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ABSTRACT OF THE THESIS 

 

 

 

Comparative Genomics of Transport Proteins in Probiotic and Pathogenic Escherichia 

coli strains 

 

 

 

by 

 

 

 

Jimmy Hoang Do 

 

Master of Science in Biology 

 

University of California, San Diego, 2016 

Professor Milton Saier, Chair 

 

Escherichia coli is a genetically diverse species, representing pathogenic, 

probiotic, and commensal strains, while E. coli K-12 is a commonly laboratory strain. 

Pathogenic strains of E. coli are known to cause urinary tract infections, diarrhea, 

hemorrhagic colitis, and pyelonephritis worldwide. In addition, there are two probiotic 

strains, E. coli Nissle 1917 and O83, which have been shown to combat 

inflammatory bowel disease. In this study, we identify the transport systems and their 

substrates within five E. coli strains, two pathogens, two probiotics, and K-12, to identify



 

 x 

 transport systems characteristic of either probiotic or pathogenic species. We found that 

the probiotic and pathogenic strains generally contain more iron-siderophore and sugar 

transporters than E. coli K-12. Pathogens have an increased number of pore-forming 

toxins and protein secretion systems than the probiotic strains do. Both pathogens and 

probiotic strains encode sugar transporters that reflect their intracellular or extracellular 

environments. In general, both groups seem to show high similarity, suggesting that only 

a few virulence factors can convert a beneficial microorganism into a pathogenic one. 

Taken together, these results provide a starting point for future engineering or other 

applied studies on probiotic bacteria.
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INTRODUCTION 

Probiotic bacteria are live microorganisms that, when administered orally in 

adequate quantities, can colonize the intestines and confer upon the host health benefits. 

By contrast, prebiotic substances are defined as nutrients that stimulate the growth of 

probiotic species. Adaptive co-evolution of humans and bacteria over millennia has 

resulted in symbiotic relationships in which both partners benefit (1-3). The mechanisms 

of action of probiotics have been generalized to (1) strengthening the intestinal barrier, 

(2) modulating the immune response, (3) secreting antimicrobial compounds, and (4) 

competing with pathogens for mucosal binding sites (4). However, some mechanisms are 

strain-specific or are poorly defined (5). 

Escherichia coli is the leading cause of preventable infant mortality worldwide, 

and it causes several pathogenic conditions. However, it also includes commensal and 

probiotic strains (6). As such, E. coli genomes are composed of two gene pools: the core 

and the variable portion of the genomes, in which the core pool is conserved between 

strains, and the flexible pool is variable and strain-specific (4). E. coli Nissle 1917 is a 

well-studied probiotic strain that has been shown to exhibit anti-invasive effects on 

bacterial pathogens without requiring physical contact with the invasive bacteria or the 

epithelial cells (7, 8). However, the mechanism of action of probiotic E. coli O83 is less 

well understood, and it is thought to directly compete with bacterial pathogens through 

adhesion, iron acquisition, and bacteriocin secretion (8). Regardless, both strains have 

been shown to be clinically useful in ameliorating diseases, such as inflammatory bowel 

disease (9).

In a previous study, Tang and Saier reported that pathogenic strains of E. coli 
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each possess a complement of transport proteins that provided clues as to the systems that 

imparted virulence to these strains (10). Many transporters were unique to certain 

pathogens, and their presence or absence explained, in part, their virulence properties. For 

example, sets of protein secretion systems for export to the cell surface or for injecting 

effector proteins into host cells were generally strain-specific. Pathogens also have 

increased numbers of iron siderophore receptors and ABC iron uptake transporters 

compared to E. coli K-12, but the numbers and types of low-affinity secondary iron 

carriers were uniform in all strains. Each pathovar encodes a different set of pore-forming 

toxins and virulence-related outer membrane proteins lacking in the non-virulent K-12 

strain (10).  

The goal of this study was to extend these results to probiotic E. coli strains for 

comparative purposes. Five E. coli strains, two representative pathogens (E. coli strains 

CFT073 and O157), two probiotic lines (E. coli strains O83 and Nissle 1917), and E. coli 

K-12, were examined to analyze the distribution of transport systems and their substrates 

in order to elucidate differences between substrates transported, and transporter types that 

might confer probiotic versus pathogenic character. Table 1 presents the basic traits of 

these five strains.
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METHODS 

Genome-BLAST (G-BLAST) search for transport proteins 

The proteomes of five E. coli strains (O83, Nissle 1917, CFT073, O157, and K-

12) were obtained from GenBank and were screened against the Transporter 

Classification Database (TCDB; www.tcdb.org) for transport protein homologues in 

January, 2015 using G-BLAST (11). G-BLAST is especially designed for this purpose, as 

it uses FASTA-formatted protein sequences from the genome as a query to search for 

homologous transport proteins within TCDB and then retrieves information from the TC 

top hit (TCID number, number of amino acyl residues (aas), predicted numbers of 

transmembrane segments (TMSs), TMS overlap between query and hit, and e-value for 

the query and hit proteins) (12). To predict the number of TMSs, G-BLAST uses another 

program, HMMTOP 2.0, to highlight regions of both hydrophobicity and amphipathicity 

along hydropathy profiles (13). The Web-based Amphipathicity and Topology (WHAT) 

program was used to display hydropathy and amphipathicity profiles of individual 

proteins with a window size of 19 aas and a viewing angle of 100° for α-helices or 180° 

for β-strands in order to compare the topologies of the query proteins and their top TC 

hits (14). Proteins with no TMSs were not automatically excluded since many 

multicomponent systems contain soluble components, and were therefore considered to 

be potential transport protein homologues. 

 

Examination of transport protein homologues 

An arbitrary e-value cutoff of 0.0001 was initially used. The remaining proteins
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that had e-values of 0.0001 or less were manually examined using topological data to 

determine if they were indeed true homologues of recognized transport proteins or if they 

were false positive. Since two proteins showing homology in hydrophilic regions can 

give small e-values, manual examination was required in order to avoid including well-

scoring proteins that were not actual homologues of known transport proteins. By using 

the hydropathy profile generated by WHAT, it could be seen whether HMMTOP 2.0 has 

missed a TMS or predicted a TMS in an incorrect region. This also allowed for the 

inclusion or exclusion of TC hits based on the numbers of TMSs, as well as the locations 

of the TMSs. However, it is ultimately up to the user to judge the actual numbers and 

locations of TMSs. 

Proteins with poor e-values, between 0.0001 and e-8, represent a range in which 

there could be distant transport protein homologues, and thus, they were examined in 

closer detail using the aforementioned steps. Low-scoring hits that proved to be 

recognizable transport proteins were incorporated into TCDB. 

 

Identification of substrates transported 

Authentic transport protein homologues were assigned substrates according to 

TCDB entries. For entries of unknown function, the genome context of genes encoded 

within an operon or the scientific literature was used to deduce their functions. 
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RESULTS 

Overview of transporter types 

Following the conventions of TCDB, transporters are organized into five well-

defined categories, classes one to five, and two less well-defined categories, classes eight 

and nine. The five well-defined classes are (1) channels (2) secondary carriers (3) 

primary active transporters, (4) group translocators, and (5) transmembrane electron flow 

carriers. Meanwhile, the latter two classes include (8) auxiliary transport proteins and (9) 

transporters or putative transporters of unknown function or mechanism of transport (15, 

16). 

To analyze the distribution of transport proteins within each of the five E. coli 

strains, their proteomes were blasted against TCDB using G-BLAST. The results are 

shown in detail in Table S1, while Table 2 summarizes the distribution of the subclasses 

of transporters found in each of the five E. coli strains according to TC number. 

Surprisingly, the probiotic strains and E. coli K-12 all contain fewer transport proteins 

than their pathogenic counterparts (891, 908, and 897 versus 942 and 958). In general, all 

five strains show a similar distribution of the different transporter classes. The most 

obvious differences are among pore-forming toxins, auxiliary transport proteins, and 

putative transport proteins, TC subclass 9.B. The probiotic E. coli strains have fewer of 

each class than the other three strains. 

TC subclass 1.A represents α-type channels except for holins (17). The probiotic 

and pathogenic strains show a similar distribution of these proteins, each falling in the 

range of 30-40 proteins. Similar to our previous study, K-12 contains fewer such systems; 

it only has 30 channel systems (10).
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TC subclass 1.B includes β-barrel porins that are located in the outer membrane 

(18). Similar to the distribution of TC subclass 1.A, the probiotic and pathogenic strains 

each contain more of these types of proteins than K-12. K-12 contains 73 of these 

proteins, whereas the remaining four strains number 92-106. Altogether, approximately 

3-8% of a bacterial transportosome is dedicated to channel-type transporters (19). 

However, all five strains of E. coli do not adhere to this pattern, as the percentage of 

subclass 1.B alone already surpasses 8% in each strain; thus, all five show an unusually 

high number of channel-type transporters. 

TC subclass 1.C includes pore-forming toxins (17). The two pathogenic strains, 

CFT073 and O157, contain 14 and 13 such proteins, respectively. Not surprisingly, the 

remaining three strains show substantially fewer such proteins. The probiotic strains, O83 

and Nissle 1917, contain two and four toxins, respectively, while K-12 contains six. 

