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Abstract

Background: Dietary fibers are widely considered to be beneficial to health as they produce nutrients through gut
microbial fermentation while facilitating weight management and boosting gut health. To date, the gene
expression profiles of the carbohydrate active enzymes (CAZymes) that respond to different types of fibers (raw
potato starch, RPS; inulin, INU; pectin, PEC) in the gut microbes of pigs are not well understood. Therefore, we
investigated the functional response of colonic microbiota to different dietary fibers in pigs through
metatranscriptomic analysis.

Results: The results showed that the microbial composition and CAZyme structure of the three experimental
groups changed significantly compared with the control group (CON). Based on a comparative analysis with the
control diet, RPS increased the abundance of Parabacteroides, Ruminococcus, Faecalibacterium and Alloprevotella but
decreased Sutterella; INU increased the relative abundance of Fusobacterium and Rhodococcus but decreased
Bacillus; and PEC increased the relative abundance of the Streptococcus and Bacteroidetes groups but decreased
Clostridium, Clostridioides, Intestinibacter, Gemmiger, Muribaculum and Vibrio. The gene expression of CAZymes GH8,
GH14, GH24, GH38, GT14, GT31, GT77 and GT91 downregulated but that of GH77, GH97, GT3, GT10 and GT27
upregulated in the RPS diet group; the gene expression of AA4, AA7, GH14, GH15, GH24, GH26, GH27, GH38,
GH101, GT26, GT27 and GT38 downregulated in the INU group; and the gene expression of PL4, AA1, GT32, GH18,
GH37, GH101 and GH112 downregulated but that of CE14, AA3, AA12, GH5, GH102 and GH103 upregulated in the
PEC group. Compared with the RPS and INU groups, the composition of colonic microbiota in the PEC group
exhibited more diverse changes with the variation of CAZymes and Streptococcus as the main contributor to
CBM61, which greatly promoted the digestion of pectin.

Conclusion: The results of this exploratory study provided a comprehensive overview of the effects of different
fibers on nutrient digestibility, gut microbiota and CAZymes in pig colon, which will furnish new insights into the
impacts of the use of dietary fibers on animal and human health.
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Background
Dietary fibers are defined as the oligosaccharides, poly-
saccharides and derivatives that cannot be digested by
the digestive enzymes into absorbable components in
the small intestine but can be partly fermented by bac-
teria in the large intestine [1]. Common dietary fibers in-
clude resistant starch, soluble and insoluble fibers, as
well as lignin [2]. As the dominant substrate for bacteria
in pigs’ gastrointestinal tract, dietary fiber has been
shown to enhance bacterial growth, resulting in higher
faecal excretion of lipids, minerals and amino acids [3].
Dietary fibers are widely considered to be beneficial to
health as they produce vitamins, short-chain fatty acids
(notably butyrate) and other nutrients through microbial
fermentation while facilitating weight management and
boosting gut health [4]. Among the large number of
genes that have been identified in the human gut micro-
biome, those that encode carbohydrate active enzymes
(CAZymes) are of particular interest, as these enzymes
are required to digest most of our complex repertoire of
dietary polysaccharides [5]. Thus far, the gene expression
profiles of CAZymes in the gut microbes of pigs are not
well understood.
Three dietary fibers that differ in origin and compos-

ition are commonly used to improve gut health. Inulin is
an effective prebiotic because it is resistant to digestion
in the small intestine, but it can be fermented within the
colon. It plays pivotal roles in adjusting the composition
of intestinal microbiota, maintaining a normal intestinal
environment, regulating intestinal function and improv-
ing human health. It has been demonstrated that inulin
stimulates the growth of Bifidobacteria but limits the
growth of potential pathogenic bacteria, such as E. coli
and Salmonella [6]. Pectin is a soluble non-starch poly-
saccharide that is more fermentable in the hindgut than
insoluble non-starch polysaccharides, producing short-
chain fatty acids that are beneficial to the organism.
Most of the glycoside hydrolase (GH) family enzymes
are associated with pectin. Raw potato starch is a type of
resistant starch that is also an insoluble dietary fiber. It
is fermented by physiological bacteria in the large intes-
tine to produce short-chain fatty acids and gases, stimu-
late the growth of beneficial bacteria and increase the
number of Bifidobacteria [7]. Thus far, the mechanisms
by which different types of fibers affect the microbiota
metabolism in pigs’ colon remain unclear.
Metatranscriptomics is an efficacious method that can

be utilised to predict the processes being mediated by
microbes at a particular instant within an environmental
sample, enabling the attainment of insight into the
workings of microbial communities and potentially in-
vestigating their responses to environmental conditions
[8]. In recent years, the application of metatranscrip-
tomics in the analysis of microbial populations has

increased extensively, but comparison results of the mi-
crobial functions’ response to different dietary fibers
based on metatranscriptomics are very limited. There-
fore, we conducted a metatranscriptomics study to test
the hypothesis that the colonic microbial composition
and gene expression of CAZymes are responsive to dif-
ferent dietary fibers in pigs.

