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An Attenuated Escherichia coli K88ac LT(S63K)ΔSTb Efficiently Provides Protection Against Enterotoxigenic Escherichia coli in the Mouse Model
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To develop an attenuated vaccine candidate against K88ac enterotoxigenic Escherichia coli (ETEC), a novel Escherichia coli (E. coli) K88ac LT(S63K)ΔSTb with LT(S63K) mutation and ST1 deletion was generated using site mutagenesis and λ-Red homologous recombination based on wild paternal ETEC strain C83902. E. coli K88ac LT(S63K)ΔSTb showed very similar fimbriae expression and growth kinetics to the wild strain C83902, but it was significantly attenuated according to the results of a rabbit ligated ileal loop assay and mouse infection study. Oral inoculation with E. coli K88ac LT(S63K)ΔSTb stimulated the mucosa immune response and induced the secretion of IgA to K88ac in the intestines in mice. A challenge experiment revealed that the attenuated strain provided efficient protection against C83902 in the following 7 days and at the 24th day post-inoculation, suggesting that the attenuated isolate could act as an ecological protectant and vaccine in preventing K88ac ETEC.
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INTRODUCTION

Porcine neonatal diarrhea is a global problem in the pig industry (1). It is mainly caused by enterotoxigenic Escherichia coli (ETEC) strains, which may express fimbriae K88 (F4) or F18 related to bacterial colonization in the intestine. The secreted enterotoxins, including heat labile toxin (LT), heat-stable toxin type I (STa), heat-stable toxin type II (STb), and Shigella toxin type II (Stx2e) (2, 3), are the direct causes of diarrhea. They enhance the capillary permeability and increase the secretion of intestinal gland cells so that a large amount of liquid is accumulated in the small intestine, far exceeding the absorption capacity of the small intestine and leading to diarrhea. The loss of water, sodium, and carbonate ions results in dehydration, metabolic acidosis, and hyperkalemia, and it may induce heart failure and even death (4).

In order to prevent piglet diarrhea caused by ETEC, pregnant sows are usually immunized with live non-enterotoxigenic E. coli or protective antigens such as recombinant antigens of fimbriae and enterotoxins. Newborn piglets obtain passive protective antibodies through the colostrum (5, 6). Some breeds of sows cannot express receptors related to the adhesion of fimbriae, such as K88 receptor-negative sows, which do not produce or transfer specific antibodies against K88 in colostrum even post-immunization. These heterozygous piglets cannot obtain effective passive protection (1). The passive protection obtained through nursing does not effectively prevent post-weaning diarrhea. Egg yolk antibodies against adhesion fimbriae and enterotoxins might play a role in this period (7). In addition, some probiotics, such as Bacillus subtilis, Bacillus licheniformis, Clostridium butyricum, and yeasts, are administered to piglets. These probiotics use the nutrients in the intestinal tract for reproduction (8). During reproduction, lactic acid, butyric acid, antimicrobial peptides, and other substances are produced, causing the pH of the intestinal environment to decrease and inhibiting the growth of harmful bacteria. Probiotics interact with harmful bacteria such as Escherichia coli, Salmonella, and Clostridium welchii to compete for space and nutrition (9). Recently, a recombinant Lactobacillus expressing K88 and K99 fimbria was used to immunize mice orally. Among the immunized mice, 85% resisted a wild ETEC strain (10), indicating that this may be a useful new strategy in controlling piglet diarrhea.

The LT and STb genes are located in a large plasmid in ETEC K88ac, a dominant ETEC expressing K88 fimbria that is related to diarrhea (11, 12). LT plays a role in assisting bacterial adhesion and acts as a good adjuvant for mucosal immunity. Research has indicated that it might significantly enhance the responses of the humoral immune system and induce a high level of antibodies against the co-immune antigens in the intestines and serum, while at the same time avoiding immune tolerance and triggering a long-term memory effect to those co-immune antigens (13, 14). The subunit A of LT contains a domain with ADP-ribosylating activity. Subunit A can bind to NAD, and the serine of amino acid 63 of subunit A is located at the bottom of the NAD-binding chamber, which is closely related to virulence (15). Mutating serine (63) to lysine might cause the virulence of recombinant protein LT to be greatly reduced while retaining its strong adjuvanticity (16).

