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ABSTRACT Enterotoxigenic Escherichia coli (ETEC) strains that produce immunologically heterogeneous ﬁmbriae and enterotoxins are the primary cause of neonatal diarrhea and postweaning diarrhea in young pigs. A multivalent vaccine inducing protective immunity against ideally all ETEC ﬁmbriae and enterotoxins could be
effective against diarrhea in young pigs. However, developing a vaccine to broadly
protect against various ETEC virulence determinants has proven challenging. Recently developed structure- and epitope-based multiepitope fusion antigen (MEFA)
technology that presents neutralizing epitopes of various virulence determinants at
a backbone immunogen and that mimics epitope native immunogenicity suggests
the feasibility of developing multivalent vaccines. With neutralizing epitopes from
ETEC ﬁmbria F18 and enterotoxins being identiﬁed, it becomes urgent to identify
protective epitopes of K88 (F4) ﬁmbriae, which play a major role in pig neonatal and
postweaning diarrhea. In this study, we identiﬁed B-cell immunodominant epitopes
in silico from the K88ac ﬁmbrial major subunit (also adhesin) FaeG and embedded
each epitope in a heterogeneous carrier for epitope fusions. We then immunized
mice with each epitope fusion protein and examined epitope antigenicity and also
neutralizing activities of epitope-induced antibodies. Data showed that while all nine
FaeG epitope fusions induced antibodies to K88ac ﬁmbria, anti-K88 IgG antibodies
derived from epitopes MTGDFNGSVD (ep1), LNDLTNGGTK (ep2), GRTKEAFATP (ep3),
ELRKPDGGTN (ep4), PMKNAGGTKVGAVKVN (ep5), and RENMEYTDGT (ep8) signiﬁcantly inhibited adherence of K88ac ﬁmbrial bacteria to porcine intestinal cell line
IPEC-J2, indicating that these peptides were the neutralizing epitopes of K88ac ﬁmbrial major subunit FaeG and suggesting the future application of FaeG epitopes in
ETEC vaccine development.
IMPORTANCE Enterotoxigenic Escherichia coli (ETEC) strains producing K88ac ﬁmbriae and enterotoxins are a major cause of porcine neonatal diarrhea and
postweaning diarrhea in the United States. Currently, there is no vaccine to induce
broadly protective antiadhesin and antitoxin immunity against ETEC-associated diarrhea. To develop a broadly effective ETEC vaccine, we need to target the most important if not all ETEC virulence determinants. While conventional vaccinology approaches encounter difﬁculties at integrating or including heterogeneous ETEC
ﬁmbria and toxin antigens into a vaccine product, multiepitope fusion antigen
(MEFA) structural vaccinology provides a new platform to combine neutralizing antigenic elements or epitopes from various heterogeneous virulence factors for broad
immunity and protection. Identiﬁcation of the neutralizing epitopes of K88ac ﬁmbria
from this study added the last antigens to an MEFA-based multivalent vaccine
against ETEC-associated diarrhea in pigs. An effective vaccine against pig diarrhea
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can signiﬁcantly improve swine health and well-being and reduce economic losses
to the swine industry worldwide.
KEYWORDS enterotoxigenic Escherichia coli, FaeG, K88 (F4), neutralizing epitope,
postweaning diarrhea, vaccine
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nterotoxigenic Escherichia coli (ETEC) bacteria that express K88 (F4) or F18 ﬁmbria
and enterotoxins, including heat-labile toxin (LT), heat-stable toxin type I (STa),
heat-stable toxin type II (STb), and Shiga toxin type 2e (Stx2e), are the primary cause of
diarrhea in pigs (1–6). Porcine neonatal diarrhea is largely prevented by passive
protection of maternal antibodies through immunization of pregnant sows. Postweaning diarrhea, however, is yet to be effectively controlled (4). Various preventive approaches, including feeding ETEC-speciﬁc antibody-containing materials and treatment
with prebiotics, probiotics, or dietary supplements, were attempted but found either
inconsistent or unviable commercially (4, 7). Developing effective vaccines for postweaning diarrhea has encountered challenges as well. Difﬁculties include a very narrow
window for immunization, the cost of the vaccine and vaccination, and more importantly the need of cross protection against heterogeneous ETEC strains. Ideally, piglets
are vaccinated when their maternal antibodies (against neonatal diarrhea) drop to
certain levels. These antibody levels can still sufﬁciently protect against neonatal
diarrhea but do not signiﬁcantly interfere with a vaccine product from stimulation of
antigen-speciﬁc active immunity. Pig neonatal diarrhea and postweaning diarrhea can
be caused by the same ETEC pathogens or strains sharing virulence factors. To be
protected against postweaning diarrhea, piglets need to develop active immunity
against ETEC infection by the time of weaning and after they are weaned. Vaccines
need to be low cost and easy to administer. Furthermore, since ETEC strains produce
immunologically different ﬁmbrial adhesins to attach to speciﬁc receptors at pig small
intestinal epithelia and deliver various toxins to stimulate water and ﬂuid hypersecretion in epithelial cells, an effective postweaning diarrhea vaccine needs to carry
antigens from all virulence determinants and to induce broad antiadhesin and antitoxin
immunity, thus inhibiting the adherence of immunologically different ETEC ﬁmbriae
and neutralizing the enterotoxicity of functionally distinctive ETEC toxins.
New strategies need to be explored since conventional vaccine technologies have
encountered difﬁculties in developing a broadly protective multivalent vaccine against
postweaning diarrhea (4, 6, 7). Multiepitope fusion antigen (MEFA) vaccinology, an
alternative structure- and epitope-based vaccine technology, presents a new platform
for multivalent vaccine development (8). By mimicking epitope native antigenicity and
presenting multiple heterologous neutralizing epitopes at a backbone immunogen,
MEFA vaccinology allows a single immunogen (protein) to carry multiple antigenic
elements (epitopes or peptides) from various virulence determinants for broad immunogenicity, thus allowing the development of a broadly immunogenic multivalent
vaccine. With this MEFA technology, we have successfully generated ETEC ﬁmbria
MEFAs for broadly protective immunity against seven or nine human ETEC virulence
determinants (colonization factor antigen [CFA] adhesins) (9–11) and adhesin-toxoid
MEFAs for antibodies not only inhibiting adherence of seven human ETEC adhesins and
neutralizing LT and STa enterotoxicity but also protecting against ETEC diarrhea in a pig
challenge model (12, 13). These MEFAs have become leading antigens for human ETEC
subunit vaccines against children’s diarrhea and traveler’s diarrhea.
Protective epitopes of four toxins (LT, STa, STb, and Stx) produced by ETEC strains
associated with pig diarrhea were identiﬁed (14–17). MEFA technology has also assisted
with the construction of a multivalent toxin antigen and the development of a broadly
protective antitoxin vaccine candidate for pig postweaning diarrhea (15). However, a
multivalent toxoid MEFA does not induce antiadhesin antibodies to prevent ETEC
bacteria from adherence to host receptors. Since ETEC that causes pig postweaning
diarrhea produces one, two, three, or four toxins and either K88 or F18 ﬁmbria (5), an
effective vaccine ideally needs to induce antitoxin and antiadhesin antibodies against
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FIG 1 K88 ﬁmbrial major structure subunit and adhesin FaeG protein model with in silico identiﬁed epitopes (Ep) and epitope
amino acid (AA) sequences. Nine FaeG epitopes were designated as K88ep1, K88ep2, K88ep3, K88ep4, K88ep5, K88ep6,
K88ep7, K88ep8, and K88ep9. Phyre3 and PyMOL molecular graphics system (version 2.2) were used to generate the
3-dimensional protein structure of the K88 FaeG subunit and to map each epitope from the FaeG protein model, respectively.

