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Abstract

Porcine mucin 4 (MUC4) is a candidate gene for controlling the
adhesion of the enterotoxigenic Escherichia coli (ETEC) F4 receptor.
Polymorphisms of the MUC4 gene have been used as markers to
identify the susceptibility of neonatal diarrhea in piglets for breeding
selection. The objective of this study was to evaluate the effects of
MUC4 g.243A>G polymorphisms on the production traits of
Landrace and Yorkshire pigs in Vietnam. A total of 1,057 Landrace
and 1,361 Yorkshire piglets were used to estimate the allelic and
genotypic frequencies of the polymorphisms. Body weights at birth,
at weaning, at initial fattening (IBW), and at the end of fattening
period (FBW), backfat thickness (BFT), and depth of the longissimus
dorsi muscle (DLD) were measured and lean meat percentage was
estimated. Frequency of the susceptibility allele A to ETEC was
higher than the resistance allele G for both breeds based on
genotyping piglet tails collected at birth. The AA, AG, and GG
genotypes were present in Yorkshire while GG was not found in
Landrace. The production traits were not affected (P >0.05) by
MUC4 polymorphisms except BFT and DLD (P <0.05). There were
interactions between gender and MUC4 genotype (P <0.05) for IBW,
FBW, average daily gain, and DLD. These traits of GG males were
significantly higher than those of GG females (P <0.05). The results
suggest that selecting pigs carrying the GG genotype of MUC4,
known as providing resistance to ETEC, do not negatively affect
productive performance in Landrace and Yorkshire pigs.
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Introduction

Pre-weaning and post-weaning diarrhea
are common in the pig industry. This disease
results in significant economic losses due to high
mortality and morbidity. In addition, an outbreak
of diarrhea leads to a low growth rate after
recovery from the illness as a consequence of
using antibiotics for treatment, which increases
the risk of anti-microbial resistance (Fairbrother
et al., 2005). According to Luise et al. (2019),
most types of diarrhea in piglets are caused by
enterotoxigenic Escherichia coli (ETEC). There
are two types of virulence factors that allow
ETEC to cause diarrhea, namely enterotoxins
and fimbrial adhesins. ETEC expressing F4
fimbriae causes more severe diarrhea in nursery,
weaning, and weaned piglets (Vu-Khac et al.,
2007; Kim et al., 2010). Nevertheless, not all
pigs are susceptible to ETEC F4 infection due to
the presence and number of F4 specific receptors
in the brush border of the small intestine, which
prevent ETEC from adhering and developing
diarrhea (Sterndale et al., 2019). The mucin 4
(MUCA4) gene, which is located on chromosome
13 and physically mapped to SSC13g41
(Jacobsen et al., 2011), encodes a membrane-
bound O-glycoprotein (F4 receptor) in pigs
(Fontanesi et al., 2012).

F4 receptors are present on the surface of
gastrointestinal epithelial cells and act as a
functional barrier to cover and protect mucosal
surfaces. From literature studies, MUC4 has been
considered as the most promising candidate gene
for F4 receptors (Jgrgensen et al., 2003; Joller et
al., 2009; Jacobsen et al., 2011). The study by
Joller et al. (2009) reported the strong association
of the Xbal polymorphism in intron 7 of MUC4
with the susceptibility of the animal, where allele
C is associated with resistance while allele G is
associated with susceptibility. In the study of
Peng et al. (2007), the MUC4 @.243A>G
mutation in intron 17 was associated with
susceptibility/resistance to ETEC F4abl/ac

infection.
The effects of MUC4 on animal resistance to
ETEC have been shown repeatedly.

Polymorphisms of the MUC4 gene have been
used as markers to identify the susceptibility of
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animals for breeding selection in many countries.
However, the frequencies of alleles and
genotypes of MUC4 polymorphisms have been
shown to vary in different breeds (Fontanesi et
al., 2012). In addition, MUC4 polymorphisms
may be associated with other production traits of
pigs. Therefore, selection focused on candidate
genes such as MUC4 to improve disease
resistance should consider the impact selection
has on other important economic traits. A study
of Balcells et al. (2011) showed that the mutation
g.243A>G in intron 17 of MUC4 did not affect
the total number of piglets born or number born
alive. Inversely, a study by Liu et al. (2015)
confirmed that the GG genotype, which relates to
the resistant genotype, showed a strong
association with improvement of IL8, IL10, and
age for pigs that reached a bodyweight of 100kg
compared with the AA and AG genotypes.