Our purpose was to construct an oral whole-cell vaccine against K88ac ETEC. In this paper, we developed an attenuated E. coli by mutating nucleotides 187–189 of LT from TCT (serine) to AAA (lysine) and deleting STb using λ-Red homologous recombination. This isolate could efficiently protect vaccinated mice against wild ETEC.



MATERIALS AND METHODS


Animals, Bacterial Strains, Plasmids, and Primers

Eight-week-old female Balb/c mice and Japanese big-ear white rabbits with body weights between 2 and 3 kg were purchased from the Institute of Comparative Medicine, Yangzhou University (Jiangsu, China). Animals were raised under a standard 12-h light/dark cycle, in conventional housing conditions at 20 ± 1°C and 50 ± 10% relative humidity. All of the experimental animal operating procedures were in line with the guidelines for the management and use of experimental animals (2016 edition) and approved by the Animal Care and Use Committee of Yangzhou University. K88ac ETEC strain C83902 (LT+, STb+), used to construct the attenuated E. coli K88ac, was from the China Institute of Veterinary Drug Control (Beijing, China). DH5α competent cells and pUC18 plasmid were purchased from Takara Biotechnology (Dalian) Co., Ltd. Plasmids pSG76-CS and pSTKST as reported (17) were kindly provided by Prof. Lijun Zhang, Shenyang Agricultural University (Liaoning, China). Monoclonal antibody against a factor of K88 fimbriae was kindly provided by Prof. Song Gao, Yangzhou University. The primers (Table 1) used in this paper were designed according to the plasmid pUMNK88 (GenBank accession No. CP002730) and synthesized by Sangon Biotech (Shanghai) Co., Ltd., China.


Table 1. Primers used in constructing E. coli K88ac LT(S63K)ΔSTb.
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Construction of Mutated E. coli K88ac LT(S63K)ΔSTb From C83902

Deletion of STb was performed using an E. coli gene knockout kit (Jiangsu RuiYang BioTech Co., Ltd., China) as protocol and the construction process as shown in Figure 1A. Briefly, PCR fragments using primers P1/P2 and P3/P4 amplified from the C83902 strain were cloned into restriction endonuclease sites EcoR I/Sma I and Sma I/Hind III of plasmid pUC18, then the dif-Gm-dif DNA digested with Sma I was inserted into the restriction endonuclease Sma I site. The constructed plasmid above was used as the template, and the recombinant cassette containing the left homologous arm, right homologous arm, and dif-Gm-dif amplified by PCR using primers P5/P6 was transformed into C83902 with plasmid pKD46 induced by L-arabinose at a final concentration of 4 μg/ml. After homologous recombination, the gentamicin resistance gene (Gmr) was deleted by the dif/Xer recombinant system of the E. coli, and a 34-bp sized dif sequence was left in the large plasmid of the E. coli named K88ac ETECΔSTb, which was verified by PCR using primers P7/P8.


[image: Figure 1]
FIGURE 1. Construction of mutated E. coli K88ac LT(S63K)ΔSTb. (A). Deletion of STb to construct of E. coli K88ac ETECΔSTb by λ-Red homologous recombination; (B). Construction of E. coli K88ac LT(S63K)ΔSTb based on E. coli K88ac ETECΔSTb by mutating nucleotides 187–189 of LT from TCT (serine) to AAA (lysine) using λ-Red homologous recombination.


Using plasmid pSG76-CS as template, another recombinant cassette containing left and right homologous arms, mutated nucleotides, and chloramphenicol resistance gene (Cmr) with two endonuclease I-SceI sites on two sides was amplified by overlapping PCR using primers P9/P10/P11. The PCR product was transformed into K88ac ETECΔST1 with plasmid pKD46 induced by L-arabinose to insert the amplicon into LT by λ-Red recombination. Then, plasmid pKD46 was removed at a temperature of 40°C and the plasmid pSTKST was transformed into the recombinant E. coli. After being induced by chlorotetracycline (Shanghai Yuanmu BioTech Co., Ltd., China) at a final concentration of 30 μg/ml, endonuclease I-SceI expressed by plasmid pSTKST was used to delete the Cmr gene. The large plasmid in E. coli was repaired by the method of broken-end recombination, and the mutation was fixed in LT. Then, plasmid pSTKST was removed at 40°C and the recombinant E. coli named K88ac LT(S63K)ΔSTb was constructed and verified by sequencing the PCR product amplified using primers P12/P13 as Figure 1B.