TC subclass 1.E consists of holins. The five strains show large variation within 

this subclass and show no consistent pattern. E. coli Nissle 1917 and CFT073 contain 

nine and eight holins, respectively. The largest number of holins, 30, is present within 

O157, while O83 and K-12 fall somewhere in between with 14 and 11, respectively. 

Secondary carriers comprise the second largest number of transport proteins in all 

five strains, with 30% of the transporters in each strain falling within this class. However, 

these proteins and primary active transport proteins are found in similar number. Within 

TC subclass 2.A (porters), each strain contains 271-293 proteins. The remaining class 2 

proteins fall into TC subclass 2.C, ion-gradient-driven energizers of motility and outer 

membrane transport, with three to five such proteins in all five strains. 
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The largest number of transport proteins across all five strains is relegated to 

primary active transporters, which comprise 31-33% of all transport proteins in these 

strains, but because many of these systems are multicomponent, there are far fewer 

systems than in class 2. TC subclass 3.A includes phosphate bond-hydrolysis-driven 

transporters. The probiotic strains contain approximately 264 of these proteins, while the 

three remaining strains contain 218-240. While the numbers are smaller, the percentage 

differences can be considered to be minimal due to the sheer numbers. TC subclass 3.B 

includes decarboxylation-driven transporters, which are absent in the probiotic strains, 

though the remaining three strains all contain two such proteins. TC subclass 3.D 

includes oxidoreduction-driven transporters. The probiotic strains contain about 36 such 

proteins, while the remaining three strains contain 40-49. 

TC subclass 4.A consists of phosphotransfer-driven sugar transporting group 

translocators. These include 48-55 proteins, 5-6% of all transport proteins within each of 

the five strains. TC subclass 4.B includes nicotinamide ribonucleoside uptake transporters 

and their homologues, which number two or three across all five strains. TC subclass 4.C 

includes acyl-CoA ligase-coupled transporters, which also number two across all strains. 

TC subclass 4.D includes polysaccharide synthase/exporters. All strains contain three or 

four of these proteins. 

TC subclass 5.A includes transmembrane two-electron carriers. There are 28-30 

of these proteins in each of the five strains. TC subclass 5.B includes transmembrane one-

electron carriers. While these are absent in the probiotic strains as well as E. coli 

CFT073, O157 and K-12 each contains two to four of these carriers. 
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TC subclass 8.A includes auxiliary transport proteins that do not participate 

directly in the transport process, but facilitate this process. The probiotic strains contain 

19 such proteins; the pathogens contain 37 and 35, while K-12 contains 33. 

The remainder of the proteins in each strain falls into TC subclasses 9.A, known 

transporters that function by unknown mechanism of action, or 9.B, putative transporters. 

Each E. coli strain shows 7-12 proteins from TC subclass 9.A, but in TC subclass 9.B, the 

probiotic strains show 51 and 54 proteins, while the remaining strains show 69-72. 

 

Differences in transported substrates between probiotic and pathogenic strains 

To better understand the contribution of transport systems to probiotic or 

pathogenic character, the probable substrate specificity of each transport protein was 

predicted. While the results are extensively tabulated in Table S1, Table 3 provides an 

overview of predicted substrate types transported, and it can be seen that the probiotic 

strains and E. coli K-12 each contain fewer complete transport systems than the 

pathogenic strains of E. coli (581-591 versus 640-649). In general, the distribution of 

transported substrates is similar across all five strains, though there are notable 

differences. 

The results in Table 3 show that the probiotic E. coli strains contain fewer DNA 

transporters (10-11 versus 2-3) and transporters of unknown function (41-62 versus 70-

83) than the other three strains. Similarly, the pathogenic strains contain far more protein 

and peptide transporters than the probiotic strains or E. coli K-12 (90-116 versus 75-81), 

many probably for secretion of virulence factors. With regards to siderophore transport, 

both the probiotic and pathogenic strains contain more such systems than E. coli K-12 
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(20-30 versus 16). Interestingly, E. coli CFT073 contains more drug exporters than the 

other four strains (43 versus 33-38), while E. coli O157 contains fewer polysaccharide 

transporters than the other four strains (12 versus 17-24). 

 

Carbon utilization by probiotic and pathogenic strains 

From the lists of transporters and their substrates (Tables 2 and 3), transporters 

that are unique to the probiotic strains are summarized in Table S2, while those unique to 

the pathogenic strains are summarized in Table S3. 

To better understand the carbon source usage of the five strains, the occurrence of 

carboxylate and sugar transporters were examined more closely. These two categories of 

transport proteins are summarized in Tables S4 and 4, respectively. With regards to 

carboxylate transporters, most are shared between the five strains. There are two 

probiotic-exclusive transporters, which catalyze uptake of gluconate and ascorbate (TC#s 

2.A.8.1.1 and 4.A.7.1.2, respectively) (Table S4). In contrast, there are eight pathogen-

exclusive carboxylate transporters, six of which catalyze uptake (TC#s 2.A.1.15.1 and 2, 

2.A.8.1.3, 2.A.16.2.2, 2.A.23.1.6, 2.A.68.1.1) and two that catalyze bidirectional 

transport of formate and C4-dicarboxylates (TC#s 1.A.1.16.2 and 2.A.61.1.2, 

respectively). 

Of the sugar transporters, the numbers of probiotic-exclusive systems are small, 

numbering only eight (Table 4). One of these proteins (TC# 2.A.1.2.18) probably 

catalyzes efflux of galactosides, including lactose and melibiose. The remaining seven 

(TC#s 3.A.1.1.25, 28, 34, 41, and 44; 3.A.1.2.14, and 20) catalyze uptake of various 

sugars that are found either intracellularly or extracellularly. In the pathogens, there are 
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12 exclusive sugar transporters. One catalyzes efflux of xylose (TC# 2.A.1.1.3), and the 

other eleven catalyze uptake of oligogalacturonates (TC# 1.B.35.2.2), sucrose (TC# 

2.A.1.5.3), melibiose (TC# 2.A.2.1.1), β-xylosides (TC# 2.A.2.3.5), cellobiose (TC# 

2.A.2.3.6), rhamnose (TC# 3.A.1.2.9), glucose (TC#s 4.A.1.1.9, 4.A.6.1.6), α-glucosides 

(TC# 4.A.1.1.10), mannose (TC# 4.A.2.1.6), and fructose (TC# 4.A.2.1.14). 

Both the probiotic and pathogenic strains share a high number of sugar uptake 

transporters. Upon closer inspection, it can be seen that E. coli CFT073, the only strain 

that resides intracellularly within the host, contains more sugar transporters that are 

specific to sugars that reside within the cytoplasm (i.e., glucose, fructose, trehalose, etc.), 

while strains that reside extracellularly, the two probiotic strains and E. coli O157, 

contain more sugar transporters that are specific to sugars that are found outside of the 

cell (i.e., raffinose, lactose, melibiose, etc.). This consistent trend has been noticed 

previously when larger numbers of these pathogens were analyzed (10). In addition, it 

can be seen that the probiotic-exclusive sugar transporters all catalyze uptake of mono- 

and oligosaccharides, such as trehalose, maltose, sucrose, ribose, and arabinose, whereas 

the single probiotic-exclusive transporter catalyzes efflux of lactose and melibiose (Table 

4). 

 

Transporters that contribute to pathogenesis are also found in probiotic strains 

Protein and DNA secretion systems, total iron transporters, and toxins were 

examined because of their involvement in pathogenicity. The results are summarized in 

Tables 5, 6, and 7, respectively. As presented in Table 5, the occurrence of protein 

secretion systems is very disparate and shows no obvious patterns. The Drug Exporter-1 
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system in the type I secretion system (T1SS), 3.A.1.105.4, is unique to the probiotic 

strains; both strains contain five components, and therefore one complete system. Like 

our previous studies, the presence of type VI secretion system (T6SS) constituents is 

common to pathogenic strains, but there are proteins also present in the probiotic strains 

(10). Nevertheless, it can be seen that the pathogenic strains contain more of these 

secretion proteins than the probiotic or commensal strains, numbering 21-24 versus 6-14 

(Table 5). This suggests that while the former are complete, the latter are not. As 

expected, common to all five strains is the presence of the general secretory pathway in 

the type 2 secretion system (T2SS), 3.A.5.1.1. 

