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Abstract
Background: Carrageenans (CGNs) are widely used in food and pharmaceutical industries. However, the
safety of CGNs is still under debate, because degraded CGNs have been reported to promote an intestinal
in�ammatory response in animal models. Here, we studied the relationship among CGNs, human gut
microbiota, and the host in�ammatory response.

Methods: TLC was selected for detecting the degradation of KCPs by human gut microbiota in vitro batch
fermentation system. PCR-DGGE and real time PCR were used for studying bacterial community. ESI-MS
was used for KCPs structure analysis. Hematoxylin-eosin staining (HE), immunohistochemistry (IHC) and
RNA-seq were used to evaluated the KCPs on host in�ammation response in germ-free mice.

Results: Thin-layer chromatography (TLC) data showed that CGNs with a molecular weight (Mw) higher
than 100 kDa are not degraded by human fecal microbiota, but low Mw CGNs with an Mw around ~4.5
kDa (KCOs) could be degraded by seven of eight human fecal microbiota samples. KCO degrading B.
xylanisolvens was isolated from fecal samples, and PCR-DGGE pro�ling with band sequencing suggested
that B. xylanisolvens was the key KCO degrader in the human gut. Two putative κ-carrageenase genes
were identi�ed in the genome sequence of B. xylanisolvens. However, their function on KCO degrading
was not veri�ed in vitro. And the sulfate group from KCO is not removed after in vitro degradation by
human fecal microbiota, as shown by ESI-MS analysis. The effects of KCO and KCO degrading bacteria
on the in�ammatory response were investigated in germ-free mice. Increased numbers of P-P38-, CD3a-,
and CD79a-positive cells were found in the colon and rectum in mice fed with KCO plus KCO degrading
bacteria than in mice fed with only KCO or only B. xylanisolvens and E. coli, as shown by RNA-Seq
analysis, HE staining, and IHC.

Conclusion: Our data suggested that the presence of KCO degrading bacteria promote the pro-
in�ammatory effects of CGNs. 

Background
Carrageenans (CGNs), which are mainly extracted from red algae, are one of the three major industrial
algal polysaccharide classes. CGNs are water-soluble, linear, sulphated polysaccharides with β-1-3 and
α-1-4 linkage of galactose residues and additional substitute residues, including xylose, glucose, methyl
esters, and pyruvate groups [1]. CGNs can be divided into kappa (κ-), iota (ι-), lambda (λ), and other types,
based on the different forms of sulfate bonds in CGN molecules [2]. κ-CGN is mainly composed of D-
galactose-4-sulfate and 3,6-D-anhydrogalactose, with 22% sulphate content in commercial κ-CGN [1].
Because of its linear structure, κ-CGN demonstrates good gel properties and is widely used in food and
pharmaceutical industries [3, 4]. Due to the lack of CGN degrading digestive enzymes in the human upper
gastrointestinal tract [5], CGNs enter the human colon and are inevitable encountered by human colonic
microbiota [6]. Although several marine environment-related CGN degrading bacteria have been reported
[7–11], little information is known regarding CGN degrading bacteria present in the human intestine.
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Despite the fact that CGNs have been widely used in food industries for decades, their safety is still a
topic of discussion [1, 12, 13]. A large number of animal experiments have shown that CGNs, particularly
low-molecular-weight (low-MW) CGNs, can induce and promote the in�ammatory response and intestinal
cancer [14–26]. Indeed, poligeenan, which is designated as a fraction of CGN with Mw < 100 kDa, has
been considered to exert deleterious impacts on the host health and recognized as food contaminant [1].
On the other hand, CGN polysaccharides are widely used as food additive and classi�ed by the Food and
Drug administration (FDA) and European Food Safety Authority as generally recognized as safe (GRAS)
even in the infant formula. But both authorities recommence that CGN fragments of lower MW (< 50,000)
should be exclusive from the products. Up to now, the safety concern of CGN largely results from animal
studies. In consideration of the daily CGN consumption of up to 7.7 g/day for people in certain areas
such as in south Florida [27], safety of CGNs needs to consider the role of colonic microbiota. Therefore,
the interaction of κ-CGNs with human colonic microbiota and the subsequent in�uence on host health
has been studied in the present study. The fragments of κ-CGNs with different MWs including 450 kDa
(KCP), 100 kDa (SKCO) and 4.5 kDa (KCO) were prepared, and their fermentability by human gut
microbiota was investigated by in vitro fermentation. KCO-degrading bacteria in the human intestinal
tract were subsequently isolated and identi�ed. Germ-free mouse model was used and demonstrated that
the presence of both KCO and its degrading bacteria can exacerbate the host in�ammatory response.