Results
Overview of the metatranscriptomes
After removing the host-related sequences from clean
reads, on the average, 100 million raw sequence reads
were obtained from the metatranscriptome of each sam-
ple, and a total of 210.09 Gbp of high-quality sequences
were generated from 16 samples after removing the
adapters and quality filtering. The Q20 and Q30 base
percentages of each sample were above 98.95 and
96.30%, respectively.
A total of 1,081,814 contigs were identified after de

novo assembling using MEGAHIT in the 16 samples
(four samples per group). The length of these contigs
ranged from 546 to 1,004,658 bp, with an average length
of 1623.05 bp. A total of 712,210 unigenes were clus-
tered with CD-HIT (http://www.bioinformatics.org/cd-
hit/) (95% identity and 90% coverage). Up to 254,331
core species were found in all four groups, and each
group had its own unique species (Fig. 1). In general, the
PEC group had the highest numbers of specific species
compared with the other groups. Principal coordinate
analysis (PCoA) based on Bray-Curtis distances showed
that the colonic luminal digesta samples in the PEC
group were clustered distinctly from those in the other
groups, and INU samples was clearly segregated from
control samples. While samples in the RPS group were
more similar to controls, RPS-3 acting as an outlier, it is
impossible to deny the influence of individual differ-
ences, but the main reason is the effect of RPS, as the
other three samples in the RPS group are still relatively
clustered (Fig. 2).

Effect of different dietary fibers on colonic microbiota
composition
The distribution of dominant bacteria in each group is
shown in Fig. 3. In the CON group, the bacteria detected
in the proximal colonic luminal digesta samples
belonged to 55 different phyla. The most abundant
phylum was Bacteroidetes, followed by Firmicutes and
Proteobacteria. Up to 1002 bacteria genera were ob-
served in this group, with Prevotella, Bacteroides and
Clostridium as the most abundant. The INU group con-
tained 968 genera belonging to 57 phyla, the RPS group
had 49 phyla made up of 918 genera and the PEC group
contained 60 phyla and 1131 genera.
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At the phylum level, the abundance of Verrucomicro-
bia in the RPS group was lower (fold change > 2 or < 0.5;
FDR < 0.05) than that in the CON group. The abundance
of Verrucomicrobia in the INU group was also lower
(fold change > 2 or < 0.5; FDR < 0.05) than that in the
CON group, while the abundance of Fusobacteria, Acti-
nobacteria and Cyanobacteria were greater (fold change
> 2 or < 0.5; FDR < 0.05) than those in the CON group.
Meanwhile, the populations of Proteobacteria, Spiro-
chaetes and Verrucomicrobia phyla were greater (fold

change > 2 or < 0.5; FDR < 0.05) in the PEC group than
in the CON group colonic digesta samples
(Additional File 1).
At the genus level, compared with the CON group,

significant shifts were detected (p < 0.05) in 13 genera in
the RPS group, while 15 and 23 genera changed signifi-
cantly in the INU and PEC groups, respectively. (Fig. 4).
The abundance of Parabacteroides, Faecalibacterium,
Ruminococcus and Alloprevotella increased but Sutter-
ella decreased in the RPS group. Inulin supplement

Fig. 1 Species Venn analysis. Venn diagram showing the common and unique species in the colons of the pigs fed with the control (CON), inulin
(INU), raw potato starch (RPS) or pectin (PEC) enriched diets

Fig. 2 Bray-Curtis PCoA plot of colonic bacteria of the abundant genes. The percentages in the axis labels represent the percentages of variation
explained by the principal components. A closer proximity of dots indicates higher similarity. CON, control diet; RPS, raw potato starch-enriched
diet; INU, inulin-enriched diet; PEC, pectin-enriched diet
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increased the abundance of Fusobacterium and Rhodo-
coccus but decreased Bacillus. The abundance of
Streptococcus and Bacteroidetes_norank increased but
Clostridium, Clostridioides, Intestinibacter, Ruminococ-
caceae_unclassified, Gemmiger, Muribaculum, Entero-
coccus and Vibrio decreased in the PEC group.

