATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGGTTTG 
TCACCGGCAGTCTCACCAGAGTGCCCAACTTAATGCTGGCAACTGAT 
ATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACAC 
GAGCTGACGACAACCATGCACCACCTGTATCCATGTCCCCGAAGGGA 
ACGTCTAATCTCTTAGATTTGCATAGTATGTCAAGACCTGGTAAGGT 
TCTTCGCGTAGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGG 
GCCCCCGTCAATTCCTTTGAGTTTCAGCCTTGCGGCCGTACTCCCCA 
GGCGGAATGCTTAATGCGTTAGCTGCAGCACTGAANGGCGGAAACCC 
TCCAACACTTAGCATTCATCGTTTACGGTATGGACTACCAGGGTATC 
TAATCCTGTTTGCTACCCATACTTTCGAGCCTCAGCGTCAGTTACAG 
ACCAGACAGCCGCCTTCGCCACTGGTGTTCTTCCATATATCTACGCAT 
TTCACCGCTACACATGGAGNTCCACTGTCCTCTTCTGCACTCAAGTTT 
CCCAGTTTCCGATGCACTTCTTCGGTTGAGCCGAANGCTTTCACATCA 
NACTTAAAAAAACCNCCTGCGCTCGCTTNACGCCCAATAAATCCGGAC 
AACGCTTGCCACCTACNTN 
 

Lactobacillus sp.  

 