Indirect Immunofluorescence Assay

E. coli strains including K88ac LT(S63K)ΔSTb, C83902, and DH5α were inoculated in TSB liquid medium and grown for 36 h. One ml of the bacterial solutions was centrifuged at 8,000 g/min for 5 min, washed gently with phosphate buffered saline (PBS) using a wide-bore tip, and resuspended in 1 ml PBS. Five μL of the suspensions was coated on glass slides and immobilized using the heat fixing method. The fixed bacteria were blocked with 5% goat serum for 15 min at room temperature and rinsed with PBS. Then, the slides were incubated with murine monoclonal antibody against a factor of K88 fimbriae diluted in 5% goat serum for 45 min. After being washed with PBS 3 times, the bacteria were incubated with 1:10,000 dilution of goat anti-mouse IgG conjugated with FITC (Abcam, UK) for another 45 min. The glass slides were washed in PBS 3 times, and the dyed bacteria were observed under the oil immersion lens of the microscope.



Growth Characteristics

E. coli K88ac LT(S63K)ΔSTb and C83902 were inoculated into liquid LB medium (pH = 7.2) and cultured overnight at 37°C. After the concentration was adjusted to OD600 = 0.04 with a UV spectrophotometer, the bacterial suspensions were transferred into LB medium at ratio of 1:100 and cultured at 37°C with shaking at 220 rpm. At the time points of 1.5 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h, 14 h, and 16 h post-inoculation, the OD600 values of the suspensions were measured and the growth rate of the attenuated strain was compared with that of wild bacterium.



In vivo Rabbit Ligated Ileal Loop Assay

E. coli bacteria including C83902, K88ac LT(S63K)ΔSTb, and DH5α were grown in an LB medium with horizontal shaking at 37°C overnight, then transferred into a 10-ml CAYE medium at a ratio of 1:100 and cultured at 37°C. Seventy-two hours later, 2,640 units of polymyxin B were added and cultured for an extra 0.5 h. The bacterial suspensions were centrifuged at 10,000 × g for 10 min, and the obtained cell-free culture supernatants were filtered with sterile 0.22 μm-pore filters (Millipore, France).

The rabbit ligated ileal loop assay was performed as described with slight modifications (18). In detail, two Japanese big-ear white rabbits were fasted for 24 h and then anesthetized by the intramuscular injection of xylazine hydrochloride (SuMianXin; Tat Animal Pharmaceutical Co., Ltd. of Jilin Province, China) and zolazepam chloridrate (Zoletil; Virbac Sante Animal, France) at a dose of 0.08 ml/kg and 0.04 ml/kg, respectively. Using laparotomy, the empty mid-ileums were exposed. Ileal loops at lengths of 5 cm were ligated at intervals of 3 cm. Inoculums of 1 ml of cell-free culture supernatants or sterile CAYE medium as control were inoculated into each ligated loop of a rabbit using a 25-gauge needle, and repeated in another rabbit. After the abdominal cavities were closed, the rabbits were kept for 12 h, then euthanized by carbon dioxide inhalation. The volume of secretion in each ligated loop was measured, and the average ratio (the volume of liquid to the length of the intestine) of each sample was calculated. The average ratio was higher than 1.0, indicating that the enterotoxin existed in cell-free culture supernatant.