The present study aimed to estimate the
allelic and genotypic frequencies of the MUC4
g.243A>G  mutation  polymorphisms  and
evaluate the effects of the polymorphisms on the
production traits of Landrace and Yorkshire pigs
in Northern Vietnam.

Materials and Methods

Experimental design

The experiment was carried out at the pig
farm of the Dabaco Nucleus Breeding Pig
Company, Tien Du district, Bac Ninh province,
Vietnam from April 2015 to October 2018. At
birth, the tails of 2,418 piglets were docked and
used to estimate the allelic and genotypic
frequencies of the MUC4 .243A>G
polymorphisms. The production traits measured
were body weights at birth (BWB, Kkg), at
weaning (BWW, kg), at initial fattening (IBW,
kg), and at the final fattening period (FBW, Kkg),
backfat thickness (BFT, mm), depth of the
longissimus dorsi muscle (DLD, mm), and lean
meat percentage (LMP, %).

A total of 2,418 piglets were tattooed and
their body weights were recorded individually
at birth. At weaning (23.2 + 3.22, mean = SD
days), 2,252 piglets including 1,057 Landrace
(626 females and 431 intact males) and 1,361

Vietnam Journal of Agricultural Sciences



Yorkshire (808 females and 553 intact males)
were notched by an ear tag and individually
weighted. The fattening period began at 80.8 +
6.49 days. A total of 1,671 animals from the
2,252 weaning piglets were housed in the
fattening units based on available pens after
recording the body weights by ear tag number.
Females (1,202 in 60 pens) and intact males (469
in 23 pens) were raised separately in groups of
approximately 20 animals. The fattening period
was ended at 155 + 10.3 days, and 59 pens (44
and 15 pens for females and intact males,
respectively) were randomly selected for
measurements. The FBWs of 1,135 pigs (846
females and 289 intact males) were measured. At
the same time, BFT and DLD were measured
between the third and fourth last ribs at 6cm
perpendicularly from the dorsal midline using the
ultrasound device AgroScan AL with a linear
probe ALAL350 (ECM, France) according to the
methods of Youssao et al. (2002). LMP was
predicted by the regression equation from BFT
and DLD recommended by the Ministre des
classes moyennes et de 1’agriculture de Belgique
(1999):

Y =59.902386 - 1.060750X1 + 2.229324X2

where, Y is LMP; X1 is BFT (mm); and X2
is DLD (mm).

The average daily gain (ADG) was the
quotient between the weight gain and the
duration of the fattening period. All animals were
kept indoors and given free access to water. The
pigs were fed ad libitum with rations according
to their different ages (Table 1).

Determination of the MUC4 genotypes

Piglet tails were collected immediately at
birth and stored at -20°C until DNA extraction.
DNA was extracted following the procedures of
Sambrook et al. (1989). The mutation g.243A>G
(referred to as rs698037138 on position
13:134237729 in the last version of Sscrofall.l
of the pig genome) located in MUC4 was
identified according to Peng et al. (2007) using
the PCR-RFLP technique. The DNA fragment of
538bp was amplified using the forward and
reverse primers: F5'-
CAGGATGCCCAATGGCTCTAC-3" and R5'-
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CCCCGAAGTTGTGAAAGGAAG-3". The
PCR reaction included 2ul (50 ng/uL) of
template DNA, 0.5uL (10uM) of each primer,
2.5uL DreamTaq™ buffer (including MgCl,),
0.5uL dNTP, 0.2uL DreamTaq™, and 18.8uL
ddH;0. The thermal cycling conditions were: (i)
5min at 95°C, (ii) 30 cycles of 45 sec at 95°C, 45
sec at 62.5°C, and 45 sec at 72°C, and (iii) 10min
at 72°C. The MUC4 genotypes were identified
using electrophoresis on 3% agarose gel after
digesting the DNA fragments overnight with the
restriction enzyme Hhal, which recognizes
GCGNC sites at 37°C. Two alleles (A and G) and
three genotypes (AA, AG, and GG) were
identified. Alleles G (295 and 243bp) and A
(538bp) denote the resistance and susceptibility
alleles, respectively. All genetic procedures were
conducted at the Genetic Laboratory, Faculty of
Animal Science, Vietnam National University of
Agriculture.