Effect of different dietary fibers on the activities of
colonic CAZymes
In terms of CAZyme profiles, 222 CAZyme families were
detected, including seven auxiliary activities (AAs), 36
carbohydrate-binding modules (CBMs), 15 carbohydrate
esterases (CEs), 94 glycoside hydrolases (GHs), 57 glyco-
syl transferases (GTs) and 13 polysaccharide lyases
(PLs). As shown in Fig. 5, GHs were the most abundant
class in all four groups, but the distribution of CAZymes
at the class level did not exhibit significant change
among the four groups.
Compared with the CON group at the family level,

some changes were found in the dietary fiber groups
(Additional File 2). The gene expressions of the
CAZymes that were significantly affected by the different
dietary fibers in the pigs’ colon are shown in Fig. 6.
Thirty CAZyme families changed significantly (fold

change > 2 or < 0.5; FDR < 0.05) in the RPS group. The
specific changes were as follows: nine CAZymes
(CBM21, CBM74, GH128, GH77, GH85, GH97, GT10,
GT27 and GT3) were upregulated in the mRNA expres-
sion while 21 CAZymes (AA7, CBM26, CBM41, GH101,
GH112, GH14, GH15, GH24, GH27, GH35, GH38,
GH8, GH89, GT14, GT25,GT31, GT49, GT77, GT8,
GT84 and GT91) were downregulated. In the INU
group, 14 CAZyme families, namely, AA4, AA7, CBM26,
CBM41, GH101, GH14, GH15, GH24, GH26, GH27,
GH38, GT49, GT77 and GT84 were downregulated sig-
nificantly. Meanwhile, 35 CAZyme families changed sig-
nificantly in the PEC group, 13 CAZymes (AA12, AA3,
CBM61, CBM9, CE14, GH102, GH103, GH16, GH5,
GH85,GH88, GT1 and GT21) manifested higher abun-
dance while 22 CAZymes (AA1, AA2, AA6, CBM21,
CBM26, CBM41, GH101, GH112, GH132, GH14, GH17,
GH18, GH24, GH37, GH38, GT15, GT32, GT39, GT49,
GT77, GT91 and PL4) were lower than in the CON
group. Among the altered CAZyme families, four
CAZymes, namely, AA7, GH15, GH27 and GT84, were
downregulated in both INU and RPS groups. GH112
and GT91 decreased while GH85 increased in both RPS
and PEC groups while CBM21 increased in the RPS

Fig. 3 Distribution of dominant genera of bacteria (more than 0.5%) in at least one group. CON, control diet; RPS, raw potato starch-enriched
diet; INU, inulin-enriched diet; PEC, pectin-enriched diet
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group but decreased in the PEC group. Two altered
CAZymes (AA4 and GH26) were specific in the INU
group, 14 CAZymes (CBM74, GH128, GH35, GH77,
GH8, GH89, GH97, GT10, GT14, GT25, GT27, GT3,
GT31 and GT8) were specific in the RPS group and 23
CAZymes (AA1, AA12, AA2, AA3, AA6, CBM61,
CBM9, CE14, GH102, GH103, GH132, GH16, GH17,
GH18, GH37, GH5, GH88, GT1, GT15, GT21, GT32,
GT39 and PL4) were specific in the PEC group.

Correlation between CAZymes and colonic microbiota
One of the most critical roles of the microbiota is their
ability to utilise complex carbohydrate sources. The net-
work of correlation analyses between CAZyme classes
and the microbiota (at the genus level) showed that
Prevotella and Tannerella primarily contributed the
CAZyme-encoding gene fragments of the GHs, the GTs
were mainly produced by Prevotellamassilia and Prevo-
tella, Prevotellamassilia and Roseburia primarily contrib-
uted to CBMs, Lachnotalea and Butyricimonas primarily
contributed to CEs, Butyricimonas and Mediterranea
primarily contributed to PLs and AAs were mainly pro-
duced by Turicibacter and Chlamydia in the growing
pigs’ colon metatranscriptome among the significantly
changed bacterial genera (Additional File 3).
To explore the potential association between the

microbiota and CAZymes, Spearman’s rank correlations
were constructed between the 51 bacterial genera and
79 CAZyme families that were significantly affected by
the three dietary fiber treatments. The results revealed a
strong association with a threshold of Spearman’s correl-
ation coefficient > 0.5 or < − 0.5 and p < 0.05. As shown
in Fig. 7, the productions of CBM21 and GT91 were
negatively correlated with the abundance of Sutterella.
Parabacteroides had a negative correlation with the pro-
duction of GH14, GH24, GH8, GT14, GT31 and GT77
but contributed proportions of GT10 and GT3. Allopre-
votella and Ruminococcus contributed proportions of
GH77, GH97, GT10, GT27 and GT3, while Faecalibac-
terium was a contributor of CBM74 and GH38.
Streptococcus, Clostridioides, Intestinibacter, Vibrio,
Clostridium, Gemmiger, Muribaculum and Enterococcus
altered significantly specific to the PEC vs. CON group.
Streptococcus had a positive correlation with the produc-
tion of AA12, AA3, CBM61, GH102, GH103, GH16 and
GH5. Clostridioides contributed proportions of AA1,
CBM21 and PL4 but was negatively correlated with the
production of AA3, CBM61, GH102 and GH103. Intesti-
nibacter had a negative correlation with the production
of AA3, CE14 and GH102. Vibrio had a negative correl-
ation with the production of AA12, AA3, CBM61,
GH102 and GH103. Clostridium was a contributor of
GH18 and GT32 but was negatively correlated with the
production of AA3. Gemmiger contributed proportions