Infection Study in vivo

The plasmid pUC18 was transformed into E. coli K88ac LT(S63K)ΔSTb and C83902, and the two recombinant bacteria were reproduced in TSB medium with 1 μg/ml ampicillin. Forty-eight hours before the inoculation of bacteria, fructose and ampicillin were added to the animals' drinking water at concentrations of 67 μg/ml and 1 μg/ml respectively to encourage the mice to drink and get rid of the other bacteria; 12 h before inoculation, the mice were fasted; and 4 h before inoculation, the drinking water was changed into sterile water and all of mice were injected with cimetidine (50 mg/kg) intraperitoneally. The mice were divided into three groups and raised in independent units. According to the preliminary experimental results, each mouse of group 1 (n = 10), group 2 (n = 10), and group 3 (n = 10) was inoculated 0.4 ml (approximately 109 CFU) of K88ac ETEC (C83902), K88ac LT(S63K)ΔSTb, and sterile PBS by intragastric administration, respectively. Clinical symptoms were observed in the following 7 days, and clinical signs were recorded and scored every day as described with slight modifications (19): 0, healthy; 1, mental depression and ruffled fur; 2, hunchbacked appearance, shivering, and dark urine; 3, mild diarrhea; 4, severe diarrhea; 5, moribund or dead. The feces were collected over the following 33 days for detecting the inoculated E. coli and IgA secreted in the intestinal tract.



E. coli K88ac LT(S63K)ΔSTb and Wild Strain Detection

Feces collected were inoculated into the TSB liquid medium with 1 μg/ml ampicillin and shaken in an orbital incubator at a speed of 220 rpm for 16 h. PCR assay was performed to detect LT or mutant LT genes in wild or attenuated strains using primers P14 and P15 with an initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 54°C for 30 s, extension at 72°C for 1 min, and an extra extension at 72°C for 5 min. PCR products were visualized in 1.5% agarose gel stained with ethidium bromide using the gel image documentation system.



IgA Detection by Indirect ELISA

The K88ac fimbriae of C83902 were isolated and purified as described (6); the purified fimbriae were adjusted to a concentration of 10 ng/ml in 0.05 mol/l carbonate buffered saline at a pH of 9.6. Then, 100 μl of the diluted antigen was coated into the wells of the 96-well assay plates (Corning, America) overnight at 4°C. The plates were washed twice with PBS containing 0.05% Tween 20 (PBST) and blocked with 200 μl/well of PBST with 5% non-fat dry milk for 1 h at 37°C. The plates were then washed twice more with PBST. Subsequently, 0.5 ml PBS was added into 0.1 g mice feces collected at intervals of 3 days, mixed completely, and centrifuged at 12,000 rpm for 5 min. The supernatants were collected and transferred into 96-well plates at 100 μl/well, incubated for 1 h at 37°C, and washed three times with PBST. A 1:5,000 dilution of HRP-conjugated goat anti-mouse IgA antibody (Abcam, UK) in a blocking solution was dispensed into the plates at 100 μl/well and incubated for 1 h at 37°C. The plates were washed again with PBST, then 100 μl/well of 3,3,5,5-tetramethylbenzidine substrate (Sangon Biotech, China) was added, and the reaction was stopped with 50 μl/well of 2 mol/L sulfuric acid solution 15 min later. The antibody level was measured by the microplate reader (Biotech, America) at a wavelength of 450 nm.



Protection Assay

Fifty mice were divided into three groups (five mice each in Group 1 and Group 2 as control groups and 40 mice in Group 3 as the experimental group), and mice in all of the groups were treated with fructose, antibiotic, and cimetidine as described above. Then, the mice in Group 1 took C83902 with plasmid pUC18 orally at a dose of 109 CFU/each, and mice in Group 2 and Group 3 took E. coli K88ac LT(S63K)ΔSTb with plasmid pUC18 orally at a dose of 109 CFU/each. Group 3 performed as the challenge group. Five mice in Group 3 were selected at random and raised in independent units, then treated with C83902 harboring plasmid pUC18 at a dose of 109 CFU/each at intervals of 24 h post-inoculation over the following 7 days. The last five mice were treated on the 24th day. Clinical signs were recorded over the 3 days following the treatment and scored as described above.



Analysis

Data were analyzed using the GraphPad Prism 5.00 software.