four ETEC toxins and both K88 and F18 ﬁmbriae. As neutralizing epitopes for F18
ﬁmbrial adhesin subunit FedF are also identiﬁed (18), K88 (F4) ﬁmbria becomes the only
virulence determinant without neutralizing epitopes that are fully determined.
In this study, we identiﬁed immune dominant B-cell epitopes in silico from FaeG, the
major structural subunit as well as the adhesive subunit (adhesin) of K88ac ﬁmbria,
genetically embedded each epitope in a heterologous carrier protein, and assessed
epitope native topology by examining epitope fusion protein reactivity with anti-K88ac
antiserum. We then immunized mice with each epitope fusion protein and measured
mouse serum IgG antibodies speciﬁc to K88ac ﬁmbria. Furthermore, we examined
mouse serum antibodies for inhibition activity against K88ac ﬁmbrial adherence and
identiﬁed K88ac ﬁmbria-neutralizing epitopes.
(Some of the data described in this manuscript were presented at the Kansas State
University Swine Day 2017 [19].)
RESULTS
Immunodominant B-cell epitopes were identiﬁed from K88ac ﬁmbrial major
subunit FaeG. Nine immunodominant and discontinued epitopes, ranging from 10 to 16
amino acid residues, were identiﬁed from the FaeG subunit of K88ac ﬁmbria, designated
K88ep1 to K88ep9 (Fig. 1). Protein modeling, based on the K88ac FaeG sequence (GenBank
accession number M25302.1) (20), showed that all epitopes were surface exposed at the
subunit and were largely located at ␤ sheets or ␣-helix extensions (Fig. 1).
Nine epitope fusion proteins were expressed and extracted. With the insertion
of each K88 ﬁmbrial FaeG epitope (K88ep1 to K88ep9) into protein carrier CfaB, a
17-kDa major structural subunit of human ETEC ﬁmbria CFA/I, nine epitope fusions
named ep1 fusion to ep9 fusion were constructed. All 6⫻His-tagged epitope fusions, at
a molecular weight of about 22 kDa, were expressed. Epitope fusion proteins were
extracted and refolded at a purity assessed over 95% (Fig. 2). When linearized by
SDS-PAGE and examined with anti-K88ac antiserum in a Western blot, however, only
ep1, ep2, ep3, ep5, ep6, and ep9 fusions were recognized (Fig. 2).
Anti-K88ac antiserum conﬁrmed FaeG epitope conformation. Antigenic conformation of the identiﬁed FaeG epitope carried by epitope fusions was veriﬁed in direct
and competitive enzyme-linked immunosorbent assays (ELISAs) using anti-K88ac antiserum. Direct ELISAs showed that the ep1, ep2, ep3, ep4, ep5, or ep9 fusion showed
signiﬁcantly greater reactivity with 1:1,600 and 1:3,200 dilutions of anti-K88ac antiserum (P ⬍ 0.05), the ep7 fusion showed a moderate reactivity, and the ep6 and ep8
fusions showed no reactivity (Table 1).
Competitive ELISAs with heat-extracted K88ac ﬁmbriae (from ETEC strain 3030-2) as
the coating antigen showed signiﬁcantly lower reactivity with anti-K88 antiserum when
fusion proteins of epitope 1, 2, 4, or 5 were used as the competing antigen (P ⬍ 0.001).
June 2019 Volume 85 Issue 11 e00329-19
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FIG 2 CfaB-epitope fusion (each K88 FaeG epitope carried by backbone protein CfaB) protein extraction
and characterization. (Top) Extracted and refolded CfaB-epitope fusion proteins from SDS-PAGE Coomassie blue staining. (Bottom) Reactivity of each epitope fusion protein with anti-K88ac antiserum
(antiserum from mice immunized with K88ac ﬁmbriae) from Western blotting.

