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ABSTRACT In pregnant and lactating sows, metabolism and immunity undergo
drastic changes, which can lead to constipation, abortion, and intrauterine growth
restriction (IUGR) and reduce production performance. Dietary fiber can regulate ani-
mal gut microbiota, alleviate inflammatory responses, and improve performance.
Here, 48 sows (Large x Landrace) were randomly allocated to groups including, con-
trol, and with alfalfa meal (AM), beet pulp, and soybean skin dietary supplementa-
tion for 60 days of gestation. The AM diet decreased IUGR, increased food intake dur-
ing lactation, and promoted the reproductive performance and physical condition of
sows. Further, the AM diet significantly reduced markers of intestinal permeability
(reactive oxygen species and endotoxin) in sow serum, and of systemic inflammation
(interleukin-6 [IL-6] and tumor necrosis factor alpha) in sow feces and serum, as well
as piglet serum, while it increased the anti-inflammatory marker, IL-10, in sow serum
and feces. The AM diet also significantly affected gut microbiota by increasing the
relative abundance of proinflammatory bacteria, while decreasing anti-inflammatory
bacteria. Moreover, the total short-chain fatty acid (SCFA) content was higher in
feces from sows fed an AM diet, with butyric acid content significantly higher during
lactation, than in controls. Sow performance was correlated with intestinal perme-
ability, inflammation, and gut microbiota, which were also vertically transmitted to
piglets. Our results are significant for guiding feed management in the pig breeding
industry. Further, the “sows to piglets” model provides a reference for the effect of
dietary fiber on the gastrointestinal function of human mothers and infants.

IMPORTANCE Although the direct effects of dietary fiber on gut microbiota compo-
sition have been studied extensively, systematic evaluation of different fiber sour-
ces on gut health and inflammatory responses of sows and their offspring has
rarely been conducted. Excessive reactive oxygen species produced by overactive
metabolic processes during late pregnancy and lactation of sows leads to increased
endotoxin levels, disordered gut microbiota, decreased SCFA production, and
secretion of proinflammatory factors, which in turn causes local inflammation of
the gut, potential damage of the gut microbial barrier, increased gut permeability,
increased blood endotoxin levels (resulting in systemic inflammation), and ulti-
mately decreased sow and piglet performance. Our results showed that supple-
mentation of the diet with alfalfa meal in mid and late pregnancy can reverse this
process. Our findings lay a foundation for improving the gut health of sows and
piglets and provide insights into the study of the gastrointestinal tract function in
human mothers and infants.
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Liu et al.

ows and piglets are excellent animal models and have been widely used in bio-

medical research. Compared to rodents, sows and piglets are considered a superior
model for studying the relationships in gut function of human mothers and infants (1).
Pigs have many characteristics similar to humans, including digestive physiology,
microbiota, and diet. These animals are suitable for a multitude of disease models,
including diarrhea, gastrointestinal inflammatory disorders, necrotizing enterocolitis of
neonates, and obesity, etc. (2). In large-scale pig production, sows and piglets are cru-
cial to determining production levels and the economic benefits of pig farms, and the
gestational, lactation, and newborn periods are core stages for feed management of
sows and piglets in large-scale pig production (3). During pregnancy, sows undergo
dramatic changes in physiological metabolism and immunity to ensure the implanta-
tion and development of embryos and pregnancy completion (4). In the mid and late
periods of pregnancy, the levels of tumor necrosis factor alpha (TNF-«), interleukin-6
(IL-6), reactive oxygen species (ROS), and other proinflammatory factors increase signif-
icantly in the blood of sows (5) and are closely related to numerous diseases, including
constipation, abortion, and intrauterine growth retardation (IUGR) (6, 7). Further,
expression of the tight-junction protein, zonulin, is increased in sow guts, while bacte-
rial lipopolysaccharide (LPS) entering the circulation through the gut barrier increased,
and increased concentrations of bacterial endotoxins in the circulation can lead to
metabolic endotoxemia, which is a potential mediator of inflammation (8-10). To initi-
ate and maintain lactation, sows undergo complex metabolism and immune system
changes that directly affect the development and growth of piglets (11). Therefore,
reduction of inflammatory responses and ensuring normal metabolic and immune
changes in sows during mid and late pregnancy and lactation is crucial for the perform-
ance of sows and their offspring (4). Gut microbiota has key roles in nutrient metabolism,
immune development, protection against pathogens, and the pathogenesis of many
chronic diseases in the host (12-14). Sow gut microbiota change dramatically during
pregnancy and may be involved in metabolic processes in pregnant animals (15).
Compared to the early stage of pregnancy, Proteobacteria and Actinobacteria are signifi-
cantly increased in the sow gut during the late stage of pregnancy and have clear char-
acteristics associated with increased risk of inflammation and energy loss (15). Short-
chain fatty acids (SCFAs) are the main fermentation metabolites of gut microbiota and
can stimulate cell signal transduction pathways via G protein-coupled receptor and up-
regulate the expression of Toll-like receptors (16). SCFAs also inhibit the activity of his-
tone deacetylases (HDACs) and mRNA expression levels of the nuclear transcription fac-
tor, NF-kB, as well as downregulate the production of proinflammatory factors, to reduce
gut inflammation (17). In addition, sow gut microbiota also participates in the immune
development and maturation of their offspring. Transplanting microbiota colonized for a
short period of time during the gestation period of a sow to germfree mice can promote
the development of innate immunity in the gut and reduce inflammatory responses in
their offspring via the activity of microbiota and metabolites (18). The SCFAs produced
by sow gut microbiota can also be transferred to their offspring, where they promote
the maturation and development of the immune system (19). Therefore, it is vital to
understand the role of gut microbiota and their SCFA metabolites in the changes in
inflammatory responses in sows during mid and late pregnancy and lactation.

Interest regarding the beneficial role of dietary fiber in regulating gut microbiota and
physiological inflammatory responses is currently growing rapidly (20). Meanwhile, the
advantages of dietary fiber in sows have gradually been exploited, e.g., by improving
oocyte quality, increasing early embryo survival, improving lactation and weaning per-
formance, and enhancing the vitality and uniformity of newborn piglets (21). This is pri-
marily because dietary fiber can increase beneficial microbes in the gut, particularly lac-
tobacilli, which aid in digestion and gut barrier function (22). In addition, SCFAs are the
main fermentation products of dietary fiber and play an important role in gut health (23,
24). For example, acetate is an anti-inflammatory metabolite that maintains gut homeo-
stasis, while butyrate helps to regulate gut permeability (25).
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TABLE 1 Effects of different fiber sources on fat thickness and feed intake of sows

Mean = SD?

Description CK AM BP SH

Day 60 in gestation (mm) 19.82 = 1.00 19.83 £ 1.35 19.83 £ 1.16 19.68 + 0.84
Day 90 in gestation (mm) 19.54 = 0.78 19.77 = 1.22 19.83 = 1.08 19.73 £ 0.61
Before parturition (mm) 20.84 +2.37 2043 =143 20.72 = 1.35 19.77 = 0.80
After weaning (mm) 1938 + 1.54 20.53 = 0.94 19.67 £2.11 19.15 +2.23
Gain during gestation (mm) 1.12+1.76 0.65 = 0.74 0.95 = 2.83 0.22 = 1.01
Loss during lactation (mm) 1.43 +3.78 -0.09 £ 0.16 1.20 +1.87 0.62 + 244
Pregnancy feed intake (kg) 244 +0.27 237 +0.26 2.35+0.39 2.46 = 0.38
Lactation feed intake (kg) 7.75 + 0.66° 8.76 * 0.44~ 7.80 + 0.648 7.66 + 0.598

aData for the control (CK), alfalfa meal (AM), beet pulp (BP), and soybean skin (SH) groups are presented. The
data were evaluated by one-way ANOVA, and significant differences between means were assessed by using
Duncan’s test. Differences in the superscript letters for peer data indicate that a difference is significant (P <
0.05). The lack of a superscript letter means that all differences were nonsignificant (P > 0.05).