With regards to iron transporters, it can be seen that the pathogenic strains share 

with the probiotic strains most of their secondary iron transport systems and some 

primary active transporters (Table 6). It appears that five of the iron transport systems are 

unique to the probiotic strains and may catalyze the uptake of Fe3+-pseudobactin 

(1.B.14.1.15), Fe3+-ferrioxamine (1.B.14.1.20), heme (1.B.14.10.1), Fe3+-dicitrate 

(3.A.1.14.1), and Fe3+-vibriobactin (3.A.1.14.8). However, both probiotic and pathogenic 

strains contain more high-affinity than low-affinity iron transporters, consistent with 

previous results (Table 6) (10). Unlike the other two categories of transport systems, 

toxins are virtually absent from the probiotic strains except for colicin V (1.C.31.1.3) and 

cytotoxic fimbrial subunit transporters (1.C.80.1.2 and 3), as shown in Table 7.
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DISCUSSION 

Probiogenomics, the sequencing and analysis of probiotic and commensal gut 

bacteria, is a powerful tool that can facilitate the comparative analyses of large numbers 

of proteins to glean similarities and differences between different species or strains of 

organisms (4). The genomes of five E. coli strains, two probiotic strains, two pathogenic 

strains, and one commensal strain were blasted against TCDB to identify homologues of 

established or putative transport proteins. This allowed us to obtain nearly complete sets 

of transport systems, based on current knowledge of transporters. The sum total of the 

proteins comprises the organisms’ “transportosomes” (20). These transportomes were 

then used to compare and contrast the presence or absence of transport systems, as well 

as the substrates transported, in each of the five strains. 

Analysis of potential carbon sources, particularly carboxylates and sugars, 

revealed that most uptake transporters are shared between the probiotic and pathogenic 

strains, but the large number of probiotic-exclusive sugar uptake transporters is likely to 

confer upon the probiotic strains an advantage over the pathogens. The probiotic strains 

as well as the extracellular pathogen, E. coli O157, contain many sugar uptake 

transporters specific for sugars found in the extracellular environment, leading to the 

conclusion that their primary site of action is extracellular. Intracellular E. coli pathogens 

preferentially transport a very different set of sugars, those found in the cytoplasm of 

animal cells (10). It is interesting to note that most sugar transport in the probiotic strains 

occurs through permeases, secondary carriers and ABC systems, rather than through PTS 

sugar uptake systems, and that they each contain more ABC systems (3.A.1) than in E. 

coli O157 or the other two strains. It has been shown that ABC-type systems in general
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possess higher affinities for their substrates than secondary carriers (TC family 2.A). 

Therefore, in addition to have increased numbers of sugar uptake systems, these high-

affinity sugar transporters may confer an advantage to the probiotic strains when 

scavenging for sugars present at low concentrations. 

It has been shown that many ingested bacteria can ferment non-digestible 

carbohydrates into short-chain fatty acids, such as acetate, lactate, proprionate, and 

butyrate (21, 22). While acetate and proprionate are used by the liver for lipogenesis and 

gluconeogenesis, butyrate is metabolized in the colonic epithelium and may function as a 

histone deacetylase inhibitor, and thereby regulate mammalian transcription (22). These 

short-chain fatty acids have also been shown to signal, by binding to G-protein-coupled 

receptors, for different functions, depending on the cell type. This effect can range from 

suppression of inflammation by neutrophils to improvement of insulin secretion by 

enteroendocrine L-cells (22). Therefore, E. coli Nissle 1917 and O83 may antagonize gut 

pathogens by affecting the host immune system by virtue of sugar metabolism. 

In E. coli, iron is required to sustain cellular respiration and is crucial to the 

activities of ferric oxidase, NADH oxidase, succinate dehydrogenase, and many 

cytochromes. As such, iron sequestration is a major defense mechanism employed to 

ward off pathogens. Not surprisingly, iron and iron-siderophore transporters were found 

to be present in high numbers within the probiotic strains, as well as in the pathogens. 

TC family 1.B.14 represents outer membrane receptors that are involved in the 

uptake of iron-siderophore complexes and are found in lower numbers in E. coli K-12 

than in the other four strains. However, this is not especially surprising, as the probiotic 

E. coli strains, like the pathogens, must also compete with the host for iron. The probiotic 
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strains and the pathogens also contain more high-affinity inner membrane iron-

siderophore uptake porters (TC class 3.A.1) than E. coli K-12. Interestingly, the numbers 

of outer membrane and inner membrane receptors coincide, suggesting that these two 

types of receptors co-evolved, as discussed previously (10). While these numbers are 

similar to those seen in the pathogens, this probably confers to the probiotic strains an 

advantage over some other microbes in the gut (23). 

Not surprisingly, E. coli O83 Nissle 1917 lacks almost all of the toxins that are 

found in the two pathogens. Both probiotic strains contain cytotoxic fimbrial subunit 

transporters, though the relevance of these transporters is not clear since E. coli strains 

produce dozens of fimbriae with a variety of functions in adhesion, biofilm formation, 

motility, conjugation, and virulence (24, 25). Consistent with previous studies, E. coli 

Nissle 1917 contains an additional toxin, colicin V, which is toxic to other bacteria, but 

not to humans (6). This may allow E. coli Nissle 1917 to antagonize pathogens, 

conferring upon it a competitive advantage over pathogens. 

The presence of protein secretion systems in all five strains shows very disparate 

patterns, as most strains contain many constituents of various systems, though some are 

incomplete and therefore nonfunctional. This suggests that the common ancestor had 

these systems but they were partially lost by some of their progeny. The T6SS has been 

shown to be important in antagonizing other bacteria and in use as a defense mechanism 

through “T6SS dueling” (26). Studies have shown that intercellular T6SS dynamics 

involve targeting prey cells by translocation, or “injection” of effector proteins that 

puncture the prey’s membrane (26). The absence of a T6SS in both probiotic strains is 

noteworthy, as it was possible that E. coli O83 could have inhibited growth of pathogens 
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via T6SS dueling. However, this observation is consistent with the previous finding that 

E. coli Nissle 1917 does not inhibit pathogens through physical contact (7). 

Our studies have shown that some virulence factors that are present in pathogenic 

E. coli strains are also present in the probiotic strains, such as increased numbers of high-

affinity sugar and iron uptake systems. Other virulence factors, such as toxins and T6SSs, 

are not found in the probiotic strains. Previous studies had shown that most factors that 

contribute to pathogenesis have been acquired through horizontal gene transfer (HGT), 

which are found in genomic islands on the chromosome (6). The results provided by G-

BLAST allows detailed comparative analyses, though there are shortcomings, such as its 

inability to infer HGT. Future efforts will seek to detect HGT and to integrate transporter 

proteomic with these genomic analyses. Based on the presented data, it is possible that 

some transporters will prove to be useful for diagnostic purposes, or for genetically 

engineering probiotic strains.
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TABLES 

 

Table 1.  Overview of the five E. coli strains and their basic traits. 
 

Strain designation O83:H1 Nissle 1917 CFT073 O157:H7 K-12 MG1655 

Accession no. NC_017634.1 CP007799.1 AE014075.1 NC_002695.1 NC_000913.3 

Genome size (Mbp) 4.75 5.44 5.23 5.50 4.64 

Total proteins 4429 4821 5379 5204 4140 

Total transport systems 589 581 649 640 591 

Host location Extracellular Extracellular Intracellular Extracellular Extracellular 

Serovar type Probiotic Probiotic UPEC EHEC Non-virulent 

 



 
   

103 

T
a
b

le
 2

. 
O

v
er

v
ie

w
 o

f 
th

e 
E

. 
co

li
 t

ra
n

sp
o
rt

er
 a

n
a
ly

se
s 

b
a
se

d
 o

n
 T

C
 s

u
b

cl
a
ss

. 
N

u
m

b
er

s 
in

 p
ar

en
th

es
es

 r
ep

re
se

n
t 

am
o
u
n
t 

o
f 

tr
an

sp
o
rt

 s
y
st

em
s.

 

 

T
C

 s
u

b
cl

a
ss

 a
n

d
 d

es
cr

ip
ti

o
n

 

T
ra

n
sp

o
rt

 p
ro

te
in

s 
%

 

O
8

3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3
 

O
1

5
7
 

K
-1

2
 

O
8

3
 

N
is

sl
e 

1
9

1
7
 

C
F

T

0
7

3
 

O
1

5
7
 

K
-

1
2
 

1
.A

, 
α

-t
y
p

e 
c
h
an

n
el

s 
4

0
 (

4
0

) 
3

7
 (

3
6

) 
3

7
 

(3
3

) 
3

7
 (

3
4

) 
3

0
 (

2
7

) 
4

.5
 

4
.1

 
3

.9
 

3
.9

 
3

.4
 

1
.B

, 
β

-b
ar

re
l 

p
o

ri
n
s 

9
2

 (
9
2

) 
1

0
6

 

(1
0

5
) 

9
9

 

(9
9

) 
1

0
3

 (
9

2
) 

7
3

 (
6
3

) 
1

0
.3

 
1

1
.7

 
1

0
.4

 
1

0
.9

 
8

.4
 

1
.C

, 
P

o
re

-f
o

rm
in

g
 t

o
x
in

s 
2

 (
2

) 
4

 (
4

) 
1

4
 

(1
4

) 
1

3
 (

1
1

) 
6

 (
6

) 
0

.2
 

0
.4

 
1

.5
 

1
.4

 
0

.7
 

1
.E

, 
H

o
li

n
s 

1
4

 (
1
4

) 
9

 (
9

) 
8

 (
8

) 
3

0
 (

3
0

) 
1

1
 (

1
1

) 
1

.6
 

1
.0

 
0

.8
 

3
.2

 
1

.3
 

2
.A

, 
P

o
rt

er
s 

(u
n
ip

o
rt

er
s,

 s
y
m

p
o

rt
er

s,
 

an
ti

p
o

rt
er

s)
 