No reactivity with anti-K88ac antiserum was detected when carrier protein CfaB was
used as the coating antigen in direct or competitive ELISAs.
Anti-K88ac IgG antibodies were detected in the mice subcutaneously immunized with each epitope fusion protein. Mice in each group immunized with an
epitope fusion protein developed anti-K88ac IgG antibodies (Table 2). Mice immunized
with the ep5 fusion protein developed signiﬁcantly greater anti-K88ac IgG titers than
those of the groups immunized with the ep4, ep6, ep7, ep8, or ep9 fusion but not those
of the groups immunized with the ep1, ep2, or ep3 fusion. No anti-K88 IgG was
detected from the control group.
Mouse antiserum samples from each immunized group were also conﬁrmed for
reactivity with K88ac ﬁmbriae or the recombinant FaeG protein in ELISAs and Western
blot assays.
Mouse serum samples from the immunized groups showed inhibition of in
vitro adherence of K88 ﬁmbrial ETEC 3030-2. K88ac ﬁmbrial ETEC 3030-2 bacteria,
after being treated with the serum samples from the groups immunized with the ep1,
ep2, ep3, ep4, ep5, or ep8 fusion, showed a signiﬁcant reduction of adherence to
porcine cell line IPEC-2 (P ⬍ 0.01). No signiﬁcant adherence reduction was observed
from 3030-2 bacteria when treated with the serum from the groups immunized with
the ep6, ep7, or ep9 fusion protein (Table 3).
DISCUSSION
Data from the current study showed that while all identiﬁed in silico K88ac FaeG
epitopes carried by the CfaB backbone protein induced anti-K88 IgG antibodies in the
subcutaneously immunized mice, only antibodies derived from the fusions of epitope
1, 2, 3, 4, 5, or 8 signiﬁcantly inhibited the adherence from K88ac ﬁmbrial ETEC bacteria
to porcine cell line IPEC-J2. This suggested that while all epitopes are immunodomi-