The effects of dietary fiber vary greatly due to their different sources and the variety
and complexity of their chemical structures (26). Darroch et al. (27) added 20% soy-
bean hulls and 0.3% psyllium to the diets of pregnant sows. Their results showed that
soybean hull was more conducive to physical health maintenance in pregnant sows
but had little effect on litter size. Cheng et al. (20) added combined soluble fiber from
pregelatinized waxy corn starch and guar gum to the sows’ pregnancy diet, which sig-
nificantly improved the developmental growth performance and gut function of 14-
day-old suckling piglets. Zhuo et al. (28) found that insoluble fiber oat bran mixed with
corn or soybean meal produced more SCFA by gut fermentation, which improved pig
behaviors and reproductive performance. Although the direct effects of dietary fiber
on gut microbiota composition have been studied extensively, systematic evaluation
of different fiber sources (e.g., insoluble and soluble fiber sources) on gut health and
inflammatory responses of sows and their offspring during mid and late gestation pe-
riod has rarely been conducted. In this study, we evaluated the effects of adding differ-
ent fiber sources, including soybean husk (SH), alfalfa meal (AM), and beet pulp (BP), to
sow diets on growth performance, gut microbiota, gut permeability, and inflammation
in sows and piglets. Our findings lay the foundation for screening specific fiber sources
to improve the performance and gut health of sows and piglets and provide insights
into the study of the gastrointestinal tract function in human mothers and infants.

RESULTS

Effects of supplementation in mid to late pregnancy with dietary fiber from
different sources on the performance of sows and piglets. Sows (n=48; Large X
Landrace) at 60 days of gestation were randomly allocated to groups as follows: control
animals (CK) and animals with dietary supplementation using alfalfa meal (AM), beet
pulp (BP), and soybean skin (SH). Assessment of sow backfat thickness during the
reproductive cycle, including at gestation day 60 (G60d), G90d, lactation day 0 (LOd),
and L21d, and sow feed intake by one-way analysis of variance (ANOVA) (Table 1)
showed that there was no significant difference in average daily feed intake (P =
0.7620) and backfat (P = 0.6290 and P = 0.4240, respectively) among the treatment
groups in mid to late pregnancy; however, in the lactation period, the average daily
feed intake (P = 0.0320) of the AM group was significantly higher than that of CK, BP,
and SH groups; in addition, the backfat loss of lactating sows showed a downward
trend (P = 0.3750). Evaluation of sow reproductive performance demonstrated no sig-
nificant differences in total litter size (P = 0.1380), live litter size (P = 0.1510), newborn
body weight (P = 0.4430), or newborn litter weight (P = 0.1170) among the treatment
groups; however, IUGR was significantly lower in the AM group than in the CK, BP, and
SH groups (P = 0.0370) (Table 2). Further, we conducted a systematic study of piglet
growth performance during lactation (L7d, L14d, and L21d) and found that individual
body weight (P = 0.0700, P = 0.1580, and P = 0.0980, respectively) and litter weight
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TABLE 2 Effects of different fiber sources on reproductive performance of sows

Mean * SD“
Description CK AM BP SH
Total born piglets 13.11£2.85 1213 +£3.31 10.44 +4.28 13.11 £ 2.62
Live-born piglets 12.67 =2.83 12.00 = 3.42 10.11 =4.28 12.56 = 2.46
IUGR (%) 9.48 + 0.07* 2.08 + 0.048 11.21 = 0.08% 8.94 + 0.06"
Body wt of newborn piglets (kg)  1.35*+0.17 1.37*+0.12 140 +0.17 1.42+017
Litter wt at birth (kg) 16.81 =2.42 16.49 = 4.86 14.04 =5.73 17.72 =3.79

aData for the control (CK), alfalfa meal (AM), beet pulp (BP), and soybean skin (SH) groups are presented. The
data were evaluated by one-way ANOVA, and significant differences between means were assessed by using
Duncan’s test. Differences in superscript letters for peer data indicate that a difference is significant (P < 0.05).
The lack of a superscript letter means that all differences were nonsignificant (P > 0.05).

(P =0.0014, P = 0.1580, and P = 0.0980, respectively) of piglets in the AM, BP, and SH
groups showed an increasing trend compared to the CK (Table 3). These data indicate
that AM intake during mid to late pregnancy can increase feed intake and reduce IUGR
in lactating sows.

Effects of AM diet on gut permeability and inflammatory responses in sows
and piglets. Given our findings that AM supplementation could reduce IUGR, we next
conducted a systematic evaluation of three biomarkers related to gut permeability
(ROS, endotoxin, and zonulin) by one-way ANOVA at G100d, L4d, and L18d in sows
with dietary supplementation with AM compared to controls. Compared to CK sows,
the ROS (P = 0.0004, P < 0.0001, and P = 0.0010, respectively) and endotoxin (P =
0.0100, P = 0.0018, and P = 0.0007, respectively) levels were significantly lower at
G100d, L4d, and L18d in serum samples from sows fed an AM diet (Fig. 1A and Q).
Further, serum levels of zonulin at L18d were significantly lower than those in the CK
(P =0.0014) (Fig. 1B). Together, these data suggest that AM intake in mid to late preg-
nancy reduces sow gut permeability. Next, we examined four biomarkers associated
with gut inflammation in sows, IL-6, lipocalin-2, TNF-e, and IL-10. In terms of systemic
inflammatory responses, we found that serum levels of IL-6 (P = 0.0014, P = 0.0010,
and P < 0.0001, respectively), lipocalin-2 (P = 0.0122, P = 0.0039, and P = 0.0044,
respectively), and TNF-« (P = 0.0012, P = 0.0008, and P = 0.0084, respectively) were sig-
nificantly reduced, while those of IL-10 (P = 0.0040, P = 0.0025, and P = 0.0014, respec-
tively) were significantly increased in sows fed a AM diet at G100d, L4d, and L18d, com-
pared to controls in the CK (Fig. 1D to G). In sow feces, endotoxin levels were
significantly lower at L4d and L18d (Fig. 1H). Evaluation of gut inflammatory responses

TABLE 3 Effects of different fiber sources on piglet performance

Mean *= SD? (n=11)

Description CK AM BP SH

Litter wt (kg)
Day 0 19.48 =2.24 19.42 =2.02 19.44 = 2.89 19.53 =1.23
Day 7 39.82+1.74 39.87 433 43.53 £4.61 42.76 £ 4.16
Day 14 54.90 = 3.77 5491 =238 57.59 £5.25 57.51 £6.39
Day 21 76.16 = 5.80 82.56 £ 1.15 79.64 * 6.66 7593 £7.60
Avg daily gain 2.83*+0.29 3.16 = 0.09 3.01 =0.20 2.82*+0.34

Body wt (kg)
Day 0 1.38+0.20 1.38+0.18 1.38+0.26 1.39*+0.11
Day 7 3.62*+0.16 3.62+0.39 3.96 + 0.42 3.89+0.38
Day 14 499 +0.34 499 +0.22 5.24 +=0.48 5.00 = 0.66
Day 21 6.92 +0.53 7.51=0.10 7.24 = 0.61 6.90 = 0.69
Avg daily gain 0.26 = 0.03 0.29 = 0.01 0.27 = 0.01 0.26 = 0.03

aData for the control (CK), alfalfa meal (AM), beet pulp (BP), and soybean skin (SH) groups are presented. Eleven
animals were included in each group. The data were evaluated by one-way ANOVA, and significant differences
between means were assessed by using Duncan’s test. Differences in superscript letters for the peer data
indicate that a difference is significant (P < 0.05). The lack of a superscript letter means that all differences were
nonsignificant (P > 0.05).
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FIG 1 Effect of alfalfa meal diet on serum ROS (A), serum zonulin (B), serum endotoxin (C), serum
lipocalin-2 (D), serum IL-6 (E), serum TNF-a (F), serum IL-10 (G), fecal endotoxin (H), fecal IL-6 (1), fecal
TNF-a (J), and fecal IL-10 (K) levels of sows. CK, control group; AM, alfalfa meal group. The data were
evaluated by one-way ANOVA, and significant differences between means were assessed by using
Duncan’s test. *, 0.01 <P = 0.05; **, 0.001 <P = 0.01; ***, P = 0.001; ns > 0.05.
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FIG 2 Effect of alfalfa meal diet on serum ROS (A), serum endotoxin (B), serum IL-6 (C), serum TNF-« (D) and
serum IL-10 (E) levels of piglets. CK, control group; AM, alfalfa meal group. The data were evaluated by one-
way ANOVA, and significant differences between means were assessed by using Duncan’s test. *, 0.01 <P =

0.05; **, 0.001 <P = 0.01; ***, P =< 0.001; ns, P > 0.05.

demonstrated that levels of IL-6 (P = 0.0010 and P = 0.0017, respectively) and TNF-«
(P =0.0052 and P = 0.0084, respectively) were significantly reduced at L4d and L18d in
fecal samples from sows fed with an AM, while those of IL-10 (P = 0.0130 and P =
0.0443, respectively) were significantly increased (Fig. 11, J, and K).