Statistical analysis

A general linear model was used to evaluate
the fixed effects on the study traits, namely
MUC4 genotype, breed, and sex, as follows:

Yijkl = p+ MUC4; + BI’GEdj + Sexx +
Breed,-*Sexk + &ijki

where: Yj is BWB, BWW, IBW, FBW,
ADG, BFT, DLD, or LMP; pis the overall mean;
MUCY4; is the effect of MUC4 genotype i (AA,
AG, or GG); Breed; is the effect of breed j
(Landrace or Yorkshire); Sex is the effect of sex
k (female or intact male); Breedj*Sexy is the
interaction between breed j and sex k; and sijq is
the residual error.

The following ages of individuals (in days)
were adjusted in the statistical model as
covariates: (i) age at weaning for BWW, (ii) age
at initial fattening for IBW, and (iii) age at final
fattening for FBW, ADG, BFT, DLD, and LMP.
The pairwise comparisons between the least-
square means (LSM) were conducted using
Tukey’s test. Hardy-Weinberg equilibrium was
tested using a chi-square test with 1 degree of
freedom. A significant difference was
considered when the P-value was below 0.05.
The data analyses were performed by SAS
software (SAS, 1989). The values presented in
the tables are least square means (LSM) and root
mean square errors (RMSE).
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Results
Genotypic and allelic frequencies of MUC4

The allelic and genotypic frequencies of the
MUC4 gene of Landrace and Y orkshire pigs at
birth are shown in Table 2. At MUC4 g.243A>G,
three genotypes (AA, AG, and GG) were
observed in Yorkshire whereas there were no
pigs with the GG genotype found in Landrace.
Allele G, which has been identified as conferring
resistance to ETEC, was present at an extremely
low frequency (0.002) in the Landrace breed but
had a higher frequency (0.457) in Yorkshire pigs.
The frequency of the susceptibility allele A to
enterotoxigenic Escherichia coli (ETEC) was
higher than the resistance allele G for both
breeds, especially in Landrace in which allele A
was found at a frequency of 0.998. The most
frequent genotype in Landrace was AA (0.996)
whereas it was the heterozygote AG in Yorkshire
pigs (0.516). The polymorphisms of MUC4
g.243A>G were in Hardy Weinberg equilibrium
for both Landrace (P = 0.9509) and Yorkshire
pigs (P = 0.1474).

The performance results of the Landrace and
Yorkshire pigs of each genotype at different
measurement periods (at birth, weaning, initial
fattening, and final fattening) and by gender
(female and intact male) are presented in Tables
4 and 5, respectively. At initial fattening, the
frequencies were 0.631, 0.262, and 0.107 for AA,
AG, and GG, respectively. While these values at
the end of fattening were 0.561, 0.309, and 0.130
in AA, AG, and GG genotypes, respectively,
which indicated that the G allele provided
resistance to ETEC. The frequencies varied
according to the measurement period due to the
decrease in the number of measurement pens
from birth to fattening and the random selection
of pigs.

Association between the MUC4 ¢.243A>G
polymorphisms and production performance

The levels of significance of MUC4, Breed,
Gender, and the interaction Breed*Gender on
production performance of Landrace and
Yorkshire pigs are presented in Table 3. The

Table 1. Feed ratio according to age (week) and body weight (kg) for Landrace and Yorkshire pigs

Age (week) Body weight (kg) Feed Protein (%) Kcallkg
<5 <10 Starter 20.0 3,350
5-8 10-30 Grower 1 18.0 3,100
8-12 30-50 Grower 2 16.0 3,100
>12 >50 Finisher 13.5 2,850

Table 2. Frequency of the genotypes and alleles at the porcine MUC4 g.243A>G locus of Landrace and Yorkshire breeds

Genotype Allele P-value for HWE
Item
AA AG GG A G
Landrace
Observed count 1053 4 0
Expected count 1053.004 3.992 0.004
Observed frequency 0.996216 0.003784 0 0.998 0.002 0.9509
Expected frequency 0.996219 0.003777 0.000004
Yorkshire
Observed count 388 702 271
Expected count 401.26 675.47 284.26
Observed frequency 0.285085 0.515797 0.199118 0.543 0.457 0.1474
Expected frequency 0.294831 0.496305 0.208864
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production performance of Landrace and
Yorkshire pigs according to the polymorphisms
of the MUC4 gene are presented in Table 4.

