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The am of this study was to investigate the effects of the high level of
xylooligosaccharides (XOS) on growth performance, antioxidant capability, immune
function, and fecal microbiota in weaning piglets. The results showed that 28 d body
weight exhibited linear and quadratic increases (P < 0.05) with increasing dietary XOS
level, as well as average daily feed intake (ADFI) on d 15-28, average daily gain (ADG)
on d 15-28 and 1-28. There was a linear decrease (P < 0.05) between XOS levels and
feed conversion rate (FCR) on d 1-14 and 1-28. Additionally, glutathione peroxidase
(GSH-Px) showed a linear increase (P < 0.05), while the malondialdehyde (MDA) level
decreased linearly and quadratically (P < 0.05) with the increasing dietary level of XOS.
Moreover, the XOS treatments markedly increased the levels of immunoglobulin A (Ig A)
(linear, P < 0.05; quadratic, P < 0.05), IgM (quadratic, P < 0.05), IgG (linear, P < 0.05),
and anti-inflammatory cytokine interleukin-10 (IL-10) (quadratic, P < 0.05) in serum, while
the IL-1B (linear, P < 0.05; quadratic, P < 0.05) and IL-6 (linear, P < 0.05) decreased
with increasing level of XOS. Microbiota analysis showed that dietary supplementation
with 1.5% XOS decreased (P < 0.05) the a-diversity and enriched (P < 0.05) beneficial
bacteria including Lactobacillus, Bifidobacterium, and Fusicatenibacter at the genus
level, compared with the control group. Importantly, linearly increasing responses
(P < 0.05) to fecal acetate, propionate, butyrate, and total short-chain fatty acids
(SCFAs) were observed with increasing level of XOS. Spearman correlation analyses
found that Lactobacillus abundance was positively correlated with ADG, acetate,
propionate, and IgA (P < 0.05), but negatively correlated with IL-18 (P < 0.05).
Bifidobacterium abundance was positively related with ADFI, total SCFAs, IgG, and
IL-10 (P < 0.05), as well as g_Fusicatenibacter abundance with ADFI, total SCFAs,
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FIGURE 2 | Effect of XOS on specific bacteria in feces. Data are presented as means + SEM. *P < 0.05 and ***P < 0.001, n = 6 for each group.

TABLE 8 | The effects of dietary supplementation with XOS on SCFAs concentration in feces of weaning piglets.

Items XOS (% of diet) P-valve

Control (0) 0.75 1.5 3 SEM Diet Liner Quadratic
Acetate (mmol/kg) 130.80° 149.10% 151.632° 165.182 4.23 0.026 0.004 0.458
Propionate (mmol/kg) 76.38° 91.09% 90.64% 99.922 2.90 0.025 0.006 0.379
Butyrate (mmol/kg) 43.16° 59.672 61.852 68.972 3.20 0.020 0.005 0.517
Total SCFAs (mmol/kg) 250.34° 299.862 304.122 334.082 9.39 0.007 0.001 0.373

SCFAs, short-chain fatty acids; SEM, standard error of the means.

Total SCFAs include acetate, prorate, and butyrate (n = 6 for each group). Values with different letter superscripts mean significant difference (P < 0.05) in a row, while with no letter

superscripts mean no significant difference (P > 0.05).

butyrate, and total SCFAs were observed with the increasing
supplemental XOS level. A dietary supplemented with 3% XOS
had higher (P < 0.05) concentrations of acetate and propionate
in feces than the control group, while there were no differences
among in control, 0.75%, and 1.5% XOS groups or among
the XOS treatments. Besides that, the supplementation of XOS
markedly increased (P < 0.05) concentrations of butyrate and
total SCFAs in feces compared with the control group, but no
differences were noted in the XOS-treated groups (P > 0.05).