Further, we assessed these biomarkers by one-way ANOVA in the sera of piglets to
understand whether feeding sows with an AM supplemented diet is related to gut per-
meability and systemic inflammatory responses in suckling piglets. We found no signif-
icant differences at L4d. At L18d, the serum levels of ROS (P = 0.0207), endotoxin (P =
0.0211), IL-6 (P = 0.0001), and TNF-« (P = 0.0067) were significantly reduced in AM
group, while the serum levels of IL-10 (P = 0.0094) were significantly increased (Fig. 2).
These results indicated that sows with alfalfa meal supplementation had lower levels
of gut permeability biomarkers and lower levels of inflammatory markers in sows and
piglets.

An AM diet regulates changes in sow gut microbiota composition and microbial
metabolites. The microbiota in sow fecal samples were analyzed at three time
points (G100d, L4d, and L18d) by deep sequencing of the bacterial 165 rRNA gene
V3-V4 region (see Fig. S1A in the supplemental material). The AM diet had no effect
of on the Shannon (P = 0.1626, P = 0.5106, and P = 0.2304, respectively) and Chao
(P = 0.2505, P = 0.8903, and P = 0.5451, respectively) indices by a Wilcoxon rank
sum test in sow fecal microbiota at any time point (G100d, L4d, or L18d) (see
Fig. S1B and C). Community composition at the phylum level indicated that indi-
cated that the dominant microbiota at the three stages were Firmicutes (61.7 to
73.7%), Bacteroidetes (18.3 to 27.7%), Spirochaetae (3.6 to 7.6%), and Proteobacteria
(0.5 to 4.5%) (see Fig. S1D), while dominant genera were Clostridium_sensu_stricto_1 (5.7
to 13.2%), norank_f_Bacteroidales_S24-7_group (5.5 to 9.1%), Terrisporobacter (3.8 to 9.9%),
Christensenellaceae_R-7_group (3.2 to 8.7%), and Lactobacillus (1.5 to 13.7%), among others
(see Fig. S1E). Principal-component analysis by Bray-Curtis and unweighted-UniFrac
distance showed that there were significant differences in microbiota at G100d, L4d, and
L18d between the CK and AM groups (Fig. 3A). Further linear discriminant analysis effect
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Bray-Curtis and unweighted-UniFrac distance; (B) LEfSe analysis determined by one-against-all (less strict). CK, control group;
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FIG 4 Effect of alfalfa meal diet on SCFAs fermentation of sows. (A) Fecal amino acids (AA); (B) fecal propionic
acid (PA); (C) fecal butyric acid (BA); (D) fecal total SCFAs. The data were evaluated by one-way ANOVA, and
the significant differences between means were assessed by using Duncan’s test. *, 0.01 <P = 0.05; **,

0.001 <P = 0.01; ***, P =< 0.001; ns, > 0.05.

size (LEfSe) analysis by “one-against-all” (less strict) to evaluate differences between the
two groups showed that, at G100d, there was a significant increase in the relative abun-
dance of Prevotellaceae_NK3B31_group, Lachnoclostridium_1, Eubacterium_eligens_group,
Paraprevotella, norank_fs_p 2534 _18b5_gut_group, and Clostridium_sensu_stricto_6 and
reduction in the relative abundance of Helicobacter, Terrisporobacter in animals fed
the AM supplemented diet compared to the CK. At L4d, there was a significant
increase in the relative abundance of Lachnospiraceae_NK4A136_group and a reduced
relative abundance of Desulfovibrio in the AM diet group compared to the CK. Finally, at
L18d, the AM diet led to a significant increase in the relative abundance of Clostridium_
sensu_stricto_1 and a reduction in unclassified_f_Lachnospiraceae, Eubacterium_
fissicatena_group, Erysipelotrichaceae_UCG_004, and Ruminococcaceae_V9D2013_group
relative to the CK (Fig. 3B). These results indicate that feed supplemented with AM during
pregnancy significantly changes the gut microbiota composition in sows.

To analyze the effect of an AM diet on gut microbial metabolism in sows during
pregnancy, we next studied SCFAs by one-way ANOVA in sow excrement at three time
points: G100d, L4d, and L18d (Fig. 4). The results showed that compared to the CK, all
SFCAs in the feces of sows fed an AM supplemented diet had an increasing trend.
There was no statistically significant except butyrate of L4d (P = 0.0360).

Sow performance is related to gut permeability and inflammatory responses,
which influence the health and growth of piglets. Spearman correlation analysis by
Euclidean distance found that sow performance was correlated with gut permeability
and inflammation (Table 4), and IUGR was positively correlated with serum lipocalin-2,
IL-6, and TNF-a and significantly negatively correlated with serum IL-10.

Spearman correlation analysis by Euclidean distance found that sow feed intake
during lactation was negatively correlated with serum lipocalin-2, IL-6, and TNF-¢, as
well as fecal IL-6 and serum ROS, and significantly positively correlated with serum IL-
10. Gut permeability was correlated with inflammation in both sows and piglets
(Table 5). In piglets, serum IL-10 was positively correlated with sow serum IL-10 and
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TABLE 4 Correlation between IUGR, lactation feed intake, and inflammatory factors of sows

mSystems’

Correlation®

Description Serum lipocalin-2 SerumIL-6 Serum TNF-& SerumIL-10 Fecal IL-6 Fecal IL-10 Serum ROS
IUGR (L4d) 0.864* 0.914* 0.926** -0.923** 0.773 0.840
Lactation feed intake (L18d) -0.649* -0.638* -0.695* 0.685* -0.745** -0.806™*

9The data were evaluated by Spearman correlation analysis of the Euclidean distance. *, Mean significant correlation (P < 0.05); **, mean extremely significant correlation

(P<0.01).

significantly negatively correlated with sow fecal TNF-a. Further, piglet serum TNF-«
levels were positively correlated with serum IL-6, TNF-«, and ROS, as well as fecal IL-6
in sows, and significantly negatively correlated with piglet weaning body weight.
Serum IL-6 in piglets was positively correlated with serum lipocalin-2, IL-6, TNF-«, and
ROS in sows, while there was no significant correlation between serum ROS in piglets
and sow inflammatory factors or piglet weaning body weight.

The composition of gut microbiota of sows regulated by an AM supplemented
diet is related to their gut health. As shown in Fig. 5A, analysis of the correlation
between microbiota differing according to LEfSe and metabolic indices in the gut tract
of sows at each stage showed that the Prevotellaceae_NK3B31_group was significantly
positively correlated with serum IL-10, while the norank_f 2534-18b5_gut_group was
significantly positively correlated with serum IL-10 and fecal IL-10 and negatively corre-
lated with serum lipocalin-2, IL-6, and TNF-c. Terrisporobacter was positively correlated
with serum lipocalin-2, TNF-«, and endotoxin and negatively correlated with serum IL-
10. The Lachnospiraceae_NK4A136_group was positively correlated with serum IL-10,
and Clostridium_sensu_stricto_1 was significantly negatively correlated with serum zon-
ulin and ROS levels. The Ruminococcaceae_V9D2013_group was positively correlated
with serum zonulin and ROS and negatively correlated with serum IL-10, and the
Eubacterium_fissicatena_group was positively correlated with serum zonulin, ROS, TNF-«,
and endotoxin, and fecal IL-6. The Norank_f_2534-18b5_gut_group was significantly posi-
tively correlated with fecal IL-6 and negatively correlated with fecal IL-10. There were sig-
nificant positive correlations between unclassified_f_lachnospiraceae and serum zonulin
and ROS. In addition, the concentrations of acetic acid and butyric acid were positively
correlated with the anti-inflammatory bacteria of the Lachnospiraceae_NK4A136_group
and negatively correlated with the inflammatory bacterium, Terrisporobacter.

In addition, a series of correlation analyses between gut permeability, gut or sys-
temic inflammatory responses, and metabolite markers (Fig. 5B) in sows revealed that
serum ROS concentration was positively correlated with serum IL-6, TNF-«, endotoxin,
and fecal endotoxin and negatively correlated with serum IL-10. The serum TNF-« con-
centration was positively correlated with serum IL-6, and serum endotoxin concentra-
tion was positively correlated with serum IL-6 and TNF-« levels. The concentration of
fecal endotoxin was positively correlated with serum zonulin, endotoxin, IL-6, and TNF-
a. The concentration of acetic acid in feces was positively correlated with that of propi-
onic acid, while butyric acid concentration in feces was negatively correlated with ROS
and IL-6 in serum and positively correlated with acetic acid and propionic acid in feces.
The concentration of total SCFAs in feces was positively correlated with those of acetic
acid, propionic acid, and butyric acid.