Fig. 4 Relative abundances (percentage) of microbial genera
significantly affected by RPS (a), INU (b) and PEC (c) in the pigs’
colon. CON, control diet; RPS, raw potato starch-enriched diet; INU,
inulin-enriched diet; PEC, pectin-enriched diet. The FDR was
calculated based on the p-value. *FDR < 0.05,
**FDR < 0.01, ***FDR < 0.001
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of GH101 and GH112 but was negatively correlated with
the production of AA3 and CE14. Muribaculum was a
contributor of CE14 and GH37.
According to the taxonomic distribution (top 10 gen-

era) of the predicted CAZymes identified from the
metatranscriptomes in the PEC group, Prevotella, Bac-
teroides, Mesorhizobium and Parabacteroides were the
largest genera in the predicated AAs, GHs, GTs, CEs,
PLs and CBMs. It is worth noting that Streptococcus was
also the major microbial origin of the predicted CBMs
(Fig. 8). Focusing on the contributions of the CAZymes
from the major microbial communities in growing pigs’
colon in the PEC group compared with the CON group,
it is worth noting that Prevotella was the main contribu-
tor of GH5, Mesorhizobium was the main contributor of
GH16 and Streptococcus was the main contributor of
CBM61 in the PEC group (Fig. 9).

Discussion
In this study, in order to comprehensively compare the
different dietary fibers’ effects on luminal microbiota
composition and the activities of colonic CAZymes, we
fed the pig specimens with three different fiber diets.
Considerable microbiota variations occurred in the prox-
imal colonic luminal digesta samples in the different
dietary fiber groups. Compared with the INU and RPS
groups, the PEC group was characterised by more co-
lonic microbiota changes, suggesting that a pectin-
enriched diet may have a more substantial impact on
pigs’ colonic microbiota.
Our study showed that the average daily feed intake,

final body weight and average daily gain were lower in
the PEC group than in the other three groups, while the
ratio of feed-to-gain in the PEC group was higher than

in the other three groups [9]. Similar to previous studies
[10, 11], INU and RPS did not affect the growth per-
formance of the pigs within a certain quantity. Pectin
diet could also reduce the feed intake and body weight
of rats [12], probably because of its viscosity, bulking
characteristic and water retention capacity. In terms of
nutrient digestibility, there was no significant difference
in crude fiber digestibility among the groups. A previous
study also proved that crude fiber digestibility was not
affected by inulin diet in growing castrated pigs [13].
RPS reduced (p < 0.05) the digestibility of crude protein,
which is consistent with earlier studies [14, 15]. Previous
research has shown that inulin supplementation im-
proved the digestibility of crude fat, but it had no effect
on the growth performance of broiler chickens [16].
Meanwhile, pectin supplementation decreased the ap-
parent digestibility coefficients of crude fat [17], which is
in agreement with our results. Although the negative ef-
fect of pectin on pig growth has been established, its im-
pact on gut microbial function has not been fully
clarified.
Significant (fold change > 2 or < 0.5; FDR < 0.05) in-

crease was detected in Parabacteroides, Ruminococcus,
Faecalibacterium and Alloprevotella in the RPS group,
while a concurrent reduction was observed in Sutterella.
The increase in Faecalibacterium can be associated with
augmented RPS consumption [18] and its abundance is
negatively correlated with crude protein digestibility (p <
0.05) [19]. In addition, a previous study showed that Sut-
terella increased substantially in the ceca of mice fed
with raw potato starch [20]. In our study, we found that
the RPS group showed a decrease in Sutterella, which
was opposite the findings of the abovementioned study
on mice. The disparity in the results may be related to