RESULTS


Generation of E. coli K88ac LT(S63K)ΔSTb

To generate the mutant E. coli K88ac, two λ-Red recombinations were carried out. Firstly, the λ-Red recombination system was used to knock out the STb gene located on the large plasmid harbored in C83902. The constructed K88ac ETECΔSTb was verified by PCR and sequence analysis, and the results indicated that the STb gene was replaced by a 34-bp-sized dif (Figure 2A). Secondly, based on the procedure above, a markerless mutation was performed to change the serine at position amino acid 63 of heat-labile toxin into lysine using λ-Red recombination again. Sequencing results showed that the codon TCT(S) was mutated to a codon AAA(K) (Figure 2B), and E. coli K88ac LT(S63K)ΔSTb was obtained.
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FIGURE 2. Identification of mutated E. coli K88ac LT(S63K)ΔSTb. (A). Identification of E. coli K88ac ETECΔSTb by PCR, M. DNA marker, 1. Wild strain C83902, 2. E. coli K88ac ETECΔSTb, 3. E. coli K88ac ETECΔSTb before removal of gentamicin resistance gene, 4. Negative control; (B). Sequence result of mutating TCT (serine) to AAA (lysine).




K88ac LT(S63K)ΔSTb Could Efficiently Express Fimbriae

Usually, fimbriae of K88ac expressed on the surface of E. coli is encoded by the genes in the large plasmid, which is important in the adhesion of susceptible cells in intestinal mucosa and plays important roles in the pathogenic process. To avoid knocking out fimbriae genes by mistake, K88ac were detected by immunofluorescence assay. The results of IFA showed that there was bright fluorescence around the surfaces of K88ac LT(S63K)ΔSTb and C83902, but no fluorescence on the surface of control DH5α as shown in Figure 3, indicating that the mutation and knockout of enterotoxin genes had no effect on the expression of K88ac fimbriae.


[image: Figure 3]
FIGURE 3. Identification of K88ac expressed on the surface of bacteria by IFA. (A). C83902; (B). E. coli K88ac LT(S63K)ΔSTb; (C). E. coli DH5α as negative control.




K88ac LT(S63K)ΔSTb Showed Similar Growth Kinetics to the Wild Strain

To ensure the growth character of E. coli K88ac LT(S63K)ΔSTb, the fresh bacterial fluid of the attenuated Escherichia coli was inoculated into the LB medium at a ratio of 1:100 and cultured at 37°C. C83902 was set as the control, and concentrations of bacterial fluids at different times post-inoculation were measured using the OD600 value obtained by a UV spectrophotometer. As shown in Figure 4, the growth rate of the attenuated strain was a little lower compared with that of the original bacterium in first several hours, but at 10–16 h post-inoculation the bacterial reproduction quantity of the two bacteria reached the same level. This revealed that the attenuated strain had little effect on bacterial reproduction.


[image: Figure 4]
FIGURE 4. Growth kinetics of K88ac LT(S63K)ΔSTb compared with the wild strain. The growth rate of K88ac LT(S63K)ΔSTb was a little lower in the first several hours, but the bacterial reproduction rate of K88ac LT(S63K)ΔSTb reached the same level as C83902 10 h later.




K88ac LT(S63K)ΔSTb Could Not Efficiently Secrete the Active Enterotoxin

To detect the enterotoxin secretion of the mutated strain E. coli K88ac LT(S63K)ΔSTb, the enterotoxins were detected using rabbit ligated ileal loop assay. Sterile culture supernatant of K88ac LT(S63K)ΔSTb was injected into rabbit ligated ileal loops. At the same time, the controls of the sterile culture supernatant of E. coli DH5α, C83902, and CAYE medium were also injected into different rabbit ligated ileal loops separately. Twelve hours later, the volumes of collected intestinal liquid in each ligated loop were measured and the ratio of fluid volume to the corresponding ligated loop length was calculated. The results indicated that the average ratio of positive control inoculating culture supernatant of K88ac ETEC (C83902) was 1.27, but others were no more than 0.9 as shown in Figure 5, demonstrating that the mutated strain could not effectively secrete active diarrhea-causing enterotoxin.


[image: Figure 5]
FIGURE 5. Detection of the active enterotoxin by rabbit ligated ileal loop assay. The average ratio (the volume to the corresponding ligated loop length, V/L) of inoculating the culture supernatant of C83902 was 1.27, but that of inoculating culture supernatants of E. coli K88ac LT(S63K)ΔSTb, DH5α, and sterile CAYE medium were no more than 0.9 (**p < 0.01). Asterisks indicate very significant differences between groups.