TABLE 5 Correlation between inflammatory factors of piglets and sows and weaning weight (L18d)

Correlation (sow group)®

Piglet group  Serum lipocalin-2 SerumIL-6 Serum TNF-& SerumIL-10 FecallL-6 Fecal TNF-a

21d wt

Serum IL-10 -0.547 -0.698 -0.589 0.836* -0.809 -0.885*
Serum TNF-a¢  0.705 0.887* 0.877* -0.691 0.822* 0.750
Serum IL-6 0.951** 0.910* 0.900* —0.627 0.69 0.712
Serum ROS 0.537 0.719 0.661 —0.467 0.635 0.517

0.324

-0.866"
—0.730
—0.662

9The data were evaluated by Spearman correlation analysis of the Euclidean distance. *, Mean significant correlation (P < 0.05

(P<0.01).
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FIG 5 Association and model predictive analysis. (A) Correlation between gut microbiota and host markers
by Spearman correlation analysis. (B) Correlation among host markers by Spearman correlation analysis. *,
0.01 <P = 0.05; **, 0.001 <P = 0.01; ***, P = 0.001. Red indicates a positive correlation; blue indicates a
negative correlation.

DISCUSSION

The immune health status of reproductive sows directly affects overall pig produc-
tivity (3). During pregnancy, sow metabolism is enhanced, which manifests as an
increase in appetite, digestive capacity, weight gain, and storage of numerous
nutrients, to meet the requirements of fetal development. In the later stages of preg-
nancy, in addition to dietary energy, sows cease fat deposition and mobilize stored fat
and energy during pregnancy, which is transferred to the mammary gland for milk syn-
thesis. The metabolism and immune changes in sows during pregnancy and lactation
affect the development and growth of fetuses, and disruption of these adaptive
changes may lead to premature birth or even abortion (4). According to statistical anal-
yses, in commercial genetic lines, the prebirth loss of piglets is around 30 to 50% (29).
Therefore, it is crucial to reduce inflammatory responses in sows during mid and late
pregnancy and lactation and to ensure that the normal metabolic immune changes
occur in the sow reproductive cycle.

Some studies have shown that dietary fiber supplementation not only promotes
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satiety in sows but also improves sow feed intake during lactation (28, 30, 31); how-
ever, the effects of dietary fiber supplementation from different sources are inconsis-
tent and may be closely related to the physicochemical properties and fermentability
of dietary fiber (20, 27, 28, 32, 33). Here, we found that the addition of different fiber
sources to the diet of sows in mid and late gestation affected the performance of both
sows and piglets, with AM in particular significantly reducing the IUGR rate, increasing
feed intake during lactation, and improving sow and piglet performance. AM is rich in
insoluble fiber but also contains a small amount of soluble fiber, which can be fer-
mented in the foregut segment, while the insoluble fiber can be slowly fermented in
the hindgut, and has beneficial effects throughout the intestine (34). Dietary fiber can
prevent and treat gut inflammation induced by a high-carbohydrate and low-fiber
western diet in mice by restoring the damaged gut mucous layer (35). In the case of
long-term or indirect dietary fiber deficiency, the gut microbiota resort to the use of
mucosal glycoprotein secreted by the host as a nutrition source, leading to the erosion
of the mucosal barrier. This results in increased pathogenic bacterial invasion of the
mucosa and aggravation of physiological inflammatory responses (36). Prefeeding
mice with inulin can reduce the gut inflammatory response and Smad7 expression af-
ter infection with Citrobacter rodentium and promote host protective immune
responses by affecting the NF-kB and Smad7 signal transduction pathways (37); how-
ever, longitudinal studies on the dynamic changes in inflammation in sows during mid
and late pregnancy and lactation are insufficient. In a recent study, sows that were in
mid and late gestation and lactating were found to have symptoms of metabolic syn-
drome, mainly characterized by low-level inflammation and metabolic disorder (38).
We assessed the gut permeability, gut and systemic inflammatory responses, and met-
abolic changes in sows fed AM. During the middle and late gestation and lactation
periods in sows fed with AM, we found that three biomarkers of gut permeability (ROS,
endotoxin, and connexin) and markers of inflammation (IL-6, lipocalin-2, and TNF-q)
were decreased, which indicated that AM in the sow’s diet reduced gut permeability
and decreased gut and systemic inflammation. Further, Spearman correlation analysis
showed that there was a significant positive correlation between IL-10 in piglets and
sows and that TNF-a expression in piglets was positively correlated with IL-6 and TNF-
a expression in sows and negatively correlated with piglet weaning body weight.
Moreover, sow feed intake during lactation was negatively correlated with lipocalin-2,
IL-6, TNF-c, and ROS and significantly positively correlated with IL-10. These findings
suggest that the improvements in performance observed in sows fed with an AM diet
and their piglets are related to the alleviation of gut or systemic inflammatory
responses and the improvement of physical health. Intrauterine developmental retar-
dation remains a major problem in pig production because the associated low birth
weight leads to high preweaning morbidity and mortality and permanent growth and
developmental retardation. Improving the nutritional status of sows in the middle and
late stages of pregnancy can effectively enhance the uniformity of embryos, thereby
reducing changes in embryo development at the placenta stage and intraluminal fetal
weight variation in the later stages of pregnancy (21, 39). Therefore, providing a bal-
anced diet for sows, ensuring normal metabolic immune changes during the reproduc-
tive cycle, and reducing physiological inflammatory responses, particularly in the mid-
dle and late stages of pregnancy, are important for ensuring proper placental nutrient
transport and, ultimately, improving piglet uniformity. In the present study, Spearman
correlation analysis showed that IUGR was positively correlated with lipocalin-2, IL-6,
and TNF-« in sows and significantly negatively correlated with IL-10. Our findings sup-
port the hypothesis that intake of AM in the middle and late gestation period in sows
reduces the occurrence of IUGR by alleviating maternal gut or systemic inflammatory
responses and metabolic disorder.

In addition, increasing numbers of studies have found that gut microbiota are
related to gut permeability and inflammation (40). Changes in the structural compo-
nent of the diet, as the main energy source for gut microbiota, is an effective means of
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adjusting gut bacteria. Dietary fiber can not only regulate gut microbiota composition
but also adjust microbial metabolites, including SCFAs, etc. Further, it can improve gut
health and influence metabolism and animal behavior (41, 42). Zhao et al. reported
that high dietary fiber could enrich 15 SCFAs produced by bacteria in the gut, stimu-
late SCFA production, improve the gut environment, reduce gut pH, increase butyrate
concentration, competitively inhibit other “harmful bacterial,” and reduce the produc-
tion of harmful metabolites (such as indoles and hydrogen sulfide) and thus build a
healthier gut environment (43). Patients with irritable bowel syndrome have abnormal
gut microbiota due to insufficient intake of SCFAs by gut epithelial cells, and the distri-
bution of tight-junction proteins is directly affected, resulting in thinning of the gut
microbiota, increased gut permeability, and decreased protective effects (44, 45). It has
been suggested that dietary fiber-mediated changes in the gut microbiota and their
metabolites may have important roles in maintaining a gut microecological balance and
ensuring gut health. Our previous study (46) found that adding 5% AM to piglet diet
could inhibit harmful bacteria, such as Mycoplasma and Helicobacter in piglet guts, and
promote the proliferation of beneficial bacteria, such as Paenibacillus, Lactococcus,
Enterococcus, and Faecalibacterium. Compared to the nonpregnant period, the physio-
logical metabolic processes and immune systems of sows exhibit various changes in
pregnancy to meet their physiological needs during this period. The gut microbiota
changes significantly in different periods of pregnancy, which influences host metabolic
processes, and the changes are related to the metabolic characteristics and immune sys-
tem responses specific to the pregnancy period (47). Here, LEfSe analysis showed that
the addition of AM to sow diets in mid and late pregnancy significantly increased the
relative abundances of anti-inflammatory bacteria (Prevotellaceae_NK3B31_group,
norank_f_p_2534_18B5_gut_group, Lachnospiraceae_NK4A136_group, and g_Clostridium_
sensu_stricto_1) and decreased the relative abundance of proinflammatory bacteria
(Terrisporobacter, Desulfovibrio, Helicobacter, Eubacterium_fissicatena_group, and
Erysipelotrichaceae_UCG_004). Previous studies have found that colonization of
Clostridium_sensu_stricto_1 and other bacteria can promote the aggregation of CD4*
regulatory T cells in the colon of sterile mice and improve the level of transforming
growth factor B, while early oral administration of Clostridium microbiota can
increase resistance to colitis and systemic immunoglobulin. Colonization with
Clostridium can also increase the colonization resistance of infant gut microbiota, hin-
dering colonization of pathogenic bacteria (48); however, the colitis that may be
caused by Terrisporobacter could promote gut microbiota malnutrition in animals
(49). Erysipelototrichaeae and other bacteria can promote inflammation in patients
with inflammatory bowel disease (50). Helicobacter is the main cause of chronic active
gastritis and peptic ulcer (51). In addition, we found that the SCFA content in feces of
sows fed with AM had an increasing trend, particularly butyrate at L4d, was significantly
higher than the control. Previous studies have shown that SCFAs can promote the integ-
rity of IL-10 epithelial cells and maintain gut homeostasis by inducing the GPR and
NLRP3 inflammatory pathway (52). Further, butyrate can increase the anti-inflammatory
ability of macrophages and dendritic cells by activating GPR109A, promoting regulatory
T-cell differentiation, increasing the expression of the anti-inflammatory factor IL-10, and
reducing the levels of the inflammatory factors IL-6 and IL-17 (53). Butyrate and propio-
nate can reduce the likelihood of inflammatory bowel disease or colorectal cancer by in-
hibiting the differentiation of regulatory T cells induced by HDACs, maintaining the gut
barrier, and controlling gut inflammation (54, 55). Our findings suggest that the addition
of AM to the diet of sows in the mid and late gestation period can regulate gut
microbiota and SCFA generation, thus improving sow gut health. Spearman correla-
tion analysis further revealed that anti-inflammatory bacterial groups were positively
correlated with anti-inflammatory factors, whereas proinflammatory bacterial groups
were negatively correlated with proinflammatory factors. Moreover, the concentrations of
acetic acid and butyric acid were positively correlated with anti-inflammatory bacteria of
the Lachnospiraceae_NK4A136_group but negatively correlated with anti-inflammatory
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FIG 6 Systematic analysis of the effects of alfalfa meal diet on growth performance, inflammatory indexes, gut microbiota, and SCFAs of sows and piglets.