Fig. 5 Distribution of CAZyme at the class level in each group. AA, auxiliary activities; CBM, carbohydrate-binding modules; CE, carbohydrate
esterases; GH, glycoside hydrolases; GT, glycosyl transferases; PL, polysaccharide lyases. CON, control diet; RPS, raw potato starch-enriched diet;
INU, inulin-enriched diet; PEC, pectin-enriched diet
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the different experimental animals. The larger individual
variations of pigs should also be considered. Inulin diet
could increase the abundance of Bifidobacteria and Fae-
calibacteria while decreasing the abundance of Bacter-
oides [21–23]. In diabetic rat gut microbiota, inulin
treatment upregulated the abundance of the probiotic
bacteria Lactobacillus while downregulating the abun-
dance of Desulfovibrio, which produce lipopolysacchar-
ide [24]. However, these changes were not noted in our

study. A possible reason is that the amount of inulin
used in this study is different from that used in other
studies. In our study, the abundance of Fusobacterium
and Rhodococcus increased significantly, while Bacillus
decreased specific to the INU group. Previous reports
have suggested that pectin utilisation was is common
among Bacteroides [25–27] and that neutral sugar-rich
pectin is selectively metabolised to produce short-chain
fatty acids and increase the beneficial Bifidobacterial

Fig. 6 Gene expression of CAZymes significantly affected by RPS (a), INU (b) and PEC (c) in the pigs’ colon. The CAZyme families are classified
according to the CAZy database. AA, auxiliary activities; CBM, carbohydrate-binding modules; CE, carbohydrate esterases; GH, glycoside hydrolases;
GT, glycosyl transferases; PL, polysaccharide lyases. RPS, raw potato starch-enriched diet; INU, inulin-enriched diet; PEC, pectin-enriched diet. The
values are presented as log2 (fold change). The FDR was calculated based on the p-value. *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001
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population [28, 29]. Interestingly, pectin treatment in-
deed increased significantly the relative abundance of
the Bacteroidetes group, along with Streptococcus, but
the relative abundance of Bifidobacteria did not demon-
strate significant change in our study. The relative abun-
dance of Clostridium, Clostridioides, Intestinibacter,
Gemmiger, Muribaculum and Vibrio decreased signifi-
cantly. Previous research has revealed that Clostridiaceae
was highly correlated with fat digestibility [30], so the
decreased apparent digestibility coefficients of crude fat
can be related to the decreased relative abundance of
Clostridium and Clostridioides in the PEC group. These
findings also suggest that feeding altered the compos-
ition and function of the colon microbiota, which could
further serve as an important regulator affecting growth
performance and gut health.
The colonic microbiomes encode a huge number of

CAZymes to degrade polysaccharides beyond the cap-
abilities of their host [31, 32]. In this study, these

enzymes changed differently in the different diet groups.
Thirty CAZyme families were altered significantly in the
RPS diet group, 14 families changed significantly in the
INU group and 35 families changed significantly in the
PEC group. Among these CAZyme families, CBM26 and
CBM41 decreased in all three diet groups compared
with the CON group. They can be considered as families
having a starch-binding domain (SBD) in the CAZyme
database. An SBD is a special case of a carbohydrate-
binding domain that has no enzymatic activity but can
attach the catalytic domain to the carbohydrate substrate
to hold it and process it at the active site, thereby
bequeathing the enzymes the ability to bind onto raw
starch [33, 34]. This may show that these three additives
could prevent the degradation of raw starch. CBM61 in-
creased in the PEC group compared with the CON
group. Like all CBMs, CBM61 can increase the local
concentration of enzymes on the substrate, thereby en-
hancing catalytic activity [35]. Indeed, most pectin-

Fig. 7 Network of correlations between the bacteria and CAZyme families that were changed significantly by the dietary fibers. The network is
displayed graphically in the form of nodes (bacteria or CAZyme families) and lines (significant interactions among nodes). The Spearman
correlation coefficient reveals the association between the changes in bacteria genera and the expression of the CAZyme family genes that
changed significantly in at least one experimental group (SCC > 0.5 or < − 0.5 and p < 0.05). The lines’ colours represent two kinds of correlation:
green for positive correlation and red for negative correlation
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degrading microbes have their own stock of enzymes
that include a variety of hydrolases and lyases that are
able to degrade the arabinan, rhamnogalacturonan, poly-
galacturonan and galactan ‘domains’ in pectin, and the
pectin-binding CBMs are limited. Moreover, although
galactan could be recognised by CBM61, CBM61 binds
to pectin with the greatest affinity, especially to samples
containing the beta-1,4-galactan side chain component
of pectin and to beta-1,4-galactotetraose, indicating its
specificity for beta-1,4-linked galactose polymers [36].
This demonstrates that CBM61 is associated with the

degradation of pectin. According to the correlation ana-
lysis between the CAZyme families and microbiota,
Streptococcus was a main contributor of CBM61. The
relative abundance of Streptococcus increased in the PEC
group, which could also explain the increase of CBM61
in the PEC group.
Except for the CBM families, previous studies have

shown that GHs and PLs are the two key types of
CAZymes that degrade different substrates. GHs cleave
bonds by the insertion of a water molecule [37, 38],
while PLs cleave complex carbohydrates through an