K88ac LT(S63K)ΔSTb Was Highly Attenuated in Mouse Models and Caused Mucosal Immune Response

Mice of Group 1 and Group 2 were inoculated with C83902 and K88ac LT(S63K)ΔSTb at doses of 109+CFU/each, and mice of Group 3 were inoculated with sterile PBS as a control. The clinical scores of each group are recorded in Table 2. In detail, 6 h later, the clinical symptoms of the mice in Group 1 were as follows: mental depression, slow reactions, ruffled fur and hunchbacked appearances, shivering, dark urine, and diarrhea. Six mice died 12–24 h post-inoculation, and the remaining mice gradually recovered over the following days. The survival rate of mice in Group 1 was 40%. Except for mild and transient diarrhea seen in one individual mouse of Group 2, the rest of Group 2 and control Group 3 looked quite normal in subsequent experiments. The survival rates of mice in Group 2 and Group 3 were 100%. After dissecting the dead mice of Group 1, inflation, emptiness, and yellow effusion in the intestinal tracts were found. The mouse with mild diarrhea in Group 2 was killed by cervical dislocation, and a small amount of fluid was found in the intestinal tract. The intestinal tract of the control mouse in Group 3 was normal, indicating that the virulence of E. coli K88ac LT(S63K)ΔSTb to the mouse model was greatly reduced.


Table 2. Clinical score recorded after inoculation of E. coli C83902 and K88ac LT(S63K)ΔSTb.
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Feces were collected separately from the three groups every day. After the enrichment of bacteria, the LT and mutant LT genes in the wild or attenuated strains were detected by PCR to ensure the duration in mouse model. Results indicated that the wild strain could persist for 19 days in mouse intestines, while the attenuated strain could persist for 23 days as shown in Figure 6.


[image: Figure 6]
FIGURE 6. Detection of surviving E. coli K88ac LT(S63K)ΔSTb and C83902 in mouse intestines by PCR. (A). C83902 in feces could survive for 19 days; (B). E. coli K88ac LT(S63K)ΔSTb in feces could survive for 23 days.


IgA against fimbriae K88ac in feces was detected by indirect ELISA. From the results of indirect ELISA shown in Figure 7, IgA could be detected out as early as the 6th day after inoculation. As time went on, the highest titer of IgA was found on the 12th day, and a high titer of IgA anti-K88ac could still be detected at the 33rd day. This indicated that the attenuated strain could cause a mucosal immune response in the mouse intestinal tract.


[image: Figure 7]
FIGURE 7. Detection of IgA against K88ac in feces by indirect ELISA. IgA against K88ac could be detected at the earliest on the 6th day post-inoculation (DPI), the highest titer of IgA was found on the 12th day, and high titers of IgA anti-K88ac could still be detected at the 33th day.




K88ac LT(S63K)ΔSTb Provided Efficient Protection Against the Lethal Challenge

Mice of Group 1 (n = 5), Group 2 (n = 5), and Group 3 (n = 40) were treated with fructose, antibiotic, and cimetidine. Then, the mice in Group 1 took C83902 with plasmid pUC18 orally at a dose of 109 CFU/each while the mice in Group 2 and Group 3 took E. coli K88ac LT(S63K)ΔSTb with plasmid pUC18 orally at a dose of 109 CFU/each. Five mice in Group 3 were randomly selected and moved into a new unit at an interval of 24 hours and treated with C83902 containing plasmid pUC18 at a dose of 109 CFU/each until 168 h post-inoculation with the attenuated bacterium. The last five mice were treated at the 24 h post-inoculation, when the attenuated bacteria were eliminated from the mouse intestines. Clinical presentations were scored in the following 72 h post-treatment, and the results indicated that the mice in Group 1 exhibited mental depression, slow reactions, ruffled fur, hunchbacked appearances, and shivering. Four mice died 12–24 h post-inoculation, and one mouse survived at 72 h post-inoculation. The mice in Group 2 looked normal in appearance and behavior. In Group 3, all the mice challenged with the original bacterium were normal until the 5th challenge; one mouse exhibited a hunched back and slow reactions in the following 24 h and recovered the next day at the 6th challenge; one mouse in each unit exhibited mild diarrhea at 24 h, then recovered quickly in the 7th and 8th challenge. The clinical scores were recorded in Table 3, and the survival rates of mice in Group 1, Group 2, and Group 3 were 20, 100, and 100%, respectively.


