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Abstract 

Host genotype is important for enterotoxigenic E. coli (ETEC) susceptibility. We conducted two trials to evaluate the 
effect of CHCF1 genotype on incidence of ETEC diarrhea. In trial 1 (n = 15 pigs), pigs were inoculated with  108 CFU 
or  1010 CFU doses of an ETEC F4ac strain. In trial 2 (n = 33 pigs), pigs were inoculated with ETEC F4ab or F4ac. Across 
trials, all inoculated pigs that developed ETEC diarrhea were CHCF1 heterozygous susceptible (6/6). No inoculated 
CHCF1 homozygous resistant pigs developed ETEC diarrhea (0/26). Susceptibility towards ETEC F4ac/ab infection 
might correspond with CHCF1 genotype.
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Introduction
Post-weaning diarrhea (PWD) is a widespread condi-
tion in pigs that can lead to morbidity and even death 
in the first weeks after weaning. Enterotoxigenic E. coli 
(ETEC) is the most common pathogen isolated from 
PWD outbreaks [1] and is characterized by fimbriae and 
enterotoxin production [2]. The fimbriae of ETEC adhere 
to specific host receptors and thereby enable coloniza-
tion of the piglet intestine [2]. ETEC isolates from cases 
of PWD usually carry genes for F4 or F18 fimbriae [3, 4] 
that can be further subtyped according to their antigenic 
variant: F4ab, F4ac, and F4ad and F18ab and F18ac [5, 
6]. The heat stable (ST) and heat labile enterotoxins (LT) 
produced by ETEC affect the electrolyte balance of the 
enterocytes and cause secretory diarrhea [2].

A locus responsible for ETEC F4ab/ac susceptibility has 
been mapped to pig chromosome 13 [7]. An intronic sin-
gle nucleotide polymorphism (SNP) in the MUC4 gene 
[8] is often used to genotype for ETEC F4ab/ac suscepti-
bility in porcine challenge studies [9–11]. However, asso-
ciation between the MUC4 genotype and susceptibility 
to ETEC F4ab/ac challenge is not perfect [12]. Recently, 
CHCF1 was indicated as a superior genetic marker to 
MUC4 for predicting F4ac receptor expression [13]. 
Further investigation into CHCF1 as a marker for ETEC 
F4ab/ac susceptibility in vivo is needed. In this study, we 
evaluated the marker in pigs experimentally infected with 
ETEC F4.

Methods
Animals
The study consisted of two trials with a total of 48 female 
pigs, Duroc x Landrace x Yorkshire, with no history of 
disease, acquired from a large Danish pig production 
herd. Pigs were weaned at PND 22 in trial 1 (n = 15) 
and PND 23 in trial 2 (n = 33). Experimental groups 
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were housed in separate rooms with one pen per room. 
Wood shavings and straw was used as bedding on con-
crete floors. Rooms were kept at 26 o C and piglets had 
access to a 30–32 o C heated resting area. Animals were 
fed ad libitum with a standard weaner diet without added 
antimicrobials, Additional file 1.

Experimental design
At weaning, the three most middle weight pigs of each 
of five (trial 1) and eleven (trial 2) litters were rand-
omized into experimental groups to balance the study 
on sow level and reduce weight variation. In trial 1, the 
three groups of five pigs each were; 1) ET10 (F4ac, STb, 
LT)  108  CFU, 2) ET10  1010  CFU, and 3) saline con-
trol. In trial 2, the three groups of 11 pigs each were; 1) 
ET10  1010 CFU, 2) ET54 (F4ab, STb, LT)  1010 CFU, and 
3) saline control. Pigs were acclimatized for 1  day and 
inoculated once daily at day 2–3 (trial 1) and day 2–6 
(trial 2). For a total of two inoculations in trial 1 and five 
in trial 2. The study period was 6 days post initial inocu-
lation. At the end of the study period, pigs were sedated 
with intramuscular injection of 1  mL/10  kg zoletil mix 
(ZOLETIL® 50 VET, Virbac, Kolding, Denmark (25 mg/
mL tiletamine hydrochloride and 25  mg/mL zolazepam 
hydrochloride) (1 bottle) + 1.25  ml ketamine (100  mg/
mL) + 6.25  mL xylazine (20  mg/mL) + 2.5  mL butor-
phanol (10  mg/mL)) and euthanized with pentobarbi-
tal by intracardiac injection. The experimental unit was 
the pig. Protocols were registered at the Department of 
Experimental Medicine, University of Copenhagen. The 
investigators were blinded towards genotypes during the 
conduct of the study.