Terrisporobacter bacteria. Serum ROS levels were significantly positively correlated with
proinflammatory factors and endotoxins but negatively correlated with anti-inflamma-
tory factors, and there was a significant positive correlation between serum endo-
toxin and proinflammatory factors, as well as a significant positive correlation
between fecal endotoxin concentration and zonulin. Furthermore, BA was signifi-
cantly negatively correlated with proinflammatory factors, such as serum ROS and se-
rum IL-6. Therefore, we conclude that the addition of AM in the middle and late ges-
tation period of sows may improve disordered gut microbiota and decreased SCFAs
generation, thus relieving the gut and systemic inflammatory response and promot-
ing the healthy growth of sows.

Using combined correlation analysis of growth performance, inflammatory indices,
gut microbiota, and SCFAs in sows and piglets (Fig. 6), we propose that excessive ROS
produced by overactive metabolic processes during late pregnancy and lactation will
lead to increased endotoxin levels, disordered gut microbiota, decreased SCFA produc-
tion, and secretion of proinflammatory factors, which will cause local inflammation of
the gut, potential damage of the gut microbial barrier, increased gut permeability,
increased blood endotoxin levels resulting in systemic inflammation, and ultimately,
decreased sow and piglet performance. Supplementation of the diet with AM in mid
and late pregnancy can reverse this process. Specifically, AM can increase the abun-
dance of anti-inflammatory bacteria and reduce gut proinflammatory bacterial abun-
dance by regulating the gut microbiota structure and SCFA production by AM fermen-
tation, which decreases endotoxin and inflammatory factor secretion in the blood,
resulting in reduced physiological inflammatory responses and improved sow perform-
ance, as well as reducing inflammatory responses in suckling piglets, and finally
improving piglet gut health and growth performance. Nevertheless, further research is
needed to elucidate the specific mechanisms underlying the interactions among gut
microbiota, gut permeability, and the inflammatory and metabolic characteristics of
sows and piglets.

In conclusion, we found that the addition of different fiber sources to the diet
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during mid and late gestation influenced the performance of sows and piglets. In par-
ticular, the addition of AM significantly improved sow and piglet performance and
relieved gut and systemic inflammation. Furthermore, the supplementation with AM
significantly increased the relative abundance of anti-inflammatory bacteria and
decreased that of proinflammatory bacterial. We propose that the improvement in the
performance of sows and piglets can be ascribed to the beneficial effects of AM on gut
microbiota and the SCFA generation, resulting in decreased inflammatory responses
and enhanced physical health in sows and piglets. These findings provide a theoretical
basis and guide for the use of specific fiber sources in the diet of sows to improve gut
health and production performance of sows and piglets. Our data also give insights for
the study of the role of dietary fiber in the gastrointestinal function of human mothers
and infants.

MATERIALS AND METHODS

Ethical approval. All experimental procedures in this study were approved by the Institutional
Animal Ethics Committee of Henan Agricultural University (approval HENAU-2018-015).

Animals, diets, and housing. Based on similar expected dates of confinement and backfat thick-
ness, 48 sows (Large x Landrace) at 60 days of gestation were randomly allocated to the control (CK),
alfalfa meal (AM), beet pulp (BP), and soybean skin (SH) groups. Each treatment included 12 replicated
pens, each of which housed one sow. The preparation period was 7 days, and the test period was
75 days. All pregnant sows were supplied with feed formulated to meet National Research Council 2012
recommendations (56). The detailed ingredient composition and nutrient content of the investigated
diets are presented in Table S1 in the supplemental material. On day 107 of pregnancy, sows were
moved to individual farrowing pens with crates, slatted floors, and heat pads for the piglets. At parturi-
tion, the numbers of stillborn and live-born piglets in each litter were recorded. In the 12 h after farrow-
ing, the litter size and individual piglet birth weights were measured. When possible, litter sizes were
adjusted to 11 to 12 piglets, by adding or removing piglets within each dietary group without changing
the mean litter birth weight. Lactating sows all consumed the same diet. Both sows and piglets had free
access to water. The sow back fat thickness during the reproductive cycle and reproductive perform-
ance, as well as the growth performance of piglets, was recorded.

Sample collection. At 100days of gestation and at 4 and 18days of lactation, four sows were
selected from each treatment for collection of serum and fecal samples, and piglet blood samples were
also collected at 4 and 18 days of lactation. Serum samples (5ml) were collected in heparinized tubes
from the vena jugularis of sows and piglets, with a minimal amount of stress. Plasma samples were then
obtained by centrifuging the serum samples at 3,000 x g at 4°C for 10 min and stored at -80°C until anal-
ysis. Fresh fecal samples were collected individually from the pigs using sterile 20-ml centrifuge tubes
and then stored at —-80°C until analysis. According the performance indicators of sows, the optimal treat-
ment was selected for the measurement of inflammatory factors, SCFA levels, and 16S rRNA gene
sequencing.

Measurement of inflammatory factors. IL-6, IL-10, TNF-«, endotoxin, zonulin, lipocalin-2, and ROS
were measured in sow serum samples, and IL-6, IL-10, TNF-«, and endotoxin in sow stool samples. IL-6, IL-
10, TNF-q, endotoxin, and ROS were also measured in piglet serum samples. Inflammatory factors were
evaluated using enzyme-linked immunosorbent assay technology (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). All procedures were performed in duplicate.

Determination of SCFAs levels. Gas chromatography (GC) performed as described by Liu et al. (46)
was used to determine the SCFA levels of in stool samples. The samples were analyzed on an HP-88 col-
umn (100-m length, 0.25-mm diameter, and 0.2-um film thickness from the producer) and separated
using a TRACE 1310 GC with a flame ionization detector. The temperature program was as follows: 70°C
for 1 min, followed by an increase to 180°C held at 25°C for 1 min, an increase to 200°C held at 10°C for
1 min, an increase to 220°C held at 2°C for 10 min, and finally an increase to 240°C held at 20°C for 6
min. The sample was run with a split ratio of 20:1 and a column flow rate of 1.3 ml/min. Hydrogen is
used as a carrier gas. The injector temperature is 270°C, and the detector temperature is 290°C.