2
7

1
 

(2
6

5
) 

2
7

1
 

(2
4

0
) 

2
9

3
 

(2
6

6
) 

2
7

3
 

(2
6

2
) 

2
8

2
 

(2
7

1
) 

3
0

.4
 

2
9

.9
 

3
0

.9
 

2
8

.9
 

3
2

.3
 

2
.C

, 
Io

n
-g

ra
d

ie
n
t-

d
ri

v
en

 e
n
er

g
iz

er
s 

5
 (

2
) 

4
 (

2
) 

5
 (

5
) 

3
 (

2
) 

4
 (

2
) 

0
.6

 
0

.4
 

0
.5

 
0

.3
 

0
.5

 

3
.A

, 
P

-P
-b

o
n
d

-h
y
d

ro
ly

si
s-

d
ri

v
en

 t
ra

n
sp

o
rt

er
s 

2
6

5
 (

7
2

) 
2

6
3

 (
7

7
) 

2
4

0
 

(7
8

) 
2

4
0

 (
7

0
) 

2
1

8
 (

6
8

) 
2

9
.9

 
2

9
.1

 
2

5
.3

 
2

5
.4

 
2

4
.9

 

3
.B

, 
D

ec
ar

b
o

x
y
la

ti
o

n
-d

ri
v
e
n
 t

ra
n
sp

o
rt

er
s 

0
 (

0
) 

0
 (

0
) 

2
 (

2
) 

2
 (

2
) 

2
 (

1
) 

0
.0

 
0

.0
 

0
.2

 
0

.2
 

0
.2

 

3
.D

, 
O

x
id

o
re

d
u
ct

io
n

-d
ri

v
e
n
 t

ra
n
sp

o
rt

er
s 

3
5

 (
7
) 

3
7

 (
8
) 

4
0

 

(1
0

) 
4

9
 (

1
1

) 
4

9
 (

1
1

) 
3

.9
 

4
.1

 
4

.2
 

5
.2

 
5

.6
 

4
.A

, 
P

h
o

sp
h
o

tr
an

sf
er

-d
ri

v
e
n
 g

ro
u
p

 

tr
an

sl
o

ca
to

rs
 

5
0

 (
1
5

) 
5

5
 (

1
6

) 
5

3
 

(2
6

) 
4

8
 (

2
7

) 
4

4
 (

2
3

) 
5

.6
 

6
.1

 
5

.6
 

5
.1

 
5

.0
 

4
.B

 N
ic

o
ti

n
a
m

id
e 

ri
b

o
n
u
cl

eo
si

d
e 

u
p

ta
k
e 

tr
an

sp
o

rt
er

s 
2

 (
1

) 
2

 (
1

) 
3

 (
2

) 
2

 (
1

) 
2

 (
1

) 
0

.2
 

0
.2

 
0

.3
 

0
.2

 
0

.2
 

4
.C

, 
A

c
y
l-

C
o

A
 l

ig
as

e
-c

o
u
p

le
d

 t
ra

n
sp

o
rt

er
s 

2
 (

2
) 

2
 (

2
) 

2
 (

2
) 

2
 (

2
) 

2
 (

2
) 

0
.2

 
0

.2
 

0
.2

 
0

.2
 

0
.2

 

4
.D

, 
P

o
ly

sa
cc

h
ar

id
e 

sy
n

th
a
se

 e
x
p

o
rt

er
s 

3
 (

3
) 

3
 (

3
) 

4
 (

4
) 

3
 (

3
) 

4
 (

4
) 

0
.3

 
0

.3
 

0
.4

 
0

.3
 

0
.5

 

5
.A

, 
T

ra
n
sm

e
m

b
ra

n
e 

tw
o

-e
le

c
tr

o
n
 t

ra
n
sf

er
 

ca
rr

ie
rs

 
2

9
 (

1
2

) 
2

9
 (

1
2

) 
2

9
 

(1
2

) 
2

8
 (

1
0

) 
3

0
 (

1
2

) 
3

.3
 

3
.2

 
3

.1
 

3
.0

 
3

.4
 

5
.B

, 
T

ra
n
sm

e
m

b
ra

n
e 

o
n
e
-e

le
c
tr

o
n
 t

ra
n
sf

er
 

ca
rr

ie
rs

 
0

 (
0

) 
0

 (
0

) 
2

 (
2

) 
2

 (
2

) 
4

 (
4

) 
0

.0
 

0
.0

 
0

.2
 

0
.2

 
0

.5
 

 



 
   

104 

T
a
b

le
 2

, 
co

n
ti

n
u
ed

. 

 8
.A

, 
A

u
x
il

ia
ry

 t
ra

n
sp

o
rt

 p
ro

te
in

s 
1

9
 (

0
) 

1
9

 (
0
) 

3
7

 (
0
) 

3
5

 (
0
) 

3
3

 (
0
) 

2
.1

 
2

.1
 

3
.9

 
3

.7
 

3
.8

 

9
.A

, 
R

ec
o

g
n
iz

ed
 t

ra
n

sp
o

rt
er

s 
o

f 
u

n
k

n
o

w
n
 

b
io

ch
e
m

ic
al

 m
ec

h
an

is
m

 
1

2
 (

1
1

) 
1

2
 (

1
1

) 
1

0
 

(1
0

) 
7

 (
7

) 
8

 (
8

) 
1

.3
 

1
.3

 
1

.1
 

0
.7

 
0

.9
 

9
.B

, 
P

u
ta

ti
v
e 

tr
an

sp
o

rt
 p

ro
te

in
s 

5
1

 (
5
1

) 
5

4
 (

5
4

) 

7
1

 

(6
7

) 
6

9
 (

6
8

) 
7

2
 (

7
1

) 
5

.5
 

5
.8

 
7

.5
 

7
.3

 
8

.2
 

T
o

ta
l 

8
9

2
 

(5
8

9
) 

9
0

8
 

(5
8

1
) 

9
4

9
 

(6
4

9
) 

9
4

6
 

(6
4

0
) 

8
7

3
 

(5
9

1
) 

1
0

0
 

1
0

0
 

1
0

0
 

1
0

0
 

1
0

0
 

 
 



 
   

105 

T
a
b

le
 3

. 
O

v
er

v
ie

w
 o

f 
tr

a
n

sp
o
rt

 s
y

st
e
m

s 
in

 E
. 
co

li
 b

a
se

d
 o

n
 p

re
d

ic
te

d
 s

u
b

st
ra

te
 s

p
ec

if
ic

it
y
. 

 

S
u

b
st

ra
te

 

ca
te

g
o

ry
 

S
u

b
st

ra
te

 s
u

b
ca

te
g

o
ry

 
T

ra
n

sp
o

rt
 s

y
st

e
m

s 
%

 

O
8

3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3

 
O

1
5

7
 

K
-1

2
 

O
8

3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3

 
O

1
5

7
 

K
-1

2
 

O
rg

an
ic

 
A

m
in

es
 

1
7
 

1
6
 

1
6
 

1
9
 

1
9
 

2
.9

 
2

.8
 

2
.5

 
3

.0
 

3
.2

 

  
A

m
in

o
 a

ci
d

s 
6

0
 

5
8
 

5
6
 

5
5
 

5
7
 

1
0

.2
 

1
0

.0
 

8
.6

 
8

.6
 

9
.6

 

  
C

ar
b

o
x

y
la

te
s 

5
6
 

5
4
 

5
7
 

5
2
 

5
7
 

9
.5

 
9

.3
 

8
.8

 
8

.1
 

9
.6

 

  
D

ru
g

s 
3

8
 

3
7
 

4
3
 

3
8
 

3
3
 

6
.5

 
6

.4
 

6
.6

 
5

.9
 

5
.6

 

  
N

u
cl

eo
ti

d
es

/n
u
cl

eo
si

d
es

 
2

0
 

2
0
 

2
1
 

2
0
 

2
1
 

3
.4

 
3

.4
 

3
.2

 
3

.1
 

3
.6

 

  
M

o
n
o

/o
li

g
o

sa
cc

h
ar

id
es

 
5

3
 

5
4
 

5
4
 

5
2
 

5
3
 

9
.0

 
9

.3
 

8
.3

 
8

.1
 

9
.0

 

  
S

u
g
ar

 d
er

iv
at

iv
e
s 

1
8
 

1
8
 

1
8
 

1
7
 

1
6
 

3
.1

 
3

.1
 

2
.8

 
2

.7
 

2
.7

 

  
V

it
a
m

in
s 

6
 

7
 

6
 

6
 

6
 

1
.0

 
1

.2
 

0
.9

 
0

.9
 

1
.0

 

  
S

u
g
ar

 a
lc

o
h
o

ls
 

1
0
 

1
0
 

1
0
 

9
 

8
 

1
.7

 
1

.7
 

1
.5

 
1

.4
 

1
.4

 