Inoculum
ET10 (O149:H10, F4ac, STb, LT) was isolated from a 
mild clinical case of PWD, whereas ET54 (O149:H10, 
F4ab, STb, LT) was isolated from a severe clinical case 
of PWD. Whole genome sequences of ET10 and ET54 
are available at NCBI (BioProject ID: PRJNA770188). 
Briefly, 1 L bacterial inocula in LB broth (BD Difco 
LB broth, Lennox, BD 240,230, Fisher Scientific, USA) 
were centrifuged, washed and resuspended in sterile 
saline. While in trial 1, ET10 was harvested in station-
ary phase, in trial 2 ET54 and ET10 were harvested in 
late exponential phase. Size 1 gelatine capsules (Cap-
sulCN, China) were filled with 0.4 mL of saline or the 
bacterial suspensions, snap frozen in dry ice and stored 
at −20 °C up to a week before inoculating pigs. The bac-
terial count from the capsules was verified by spotting 
on blood agar plates (BA, 5% calf blood in blood agar 
base, ThermoFischer, CM0055) regularly until inocula-
tion. In trial 1, at each inoculation, pigs received two 
capsules of 1 ×  108 CFU/0.4 mL in the low dose group 

or one capsule of 5 ×  1010 CFU/0.4 mL in the high dose 
group. In trial 2, at each inoculation, pigs received one 
capsule of 2 ×  1010 CFU/0.4 mL of ET10 or ET54.

Clinical examination
In trial 1, fecal samples were collected morning and 
evening and scored visually 1 to 4 based on consist-
ency [14]. Diarrhea was defined as fecal score ≥ 3 and 
ETEC diarrhea was defined as diarrhea and simultane-
ous isolation of ETEC from the diarrhea sample. Fecal 
dry matter percentage was calculated by weighing feces 
before and after drying to constant weight, in an oven 
at 75  °C for 18 h. The procedure was the same in trial 
2 except that fecal samples were collected only in the 
morning. Pigs were monitored at least twice daily and 
scored according to Additional file 2.

Microbiological analysis
Rectal swabs were collected from pigs in the herd for 
ETEC diagnosis at weaning. In trial 1, rectal swabs for 
microbiology were collected from each animal twice 
daily, streaked on BA and incubated at 37 °C ON. Shed-
ding of haemolytic E. coli was assessed based on pres-
ence in primary, secondary or tertiary streak. One 
haemolytic E. coli colony per pig per day was subcul-
tured on BA, the virulence factors were identified by 
PCR (F4, F18 as in [15]) and typed and compared with 
the challenge strain by Pulsed-field Gel Electrophore-
sis (PFGE) [16]. In trial 2, rectal swabs were collected 
once daily and daily shedding of haemolytic E. coli 
was instead evaluated semi-quantitatively as percent-
age haemolytic E. coli out of total bacterial growth 
(0–100%). Multiplex PCR [15] was used to identify 
virulence factors (F4, F18 and STb, STa, LT) of one 
haemolytic isolate per pig per day and PFGE was used 
to compare the challenge strain with a subset of 52 
samples across groups.

DNA‑marker based tests
Genomic DNA was extracted from 200  µl EDTA-sta-
bilized blood from each pig using the MasterPure™ 
DNA purification Kit (Epicentre, Madison, Wisconsin, 
USA). TaqMan SNP Genotyping assays were designed 
by Thermo Fisher Scientific (Waltham, Massachusetts, 
USA).

A total of 25 ng genomic DNA was used for genotyping 
each of the three markers by TaqMan according to the 
manufacturer’s instructions. Allele calling was performed 
on a Mx3000P qPCR System (Agilent, Santa Clara, Cali-
fornia, USA).
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Statistics
The primary outcome was ETEC diarrhea. Second-
ary outcomes were: diarrhea, fecal dry matter content, 
haemolytic E. coli shedding, days of challenge strain 
shedding, and body weight gain.

Data analysis was performed with R version 4.1.1 
[17] and visualized with Graphpad Prism 9 (GraphPad 
Software, San Diego, CA, USA). p-values < 0.05 were 
considered significant. Data was assessed for normal 
distribution using Q-Q-plots.

Proportion of animals with ETEC diarrhea and diar-
rhea were analyzed using Firth’s logistic regression 
[18]. Days of challenge strain shedding, fecal dry mat-
ter differences between fecal scores, and weight gain 
were analyzed with Kruskal Wallis. Daily shedding of 
haemolytic E. coli and daily fecal dry matter was ana-
lyzed with Kruskal Wallis. FDR adjustment was applied 
on raw p-values to correct for multiple comparisons. 
Post hoc, Dunn’s test [19] was used.

Results
Animals for the study
At the farm, culturing of rectal swabs from enrolled 
pigs revealed no ETEC and no diarrhea was detected 
(data not shown). At arrival at the experimental facil-
ity and before inoculation, pigs were still healthy and 
had no perianal fecal staining or diarrhea. Weaning 
weight ranged from 3.8 to 8.9 kg. Mean birthweight and 
weaning weight were similar between groups and trials, 
Additional file 3.