Fig. 8 Taxonomic distribution (genus level) of the predicted CAZymes identified from the metatranscriptomes in the PEC group. The CAZyme
families and the corresponding genus are shown on the sides above and below, respectively. The inner ring designates the total number of
unigenes encoding a given CAZyme class (below) and the total number of CAZymes associated with the given genus, while the outermost ring
designates the relative abundance of a given CAZyme family (below) and the relative abundance of unigenes from a given genus (above). The
width of the bars between a given genus and a given CAZyme family indicates their relative abundance compared with that in other genera
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elimination mechanism [39]. CEs remove ester substitu-
ents from glycan chains to facilitate the action of GHs
and PLs. GTs assemble complex carbohydrates from ac-
tivated sugar donors [40]. AAs are mostly involved in
the process of cellulose and lignin degradation [41].
They have little association with the digestion of dietary
fibers. Given the foregoing, we further focused on the
changes in GHs and PLs. GHs and PLs are the most
prominent factors that influence the digestion of sub-
strates. As previously reported, the GH13 and GH57
families have alpha-amylase enzyme specificity. Alpha-
amylase represents the best known amylolytic enzyme. It
catalyses the hydrolysis of alpha-1,4-glucosidic linkages
in starch and related alpha-glucans with the retaining re-
action mechanism [42, 43]. PL9 could produce two or

more unsaturated galacturonates from pectic substrates,
confirming that it is endo-pectate lyase [44]. Enzymes in
the GH32 family could degrade inulin-type fructans with
an endo-cleavage mode [45]. In the present study, con-
sistent with the above-mentioned reports, GH13 in-
creased in the RPS group and decreased in the INU and
PEC groups. PL9 decreased in the INU group and increased
in the RPS and PEC groups. Although some changes ob-
tained were opposite those elicited by the studies men-
tioned earlier, GH57 decreased in the RPS and INU groups
but increased in the PEC group to a very minimal extent.
GH32 increased in the RPS and PEC groups but decreased
in the INU group. These inconsistent changes could be as-
cribed to the comprehensive impacts of the many different
types of enzyme subfamilies in these families.

Fig. 9 Contributions of CAZymes from the major microbial communities in the growing pigs’ colons (PEC vs. CON). The graphs show the
abundance of the top 15 genera that constitute the major contributors of CAZymes to the growing pig colon ecosystem. AA, auxiliary activities;
CBM, carbohydrate-binding modules; CE, carbohydrate esterases; GH, glycoside hydrolases; GT, glycosyl transferases. PEC, pectin-enriched diet;
CON, control diet
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More changes in the abundance of GHs occurred with
the alteration of the diets in our study. Some of these
changes warrant further research. The changes in the
CAZymes corresponded to the different dominant bac-
teria. We also examined the relationship between the co-
lonic microbiota and CAZymes. In the RPS group, the
abundance of the GH14 and GH8 families downregu-
lated while GH77 upregulated. GH14 was annotated as a
beta-amylase (EC 3.2.1.2), which is a crucial exo-
hydrolase that contributes to the complete degradation
of starch into metabolisable or fermentable sugar [46].
GH8 was annotated as endohemicellulase; enzymes in
the GH8 family could degrade hemicellulose and elimin-
ate anti-nutritional effects [47]. They always show xyla-
nase activity on heteroxylans from various sources [48].
The production of GH14 and GH8 had a negative cor-
relation with Parabacteroides. Consistent with the re-
sults in human trials after consumption of resistant
starches [49], the abundance of Parabacteroides in-
creased in the RPS group in our study, the decrease of
these enzymes may be related to the change in the bac-
teria, leading to a negative effect on nutrient digestion.
We also found positive correlations of Parabacteroides
to CAZyme GH88 in the RPS group. GH88 upregulated
in the RPS group, so we supposed that GH88 played a
role in utilizing raw potato starch. GH88 was annotated
as d-4,5 unsaturated beta-glucuronyl hydrolase (EC
3.2.1.-). Glucuronyl hydrolase could convert conjugated
bilirubin to unconjugated bilirubin, it had a major im-
pact on liver function. However, the specific effect of
this enzyme in the use of RPS is unclear now.
CAZyme GH77 increased in the RPS group. It was