  
S

id
er

o
p

h
o

re
s 

2
7
 

3
0
 

2
8
 

2
0
 

1
6
 

4
.6

 
5

.2
 

4
.3

 
3

.1
 

2
.7

 

  
N

o
n
-s

p
ec

if
ic

 
5

 
7

 
9

 
8

 
9

 
0

.8
 

1
.2

 
1

.4
 

1
.3

 
1

.5
 

In
o

rg
an

ic
 

A
n
io

n
s 

3
7
 

3
9
 

3
9
 

3
7
 

2
7
 

6
.3

 
6

.7
 

6
.0

 
5

.8
 

4
.6

 

  
C

at
io

n
s 

5
3
 

5
8
 

5
4
 

6
5
 

6
4
 

9
.0

 
1

0
.0

 
8

.3
 

1
0

.2
 

1
0

.8
 

  
E

le
ct

ro
n
s 

1
6
 

1
6
 

1
8
 

1
8
 

2
0
 

2
.7

 
2

.8
 

2
.8

 
2

.8
 

3
.4

 

  
W

at
er

 
1

 
0

 
1

 
1

 
1

 
0

.2
 

0
.0

 
0

.2
 

0
.2

 
0

.2
 

M
ac

ro
m

o
le

c
u
le

 
D

N
A

 
3

 
2

 
1

1
 

1
1
 

1
0
 

0
.5

 
0

.3
 

1
.7

 
1

.7
 

1
.7

 

  
P

o
ly

sa
cc

h
ar

id
es

 
2

3
 

2
3
 

2
4
 

1
2
 

1
7
 

3
.9

 
4

.0
 

3
.7

 
1

.9
 

2
.9

 

  
P

ro
te

in
s/

p
ep

ti
d

es
 

7
5
 

8
1
 

9
0
 

1
1

6
 

7
6
 

1
2

.7
 

1
3

.9
 

1
3

.9
 

1
8

.1
 

1
2

.9
 

  
L

ip
id

s 
9

 
1

0
 

1
1
 

9
 

1
1
 

1
.5

 
1

.7
 

1
.7

 
1

.4
 

1
.9

 

U
n

k
n
o

w
n

 
U

n
k
n
o

w
n

 
6

2
 

4
1
 

8
3
 

7
5
 

7
0
 

1
0

.5
 

7
.1

 
1

2
.8

 
1

1
.7

 
1

1
.8

 

 T
o

ta
l 

 

5
8

9
 

5
8

1
 

6
4

9
 

6
4

0
 

5
9

1
 

1
0

0
 

1
0

0
 

1
0

0
 

1
0

0
 

1
0

0
 

 
 



 
   

106 

T
a
b

le
 4

. 
O

cc
u

rr
en

ce
 o

f 
su

g
a
r 

tr
a
n

sp
o
rt

er
s 

a
n

d
 t

ra
n

sp
o
rt

 d
ir

ec
ti

o
n

 i
n

 E
. 
co

li
. 
T

ra
n
sp

o
rt

er
s 

m
ar

k
ed

 i
n
 y

el
lo

w
 a

re
 p

re
se

n
t 

in
 

al
l 

fi
v
e 

st
ra

in
s,

 w
h
il

e 
o
n
es

 m
ar

k
ed

 i
n
 g

re
en

 a
re

 p
ro

b
io

ti
c-

ex
cl

u
si

v
e.

 

 

T
C

ID
 

S
u

b
st

ra
te

 t
ra

n
sp

o
rt

ed
 

U
p

ta
k

e
 

E
ff

lu
x

 
O

8
3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3

 
O

1
5

7
 

K
-1

2
 

1
.B

.3
.1

.3
 

β
-g

lu
co

si
d

es
 

X
 

 
2

 
2

 
2

 
0

 
1

 

1
.B

.1
5

.1
.1

 
R

af
fi

n
o

se
 

X
 

 
1

 
1

 
1

 
1

 
0

 

1
.B

.3
5

.2
.2

 
O

li
g
o

g
al

ac
tu

ro
n
at

e
 

X
 

 
0

 
0

 
0

 
1

 
1

 

2
.A

.1
.1

.1
 

G
al

ac
to

se
 

 
X

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.1

.2
 

A
ra

b
in

o
se

 
 

X
 

1
 

1
 

1
 

1
 

1
 

2
.A

.1
.1

.3
 

X
y
lo

se
 

 
X

 
0

 
0

 
0

 
1

 
1

 

2
.A

.1
.1

.9
2

 
S

u
g
ar

s 
 

X
 

1
 

1
 

1
 

1
 

1
 

2
.A

.1
.1

.9
5

 
X

y
lo

se
 

 
X

 
1

 
1

 
2

 
0

 
1

 

2
.A

.1
.1

.1
1

4
 

X
y
lo

se
 

 
X

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.1

.1
1

5
 

X
y
lo

se
 

 
X

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.2

.1
4

 
A

ra
b

in
o

se
 

 
X

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.2

.1
5

 
A

ra
b

in
o

se
, 

is
o

p
ro

p
y
l 

β
-D

-t
h
io

-

g
al

ac
to

p
y
ra

n
o

si
d

e 
 

X
 

1
 

1
 

1
 

1
 

1
 

2
.A

.1
.2

.1
8

 
L

ac
to

se
, 

m
el

ib
io

se
 

 
X

 
0

 
1

 
0

 
0

 
0

 

2
.A

.1
.2

.6
5

 
A

ra
b

in
o

se
 

 
X

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.4

.1
 

S
u

g
ar

-P
 

X
 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.4

.4
 

H
ex

o
se

-P
 

X
 

 
1

 
1

 
1

 
2

 
1

 

2
.A

.1
.5

.1
 

L
ac

to
se

 
X

 
 

1
 

1
 

1
 

1
 

1
 

2
.A

.1
.5

.3
 

S
u
cr

o
se

 
X

 
 

0
 

0
 

0
 

1
 

0
 

2
.A

.1
.7

.1
 

F
u
co

se
 

X
 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.7

.5
 

D
eo

x
y
ri

b
o

se
 

X
 

 
0

 
1

 
1

 
0

 
0

 

2
.A

.1
.7

.1
4

 
F

u
co

se
 

X
 

 
1

 
1

 
1

 
1

 
1

 



 
   

107 

T
a
b

le
 4

, 
co

n
ti

n
u
ed

. 

 2
.A

.1
.2

0
.1

 
L

ac
to

se
, 

g
lu

co
se

, 
ar

o
m

at
ic

 g
lu

co
si

d
es

, 

g
al

ac
to

si
d

es
 

 
X

 
0

 
0

 
0

 
0

 
1

 

2
.A

.1
.2

0
.2

 
L

ac
to

se
, 

g
lu

co
se

 
 

X
 

1
 

1
 

1
 

1
 

1
 

2
.A

.1
.2

0
.3

 
X

y
lo

se
 

 
X

 
0

 
0

 
0

 
0

 
1

 

2
.A

.1
.3

6
.3

 
A

ra
b

in
o

se
 

X
 

X
 

1
 

1
 

1
 

1
 

0
 

2
.A

.1
.4

6
.6

 
A

ra
b

in
o

se
 

 
X

 
1

 
1

 
0

 
1

 
1

 

2
.A

.1
.4

6
.7

 
A

ra
b

in
o

se
 

 
X

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.5

1
.2

 
S

u
g
ar

s 
X

 (
?
) 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.5

2
.1

 
S

u
g
ar

s 
X

 (
?
) 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.5

2
.2

 
S

u
g
ar

s 
X

 (
?
) 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.1
.6

0
.2

 
S

u
g
ar

s 
X

 (
?
) 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.2
.1

.1
 

M
el

ib
io

se
 

X
 

 
0

 
0

 
0

 
1

 
1

 

2
.A

.2
.3

.1
 

G
lu

c
u
ro

n
id

e
 

X
 

 
1

 
1

 
1

 
1

 
1

 

2
.A

.2
.3

.4
 

α
-x

y
lo

si
d

e
 

X
 

 
1

 
1

 
1

 
2

 
1

 

2
.A

.2
.3

.5
 

β
-x

y
lo

si
d

e
 

X
 

 
0

 
0

 
0

 
0

 
1

 

2
.A

.2
.3

.6
 

C
el

lo
b

io
se

 
X

 
 

0
 

0
 

0
 

1
 

0
 

2
.A

.7
.6

.1
 

R
h
a
m

n
o

se
 

X
 

 
1

 
1

 
1

 
0

 
1

 

2
.A

.2
1

.3
.9

 
G

al
ac

to
se

 
X

 
 

1
 

1
 

1
 

1
 

1
 

3
.A

.1
.1

.1
 

M
al

to
o

li
g
o

sa
cc

h
ar

id
es

 
X

 
 

4
 

4
 

4
 

4
 

4
 

3
.A

.1
.1

.2
5

 
T

re
h
al

o
se

, 
m

al
to

se
, 

su
cr

o
se

, 
p

al
at

in
o

se
 

X
 

 
0

 
1

 
0

 
0

 
0

 

3
.A

.1
.1

.2
8

 
G

lu
co

se
 

X
 

 
1

 
1

 
0

 
0

 
0

 

3
.A

.1
.1

.3
4

 
A

ra
b

in
o

se
 

X
 

 
1

 
1

 
0

 
0

 
0

 

3
.A

.1
.1

.4
1

 
T

re
h
al

o
se

 
X

 
 

1
 

1
 

0
 

0
 

0
 

3
.A

.1
.1

.4
4

 
M

al
to

se
, 

m
al

to
d

ex
tr

in
 

X
 

 
1

 
0

 
0

 
0

 
0

 



 
   

108 

T
a
b

le
 4

, 
co

n
ti

n
u
ed

. 