TABLE 1 OD650 readings from direct ELISA to measure reactivity between each epitope
fusion (CfaB-epitope fusion) protein and anti-K88ac antiserum
OD650 reading for anti-K88 serum dilution:
Epitope fusion protein
ep1 fusion
ep2 fusion
ep3 fusion
ep4 fusion
ep5 fusion
ep6 fusion
ep7 fusion
ep8 fusion
ep9 fusion
CfaB (–)
June 2019 Volume 85 Issue 11 e00329-19

1:1,600
1.37 ⫾ 0.00
1.20 ⫾ 0.11
1.07 ⫾ 0.03
0.87 ⫾ 0.04
1.78 ⫾ 0.23
0.15 ⫾ 0.03
0.48 ⫾ 0.04
0.25 ⫾ 0.03
1.31 ⫾ 0.04
0

1:3,200
0.96 ⫾ 0.05
0.81 ⫾ 0.12
0.73 ⫾ 0.10
0.52 ⫾ 0.02
1.45 ⫾ 0.11
0.10 ⫾ 0.04
0.39 ⫾ 0.12
0.18 ⫾ 0.01
1.12 ⫾ 0.08
0
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TABLE 2 Mouse serum anti-K88 IgG antibody titers (log10) from groups (5 mice per
group) subcutaneously immunized with each epitope fusion protein or the control
groupa
IgG titer
3.61 ⫾ 0.11
3.53 ⫾ 0.25
3.45 ⫾ 0.26
2.42 ⫾ 0.40
3.89 ⫾ 0.18
2.29 ⫾ 0.30
2.08 ⫾ 0.24
2.86 ⫾ 0.08
2.85 ⫾ 0.21
0⫾0

P value
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
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Mouse group
ep1 fusion
ep2 fusion
ep3 fusion
ep4 fusion
ep5 fusion
ep6 fusion
ep7 fusion
ep8 fusion
ep9 fusion
Control
aIgG

titers are presented as means and standard deviations. P values were calculated from one-way ANOVA
by comparing the titers of each immunization group to those of the control group.