Table 3. Clinical score recorded after inoculation with E. coli C83902, K88ac LT(S63K)ΔSTb, and being challenged with C83902.
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DISCUSSION

As described previously, our aim was to construct an attenuated strain for an oral whole-cell vaccine against K88ac ETEC based on mutating nucleotides 187–189 of LT from TCT (serine) to AAA (lysine) and deleting STb. λ-Red homologous recombination is a common technique used in the mutation and knockout of genes located in chromosomes, but the genes of LT and STb were in free large plasmids instead of bacterial chromosomes. The unknown copy number of the plasmid, which might lead to incomplete knockout of genes, was the biggest obstacle to using homologous recombination. In this paper, we realized the traceless point mutation in LT and deletion of STb using two λ-Red recombination systems and constructed the E. coli K88ac LT(S63K)ΔSTb from wild paternal E. coli C83902 (K88ac+, LT+, STb+), which was verified by PCR and DNA sequencing. The following enterotoxin detection by rabbit ligated ileal loop assay and in vivo test in mice proved that the constructed strain was an attenuated E. coli.

In the process of λ-Red homologous recombination, imperceptible mistaken deletions may lead to changes in the biological characteristics of bacteria. The characteristics of the mutated bacterium, such as expression of adhesive fimbriae and speed of proliferation, were compared with the original strain. The results demonstrated that the attenuated bacteria expressed the K88ac fimbriae normally, and there was no significant difference in the proliferation rate compared to the wild strain C83902, which provided a reliable theoretical basis for further study of the attenuated strain in animals.

Usually mice are used as animal models in studying pathogenicity and oral ETEC vaccines (9, 20–22). In this paper, the Balb/c mice were inoculated orally with attenuated strains and the pathogenicity of the attenuated strain was significantly decreased compared with the wild parental strain C83902. After taking the attenuated strain, the mice could effectively resist wild K88ac ETEC at doses of 109 bacteria in the following 7 days. Usually the first 7 days is very critical for newborn piglets, when K88ac ETEC may result in yellow scour.

IgA is the predominant antibody at the mucosal surface (23). IgA against fimbrial proteins can neutralize the corresponding antigen and inhibit the adhesion of ETEC strains harboring specific receptors present on the brush borders of villous enterocytes (24). The dates showed that the IgA against K88ac secreted by small intestinal mucosa in mice could be detected on the 6th day after inoculation by indirect ELISA. The titer of IgA then gradually increased as time passed and reached the peak at the 12th day, which indicated that the attenuated strain could stimulate mucosal immune response and secrete antibodies against bacteria. However, there was a 5-day blank window period of antibody formation after immunization. Ecological agents such as probiotics can promote the colonization of normal microbiota, increase digestion capacity, reduce intestinal pH value, and improve mucosal immunity (9). Another important role played by ecological agents is the priority occupying effect, which prevents adhesion and colonization by pathogenic bacteria such as Yersinia enterocolitica and ETEC (25). During the blank window period of IgA formation, the attenuated strain could protect mice against the wild strain C83902, which indicated it might act as a probiotic in the early stage after vaccination. The survival time of the attenuated strain reached 23 days in the intestinal tract of mice, and the results of a challenge at the 24th day post-inoculation revealed that the attenuated isolate as a vaccine could effectively protect the mice against wild ETEC. In addition, the attenuated isolate stayed in the intestines for a long time, it might have potential in the development of mucosal immune transport carrier.