 3
.A

.1
.2

.1
 

R
ib

o
se

 
X

 
 

3
 

3
 

3
 

3
 

3
 

3
.A

.1
.2

.2
 

A
ra

b
in

o
se

 
X

 
 

3
 

3
 

3
 

3
 

3
 

3
.A

.1
.2

.3
 

G
al

ac
to

se
, 

g
lu

co
se

 
X

 
 

3
 

3
 

3
 

3
 

3
 

3
.A

.1
.2

.4
 

X
y
lo

se
 

X
 

 
3

 
3

 
3

 
3

 
3

 

3
.A

.1
.2

.6
 

A
ll

o
se

 
X

 
 

3
 

3
 

3
 

0
 

3
 

3
.A

.1
.2

.9
 

R
h
a
m

n
o

se
 

X
 

 
0

 
0

 
0

 
2

 
0

 

3
.A

.1
.2

.1
4

 
A

ra
b

in
o

se
 

X
 

 
4

 
4

 
0

 
0

 
4

 

3
.A

.1
.2

.2
0

 
R

ib
o

se
 

X
 

 
1

 
1

 
0

 
0

 
0

 

4
.A

.1
.1

.1
 

G
lu

co
se

 
X

 
 

2
 

2
 

2
 

2
 

2
 

4
.A

.1
.1

.3
 

M
al

to
se

 
X

 
 

1
 

1
 

1
 

1
 

1
 

4
.A

.1
.1

.9
 

G
lu

co
se

 
X

 
 

0
 

0
 

1
 

0
 

0
 

4
.A

.1
.1

.1
0

 
α

-g
lu

co
si

d
e
 

X
 

 
0

 
0

 
0

 
1

 
0

 

4
.A

.1
.2

.2
 

β
-g

lu
co

si
d

e
 

X
 

 
1

 
1

 
1

 
0

 
1

 

4
.A

.1
.2

.3
 

β
-g

lu
co

si
d

e
 

X
 

 
1

 
0

 
0

 
1

 
1

 

4
.A

.1
.2

.4
 

T
re

h
al

o
se

 
X

 
 

1
 

1
 

1
 

1
 

1
 

4
.A

.2
.1

.1
 

F
ru

ct
o

se
 

X
 

 
2

 
2

 
2

 
2

 
2

 

4
.A

.2
.1

.6
 

M
an

n
o

se
 

X
 

 
0

 
0

 
0

 
1

 
1

 

4
.A

.2
.1

.9
 

F
ru

ct
o

se
 

X
 

 
3

 
3

 
3

 
0

 
0

 

4
.A

.2
.1

.1
1

 
F

ru
ct

o
se

 
X

 
 

3
 

3
 

3
 

3
 

3
 

4
.A

.2
.1

.1
4

 
F

ru
ct

o
se

 
X

 
 

0
 

0
 

1
 

2
 

2
 

4
.A

.6
.1

.1
 

M
an

n
o

se
 

X
 

 
3

 
3

 
3

 
3

 
3

 

4
.A

.6
.1

.3
 

S
o

rb
o

se
 

X
 

 
4

 
4

 
4

 
3

 
0

 

4
.A

.6
.1

.6
 

G
lu

co
se

 
X

 
 

0
 

0
 

1
 

1
 

0
 

 
 



 
   

109 

T
a
b

le
 5

. 
O

cc
u

rr
en

ce
 o

f 
se

cr
e
ti

o
n

 s
y
st

e
m

 c
o

m
p

o
n

en
ts

 i
n

 E
. 
co

li
. 
T

ra
n
sp

o
rt

er
s 

m
ar

k
ed

 i
n
 y

el
lo

w
 a

re
 p

re
se

n
t 

in
 a

ll
 f

iv
e 

st
ra

in
s,

 

th
o
se

 i
n
 g

re
en

 a
re

 p
ro

b
io

ti
c-

ex
cl

u
si

v
e,

 a
n
d
 t

h
o
se

 i
n
 r

ed
 a

re
 p

at
h
o

g
en

-e
x

cl
u
si

v
e.

 

 

F
a

m
il

y
 

T
C

ID
 

F
u

n
ct

io
n

 
O

8
3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3

 
O

1
5

7
 

K
-1

2
 

T
1

S
S

 
3

.A
.1

.1
0

5
.4

 
D

ru
g
 e

x
p

o
rt

er
 1

 (
4
 c

o
m

p
o

n
e
n
ts

) 
5

 
5

 
0

 
0

 
0

 

 
3

.A
.1

.1
0

9
.4

 
P

ro
te

in
 e

x
p

o
rt

er
 1

 (
4

 c
o

m
p

o
n
e
n
ts

) 
0

 
0

 
2

 
2

 
0

 

 
3

.A
.1

.1
1

0
.1

 
P

ro
te

in
 e

x
p

o
rt

er
 2

 (
4

 c
o

m
p

o
n
e
n
ts

) 
0

 
3

 
3

 
0

 
0

 

 
3

.A
.1

.1
1

3
.3

 
P

ep
ti

d
e 

3
 e

x
p

o
rt

er
 (

4
 c

o
m

p
o

n
en

t)
 

1
 

1
 

1
 

1
 

1
 

T
2

S
S

 G
S

P
 

3
.A

.5
.1

.1
 

S
E

C
-S

R
P

 c
o

m
p

le
x
 (

7
 c

o
m

p
o

n
en

ts
) 

7
 

7
 

7
 

7
 

7
 

M
T

B
 

3
.A

.1
5

.1
.1

 
P

u
ll

u
la

n
as

e 
se

cr
et

io
n
 s

y
st

e
m

 (
1

2
 c

o
m

p
o

n
en

ts
) 

1
0
 

1
0
 

7
 

0
 

7
 

 
3

.A
.1

5
.2

.1
 

P
il

in
 s

ec
re

ti
o

n
/f

im
b

ri
al

 a
ss

e
m

b
ly

 s
y
st

e
m

 (
9

 c
o

m
p

o
n
e
n
ts

) 
2

 
2

 
3

 
4

 
2

 

T
3

S
S

 
3

.A
.6

.1
.1

 
T

y
p

e 
II

I 
se

cr
et

io
n
 s

y
st

e
m

 c
o

m
p

le
x
 (

2
2

 c
o

m
p

o
n
en

ts
) 

0
 

0
 

0
 

1
3
 

0
 

T
4

S
S

 
3

.A
.7

.7
.1

 
T

rs
 D

N
A

 t
ra

n
sf

er
 p

ro
te

in
 c

o
m

p
le

x
 (

1
5

 c
o

m
p

o
n
en

ts
) 

3
 

2
 

2
 

2
 

2
 

 
3

.A
.7

.9
.1

 
Ic

m
/D

o
t 

p
ro

te
in

 s
ec

re
ti

o
n
 s

y
st

e
m

 (
2

6
 c

o
m

p
o

n
e
n
ts

) 
1

 
1

 
0

 
0

 
0

 

 
3

.A
.7

.1
1

.1
 

T
y
p

e 
IV

 b
et

ap
ro

te
o
b

ac
te

ri
al

 D
N

A
 s

ec
re

ti
o

n
 s

y
st

e
m

 (
2

0
 

co
m

p
o

n
e
n
ts

) 
3

 
0

 
1

 
3

 
1

 

 

3
.A

.7
.1

4
.1

 

an
d

 2
 

T
y
p

e 
IV

 (
co

n
ju

g
al

 D
N

A
-p

ro
te

in
 t

ra
n

sf
er

) 
(1

5
 c

o
m

p
o

n
e
n
ts

) 
2

 
4

 
3

 
2

 
2

 

T
6

S
S

 
3

.A
.2

3
.1

.1
 

T
6

S
S

 V
as

A
-L

 (
1

4
 c

o
m

p
o

n
en

ts
) 

1
1
 

6
 

2
1
 

2
4
 

1
4
 

 
3

.A
.2

3
.2

.1
 

T
6

S
S

 E
v
p

A
-P

 (
1

6
 c

o
m

p
o

n
e
n
ts

) 
4

 
3

 
5

 
2

 
1

 

 
 



 
   

110 

T
a
b

le
 6

. 
O

cc
u

rr
en

ce
 o

f 
ir

o
n

 a
n

d
 i

ro
n

-s
id

er
o
p

h
o
re

 t
ra

n
sp

o
rt

er
s 

a
n

d
 t

ra
n

sp
o
rt

 d
ir

ec
ti

o
n

 i
n

 E
. 
co

li
. 
T

ra
n
sp

o
rt

er
s 

m
ar

k
ed

 i
n
 

y
el

lo
w

 a
re

 p
re

se
n
t 

in
 a

ll
 f

iv
e 

st
ra

in
s,

 w
h
il

e 
o
n
es

 m
ar

k
ed

 i
n
 g

re
en

 a
re

 p
ro

b
io

ti
c
-e

x
cl

u
si

v
e.