annotated as a debranching enzyme containing only
one enzyme specificity of 4-alpha-glucanotransferase
(EC 2.4.1.25) [50]. It is involved in maltose metabol-
ism in microorganisms [51]. Since Alloprevotella and
Ruminococcus contributed proportions of GH77, the
enzyme increased along with the enrichment of Allo-
prevotella and Ruminococcus in the RPS group, mak-
ing the digestion process of raw potato starch more
efficient through maltose metabolism. The abundance
of GH14, GH15, GH24, GH26, GH27, GH38 and
GH101 downregulated in the INU group. All signifi-
cantly changed GHs downregulated in the INU group,
probably because of the negative effect of inulin on
digestion. More CAZymes changes were found with
the regulation of the PEC-enriched diet. The relative
abundance of GH5, GH16, GH103 and GH102 in-
creased while GH101 and GH112 decreased. The
abundance of GH5 increased along with the increase
of Streptococcus and Prevotella. GH5 was mainly an-
notated as endo-glucanase, which is the main ingredi-
ent of cellulase [52]. It is also involved in the
hydrolysis of galactose. Some loops in GH5 enzymes

could recognise galactosyl units [53]. The abundance
of GH16 increased along with the increase of Strepto-
coccus and Mesorhizobium, and the degradation of
galactose was predicted to be initiated by GH16 [54].
This galactanase had a substrate specificity acting on
galactooligosaccharides [55]. The abundance of
GH103 decreased with the increase of Clostridioides
and the decrease of Vibrio. The glycoside hydrolases
of the GH103 family are in fact lytic transglycosylases
of bacterial origin [56]. These enzymes cleave the
beta-1,4 linkage between N-acetylmuramoyl and N-
acetylglucosaminyl residues in peptidoglycan. The
abundance of GH102 increased with the increase of
Intestinibacter. Along with the decrease of Gemmiger
bacteria, the abundance of GH101 and GH112 de-
creased in the PEC group. The GH101 family is made
up of endo-alpha-N-acetylgalactosaminidases and their
homologues [57]. GH112 almost contains phosphory-
lases such as lacto-N-biose phosphorylase, galacto-N-
biose phosphorylase (EC 2.4.1.211) and D-galactosyl-1,
4-L-rhamnose phosphorylase (EC 2.4.1.-). These
CAZymes could affect the digestion of polysaccha-
rides, thereby further modulating the digestion of dif-
ferent dietary fibers. Although we didn’t found the
direct connection between the CAZymes and the
growth performances of pigs, the digestion of dietary
fiber probably have a negative impact on colon health,
especially pectin. According to our previous study
[58], compared with the CON group, pectin diet evi-
dently damaged the colonic mucosal surface.

Conclusion
In conclusion, the results of this exploratory study
provided a comprehensive overview of the effects of
different fibers on gut microbiota and CAZymes in
pigs’ colons. In particular, it showed the function of
Streptococcus along with CBM61 in the degradation
of galactose in the PEC group, which will offer new
insights into the impacts of the use of dietary fibers
on animal and human health. This study unveiled the
possibility of selectively regulating the abundance of
colon microbiota by means of dietary fibers, thus
obtaining a more in-depth understanding of the role
of the different types of dietary fibers in regulating in-
testinal microbial metabolism.

Methods
Animal experiments and sample collection
Twenty-eight 35-day-old pigs (Duroc×Landrace×Large
White) with similar body weight (mean ± SEM, 8.79 ±
0.09 kg) were randomly designated into four groups,
with each group consisting of seven replicates (pens)
with one pig per pen. The pigs in the four groups were
fed with control (CON) diet (a corn-soybean based diet),
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inulin (INU), raw potato starch (RPS) or pectin (PEC)
enriched diets, respectively. Based on the literature, the
addition of different dietary fibers ranging from 3 to 10%
(w/w) is reasonable. In this study, to conduct a compari-
son of the effects of the three dietary fibres under uni-
form conditions, inulin, raw potato starch or pectin were
used to replace 8% (w/w) corn starch in the CON diet
(Additional File 4). The trial lasted for 40 days. The pigs
had unlimited access to feed and water throughout the
experimental period. At the age of 76 days, all pigs were
anaesthetised and euthanised with a jugular vein injec-
tion of 4% sodium pentobarbital solution (40 mg/kg
body weight) after a 12-h fast. Proximal colonic luminal
digesta samples were collected, snap-frozen using liquid
nitrogen and stored at − 80 °C until further analysis.