Correlation of Fecal Microbiota With
Serum Parameters, SCFAs, and Growth

Performance

As shown in Figure 3, the genus Lactobacillus abundance was
positively correlated with ADG, acetate, propionate, and IgA (P
< 0.05), but negatively correlated with IL-1p (P < 0.05). The
genus Bifidobacterium was positively related with ADFI, total
SCFAs, IgG, and IL-10 (P < 0.05), as well as g_Fusicatenibacter
abundance with ADFI, total SCFAs, and IL-10 (P < 0.05).
However, the genus Bifidobacterium and Fusicatenibacter
abundances were negatively associated with MDA (P <
0.05). Meanwhile, the genus Bifidobacterium abundance was
negatively associated with IL-1f and IL-6 (P < 0.05). The
genus g Ruminococcus, g Family XIII_AD3011_group,

and g norank_f _norank_o__RF39 were negatively

correlated with ADG, acetate, propionate, and butyrate.
In addition, there was a positive correlation between
g Ruminococcus and MDA level (P < 0.05), while a remarkable
negative correlation was found between g Ruminococcus
and total SCFAs, and IL-10 levels (P < 0.05). There
were similar results for g Family XIII_AD3011_group,
g__norank_f__norank_o__RF39, and g norank_f__
Eubacterium_coprostanoligenes_group. Moreover, a positive
correlation was observed between g norank_f norank
_o__RF39 abundance and IL-6 (P < 0.05), as well as
Clostridia_UCG-014, g Family XIII_AD3011_group, g __
norank_f _norank_o__RF39 abundance, and IL-1f level.

DISCUSSIONS

Recently, the XOS as functional food are widely used in animal
diets for improving animal growth performance, enhancing
the quality of animal products, and regulating intestinal health
(24). However, the abundance of Bifidobacterium did not
show a remarkable increase at the low dosage of XOS in
weaning pigs or growing pigs (4, 11, 18). In the present
study, we investigated the effects of the high level of XOS
on growth performance, antioxidant capability, and anti-
inflammatory action, and whether the high level of XOS
promotes Bifidobacterium abundance of weaning piglets. We
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FIGURE 3 | Correlation heatmap between microbiota and antioxidant capability, immune function, growth performance, and fecal SCFAs. Spearman correlations
were applied. ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion rate; Total SCFAs, total short-chain fatty acids; GSH-Px, glutathione
peroxidase; MDA, malondialdehyde. Total SCFAs = acetate + propionate + butyrate. *P < 0.05, **P < 0.01, and ***P < 0.001.
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found that the diet supplemented with 1.5% XOS significantly
increased final BW, ADG, and ADFI during d 15-28 and the
whole study period. Moreover, 28 d BW exhibited linear and
quadratic responses (P < 0.05) with the increasing dietary XOS
level, as well as ADFI on d 15-28, ADG on d 15-28 and 1-28,
with the highest at the level of 1.5% XOS. As the dietary XOS level
increased, ADFI on d 1-14 and 1-28 increased quadratically.
Besides, the FCR on d 1-14 and 1-28 decreased linearly with
increasing level of XOS in the diets. The 3% XOS group piglets
had alower ADFI and ADG than the 1.5% XOS group, which due
to an excessive level of XOS may affect the dietary palatability.
The previous studies showed that supplementation of XOS
improved animal growth performance. Chen et al. (4, 13) found
that an addition of 500 mg/kg XOS significantly increased BW,
ADG, and decreased FCR in weaning piglets. Similarly, a dietary
supplementation with 400 mg/kg XOS also increased final BW
and ADG in nursery pigs, while ADFI and FCR were not affected
(12). Additionally, a dietary supplementation of 250 mg/kg XOS
markedly increased ADG and ADFI for weaning piglets (25). The
difference between our findings and previous reports might be
attributable to the dosage of XOS.

It has been reported that oligosaccharides may influence
serum biochemical parameters (26). Our results showed that
either the high level or the low level of XOS failed to affect
serum biochemical parameters in weaning pigs. Consistently, the
previous studies indicated that serum biochemical parameters
were not altered in XOS-treated weaning pigs or limited effect
in XOS-treated nursery pigs (11, 12, 27).