 

 

T
C

ID
 

S
u

b
st

ra
te

 t
ra

n
sp

o
rt

ed
 

U
p

ta
k

e
 

E
ff

lu
x

 
U

n
k

n
o

w
n

 
O

8
3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3

 
O

1
5

7
 

K
-1

2
 

1
.B

.1
4

.1
.1

 
F

e3
+

-c
o

p
ro

g
en

 
X

 
 

 
1

 
3

 
1

 
1

 
1

 

1
.B

.1
4

.1
.2

 
F

e3
+

-f
er

ri
ch

ro
m

e
 

X
 

 
 

1
 

1
 

1
 

1
 

1
 

1
.B

.1
4

.1
.3

 
F

e3
+

-e
n

te
ro

b
ac

ti
n

 
X

 
 

 
0

 
1

 
1

 
0

 
0

 

1
.B

.1
4

.1
.4

 
F

e3
+

-c
at

ec
h
o

la
te

 
X

 
 

 
1

 
2

 
3

 
2

 
1

 

1
.B

.1
4

.1
.9

 
F

e3
+

-c
at

ec
h
o

la
te

 
X

 
 

 
1

 
1

 
1

 
1

 
1

 

1
.B

.1
4

.1
.1

1
 

F
e3

+
-a

n
g

u
ib

ac
ti

n
 

X
 

 
 

0
 

0
 

1
 

0
 

0
 

1
.B

.1
4

.1
.1

3
 

F
e3

+
 

X
 

 
 

0
 

1
 

1
 

1
 

0
 

1
.B

.1
4

.1
.1

5
 

F
e3

+
-p

se
u
d

o
b

ac
ti

n
 

X
 

 
 

0
 

1
 

0
 

0
 

0
 

1
.B

.1
4

.1
.2

0
 

F
e3

+
-f

er
ri

o
x
a
m

in
e
 

X
 

 
 

0
 

1
 

0
 

0
 

1
 

1
.B

.1
4

.1
.2

2
 

F
e3

+
-e

n
te

ro
b

ac
ti

n
 

X
 

 
 

1
 

1
 

1
 

1
 

1
 

1
.B

.1
4

.1
.2

4
 

S
id

er
o

p
h
o

re
s 

X
 

 
 

1
 

1
 

1
 

1
 

0
 

1
.B

.1
4

.2
.2

 
H

e
m

e
 

X
 

 
 

0
 

1
 

2
 

0
 

0
 

1
.B

.1
4

.2
.1

4
 

H
e
m

e
 

X
 

 
 

1
 

1
 

1
 

1
 

0
 

1
.B

.1
4

.7
.2

 
F

e3
+

-y
er

si
n

ia
b

ac
ti

n
 

X
 

 
 

1
 

1
 

1
 

0
 

0
 

1
.B

.1
4

.9
.3

 
F

e3
+

-f
er

ri
ch

ro
m

e,
 F

e3
+

-

ae
ro

b
ac

ti
n
 

X
 

 
 

0
 

1
 

1
 

0
 

0
 

1
.B

.1
4

.9
.4

 
H

e
m

e
 

X
 

 
 

1
 

0
 

0
 

1
 

1
 

1
.B

.1
4

.1
0

.1
 

H
e
m

e
 

X
 

 
 

1
 

0
 

0
 

0
 

0
 

2
.A

.1
.3

8
.1

 
E

n
te

ro
b

ac
ti

n
 

 
X

 
 

1
 

1
 

1
 

1
 

1
 

2
.A

.1
.5

7
.3

 
F

e3
+

 
X

 
 

 
1

 
1

 
1

 
0

 
0

 

2
.A

.4
.7

.1
 

F
e2

+
 

 
X

 
 

1
 

1
 

1
 

1
 

1
 

2
.A

.5
.5

.1
 

F
e2

+
 

 
X

 
 

1
 

1
 

0
 

1
 

1
 



 
   

111 

T
a
b

le
 6

, 
co

n
ti

n
u
ed

. 

 2
.A

.5
5

.3
.1

 
F

e2
+

 
 

X
 

 
1

 
1

 
1

 
1

 
0

 

2
.A

.1
0

8
.2

.3
 

F
e2

+
 

 
X

 
 

3
 

3
 

1
 

1
 

0
 

3
.A

.1
.1

4
.1

 
F

e3
+

-d
ic

it
ra

te
 

X
 

 
 

0
 

4
 

0
 

0
 

4
 

3
.A

.1
.1

4
.2

 
F

e3
+

-e
n

te
ro

b
ac

ti
n

 
X

 
 

 
4

 
4

 
4

 
4

 
4

 

3
.A

.1
.1

4
.3

 
F

e3
+

-h
y
d

ro
x
a
m

at
e
 

X
 

 
 

3
 

3
 

3
 

3
 

3
 

3
.A

.1
.1

4
.6

 
F

e3
+

-v
ib

ri
o

b
ac

ti
n
/e

n
te

ro
b

ac
ti

n
 

X
 

 
 

1
 

1
 

1
 

1
 

0
 

3
.A

.1
.1

4
.8

 
F

e3
+

-v
ib

ri
o

fe
rr

in
 

X
 

 
 

1
 

1
 

0
 

0
 

0
 

3
.A

.1
.1

4
.1

5
 

B
ac

il
li

b
ac

ti
n

 
X

 
 

 
1

 
1

 
0

 
1

 
0

 

3
.A

.1
.1

4
.1

8
 

H
e
m

e
 

X
 

 
 

3
 

3
 

3
 

3
 

0
 

3
.A

.1
.1

5
.7

 
F

e2
+

 
X

 
 

 
4

 
4

 
4

 
0

 
0

 

3
.A

.1
.2

1
.1

 
F

e3
+

-y
er

si
n

ia
b

ac
ti

n
 

X
 

 
 

2
 

2
 

2
 

0
 

0
 

3
.A

.1
.1

0
6

.7
 

S
al

m
o

c
h
el

in
/e

n
te

ro
b

ac
ti

n
 

 
X

 
 

0
 

1
 

1
 

0
 

0
 

3
.A

.1
.1

0
7

.3
 

H
e
m

e
 

 
X

 
 

3
 

3
 

3
 

3
 

3
 

3
.A

.1
.1

2
0

.6
 

H
e
m

e
 

 
X

 
 

1
 

1
 

2
 

2
 

2
 

3
.A

.1
.1

3
9

.2
 

F
e2

+
 

 
X

 
 

1
 

1
 

0
 

1
 

1
 

9
.B

.1
4

.1
.3

 
H

e
m

e
 

 
 

X
 

1
 

1
 

1
 

1
 

1
 

9
.B

.1
4

.2
.3

 
H

e
m

e
 

 
 

X
 

1
 

1
 

1
 

1
 

1
 

9
.B

.1
5

.1
.1

 
H

e
m

e
 

 
 

X
 

1
 

1
 

1
 

1
 

1
 

9
.B

.2
1

.2
.1

 
F

e2
+

 
 

 
X

 
1

 
1

 
1

 
1

 
1

 

 
 



 
   

112 

T
a
b

le
 7

. 
O

cc
u

rr
en

ce
 o

f 
to

x
in

s 
in

 E
. 
co

li
. 
T

ra
n
sp

o
rt

er
s 

m
ar

k
ed

 i
n
 y

el
lo

w
 a

re
 p

re
se

n
t 

in
 a

ll
 f

iv
e 

st
ra

in
s,

 w
h
il

e 
o
n
es

 m
ar

k
ed

 i
n

 

g
re

en
 a

re
 p

ro
b
io

ti
c
-e

x
cl

u
si

v
e.