Progression of ETEC diarrhea
Fecal consistency of ETEC diarrhea varied between loose 
(score 3) and watery (score 4). In trial 2, we observed 
single events of diarrhea in four pigs outside the desig-
nated sampling in connection with the fourth and fifth 
inoculation procedure. These diarrhea recordings were 
seemingly stress-induced as no diarrhea was found sub-
sequently and the recordings were therefore excluded 
from the study.

In trial 1, 1 out of 5 pigs developed ETEC diarrhea in 
both the  108 CFU and  1010 CFU group. All ETEC isolates 
from diarrheal fecal samples had F4 fimbriae encoding 
genes and were confirmed to be the challenge strain by 
profile comparison with PFGE.

In trial 2, 2 out of 11 pigs developed ETEC diarrhea in 
both the ET10 and ET54 group. All ETEC isolated from 
diarrhea samples had virotype F4, STb, LT and PFGE 
confirmed that the strain ET54 was only found in the 
ET54 group and that the strain ET10 was only found in 
the ET10 group.

Shedding of haemolytic E. coli and challenge strain
In trial 1, shedding of haemolytic E. coli occurred in 
most pigs, across all groups, at some point during the 
study period. At baseline, only one pig shed haemo-
lytic E. coli, but no genes for F4 or F18 fimbriae were 
detected in this isolate. All isolates that were positive 
for F4 were confirmed to be the challenge strain by 
PFGE. No genes for F4 fimbriae were detected in E. coli 
isolated from any piglets in the saline control group, 
confirming the absence of the challenge strain. At the 
end of the study, at 5 and 6 dpii, genes for F18 were 
detected in isolates from a single pig, but the shedding 
of F18 was not associated with diarrhea.

In trial 2, shedding of haemolytic E. coli also occurred 
for most pigs across all three groups. No genes encod-
ing ETEC virulence factors were found in the E. coli 
isolated from the saline control group. Five pigs across 
the inoculation groups shed haemolytic E. coli at base-
line, but none of these isolates encoded for ETEC viru-
lence factors.

Clinical condition
The diarrhea observed in the study was mild to severe 
lasting 1 to 3 days and was not associated with clinical 
signs of dehydration, fever, or hypothermia.

Fecal dry matter content
Fecal dry matter was significantly different between 
fecal scores (χ2 = 131.54, df = 3, p < 0.0001), confirm-
ing the validity of the fecal score in assessing diar-
rhea in the study. The fecal dry matter percentages 
among fecal scores were as follows (data presented as 
means ± SD): Score 1 (n = 376, 30.74 ± 6.0%), score 2 
(n = 38, 21.91 ± 4.3%), score 3 (n = 23, 12.8 ± 3.1%), score 
4 (n = 8, 8.0 ± 2.1%). Five fecal samples were missing due 

Table 1 Clinical and microbiological outcomes according to 
CHCF1 genotype: Combined results for trial 1 and 2

Data presented includes combined results from pigs of inoculation groups of 
trial 1 and 2. RS: heterozygous susceptible, n = 6 pigs. RR: homozygous resistant, 
n = 26 pigs. Diarrhea = fecal score ≥ 3. ETEC diarrhea = fecal score ≥ 3 with 
isolation of ETEC. Fecal score (firm and shaped (1), soft and shaped (2), loose 
(3), watery (4). p-values were generated using Kruskal–Wallis test for analysis 
of group differences in weight gain and days of challenge strain shedding. 
Difference in proportions of animals with diarrhea in study period analyzed with 
firth’s logistic regression. Significantly higher occurrence of ETEC diarrhea and 
diarrhea was found in RS pigs (coefficient (coef ) = 6.53, 95% Confidence interval 
(CI) = 3.40;12.30 and coef = 4.17, 95% CI = 1.78;9.11, respectively) and more days 
of challenge strain shedding (χ2 = 13.95, df = 1)

CHCF1 genotype RS RR p-value

Pigs with ETEC diarrhea [n/ngroup] 6/6 0/26 < 0.0001

Pigs with diarrhea [n/ngroup] 6/6 4/26 0.0001

Mean weight gain (SD) [gram] 391 (356) 707 (464) 0.10

Mean challenge strain shedding (SD) 
[days]

4.8 (0.7) 1.3 (1.2) 0.0001
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to failure to collect sample/lost sample/dropped sample 
at random.