There were significant associations of the
MUC4 polymorphisms with the BFT and DLD of
pigs at the end of the fattening period (P <0.05).
The pigs that carried the GG genotype were
shown to have higher BFT and DLD values than
those with the AA genotype (P <0.05). The pigs
that carried the AG genotype resulted in higher
DLD (P <0.05) values while having similar
levels of BFT compared to those with AA (P
>0.05). No significant differences in body weight
at all the measured times, ADG, or LMP were
detected among the MUC4 genotypes in this
study (P >0.05).

The interactions between gender and the
MUC4 genotypes for the production traits are
presented in Table 5. There were gender x
MUCH4 interactions for IBW, FBW, ADG, and
DLD (P <0.05). For females, these traits in AG
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pigs had a trend higher than in AA and GG pigs.
Inversely, the IBW, FBW, ADG, and DLD
values of GG intact males were higher than those
of AG and AA. The BWB, BWW, BFT, and
LMP were not affected by the interaction
between gender and the MUC4 genotypes.

The production traits were significantly
different between the Landrace and Yorkshire
breeds (P <0.05) except ADG (P = 0.2642).
The BWs of Landrace were higher than those
of Yorkshire while the LMP values were lower
(P <0.05).

Discussion

Genotypic and allelic frequencies of the MUC4
gene

The observed results of our study were in
agreement with the report by Liu et al. (2015)
that allele A was the dominant allele (frequency

Table 3. Level of significance of MUC4, Breed, Gender, and the interaction Breed*Gender on production performance of Landrace

and Yorkshire pigs

Variable MUC4 Breed Sex MUC4*Sex R2 (%)
Weight at birth (BWB, kg) 0.1437 <.0001 0.0035 0.1283 6.67
Weight at weaning (BWW, kg) 0.8495 <.0001 0.0019 0.118 8.78
Weight at initial fattening (IBW, kg) 0.0476 <.0001 0.0066 0.0158 34.02
Weight at final fattening (FBW, kg) 0.2009 0.0454 <.0001 0.0035 14.08
Average daily gain (ADG, g/day) 0.8751 0.2642 <.0001 0.0084 15.16
Backfat thickness (BFT, mm) 0.0075 0.0013 0.0002 0.3703 3.88
Depth of longissimus dorsi (DLD, mm) <.0001 <.0001 0.0548 0.0174 15.49
Lean meat percentages (LMP, %) 0.2721 <.0001 0.0017 0.768 10.38
Table 4. Production performance of Landrace and Yorkshire pigs with various MUC4 g.243A>G genotypes

AA AG GG
Variable RMSE
n LSM n LSM n LSM
Weight at birth (BWB, kg) 1441 1.42 706 1.45 271 1.47 0.27
Weight at weaning (BWW, kg) 1366 6.67 646 6.72 240 6.69 1.37
Weight at initial fattening (IBW, kg) 1054 33.4 438 34.2 179 34.6 5.27
Weight at final fattening (FBW, kg) 637 95.2 351 96.6 147 97.4 10.9
Average daily gain (ADG, g/day) 637 819 351 824 147 822 110
Backfat thicknesses (BFT, mm) 491 12.3° 285 12.6° 131 13.4° 2.60
Depth of longissimus dorsi (DLD, mm) 491 60.1° 285 62.32 131 63.8% 6.46
Lean meat percentages (LMP, %) 491 60.6 285 60.8 131 60.4 2.36
Note: Within rows, LSM followed by different letters are significantly different (P <0.05).
https://vjas.vnua.edu.vn/ 1715
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Table 5. Interaction between gender and MUC4 g.243A>G genotypes for production performance in Landrace and Yorkshire pigs