 

 

T
C

ID
 

F
a

m
il

y
 

F
u

n
ct

io
n

 
O

8
3
 

N
is

sl
e 

1
9

1
7
 

C
F

T
0

7
3

 
O

1
5

7
 

K
-1

2
 

1
.C

.1
.2

.2
 

C
o

li
ci

n
 

C
o

li
ci

n
 E

1
 

0
 

0
 

1
 

0
 

0
 

1
.C

.1
0

.1
.1

 
H

ly
E

 
H

e
m

o
ly

si
n
, 

H
ly

E
 

0
 

0
 

1
 

1
 

1
 

1
.C

.1
1

.1
.3

 
R

T
X

 t
o

x
in

 
H

e
m

o
ly

si
n
, 

H
ly

A
 

0
 

0
 

1
 

0
 

0
 

1
.C

.3
1

.1
.3

 
C

o
li

ci
n
 V

 
C

o
li

ci
n
 V

 p
re

cu
rs

o
r,

 C
ea

V
 

0
 

1
 

0
 

0
 

0
 

1
.C

.3
6

.1
.1

 
II

IT
C

P
 

T
3

S
S

: 
p

o
re

-f
o

rm
in

g
 c

o
m

p
le

x
 E

sp
B

D
 

0
 

0
 

0
 

2
 

0
 

1
.C

.3
6

.6
.1

 
II

IT
C

P
 

T
3

S
S

: 
p

o
re

-f
o

rm
in

g
 c

o
m

p
le

x
 E

sp
A

D
 

0
 

0
 

0
 

1
 

0
 

1
.C

.5
4

.1
.1

 
S

h
ig

a 
to

x
in

 B
 

S
h
ig

a 
to

x
in

 B
 S

t-
B

 
0

 
0

 
0

 
2

 
0

 

1
.C

.5
7

.3
.3

 
C

lo
st

ri
d

ia
l 

c
y
to

to
x
in

 
P

o
re

 f
o

rm
at

io
n
; 

n
ec

ro
si

s 
in

 h
o

st
, 

C
n
f 

0
 

0
 

0
 

1
 

0
 

1
.C

.7
5

.1
.1

 
S

-P
F

T
 

H
e
m

o
ly

si
n
, 

S
h

lA
 

0
 

0
 

1
 

1
 

0
 

1
.C

.8
0

.1
.1

 
C

y
to

to
x
ic

 m
aj

o
r 

fi
m

b
ri

al
 

su
b

u
n
it

 (
M

rx
A

) 
A

d
h
es

iv
e 

fi
m

b
ri

ae
 (

p
o

re
 f

o
rm

at
io

n
) 

0
 

1
 

5
 

0
 

0
 

1
.C

.8
0

.1
.2

 
C

y
to

to
x
ic

 m
aj

o
r 

fi
m

b
ri

al
 

su
b

u
n
it

 (
M

rx
A

) 
A

d
h
es

iv
e 

fi
m

b
ri

ae
 (

p
o

re
 f

o
rm

at
io

n
) 

1
 

1
 

1
 

1
 

1
 

1
.C

.8
0

.1
.3

 
C

y
to

to
x
ic

 m
aj

o
r 

fi
m

b
ri

al
 

su
b

u
n
it

 (
M

rx
A

) 
A

d
h
es

iv
e 

fi
m

b
ri

ae
 (

p
o

re
 f

o
rm

at
io

n
) 

1
 

1
 

1
 

1
 

1
 

1
.C

.8
0

.1
.4

 
C

y
to

to
x
ic

 m
aj

o
r 

fi
m

b
ri

al
 

su
b

u
n
it

 (
M

rx
A

) 
A

d
h
es

iv
e 

fi
m

b
ri

ae
 (

p
o

re
 f

o
rm

at
io

n
) 

0
 

0
 

1
 

1
 

1
 

1
.C

.8
2

.1
.1

 
H

P
2

-2
0
 

P
o

re
 f

o
rm

at
io

n
 

0
 

0
 

1
 

1
 

1
 

1
.C

.1
1

3
.1

.1
 

H
ly

 I
II

 
H

e
m

o
ly

si
n
, 

H
ly

 I
II

 
0

 
0

 
1

 
1

 
1

 

 



113 

 

113 

 

REFERENCES 

 

1. Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich 

CF, Gordon JI. 2004. The gut microbiota as an environmental factor that 

regulates fat storage. Proc Natl Acad Sci U S A 101:15718-15723. 

 

2. Samuel BS, Gordon JI. 2006. A humanized gnotobiotic mouse model of host-

archaeal-bacterial mutualism. Proc Natl Acad Sci U S A 103:10011-10016. 

 

3. Ventura M, Canchaya C, Tauch A, Chandra G, Fitzgerald GF, Chater KF, 

van Sinderen D. 2007. Genomics of Actinobacteria: tracing the evolutionary 

history of an ancient phylum. Microbiol Mol Biol Rev 71:495-548. 

 

4. Ventura M, O'Flaherty S, Claesson MJ, Turroni F, Klaenhammer TR, van 

Sinderen D, O'Toole PW. 2009. Genome-scale analyses of health-promoting 

bacteria: probiogenomics. Nat Rev Microbiol 7:61-71. 

 

5. Boirivant M, Strober W. 2007. The mechanism of action of probiotics. Curr 

Opin Gastroenterol 23:679-692. 

 

6. Grozdanov L, Raasch C, Schulze J, Sonnenborn U, Gottschalk G, Hacker J, 

Dobrindt U. 2004. Analysis of the genome structure of the nonpathogenic 

probiotic Escherichia coli strain Nissle 1917. J Bacteriol 186:5432-5441. 

 

7. Westendorf AM, Gunzer F, Deppenmeier S, Tapadar D, Hunger JK, 

Schmidt MA, Buer J, Bruder D. 2005. Intestinal immunity of Escherichia coli 

NISSLE 1917: a safe carrier for therapeutic molecules. FEMS Immunol Med 

Microbiol 43:373-384. 

 

8. Hejnova J, Dobrindt U, Nemcova R, Rusniok C, Bomba A, Frangeul L, 

Hacker J, Glaser P, Sebo P, Buchrieser C. 2005. Characterization of the 

flexible genome complement of the commensal Escherichia coli strain A0 34/86 

(O83 : K24 : H31). Microbiology 151:385-398. 

 

9. Jonkers D, Penders J, Masclee A, Pierik M. 2012. Probiotics in the 

management of inflammatory bowel disease: a systematic review of intervention 

studies in adult patients. Drugs 72:803-823. 

 

10. Tang F, Saier MH, Jr. 2014. Transport proteins promoting Escherichia coli 

pathogenesis. Microb Pathog 71-72:41-55. 

 

11. Saier MH, Jr., Yen MR, Noto K, Tamang DG, Elkan C. 2009. The Transporter 

Classification Database: recent advances. Nucleic Acids Res 37:D274-278. 

 

12. Reddy VS, Saier MH, Jr. 2012. BioV Suite--a collection of programs for the 

study of transport protein evolution. FEBS J 279:2036-2046.



114 

 

 

13. Ikeda M, Arai M, Lao DM, Shimizu T. 2002. Transmembrane topology 

prediction methods: a re-assessment and improvement by a consensus method 

using a dataset of experimentally-characterized transmembrane topologies. In 

Silico Biol 2:19-33. 

 

14. Zhai Y, Saier MH, Jr. 2001. A web-based program (WHAT) for the 

simultaneous prediction of hydropathy, amphipathicity, secondary structure and 

transmembrane topology for a single protein sequence. J Mol Microbiol 

Biotechnol 3:501-502. 

 

15. Saier MH, Jr., Reddy VS, Tamang DG, Vastermark A. 2014. The transporter 

classification database. Nucleic Acids Res 42:D251-258. 

 

16. Saier MH, Jr. 2000. A functional-phylogenetic classification system for 

transmembrane solute transporters. Microbiol Mol Biol Rev 64:354-411. 

 

17. Saier MH, Jr., Reddy BL. 2015. Holins in bacteria, eukaryotes, and archaea: 

multifunctional xenologues with potential biotechnological and biomedical 

applications. J Bacteriol 197:7-17. 

 

18. Reddy BL, Saier MH, Jr. 2016. Properties and Phylogeny of 76 Families of 

Bacterial and Eukaryotic Organellar Outer Membrane Pore-Forming Proteins. 

PLoS One 11:e0152733. 

 

19. Ren Q, Paulsen IT. 2005. Comparative analyses of fundamental differences in 

membrane transport capabilities in prokaryotes and eukaryotes. PLoS Comput 

Biol 1:e27. 

 

20. Prestin K, Wolf S, Feldtmann R, Hussner J, Geissler I, Rimmbach C, 

Kroemer HK, Zimmermann U, Meyer zu Schwabedissen HE. 2014. 

Transcriptional regulation of urate transportosome member SLC2A9 by nuclear 

receptor HNF4alpha. Am J Physiol Renal Physiol 307:F1041-1051. 

 

21. Derrien M, van Hylckama Vlieg JE. 2015. Fate, activity, and impact of ingested 

bacteria within the human gut microbiota. Trends Microbiol 23:354-366. 

 

22. Tremaroli V, Backhed F. 2012. Functional interactions between the gut 

microbiota and host metabolism. Nature 489:242-249. 

 

23. Purschke FG, Hiller E, Trick I, Rupp S. 2012. Flexible survival strategies of 

Pseudomonas aeruginosa in biofilms result in increased fitness compared with 

Candida albicans. Mol Cell Proteomics 11:1652-1669. 

 

24. Chahales P, Thanassi DG. 2015. Structure, Function, and Assembly of Adhesive 

Organelles by Uropathogenic Bacteria. Microbiol Spectr 3. 



115 

 

 

25. Giltner CL, Nguyen Y, Burrows LL. 2012. Type IV pilin proteins: versatile 

molecular modules. Microbiol Mol Biol Rev 76:740-772. 

 

26. Basler M, Ho BT, Mekalanos JJ. 2013. Tit-for-tat: type VI secretion system 

counterattack during bacterial cell-cell interactions. Cell 152:884-894. 

 