Genotype effects
According to FUT1, one pig was homozygous resistant 
(RR) against ETEC F18, 15 of 48 (31%) were heterozy-
gous susceptible (RS), and the majority homozygous 
susceptible (SS) 32 of 48 (66%), Additional file  4. No 
spontaneous ETEC F18 diarrhea occurred. All pigs 
were genotyped as RR towards ETEC F4ab/ac accord-
ing to the MUC4 marker. Six MUC4 resistant pigs 
(which were CHCF1 susceptible) developed ETEC F4 
diarrhea. In contrast, CHCF1 genotyping indicated that 
11 pigs were RS towards ETEC F4ab/ac. Out of these 

11 RS pigs, six were located in challenge groups across 
trials. Comparison in primary and secondary outcomes 
between CHCF1 genotypes in challenge groups, across 
trials, are presented in Table 1. All six RS in challenge 
groups developed ETEC F4 diarrhea (6/6) whereas 
none with the RR profile in challenge groups devel-
oped ETEC F4 diarrhea. In challenge groups, pigs with 
CHCF1 RS genotype had challenge strain shedding 
for more days compared to CHCF1 RR, Table 1. Daily 
haemolytic E. coli shedding for CHCF1 genotype in the 
challenge groups of trial 2 are in Fig. 1A and Additional 
file 5. Significant differences in haemolytic E. coli shed-
ding were found from 2 to 6 dpii. As for development in 
fecal dry matter content, numerically lower levels were 
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Fig. 1 Haemolytic E. coli shedding and fecal dry matter after ETEC F4 challenge between CHCF1 genotypes. CHCF1 RR: n = 18, CHCF1 RS: n = 4 pigs. 
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seen in CHCF1 RS pigs, especially around 2 dpii, but no 
significant differences were found, Fig. 1B. In summary, 
all challenged pigs that were susceptible according 
to the CHCF1 marker developed ETEC diarrhea with 
affected secondary disease related outcomes, whereas 
CHCF1 resistant remained healthy after challenge with 
ETEC F4 ab/ac.

Discussion
In the study, we set out to test if the incidence and sever-
ity of ETEC diarrhea was affected by CHCF1 genotype, 
inoculum dose  (108  CFU versus  1010  CFU) and ETEC 
fimbriae subtype (F4ac versus F4ab). Interestingly, we 
found that only inoculated CHCF1 RS pigs developed 
ETEC diarrhea regardless of dose or strain, whereas 
CHCF1 RR pigs remained completely unaffected. The 
CHCF1 RS pigs also shed significantly more haemo-
lytic E. coli and had more days of challenge strain shed-
ding than the challenged CHCF1 RR pigs. As only a few 
CHCF1 RS pigs were found per challenge group we could 
not make inference on the effect of inoculation dose 
or fimbriae subtype on incidence or severity of ETEC 
diarrhea.

Genotyping with CHCF1 indicated that 11 out of 48 
pigs across trials were RS towards ETEC F4ab/ac. All 
CHCF1 RS pigs in our challenge groups developed 
ETEC diarrhea, whereas no CHCF1 RR pigs devel-
oped ETEC diarrhea. Thus, suggesting a link between 
CHCF1 genotype and ETEC F4ab/ac susceptibility. In 
contrast, MUC4 genotyping indicated that all pigs were 
resistant and offered no agreement with diarrhea devel-
opment. The agreement we found between CHCF1 
genotype and ETEC diarrhea is stronger than what has 
been reported in literature for MUC4. For example, 
Jensen and colleagues [20] found 74% challenge strain 
associated diarrhea in MUC4 susceptible pigs, one 
day post inoculation. However, 40% of the challenged 
MUC4 resistant pigs in their study also developed chal-
lenge strain induced diarrhea a few days later. MUC4 
resistant pigs that develop diarrhea after ETEC F4 chal-
lenge have been described recently [10]. We chose the 
MUC4 marker for comparison as it has been the most 
widely used genotype test for ETEC F4 susceptibility in 
challenge studies and is still being used [9, 10]. Other 
more recently proposed markers near the MUC13 gene 
that have been associated with high ETEC F4 suscepti-
bility [21] could have been considered for comparison.

In conclusion, CHCF1 genotype was a better marker 
for F4ab/ac susceptibility in vivo than MUC4. This may 
contribute to explain why ETEC F4 strains continue to 
be isolated from PWD outbreaks in Denmark, despite 
the breeding programme (Danbred) where MUC4 RS 

genotypes were eliminated to obtain ETEC F4 resist-
ance. In future challenge studies, CHCF1 genotyping to 
screen for susceptible pigs may be preferred to MUC4 
to achieve a higher proportion of pigs with ETEC diar-
rhea. The present trial was not designed just to study 
the effect of genotype, but our observations suggest 
CHCF1 as a promising marker for screening experi-
mental animals and thus it should be tested in a sepa-
rate trial. Further studies are needed to elucidate if 
the same link we found between CHCF1 genotype and 
ETEC F4 susceptibility in  vivo occur across herds and 
pig breeds.
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