The CAT, SOD, and GSH-Px as the main antioxidant
enzymes in the antioxidant protection system play a vital role
in scavenging free radicals, reducing and eliminating oxidative

damage. The serum T-AOC is an important indicator for
evaluating the overall function of antioxidant capability in vivo.
The MDA is considered as a biomarker for lipid peroxidation
under the oxidative stress status. In this study, serum GSH-Px
concentration increased linearly with increasing supplemental
XOS level in weaning pigs. In addition, there were linear and
quadratic responses between serum MAD level and XOS, with
the lowest at the 1.5% XOS. The XOS had no impact on serum
T-SOD, CAT, and T-AOC in our findings. Consistently, dietary
addition of 400 mg/kg XOS markedly declined the serum MDA
level and increased a trend of GSH-Px (12). Chen et al. (13)
also reported that piglets fed with the diet of 500 mg/kg XOS
had higher T-SOD and CAT levels on day 28, whereas the
MDA level was lower than the control group. Moreover, T-
SOD, T-AOC, and CAT levels exhibited quadratic increases with
different dietary XOS levels on day 28, but the level of MDA was
decreased quadratically. A recent report also found that maternal
supplementation of 500 mg/kg XOS in diet had a lower level of
MDA in sucking pigs, while did not affect the SOD, T-AOC, and
CAT activity (28). These results indicated that XOS improvement
of growth performance of weaned piglets might be related to
increasing the antioxidant capability.

The immunoglobulins, including IgG, IgM, and IgA involve
host immune response and protect against pathogens and virus
infection. The previous studies showed that XOS can elevate
the serum level of IgG in nursery pigs and IgM in broilers
(12, 29). Notably, with the level of XOS increased, the serum
IgA had a linear increase and IgM showed linear and quadratic
responses in laying hens (30). Besides, 500 mg/kg XOS increased
the concentration of serum IgG on day 28 in weaning piglets,
and serum IgG concentration showed a quadratic effect with
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increasing XOS level in diet (13). Similarly, our results found that
a dietary supplementation of 0.75 and 1.5% XOS significantly
increased the serum IgM concentration in weaning piglets
compared with the control group. Additionally, 1.5% and 3%
XOS had higher levels of IgG than the control group. Moreover,
the serum level of IgA was increased later in XOS-treated pigs.
Numerous studies indicated that XOS can alleviate inflammatory
status in animals. Sow supplementation of 500 mg/kg XOS
decreased serum IL-1B, IL-6, IL-2, and Tumor Necrosis Factor
(TNF)-a levels in sucking piglets (28). In the present study, 1.5
and 3% XOS significantly decreased the serum IL-18 compared
with the control group. The XOS-treated piglets had a lower
serum level of IL-6 than the vehicle group. Furthermore, anti-
inflammatory cytokine IL-10 was markedly increased in the
1.5% XOS group. Notably, the effects of XOS supplementation
could depend on the dosage, since Yin et al. (11) found XOS
at 100 mg/kg only decreased the serum IFN-y in weaning
piglets, but had no impacts on IL-1f, IL-6, and IL-10. Hansen
et al. (31) reported that a diet supplemented with 10% XOS
downregulated the IFN-y and IL-1f in mice. Importantly, XOS
suppressed the pro-inflammatory cytokines, IL-1f, IL-6, and
TNF-a secretion from RAW265.7 macrophages stimulated with
lipopolysaccharide in the pretreatment model (32). The possible
mechanism responsible for the beneficial effects is that XOS can
enhance immune function and decrease the inflammatory status
in weaning piglets.