nant, epitopes 1, 2, 3, 4, 5, and 8 represent the neutralizing epitopes of the K88ac
ﬁmbrial major subunit and adhesin FaeG. It was noted that fusions of epitope 1, 2, 3,
or 5 also induced signiﬁcantly higher anti-K88 IgG antibody titers than the fusions
carrying epitope 4, 6, 7, 8, or 9 in the immunized mice. Interestingly, the ep4 fusion
induced lower anti-K88 IgG titers, but derived antibodies were the second best in
inhibiting 3030-2 adherence to IPEC-J2 cells (28.5%; blocking over 70% of bacterial
adherence). Differing from the ep4 fusion, the ep5 fusion stimulated the highest
anti-K88ac IgG titer, and antibodies derived from this fusion protein exhibited the best
activity in inhibiting the adherence of K88ac ﬁmbrial 3030-2 bacteria (blocking over
75% of bacterial adherence). This suggests that epitope 5 and epitope 4 could be the
top candidate antigens to be included in an MEFA for developing a multivalent vaccine
against ETEC-associated diarrhea in young pigs. Indeed, peptides surrounding epitopes
5 and 4 were demonstrated to play a crucial role in K88 ﬁmbria binding to host
receptors (20–24). A truncation of epitope 5 or epitope 4 resulted in a total loss of K88
ﬁmbria binding to pig small intestinal brush borders (our unpublished data). Therefore,
antibodies against these two epitopes can potentially prevent K88 ﬁmbriae from
attaching to host receptors and colonizing pig small intestines.
We noted that the ep1, ep2, ep3, and ep5 fusions, which induced greater anti-K88ac
IgG titers, strongly reacted with anti-K88ac antiserum, as demonstrated by Western
blotting (Fig. 2) and ELISA (Table 3). This likely indicates that these epitopes are well
exposed on K88ac ﬁmbria. In contrast, the ep8 fusion did not react with anti-K88
antiserum, although this fusion induced neutralizing anti-K88 antibodies. That may
suggest that epitope 8 was poorly exposed on K88 ﬁmbriae. The FaeG protein model

TABLE 3 Mouse serum antibody inhibition against adherence of K88 ﬁmbrial ETEC strain
3030-2 to porcine cell line IPEC-J2a
Mouse group
Control
K88 ﬁmbriae
ep1 fusion
ep2 fusion
ep3 fusion
ep4 fusion
ep5 fusion
ep6 fusion
ep7 fusion
ep8 fusion
ep9 fusion

Adherent bacteria (%)
100 ⫾ 24.2
9.8 ⫾ 1.7
41.5 ⫾ 12
44.3 ⫾ 8.3
37.2 ⫾ 12
28.5 ⫾ 12.3
22.5 ⫾ 5.0
87.5 ⫾ 11.7
87.2 ⫾ 15.2
66.7 ⫾ 5.4
88.3 ⫾ 23.5

P value
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
⬍0.001
0.88
0.86
0.004
0.92