DNA extraction and 16S rRNA gene sequencing. Microbial DNA was extracted from feces samples
by using an E.Z.N.A. soil DNA kit (Omega Bio-Tek, Norcross, GA) according to the manufacturer’s proto-
cols. The final DNA concentration and purity were determined by using a NanoDrop 2000 UV-vis spec-
trophotometer (Thermo Scientific, Wilmington, DE), and the DNA quality was checked by 1% agarose
gel electrophoresis. The V3-V4 hypervariable regions of the bacterial 165 rRNA gene were amplified
using the primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-
3’) by PCR (GeneAmp 9700; ABI) (57), with the following program: 3 min of denaturation at 95°C; 27
cycles of 30 s at 95°C, 30 s of annealing at 55°C, and 45 s of elongation at 72°C; and a final extension at
72°C for 10 min. PCRs were performed in triplicate, with each 20-ul reaction mixture containing 4 ul of
5x FastPfu buffer, 2 ul of 2.5 mM deoxynucleoside triphosphates, 0.8 ul of each primer (5 uM), 0.4 ul of
FastPfu polymerase, and 10 ng of template DNA. The resulting PCR products were extracted from 2%
agarose gels, further purified using the AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City,
CA), and quantified using a QuantiFluor-ST instrument (Promega) according to the manufacturers’ proto-
cols. Purified amplicons were pooled in equimolar amounts and subjected to paired-end sequencing
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(2 x 300 bp) on an lllumina MiSeq platform (lllumina, San Diego, CA), according to standard protocols,
by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
Bioinformatics analysis of sequencing data. Raw fastq files were demultiplexed, quality filtered
using Trimmomatic, and merged using FLASH, according to the following criteria: (i) reads were trun-
cated at any site receiving an average quality score of <20 over a 50-bp sliding window; (i) primers
were exactly matched, allowing 2-nucleotide mismatching, and reads containing ambiguous bases
removed; and (iii) sequences whose overlap was longer than 10bp were merged, according to their
overlap sequence. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using
UPARSE (v7.1 [http://drive5.com/uparse/]), and chimeric sequences identified and removed using
UCHIME. The taxonomy of each 16S rRNA gene sequence was analyzed using the RDP Classifier algo-
rithm (http://rdp.cme.msu.edu/) against the Silva (SSU128) 16S rRNA database, with a 70% confidence
threshold. Sample biodiversity was calculated using the ACE, Chao1, and Shannon indices by applying a
Wilcoxon rank sum test. Beta-diversity measures dependent on Bray-Curtis and unweighted-UniFrac dis-
tance values were calculated using mothur. LEfSe analysis was conducted to identify bacterial taxa dif-
ferentially represented between different groups at the phylum to genus taxonomy level (biomarkers)
by one-against-all (less strict). To determine the effect of microbiota interacting with Apparent perform-
ance, redundancy analysis (RDA) was performed at the genus level using the R language vegan packet
on Spearman correlation analysis (RDA 2014).
Statistical analysis. Statistical analyses were performed using SPSS 20.0 software (IBM, New York,
NY). Data were evaluated by one-way ANOVA, and the differences between means assessed using
Duncan’s test. A P value of <0.05 was considered statistically significant. The data were evaluated by
Spearman correlation analysis of the Euclidean distance.
Data availability. Raw reads were deposited into the NCBI Sequence Read Archive database under
accession number SRP268238.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, JPGfile, 0.9 MB.
TABLE S1, DOCX file, 0.03 MB.

ACKNOWLEDGMENTS
Financial support for this research was provided by the Earmarked Fund for
Modern Agro-industry Technology Research System of China (CARS-34) and the
Science and Technology Research Key Project of Education Department of Henan
Province (19B230012).
B.L. and X.Z. performed experiments and analyzed data. Y.C. participated in the data
collection. WW., H.L, Z.L., and Z.G. assisted with animal experimentation. S.M., D.L., and
CW. provided advice in design and performance of experiments. B.L. wrote the
manuscript draft. Y.S. supervised the study. All authors read and approved the final
manuscript.

REFERENCES

1.

January/February 2021

Xiao L, Estelle J, Kiilerich P, Ramayo-Caldas Y, Xia Z, Feng Q, Liang S,
Pedersen AO, Kjeldsen NJ, Liu C, Maguin E, Dore J, Pons N, Le Chatelier E,
Prifti E, Li J, Jia H, Liu X, Xu X, Ehrlich SD, Madsen L, Kristiansen K, Rogel-
Gaillard C, Wang J. 2016. A reference gene catalogue of the pig gut micro-
biome. Nat Microbiol 1:16161. https://doi.org/10.1038/nmicrobiol.2016.161.

. Heinritz S, Mosenthin R, Weiss E. 2013. Use of pigs as a potential model

for research into dietary modulation of the human gut microbiota. Nutr
Res Rev 26:191-2009. https://doi.org/10.1017/50954422413000152.

. Kim SW, Weaver AC, Shen YB, Zhao Y. 2013. Improving efficiency of sow

productivity: nutrition and health. J Anim Sci Biotechnol 4:26. https://doi
.org/10.1186/2049-1891-4-26.

. Mor G, Aldo P, Alvero AB. 2017. The unique immunological and microbial

aspects of pregnancy. Nat Rev Immunol 17:469-482. https://doi.org/10
.1038/nri.2017.64.

. Berchieri-Ronchi CB, Kim SW, Zhao Y, Correa CR, Yeum KJ, Ferreira AL. 2011.

Oxidative stress status of highly prolific sows during gestation and lacta-
tion. Animal 5:1774-1779. https://doi.org/10.1017/S1751731111000772.

. Jabbour HN, Sales KJ, Catalano RD, Norman JE. 2009. Inflammatory pathways

in female reproductive health and disease. Reproduction 138:903-919.
https://doi.org/10.1530/REP-09-0247.

. Agarwal A, Aponte-Mellado A, Premkumar BJ, Shaman A, Gupta S. 2012.

The effects of oxidative stress on female reproduction: a review. Reprod
Biol Endocrinol 10:49. https://doi.org/10.1186/1477-7827-10-49.
00591-20

Volume 6 Issue 1

. Rainone V, Schneider L, Saulle |, Ricci C, Biasin M, Al-Daghri NM, Giani E,

Zuccotti GV, Clerici M, Trabattoni D. 2016. Upregulation of inflammasome
activity and increased gut permeability are associated with obesity in chil-
dren and adolescents. Int J Obes (Lond) 40:1026-1033. https://doi.org/10
.1038/ijo.2016.26.

. Shulman RJ, Eakin MN, Czyzewski DI, Jarrett M, Ou CN. 2008. Increased gas-

trointestinal permeability and gut inflammation in children with functional
abdominal pain and irritable bowel syndrome. J Pediatr 153:646-650.
https://doi.org/10.1016/j.jpeds.2008.04.062.

. Moreira APB, Texeira TFS, Ferreira AB, Peluzio MCG, Alfenas RCG. 2012.

Influence of a high-fat diet on gut microbiota, intestinal permeability, and
metabolic endotoxaemia. Br J Nutr 108:801-809. https://doi.org/10.1017/
S0007114512001213.

. Thum C, Cookson A, Otter D, McNabb W, Hodgkinson A, Dyer J, Roy N.

2012. Can nutritional modulation of maternal intestinal microbiota influ-
ence the development of the infant gastrointestinal tract? J Nutr
142:1921-1928. https://doi.org/10.3945/jn.112.166231.

. Tamburini S, Shen N, Wu HC, Clemente JC. 2016. The microbiome in early

life: implications for health outcomes. Nat Med 22:713-722. https://doi
.org/10.1038/nm.4142.

. Mach N, Berri M, Estelle J, Levenez F, Lemonnier G, Denis C, Leplat JJ,

Chevaleyre C, Billon Y, Dore J, Rogel-Gaillard C, Lepage P. 2015. Early-life
establishment of the swine gut microbiome and impact on host

msystems.asm.org 15


http://drive5.com/uparse/
http://rdp.cme.msu.edu/
https://www.ncbi.nlm.nih.gov/sra/SRP268238
https://doi.org/10.1038/nmicrobiol.2016.161
https://doi.org/10.1017/S0954422413000152
https://doi.org/10.1186/2049-1891-4-26
https://doi.org/10.1186/2049-1891-4-26
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1017/S1751731111000772
https://doi.org/10.1530/REP-09-0247
https://doi.org/10.1186/1477-7827-10-49
https://doi.org/10.1038/ijo.2016.26
https://doi.org/10.1038/ijo.2016.26
https://doi.org/10.1016/j.jpeds.2008.04.062
https://doi.org/10.1017/S0007114512001213
https://doi.org/10.1017/S0007114512001213
https://doi.org/10.3945/jn.112.166231
https://doi.org/10.1038/nm.4142
https://doi.org/10.1038/nm.4142
https://msystems.asm.org

Liu et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

January/February 2021

phenotypes. Environ Microbiol Rep 7:554-569. https://doi.org/10.1111/
1758-2229.12285.

. Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, Leung JM, Cho |, Kim SG, Li

H, Gao Z, Mahana D, Zarate Rodriguez JG, Rogers AB, Robine N, Loke P,
Blaser MJ. 2014. Altering the intestinal microbiota during a critical devel-
opmental window has lasting metabolic consequences. Cell 158:705-721.
https://doi.org/10.1016/j.cell.2014.05.052.

. Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Backhed HK,

Gonzalez A, Werner JJ, Angenent LT, Knight R, Backhed F, Isolauri E,
Salminen S, Ley RE. 2012. Host remodeling of the gut microbiome and
metabolic changes during pregnancy. Cell 150:470-480. https://doi.org/
10.1016/j.cell.2012.07.008.

. Sahasrabudhe N, Beukema M, Tian L, Troost B, Scholte J, Bruininx E,

Bruggeman G, van den Berg M, Scheurink A, Schols H, Faas M, de Vos P.
2018. Dietary fiber pectin directly blocks Toll-like receptor 2-1 and pre-
vents doxorubicin-induced ileitis. Front Immunol 9:383. https://doi.org/
10.3389/fimmu.2018.00383.

. Luu M, Monning H, Visekruna A. 2020. Exploring the molecular mecha-

nisms underlying the protective effects of microbial SCFAs on intestinal
tolerance and food allergy. Front Immunol 11:1225. https://doi.org/10
.3389/fimmu.2020.01225.

. Gomez-Gallego C, Garcia-Mantrana |, Salminen S, Collado MC. 2016. The

human milk microbiome and factors influencing its composition and ac-
tivity. Semin Fetal Neonatal Med 21:400-405. https://doi.org/10.1016/j
.siny.2016.05.003.

. Nakajima A, Kaga N, Nakanishi Y, Ohno H, Miyamoto J, Kimura |, Hori S,

Sasaki T, Hiramatsu K, Okumura K, Miyake S, Habu S, Watanabe S. 2017.
Maternal high fiber diet during pregnancy and lactation influences regula-
tory T cell differentiation in offspring in mice. J Immunol 199:3516-3524.
https://doi.org/10.4049/jimmunol.1700248.

Cheng C, Wei H, Xu C, Xie X, Jiang S, Peng J. 2018. Maternal soluble fiber
diet during pregnancy changes the intestinal microbiota, improves
growth performance, and reduces intestinal permeability in piglets. Appl
Environ Microbiol 84:e01047-18. https://doi.org/10.1128/AEM.01047-18.
Costermans N, Teerds K, Keijer J, Knol E, Koopmanschap R, Kemp B, Soede
N. 2019. Follicular development of sows at weaning in relation to esti-
mated breeding value for within-litter variation in piglet birth weight.
Animal 13:554-563. https://doi.org/10.1017/51751731118001684.
Sawicki CM, Livingston KA, Obin M, Roberts SB, Chung M, McKeown NM.
2017. Dietary fiber and the human gut microbiota: application of evi-
dence mapping methodology. Nutrients 9:125. https://doi.org/10.3390/
nu9020125.

Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, Tobe T,
Clarke JM, Topping DL, Suzuki T, Taylor TD, Itoh K, Kikuchi J, Morita H,
Hattori M, Ohno H. 2011. Bifidobacteria can protect from enteropatho-
genic infection through production of acetate. Nature 469:543-547.
https://doi.org/10.1038/nature09646.

Huang C, Song P, Fan P, Hou C, Thacker P, Ma X. 2015. Dietary sodium bu-
tyrate decreases postweaning diarrhea by modulating intestinal perme-
ability and changing the bacterial communities in weaned piglets. J Nutr
145:2774-2780. https://doi.org/10.3945/jn.115.217406.

Martens E, Neumann M, Desai M. 2018. Interactions of commensal and
pathogenic microorganisms with the intestinal mucosal barrier. Nat Rev
Microbiol 16:457-470. https://doi.org/10.1038/541579-018-0036-x.

Gill S, Rossi M, Bajka B, Whelan K. 2020. Dietary fibre in gastrointestinal
health and disease. Nat Rev Gastroenterol Hepatol https://doi.org/10
.1038/541575-020-00375-4.

Darroch CS, Dove CR, Maxwell CV, Johnson ZB, Southern LL, S-288 Re-
gional Research Committee on Nutrition and Management of Swine for
Increased Reproduction Efficiency. 2008. A regional evaluation of the
effect of fiber type in gestation diets on sow reproductive performance. J
Anim Sci 86:1573-1578. https://doi.org/10.2527/jas.2007-0662.

Zhuo Y, Feng B, Xuan Y, Che L, Fang Z, Lin Y, Xu S, Li J, Feng B, Wu D.
2020. Inclusion of purified dietary fiber during gestation improved the
reproductive performance of sows. J Anim Sci Biotechnol 11:47. https://
doi.org/10.1186/s40104-020-00450-5.

Geisert RD, Schmitt RAM. 2002. Early embryonic survival in the pig: can it
be improved? J Anim Sci 80:E-suppl_1.

de Leeuw J, Jongbloed A, Verstegen M. 2004. Dietary fiber stabilizes
blood glucose and insulin levels and reduces physical activity in sows
(Sus scrofa). J Nutr 134:1481-1486. https://doi.org/10.1093/jn/134.6.1481.
Jarrett S, Ashworth C. 2018. The role of dietary fibre in pig production,
with a particular emphasis on reproduction. J Anim Sci Biotechnol 9:59.
https://doi.org/10.1186/540104-018-0270-0.

00591-20

Volume 6 Issue 1

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

mSystems’

Ferguson EM, Slevin J, Hunter MG, Edwards SA, Ashworth CJ. 2007. Bene-
ficial effects of a high fibre diet on oocyte maturity and embryo survival
in gilts. Reproduction 133:433-439. https://doi.org/10.1530/REP-06-0018.
Li Y, Zhang L, Liu H, Yang Y, He J, Cao M, Yang M, Zhong W, Lin Y, Zhuo Y,
Fang Z, Che L, Feng B, Xu S, Li J, Zhao X, Jiang X, Wu D. 2019. Effects of
the ratio of insoluble fiber to soluble fiber in gestation diets on sow per-
formance and offspring intestinal development. Animals (Basel) 9:411.
https://doi.org/10.3390/ani9070422.

Brambillasca S, Zunino P, Cajarville C. 2015. Addition of inulin, alfalfa and
citrus pulp in diets for piglets: influence on nutritional and faecal parame-
ters, intestinal organs, and colonic fermentation and bacterial popula-
tions. Livestock Sci 178:243-250. https://doi.org/10.1016/j.livsci.2015.06
.003.

Zou J, Chassaing B, Singh V, Pellizzon M, Ricci M, Fythe MD, Kumar MV,
Gewirtz AT. 2018. Fiber-mediated nourishment of gut microbiota protects
against diet-induced obesity by restoring IL-22-mediated colonic health.
Cell Host Microbe 23:41-53.e4. https://doi.org/10.1016/j.chom.2017.11
.003.

Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA, Wolter M,
Pudlo NA, Kitamoto S, Terrapon N, Muller A, Young VB, Henrissat B,
Wilmes P, Stappenbeck TS, Nunez G, Martens EC. 2016. A dietary fiber-
deprived gut microbiota degrades the colonic mucus barrier and enhan-
ces pathogen susceptibility. Cell 167:1339-1353. https://doi.org/10.1016/
j.cell.2016.10.043.

Foye OT, Huang IF, Chiou CC, Walker WA, Shi HN. 2012. Early administra-
tion of probiotic Lactobacillus acidophilus and/or prebiotic inulin attenu-
ates pathogen-mediated intestinal inflammation and Smad 7 cell signal-
ing. FEMS Immunol Med Microbiol 65:467-480. https://doi.org/10.1111/j
.1574-695X.2012.00978.x.

Cheng C, Wei H, Yu H, Xu C, Jiang S, Peng J. 2018. Metabolic syndrome
during perinatal period in sows and the link with gut microbiota and
metabolites. Front Microbiol 9:1989. https://doi.org/10.3389/fmicb.2018
.01989.

Wang J, Feng C, Liu T, Shi M, Wu G, Bazer F. 2017. Physiological alterations
associated with intrauterine growth restriction in fetal pigs: causes and
insights for nutritional optimization. Mol Reprod Dev 84:897-904. https://
doi.org/10.1002/mrd.22842.

Yang J, Qian K, Wang C, Wu Y. 2018. Roles of probiotic lactobacilli inclu-
sion in helping piglets establish healthy intestinal inter-environment for
pathogen defense. Probiotics Antimicrob Proteins 10:243-250. https://
doi.org/10.1007/s12602-017-9273-y.

Rooks MG, Garrett WS. 2016. Gut microbiota, metabolites, and host immu-
nity. Nat Rev Immunol 16:341-352. https://doi.org/10.1038/nri.2016.42.
Lee WJ, Hase K. 2014. Gut microbiota-generated metabolites in animal
health and disease. Nat Chem Biol 10:416-424. https://doi.org/10.1038/
nchembio.1535.