Female Male
Variable AA AG GG AA AG GG RMSE
n LSM n LSM n LSM n LSM n LSM n LSM
Weight at birth (BWB, kg) 878 1.40 400 1.45 156 1.43 563 1.45 306 1.45 115 1.50 0.27
Weight at weaning (BWW, kg) 843 6.60 369 6.69 137 6.45 523 6.74 277 6.76 103 6.94 1.37
Weight at initial fattening (IBW, kg) 764 33.5° 314 33.9% 124 34.4° 290 33.3° 124 34.6% 55 35.82 5.27
Weight at final fattening (FBW, kg) 482 92.6° 256 94,7 108 91.5° 155 97.7% 95 98.5% 39 1037 10.9
Average daily gain (ADG, g/day) 482 779" 256 802° 108 763° 155 8592 95 8472 39 880% 110
Backfat thicknesses (BFT, mm) 371 12.0 214 12.3 96 12.7 120 12.6 71 12.9 35 14.0 2.60
Depth of longissimus dorsi (DLD, mm) 371 60.5° 214 61.9° 96 62.2% 120 59.7° 71 62.7% 35 65.4° 6.46
Lean meat percentages (%) 371 61.0 214 61.1 96 60.7 120 60.2 71 60.6 35 60.0 2.36

Note: Within rows, LSM followed by different letters are significantly different (P <0.05).
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of 0.65) in Large White pigs. According to the
study of Fontanesi et al. (2012), genotypic and
allelic frequencies of the MUC4 gene differed
among various pig breeds. In another report, the
frequencies of alleles A and G in Meishan pigs
were 0 and 1, respectively, while they were 0.5
for both two alleles in Iberian pigs (Balcells et
al., 2011). For Landrace pigs, the frequency of
the allele G polymorphism of MUC4 ¢.243A>G
in the present study was extremely low, and
consequently, it was difficult to improve the
frequency of the resistant allele in the given pig
population by phenotypic breeding selection.

Association between the MUC4 ¢.243A>G
polymorphisms and production performance

Our results showed an association of the resistant
genotype GG with higher BFT and DLD values
compared to the susceptible genotype AA. The
increase of both of the above traits in pigs with
the GG genotype might explain why the LMP
values were not different among pigs with
different genotypes. Other production traits were
unbeneficial effects of the resistant genotype of
the MUC4 gene on production performance in
pigs. A report by Liu et al. (2015) indicated that
Large White pigs with the GG genotype grew
slower in the fattening period than pigs with AA
or AG. Similarly during the fattening period,
White Duroc x Erhualian pigs carrying F4ab or
Fdac receptors grew faster than those without
these receptors (Yan et al., 2009). In agreement,
in Italian Large White pigs, having the
susceptible allele was associated with higher
ADG and BFT values (Fontanesi et al., 2012).
On the other hand, Geraci et al. (2019) reported
that in Iltalian Large White pigs, the
polymorphisms of MUC4 ¢.243A>G did not
affect ADG and BFT. For reproductive traits, the
MUC4 ¢.243A>G polymorphisms have been
shown to have no effect on the number of piglets
born or the number of piglets born alive (Balcells
et al., 2011; Liu et al., 2015). The inconsistent
results from previous studies are probably caused
by different factors such as pig breed, farm
conditions, and the selection program. In the
present study, because the frequency of the G
allele was very low and the GG genotype was
absent in the Landrace breed, the effects of the
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resistant allele were not significantly detected in
several production traits.

From our review, the interactions between
gender and MUC4 genotype for production traits
have not been well investigated. The results of
this study revealed that intact male pigs with the
GG genotype are associated with the highest
IBW, FBW, ADG, and DLD values compared to
other animals with different genotypes. Males
presented greater FBW and ADG values than
females. Therefore, the outcomes as well as the
literature review indicated that selecting males
with the GG genotype as a disease resistance
marker for breeding not only did not have
negative effects on production performance but
also improved carcass traits for Landrace and
Yorkshire pigs. Due to the low numbers of boars
with the MUC4 g.243 GG genotype in our study,
further experimentation should be done to
confirm the genetic effects of the GG MUC4
polymorphism on disease resistance, production
traits, and reproductive performance in boars.

Conclusions

Frequency of the susceptibility allele A of
MUC4 to enterotoxigenic Escherichia coli
(ETEC) was higher than the resistant allele G for
the Landrace and Yorkshire breeds. The AA,
AG, and GG genotypes were observed in
Yorkshire while GG was absent in Landrace. The
production traits were not affected by the MUC4
polymorphisms except backfat thickness and
depth of longissimus dorsi. These results suggest
that selection for pigs carrying the GG genotype
of MUC4, known as providing resistance to
ETEC, did not negatively affect productive
performance in Landrace and Yorkshire pigs.
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