In conclusion, this was the first demonstration of the generation of a high attenuated E. coli K88ac LT(S63K)ΔSTb deletion. Escherichia coli K88ac LT(S63K)ΔSTb could elicit mucosal immune response and provide efficient protection against the lethal challenge of ETEC in mouse models, highlighting the fact that Escherichia coli K88ac LT(S63K)ΔSTb can be used as a live-attenuated vaccine candidate against ETEC. However, the attenuated phenotype and the protective efficacy of Escherichia coli K88ac LT(S63K)ΔSTb in piglets need to be further evaluated.
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There were 30 mice that were equally divided into 3 groups and raised in independent
units. Mice of each group wereinoculated with C83902, K88ac LT(S63K) ASTb, and'sterile
PBS as control by intragastric aoministration at a dose of approximately 10° CFU/each.
Clinical symptoms were observed over the following 7 days. Clinical signs were recorded
and scored. Clinical symptoms of the mice in Group 1 were exhibited at the 6th hour
post-inoculation: 6 mice died, 2 mice had severe diarea, and the remaining 2 had mild
diarrhea at the end of the fist day post-inoculation (DP); 4 mice had mild diarrhea on the
second day, 2 mice were depressed with ruffled fur, and the remaining 2 mice appeared
hunchbacked and moved slowly on the third day, then recovered on the folowing day.
Except for mild and transient diarthea in a single mouse on the first day post-inoculation
with K88ac LT(S63K)ASTb in Group 2, the mice in Group 2 and control Group 3 looked
quite normal during the experimental period.
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Sequence (5'>3)

ctgaattcCGCTGCATTATTGATTTTAGGAC
©gocegggCACCTCAACCTTATTGCTATAAG
CgeccgggTATATTTATCAATAGCATTCAGCACC
gegaagott CCGGATGATCTCTAAATATGAAT
CATATAAAAGCCCACTGG
CTTTTTATGAAAAATTATTTTTG
ATTGTTGACATGAACAGC
GCGATCTCCTTCGTTAGG

gaggaacacaaaccggettitgtoagatat
gatgacggatatgtitccactAAActtagtttgagaagtgetcac

cgagetoggtaceoggggatcogcTAGGGA
TAACAGGGTAATgtcctgetaagtgageactt
ctcaaactaagTTTag

gaatatcetgataatatagactgtoctget
aagtgageactictoaaactaagATTACCCTGT
TATCCCTAtageggocgcaaaaatiaaaaatgaag

GAGGAACACAAACCGGCTTTG
GAATATCCTGATAATATAGACTG
TAGAGACCGGTATTACAGAAATCTGA
TCATCCCGAATTCTGTTATATATGTC

Size (bp)
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DPI  C83092 Kg8ac K88ac LT(S63K)STb (Group 3)
(Group  LT(S63K)STb

1) (Group 2)
Challenge 1 Challenge 2 Challenge 3 Challenge 4 Challenge 5 Challenge 6 Challenge 7 Challenge 8

1 23 0 - - - - - -
2 25 0 0 - - - - - - -
3 2 0 4 0 - - - - -
4 - - 0 0 0 - - - - -
5 - - 0 0 0 - - -
6 - - - - 0 0 0 - - -
7 - - - - - 0 0 2 - -
8 - - - - - 0 2 3 -
9 - - - - - 2 3 -
10 - - - - - - 3 -
2 3
25 3
2 3

“-" means no recording took place.

Fity mice were divided into Group 1 (n = 5), Group 2 (n = 5), and Group 3 (n = 40). The mice in Group 1 took C83902 orally at a dose of 10° CFU/each, and the mice in Group 2 and
Group 300k E. coli K88ac LT(S63K)ASTb orally at doses of 10° CFU/each. Five mice in Group 3 were randomly removediinto anew unit at an interval of 24 h and challenged by C83902
at a dose of 10° CFU/each until 168h post inoculating attenuated bacterium, and the last 5 mice were challenged at the 24th day when the attenuated bacteria were eliminated from
the intestinal tract. Clinical presentations were scored in the following 72 h post-challenge. The results indicated that the mice in Group 1 exhibited mental depression, slow reactions,
ruffled fur, hunchbacked appearances, and shivering in the following hours. Four mice died and 1 mouse survived with mild diarthea at the end of first day post-inoculation. The mouse
appeared hunchbacked and moved slowly at the end of the second day and exhibited ight depression at the end of third day post-inoculation. The mice in Group 2 looked normal in
appearance and behavior. In Group 3, all the mice challenged with the wild strain were quite normal until the th challenge; after the 6th challenge one mouse was hunchbacked and
had slow reactions at the end of first day post-challenge and recovered the next day; in the 7th and 8th challenge, one mouse in each unit exhibited mild diarhea at the end of the first
day post challenge, then recovered the next day.
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