aNumbers

of 3030-2 bacteria (CFU; %) that adhered to IPEC-J2 cells after treatment with mouse serum
samples from each group were counted and converted to a percentage, with the number of adherent
bacteria treated with the control mouse serum set at 100%. Percentages are presented as means and
standard deviations. P values were calculated from one-way ANOVA by comparing each immunized group
with the control group.
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predicted that epitope 8 is located at one end of the FaeG subunit. It is likely that this
may be the location where FaeG subunits joined together to assemble K88ac ﬁmbriae.
Thus, subunit assembling negatively affects the exposure of epitope 8 on K88ac
ﬁmbriae, directly resulting in antibodies derived from K88ac ﬁmbria having poor
reactivity with epitope 8 carried by the CfaB backbone. Future protein structural studies
can further map the location and posture of epitope 8 and provide more details of the
structure of the FaeG subunit and K88ac ﬁmbria.
With the identiﬁcation of neutralizing epitopes from the K88ac ﬁmbria FaeG major
subunit and adhesin during this study, we now have all of the essential antigen
elements to construct an MEFA immunogen for the development of a broadly protective vaccine against porcine postweaning diarrhea in the United States. This MEFA can
use the A subunit of the LT toxoid as the backbone. By retaining one or two neutralizing
epitopes from the A subunit to induce protective antibodies against LT enterotoxicity
(14), we can replace other LT A subunit epitopes with the neutralizing epitopes of the
K88 FaeG subunit, F18 FedF subunit, and Stx2e A subunit (15), as well as an STb
shortened peptide and STa toxoid (15) for a ﬁmbria-toxin MEFA. We have demonstrated
that the replacement of an epitope of the LT A subunit with a foreign epitope abolishes
LT enterotoxicity but does not alter its formation of LT structure (14). Substitutions of
A subunit epitopes of LT toxoid (LTR192G or LTR192G/L211A) with the neutralizing ﬁmbria
epitopes and toxins Stx2e, STb, and STa peptides should eliminate LT enterotoxicity
entirely, resulting in a safe but broadly immunogenic MEFA immunogen for vaccines
against porcine postweaning diarrhea.
We need to point out that only K88ac was targeted since K88ac is the predominant
variant causing ETEC-associated neonatal and postweaning diarrhea in the United
States. Additional studies will be needed to identify neutralizing epitopes from the
K88ab variant, which primarily causes pig diarrhea in Europe. However, epitopes
identiﬁed from this study showed homology between the K88ac and K88ab variants.
Indeed, epitopes 1, 2, 3, 5, 8, and 9 are identical, and epitope 6 differs in one amino acid.
Whether antibodies induced by these homologous epitopes also inhibit adherence of
K88ab ETEC will need to be veriﬁed in future studies. Additionally, perhaps pig anti-K88ac
and anti-K88ab antiserum (instead of anti-mouse antiserum) should be used to initially
characterize antigenicity of these epitopes. We also need to point out that the current study
identiﬁed K88ac FaeG-neutralizing epitopes based on cell-based in vitro antibody adherence inhibition assays. Pig immunization and ETEC challenge studies will be needed to
further characterize epitopes for antigenicity and to conﬁrm their candidacy as antigens for
vaccine development. Nevertheless, data from this study identiﬁed potential neutralizing
epitopes for antibodies against K88 ﬁmbria; this can move us one step closer to the
development of a broadly protective vaccine against porcine postweaning diarrhea. Additionally, research in identifying neutralizing epitopes and constructing future MEFAs from
this study may provide helpful information for multivalent vaccine development against
other diseases.
MATERIALS AND METHODS
Bacterial strains and plasmids. Table 4 includes the bacterial strains and plasmids used for this
study. CfaB recombinant strain 9477 (13) was used as the DNA template in PCRs to amplify the cfaB gene
and the backbone to carry K88 FaeG epitopes (K88ep1 to K88ep9) for CfaB-epitope fusions. Vector
pET28a (Novagen, Madison, WI) and E. coli BL21-CodonPlus (DE3) were used to clone CfaB-epitope fusion
genes and to express fusion proteins (ep1 fusion to ep9 fusion), respectively. K88ac ﬁmbrial ETEC ﬁeld
isolate 3030-2 (K88ac/LT/STb/STa) was used in antibody adherence inhibition assays to measure mouse
serum antibody neutralization activities.
In silico identiﬁcation of K88ac FaeG epitopes and construction of CfaB-epitope fusions. K88ac
ﬁmbrial subunit FaeG immunodominant epitopes were identiﬁed using B-cell epitope prediction programs
(25, 26). Phyre3 (27, 28) was used to generate a 3-dimensional protein structure of the FaeG subunit (PDB
accession number 2J6G), and the PyMOL molecular graphics system (access 106826, version 2.2;
Schrödinger, LLC, New York, NY, USA) was used to map each epitope from the FaeG protein model.
Nucleotides coding each FaeG epitope were embedded into carrier gene cfaB by replacing the
nucleotides coding a CfaB backbone epitope in a splicing overlap extension (SOE) PCR with primers
(Table 5) as described previously (14, 29). After digestion with restriction enzymes NheI and EagI (New
June 2019 Volume 85 Issue 11 e00329-19
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TABLE 4 E. coli host, ﬁeld isolate, and recombinant strains as well as plasmids used in this study
Relevant properties