It has been widely demonstrated that XOS can modulate
gut microbiota composition by selectively stimulating beneficial
bacteria. Thus, the microbiota composition of fecal samples
was analyzed by 16S rRNA gene sequencing. The result found
that 1.5% XOS significantly decreased the Shannon index and
increased the Simpson index, indicating dietary supplementation
of XOS decreased the diversity of gut microbiota community.
Similarly, the addition of 250 mg/kg XOS significantly decreased
the Shannon index during growing fatty pigs (16). The XOS
decreased a-diversity Chaol and Shannon indices in high-fat
diet-induced mice as well (33). The a-diversity decrease might
result from increasing the relative abundances of Lactobacillus
and Bifidobacterium in XOS-treated pigs. The PCoA plots based
on Bray-Curtis distances were a clear separation between XOS
and control groups, which is similar to that reported by Pan
et al. (16). It has been reported that XOS can promote counts
of Lactobacillus in weaning piglets (4, 16), while the low level
of XOS failed to stimulate the abundance of Bifidobacterium (4,
11, 18, 34). In the current study, the abundances of Lactobacillus
and Bifidobacterium were markedly increased in 1.5% XOS-
treated pigs using 16S rRNA gene sequencing, as well as by
qPCR. Notably, 1.5% XOS elevated the relative Bifidobacterium
abundance approximately 35-fold from 0.021 to 0.74%. The high
level of XOS did not markedly vary Bifidobacterium abundance
in weaning piglets compared to rodents (17), probably due
to the differences of microbial stability and physiological
backgrounds between animal species. Holman et al. (35) analysis
of core microbiota in the swine gut revealed that Clostridium,
Blautia, Lactobacillus, Prevotella, Ruminococcus, Roseburia, the
RCY gut group, and Subdoligranulum were considered as core

microbiota but the relative abundance of Bifidobacterium in
fecal samples remained low (<0.35%). Moreover, the XOS
treatments linearly increased the fecal acetate, propionate,
butyrate, and total SCFAs levels in weaning piglets. Chen
et al. (4) also found that the dietary supplementation of 500
mg/kg XOS elevated the acetate, propionate, butyrate, and total
SCFAs concentrations in the cecum of piglets. Furthermore,
the Lactobacillus, Bifidobacterium, and Fusicatenibacter were
regarded as biomarkers in XOS-treated pigs identified by LEfSe
analysis (LDA > 2). Collectively, the high level of XOS can alter
the fecal microbiota composition and increase the concentrations
of SCFAs by promoting the beneficial bacteria.

The growing evidence has shown that Lactobacillus and
Bifidobacterium are associated with SCFAs production,
antioxidant activity, and host inflammatory status (36-39).
Thus, spearman correlations between bacteria and antioxidant,
immune function, growth performance, and fecal SCFAs were
performed. The Lactobacillus exhibited positive correlations with
ADG, acetate, propionate, and serum IgA level, but a negative
correlation with serum IL-1f level. The Bifidobacterium was
positively associated with ADFI, total SCFAs, IgG, and IL-10,
while negatively associated with levels of IL-1f, IL-6, and MDA
in serum. The recent reports indicated that Fusicatenibacter
is a SCFAs-producing bacteria, which closely related to host
health, such as Parkinson’s disease, ulcerative colitis (40-44).
The Fusicatenibacter suppresses intestinal inflammation and is
positively associated with SCFAs production (41). Consistently,
there were positive correlations between Fusicatenibacter and
ADF], total SCFAs, and IL-10 level, while a negative correlation
was observed between Fusicatenibacter and MDA in our findings.
However, the bacteria with higher abundances in the control
group, like g Ruminococcus, g Family XIII_AD3011_group,
and g norank_f__norank_o__RF39, were in negative relations
with ADG, ADFI, SCFAs, and IL-10, and in positive relations
with IL-1p and MDA.

CONCLUSIONS

In conclusion, our results indicated that XOS supplementation
improved the growth performance, increased antioxidant
capability, enhanced immune function, and decreased body
inflammatory status and incidence of diarrhea in weaning
piglets, which could be contributed to the modulation of gut
microbiota community, especially by increasing the abundances
of Lactobacillus, Bifidobacterium, and Fusicatenibacter. However,
the high level of XOS did not sharply the relative abundance
of Bifidobacterium in feces. The optimum level of XOS
supplementation was 1.5% for weaning piglets in this study.
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