Zhao L, Zhang F, Ding X, Wu G, Lam YY, Wang X, Fu H, Xue X, Lu C, Ma J,
Yul, XuC, RenZ XuY, XuS, Shen H, Zhu X, Shi Y, Shen Q, Dong W, Liu R,
Ling Y, Zeng Y, Wang X, Zhang Q, Wang J, Wang L, Wu Y, Zeng B, Wei H,
Zhang M, Peng Y, Zhang C. 2018. Gut bacteria selectively promoted by di-
etary fibers alleviate type 2 diabetes. Science 359:1151-1156. https://doi
.org/10.1126/science.aao5774.

Hyland NP, Quigley EM, Brint E. 2014. Microbiota-host interactions in irri-
table bowel syndrome: epithelial barrier, immune regulation and brain-
gut interactions. World J Gastroenterol 20:8859-8866. https://doi.org/10
.3748/wjg.v20.i27.8859.

Velasquez-Manoff M. 2015. Gut microbiome: the peacekeepers. Nature
518:53-S11. https://doi.org/10.1038/518S3a.

Liu B, Wang W, Zhu X, Sun X, Xiao J, Li D, Cui Y, Wang C, Shi Y. 2018.
Response of gut microbiota to dietary fiber and metabolic interaction
with SCFAs in piglets. Front Microbiol 9:2344. https://doi.org/10.3389/
fmicb.2018.02344.

Luan H, Meng N, Liu P, Feng Q, Lin S, Fu J, Davidson R, Chen X, Rao W,
Chen F, Jiang H, Xu X, Cai Z, Wang J. 2014. Pregnancy-induced metabolic
phenotype variations in maternal plasma. J Proteome Res 13:1527-1536.
https://doi.org/10.1021/pr401068k.

Louis P, Flint HJ. 2009. Diversity, metabolism and microbial ecology of bu-
tyrate-producing bacteria from the human large intestine. FEMS Micro-
biol Lett 294:1-8. https://doi.org/10.1111/j.1574-6968.2009.01514.x.
Munyaka PM, Rabbi MF, Khafipour E, Ghia JE. 2016. Acute dextran sulfate
sodium (DSS)-induced colitis promotes gut microbial dysbiosis in mice. J
Basic Microbiol 56:986-998. https://doi.org/10.1002/jobm.201500726.
Kaakoush NO, Deshpande NP, Man SM, Burgos-Portugal JA, Khattak FA,
Raftery MJ, Wilkins MR, Mitchell HM. 2015. Transcriptomic and proteomic

msystems.asm.org 16


https://doi.org/10.1111/1758-2229.12285
https://doi.org/10.1111/1758-2229.12285
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.3389/fimmu.2018.00383
https://doi.org/10.3389/fimmu.2018.00383
https://doi.org/10.3389/fimmu.2020.01225
https://doi.org/10.3389/fimmu.2020.01225
https://doi.org/10.1016/j.siny.2016.05.003
https://doi.org/10.1016/j.siny.2016.05.003
https://doi.org/10.4049/jimmunol.1700248
https://doi.org/10.1128/AEM.01047-18
https://doi.org/10.1017/S1751731118001684
https://doi.org/10.3390/nu9020125
https://doi.org/10.3390/nu9020125
https://doi.org/10.1038/nature09646
https://doi.org/10.3945/jn.115.217406
https://doi.org/10.1038/s41579-018-0036-x
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.2527/jas.2007-0662
https://doi.org/10.1186/s40104-020-00450-5
https://doi.org/10.1186/s40104-020-00450-5
https://doi.org/10.1093/jn/134.6.1481
https://doi.org/10.1186/s40104-018-0270-0
https://doi.org/10.1530/REP-06-0018
https://doi.org/10.3390/ani9070422
https://doi.org/10.1016/j.livsci.2015.06.003
https://doi.org/10.1016/j.livsci.2015.06.003
https://doi.org/10.1016/j.chom.2017.11.003
https://doi.org/10.1016/j.chom.2017.11.003
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1111/j.1574-695X.2012.00978.x
https://doi.org/10.1111/j.1574-695X.2012.00978.x
https://doi.org/10.3389/fmicb.2018.01989
https://doi.org/10.3389/fmicb.2018.01989
https://doi.org/10.1002/mrd.22842
https://doi.org/10.1002/mrd.22842
https://doi.org/10.1007/s12602-017-9273-y
https://doi.org/10.1007/s12602-017-9273-y
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1126/science.aao5774
https://doi.org/10.3748/wjg.v20.i27.8859
https://doi.org/10.3748/wjg.v20.i27.8859
https://doi.org/10.1038/518S3a
https://doi.org/10.3389/fmicb.2018.02344
https://doi.org/10.3389/fmicb.2018.02344
https://doi.org/10.1021/pr401068k
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1002/jobm.201500726
https://msystems.asm.org

Gut Microbiota and Inflammation in Sows and Piglets

51.

52.

53.

January/February 2021

analyses reveal key innate immune signatures in the host response to the
gastrointestinal pathogen Campylobacter concisus. Infect Immun 83:832-845.
https://doi.org/10.1128/1A1.03012-14.

Heimesaat M, Fischer A, Plickert R, Wiedemann T, Loddenkemper C,
Gobel U, Bereswill S, Rieder G. 2014. Helicobacter pylori induced gastric
immunopathology is associated with distinct microbiota changes in the
large intestines of long-term infected Mongolian gerbils. PLoS One 9:
€100362. https://doi.org/10.1371/journal.pone.0100362.

Macia L, Tan J, Vieira AT, Leach K, Stanley D, Luong S, Maruya M, lan
McKenzie C, Hijikata A, Wong C, Binge L, Thorburn AN, Chevalier N, Ang
C, Marino E, Robert R, Offermanns S, Teixeira MM, Moore RJ, Flavell RA,
Fagarasan S, Mackay CR. 2015. Metabolite-sensing receptors GPR43 and
GPR109A facilitate dietary fibre-induced gut homeostasis through regula-
tion of the inflammasome. Nat Commun 6:6734. https://doi.org/10.1038/
ncomms7734.

Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, Shi H, Thangaraju M,
Prasad PD, Manicassamy S, Munn DH, Lee JR, Offermanns S, Ganapathy V.
2014. Activation of Gpr109a, receptor for niacin and the commensal

Volume 6 Issue 1 e00591-20

54.

55.

56.

mSystems’

metabolite butyrate, suppresses colonic inflammation and carcinogene-
sis. Immunity 40:128-139. https://doi.org/10.1016/j.immuni.2013.12.007.
Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM,
Glickman JN, Garrett WS. 2013. The microbial metabolites, short-chain
fatty acids, regulate colonic Treg cell homeostasis. Science 341:569-573.
https://doi.org/10.1126/science.1241165.

Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, Liu H,
Cross JR, Pfeffer K, Coffer PJ, Rudensky AY. 2013. Metabolites produced
by commensal bacteria promote peripheral regulatory T-cell generation.
Nature 504:451-455. https://doi.org/10.1038/nature12726.

National Research Council. 2012. Nutrient requirements of swine, 11th
ed. National Academies Press, Washington, DC. https://doi.org/10.17226/
13298.

. Singh KM, Jisha TK, Reddy B, Parmar N, Patel A, Patel AK, Joshi CG. 2015.

Microbial profiles of liquid and solid fraction associated biomaterial in
buffalo rumen fed green and dry roughage diets by tagged 16S rRNA
gene pyrosequencing. Mol Biol Rep 42:95-103. https://doi.org/10.1007/
s11033-014-3746-9.

msystems.asm.org 17


https://doi.org/10.1128/IAI.03012-14
https://doi.org/10.1371/journal.pone.0100362
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1126/science.1241165
https://doi.org/10.1038/nature12726
https://doi.org/10.17226/13298
https://doi.org/10.17226/13298
https://doi.org/10.1007/s11033-014-3746-9
https://doi.org/10.1007/s11033-014-3746-9
https://msystems.asm.org

	RESULTS
	Effects of supplementation in mid to late pregnancy with dietary fiber from different sources on the performance of sows and piglets.
	Effects of AM diet on gut permeability and inflammatory responses in sows and piglets.
	An AM diet regulates changes in sow gut microbiota composition and microbial metabolites.
	Sow performance is related to gut permeability and inflammatory responses, which influence the health and growth of piglets.
	The composition of gut microbiota of sows regulated by an AM supplemented diet is related to their gut health.

	DISCUSSION
	MATERIALS AND METHODS
	Ethical approval.
	Animals, diets, and housing.
	Sample collection.
	Measurement of inflammatory factors.
	Determination of SCFAs levels.
	DNA extraction and 16S rRNA gene sequencing.
	Bioinformatics analysis of sequencing data.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