Reference

huA2 Δ(argF-lacZ) U169 phoA glnV44 80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17
Pig ETEC ﬁeld isolate, K88ac/STa/STb/LT
6⫻His CfaB ⫹ pET28a in DH5␣
6⫻His CfaB ⫹ pET28a in BL21
6⫻His FaeG ⫹ pET28a in BL21
6⫻His CfaB-ep1 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep2 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep3 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep4 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep5 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep6 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep7 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep8 fusion ⫹ pET28a in BL21
6⫻His CfaB-ep9 fusion ⫹ pET28a in BL21

GE Healthcare
5
9
9
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Plasmid
pET28a

Novagen

England BioLabs, Ipswich, MA), 6⫻His-tagged CfaB-epitope fusion genes were individually cloned into
the pET28a vector.
CfaB-epitope fusion protein expression and characterization. As described previously (10, 14, 15),
a bacterial protein extraction reagent (B-PER; Thermo Fisher Scientiﬁc, Rochester, NY) was used to extract
epitope fusion proteins (CfaB-FaeG-ep), and protein refolding buffer (Novogen) was used to refold the
extracted fusion proteins. Epitope fusion proteins were then assessed for protein purity and integrity in
SDS-PAGE with Coomassie blue staining and with anti-K88 mouse antiserum in a Western blot, respectively.
Epitope fusion proteins were further characterized in direct and competitive ELISAs to assess FaeG
epitope conformation by measuring reactivity between each fusion protein and anti-K88ac antiserum
(antiserum from the mice immunized with K88ac ﬁmbriae). In direct ELISA, each epitope fusion protein
(100 ng per well) was coated in the wells of 2HB microtiter plates (Thermo Fisher Scientiﬁc). Anti-K88
antiserum and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:3,000; Sigma, St. Louis,
MO) were used as the primary antibodies and the secondary antibodies. CfaB protein was used to coat

TABLE 5 PCR primers used to amplify K88 faeG gene and protein carrier cfaB genes, and for split overlapping extension to insert each
K88 FaeG epitope into protein carrier cfaB gene
Primer
CfaB-F
CfaB-R
FaeG-F
FaeG-R
ep1 fusion-R
ep1 fusion-F
ep2 fusion-R
ep2 fusion-F
ep3 fusion-R
ep3 fusion-F
ep4 fusion-R
ep4 fusion-F
ep5 fusion-R

Sequence (5=–3=)
CGGGCTAGCGTAGAGAAAAATATT
TTACGGCCGGGATCCCAAAGTCAT
CGGGCTAGCTGGATGACTGGTGATTTC
TTACGGCCGTTAGTAATAAGTAATTGC
CGAACCATTGAAATCACCAGTCATTTTTTTAGTTGCATCGTTTGT
GGTGATTTCAATGGTTCGGTCGATGATACACCACAGCTTACAGAT
TCCACCATTGGTCAGGTCATTCAATTTTTTAGTTGCATCGTTTGT
GACCTGACCAATGGTGGAACCAAAGATACACCACAGCTTACAGAT
AGCAAATGCTTCTTTGGTTCGGCCTTTTTTAGTTGCATCGTTTGT
ACCAAAGAAGCATTTGCTACGCCAGATACACCACAGCTTACAGAT
TCCACCATCAGGTTTTCTGAGTTCTTTTTTAGTTGCATCGTTTGT
AGAAAACCTGATGGTGGAACTAATGATACACCACAGCTTACAGAT
AACTTTAGTGCCCCCTGCATTTTTCATCGGTTTTTTAGTTGCATC