RNA extraction and metatranscriptomic sequencing
Total RNA was extracted from each proximal colonic lu-
minal digesta sample of pigs with TRIzol reagent (Invi-
trogen, CA, USA) in accordance with the manufacturer’s
protocols and subjected to DNase I (TaKara, Dalian,
China) digestion to remove contaminating DNA. Given
that there were seven replicates in each group, four bio-
logical replicates were randomly selected for the RNA-
Seq to reduce the experimental expense. Then, the total
RNA quantity and purity were analysed using Bioanaly-
zer 2100 and RNA 6000 Nano Lab Chip Kit (Agilent,
CA, USA) with RIN number > 7.0. A total of 5 μg of
RNA per sample was processed for rRNA depletion
using a Ribo-Zero™ Magnetic kit (G+/G-Bacteria). A
high-quality RNA sample (optical density (OD) 260/
280 = 1.8–2.2) was used to construct the sequencing li-
brary. Following the TruSeq RNA preparation kit from
Illumina (San Diego, CA, USA), the RNA was divided
into small pieces and used as a template for cDNA syn-
thesis. A polymerase chain reaction (PCR) solution con-
taining a mixture of dATP, dGTP, dCTP and dUTP was
used, and the PCR reaction was amplified for 15 cycles.
In brief, libraries were size-selected for cDNA target
fragments of 200–300 bp on 2% certified low-range ultra
agarose, followed by PCR amplification using Phusion
DNA polymerase (NEB). After quantification with
TBS380, the paired-end libraries were sequenced by
Shanghai Biozeron Biotechnology Co. Ltd. (Shanghai,
China), and the read length was Illumina HiSeq PE 2 ×
150 bp. The raw sequence reads were submitted to the
NCBI Sequence Reads Archive (SRA) under Submission
Bioproject ID: PRJNA693413.

Metatranscriptome data analysis
The raw sequence reads were subjected to filtering of
host reads, adapter sequences or poly-N and low-quality
(Q < 20) sequences. (http://bio-bwa.sourceforge.net;
https://github.com/jstjohn/SeqPrep; https://github.com/

najoshi/sickle). The Q20, Q30 and GC contents of the
quality-filtered data were calculated. Ribosomal RNA se-
quences were removed through comparisons with the
NCBI rRNA, tRNA and SILVA databases. The
remaining quality-filtered sequence reads were assem-
bled de novo into transcripts using Megahit (https://
github.com/voutcn/megahit) with the default parame-
ters. Then, the transcripts of all 16 samples were com-
bined and clustered into unique classes with CD-HIT-
EST at 95% identity. After the assembly and clustering
of the transcripts, the longest sequence of each class was
treated as a unigene. The average total reads of each
sample was 96,396,981 in raw data, and the average total
reads of each sample was 88,577,377 in clean data. To
avoid deviations caused by different sequencing depths
among the samples, the total hit reads in the proximal
colonic luminal digesta samples were normalised to the
size of the sequencing data. The normalization as fol-
lows: calculate the ppm abundance according to the
reads abundance, ppm = {[(reads/contig)/total reads]/
total abundance}*1,000,000, and the total abundance of
each sample was 1,000,000. The expression of each uni-
gene was evaluated as parts per million (PPM) [59].
‘PPM’ refers to a certain gene read in one million meta-
transcriptomic sequencing reads. Then, differentially
expressed genes (DEGs) between two different groups
were identified according to the PPM. Genes with al-
tered expression (fold change > 2 or < 0.5; FDR < 0.05)
were selected for further study.

Taxonomic annotation of unigenes
BLASTP (BLAST version 2.2.28+, http: //blast.ncbi.nlm.
nih.gov/Blast.cgi) was used to annotate the unigenes by
comparing the genes against the NR database (e-value <
1e− 5). The abundance of each taxonomic level accord-
ing to the sum of the corresponding gene abundance in
each sample was calculated and the abundance profile at
the corresponding taxonomic level was measured. Then,
the PCoA of these samples were determined based on
the Bray-Curtis distances.

Functional annotation of CAZymes
CAZyme functional annotation was carried out using
hmmscan (http://hmmer.janelia.org/search/hmmscan/
)(e-value <1e− 5), and then the annotation of the
CAZyme corresponding to the gene was obtained.

Analysis of correlations between bacterial genera and
CAZymes
The correlations between the observed microbial taxa
(bacterial genera) and CAZymes were explored using
Spearman’s rank correlation. Significant relationships
(coefficient [p] of > 0.5 or < − 0.5 and p-value < 0.05) be-
tween the observed microbial taxa and CAZymes were
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selected for further study. Cytoscape (version 3.2.1) [60]
was utilised to visualise the network of correlations be-
tween the bacteria and CAZyme families.

Analysis of microbiota distributed to the CAZymes
The distributions of microbiota to the CAZymes were
visualised via Circos. The contributions of different bac-
teria to certain enzymes were evaluated by analysing the
origin of the enzymes. Then, the microbiota were or-
dered according to the distribution. The top 10 and 15
genera were respectively selected. The influence of the
bacteria on the digestion of dietary fibers will be ana-
lysed in follow-up studies.
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