ep5 fusion-F

GCAGGGGGCACTAAAGTTGGTTCAGTGAAAGTGAATGATACACCA

ep6 fusion-R

CGCAGAAGTAACCCCACCTCTCCCTAATTTTTTAGTTGCATCGTT

ep6 fusion-F

GGTGGGGTTACTTCTGCGGACGGGGAGCTGGATACACCACAGCTT

ep7
ep7
ep8
ep8
ep9
ep9

CCCAGCCGAGAGTTCAGAACCCCTCGGTTTTTTAGTTGCATCGTT
TCTGAACTCTCGGCTGGGAGTGCCGATACACCACAGCTTACAGAT
ATCAGTGTACTCCATGTTTTCCCTTTTTTTAGTTGCATCGTTTGT
AACATGGAGTACACTGATGGAACTGATACACCACAGCTTACAGAT
GCTGGTAGTTACAGCCTGATTAAATTTTTTAGTTGCATCGTTTGT
CAGGCTGTAACTACCAGCACTCAGGATACACCACAGCTTACAGAT

fusion-R
fusion-F
fusion-R
fusion-F
fusion-R
fusion-F

June 2019 Volume 85 Issue 11 e00329-19

Ampliﬁed region
Forward primer to amplify cfaB gene (NheI site underlined)
Reverse primer to amplify cfaB gene (EagI site underlined)
Forward primer to amplify faeG gene (NheI site underlined)
Reverse primer to amplify faeG gene (EagI site underlined)
Paired with CfaB-F to insert K88ep1 (MTGDFNGSVD) into CfaB
Paired with CfaB-R to insert K88ep1 (MTGDFNGSVD) into CfaB
Paired with CfaB-F to insert K88ep2 (LNDLTNGGTK) into CfaB
Paired with CfaB-R to insert K88ep2 (LNDLTNGGTK) into CfaB
Paired with CfaB-F to insert K88ep3 (GRTKEAFATP) into CfaB
Paired with CfaB-R to insert K88ep3 (GRTKEAFATP) into CfaB
Paired with CfaB-F to insert K88ep4 (ELRKPDGGTN) into CfaB
Paired with CfaB-R to insert K88ep4 (ELRKPDGGTN) into CfaB
Paired with CfaB-F to insert K88ep5 (PMKNAGGTKVGAVKVN)
into CfaB
Paired with CfaB-R to insert K88ep5 (PMKNAGGTKVGAVKVN)
into CfaB
Paired with CfaB-F to insert K88ep6 (LGRGGVTSADGEL) into
CfaB
Paired with CfaB-R to insert K88ep6 (LGRGGVTSADGEL) into
CfaB
Paired with CfaB-F to insert K88ep7 (PRGSELSAGSA) into CfaB
Paired with CfaB-R to insert K88ep7 (PRGSELSAGSA) into CfaB
Paired with CfaB-F to insert K88ep8 (RENMEYTDGT) into CfaB
Paired with CfaB-R to insert K88ep8 (RENMEYTDGT) into CfaB
Paired with CfaB-F to insert K88ep9 (FNQAVTTSTQ) into CfaB
Paired with CfaB-R to insert K88ep9 (FNQAVTTSTQ) into CfaB
aem.asm.org 7
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Strain or plasmid
Strains
BL21
3030–2
9477
9503
9702
9675
9677
9678
9679
9680
9681
9682
9683
9676
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Volume 85, no. 11, e00329-19, https://doi.org/10.1128/AEM.00329-19. Page 6, Materials and Methods, paragraph 1, line 6: “3030-2 (K88ac/LT/STb/STa)” should be “3030-2
(K88ac/LT/STb/EAST1).”
Page 7, Table 4: In the “Relevant properties” column for strain 3030-2, “K88ac/STa/
STb/LT” should be “K88ac/LT/STb/EAST1.”
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