Results

Degradation of carrageenan by human fecal microbiota
Since Mw of κ-CGN may has a pivotal role in the host health, three fragments of κ-CGN with Mw of
450 kDa (KCP), 100 kDa (SKCO) and 4.5 kDa (KCO) were prepared and their fermentabilities by human
colonic microbiota were examined using in vitro batch fermentation systems. The degree of degradation
of KCP, SKCO, and KCO was measured by TLC and the phenol–sulfuric acid method. As shown in Fig. 1
and Supplementary Figure S1, KCP and SKCO were not degraded by any of the eight fecal microbiota
samples. In contrast, over 50% of input KCO was degraded by six of the eight samples (K1, K2, K5, K6, K7
and K8), as measured by the phenol–sulfuric acid method with the fermentation sample collected at 24 h
and 48 h; fecal samples No. K3 and No. K4 demonstrated weak KCO degradation (29.1% and 1.4% of
degradation rate at 48 h) (Fig. 1B).

Acetic, propionic, and butyric fatty acids are the main Short Chain Fatty Acids (SCFAs) produced by
intestinal microbiota. The concentrations of these SCFAs were measured before and after in vitro
fermentation using HPLC analysis. As shown in Fig. 1C, the concentrations of propionic and butyric acid
were signi�cantly increased after KCO fermentation. The pH values after KCP, SKCO, and KCO
fermentation were also measured. Consistent with our TLC results that KCP and SKCO are not degraded
by human gut microbiota, pH values were signi�cantly decreased only after KCO fermentation (Fig. 1D).

Kco Were Not Desulfurized By Human Colonic Microbiota
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Since KCO contain sulfate groups and were degraded during fermentation, we investigated whether KCO
were desulfurized in this process. Based on TLC and total carbohydrate analysis, we analyzed the
structure of fermentation products from fecal samples No. K6 and No. K8, which showed the greatest
extent of degradation, by gel �ltration chromatography coupled with ESI-MS. The pro�les of the
degradation products of samples No. K6 and No. K8 were similar. Four fragments were identi�ed as 4-O-
sulfate-D-galactose (G4S, Degree of polymerization (dp) = 1), κ-carrabiose (dp = 2), κ-carratriose (dp = 3),
and κ-carrapentaose (dp = 5) (Table 1). Desulfation was not observed during KCO degradation by human
fecal microbiota.

Table 1
Data and sequence analysis of fermentation broth of feces samples No. K6 and

No. K8 by electrospray ionization mass spectrometry.
Fraction Found ions

(charge)

Calculated

mol mass

(Na form)

Assignment Theoretical

mol mass

(Na form)
DP Sequences

F1 259.02 (-1) 282.02 1 G4S, salt 282.02

F2 403.06 (-1) 426.06 2 A-G4S 426.06

F3 322.03 (-2) 690.06 3 G4S-A-G4S 690.07

F4 343.03 (-3) 1098.09 5 G4S-A-G4S-A-G4S 1098.12

G4S: D-galactose-4-sulfate; A: 3,6- D-anhydrogalactose.

KCO fermentation in�uenced the composition of human
fecal microbiota communities
To detect the effects of KCO on human fecal microbiota communities in vitro, qPCR with primer pairs for
the six bacterial groups Bacteroides–Prevotella, Clostridium cluster XIVab, Bi�dobacterium, Lactobacillus,
Enterobacteriaceae, and Desulfovibrio was carried out to detect changes in the relative abundance of
major groups of colonic bacteria upon KCO in vitro fermentation. As shown in Supplementary Table S1,
the relative abundance of Bacteroides–Prevotella, Bi�dobacterium, Clostridium cluster XIVab,
Lactobacillus, Enterobacteriaceae, and Desulfovibrio was not signi�cantly different from the control
group after 48 h of fermentation. Desulfovibrio is an indispensable member of commensal microbes in
the gut that has potent sulfate reducing activity. We did observe an increase in the relative abundance of
Desulfovibrio in all of the fecal samples, regardless of the rate of KCO degradation (Supplementary Table
S1), which suggested the rise of Desulfovibrio was not associated with KCO degradation. In addition, the
structure analysis of degradation products also showed no signi�cant desulfation detected (Table 1).
Taken together, these evidences indicated that KCO might not be desulfurized during fermentation by
human gut microbiota.
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Isolation And Identi�cation Of Kco Degrading Bacteria
Human sample No. 8 was collected at 48 h after fermentation and spread on a KCO agar plate (basic
growth medium VI plus 8 g/l KCO and 12 g/l agar) using a 10-fold dilution method. Colonies obtained
from the plates were randomly picked and re-inoculated into KCO containing growth medium. KCO
degradation was assessed using TLC analysis of the supernatant and con�rmed by gel �ltration
chromatography and ESI-MS. Positive colonies were further puri�ed by repeating the 10-fold dilution
method.

The isolates that demonstrated an ability to degrade KCOs were identi�ed by sequencing their 16S rRNA
gene. In brief, genomic DNA was extracted using OMEGA Bacterial Genome DNA extraction kit, and the
16S rRNA gene was ampli�ed by PCR with primers 27F (5’-CAG AGT TTG ATC CTG GCT-3’) and 1492R (5’-
AGG AGG TGA TCC AGC CGC A-3’) [58]. DNA sequencing was conducted by Shanghai Sangon Biotech
Co., Ltd. (Shanghai, China). Bacterial species were identi�ed using BLAST searches for aligned 16S rRNA
gene sequences (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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GO term GF-GNK GF-GN GF-GFK

nucleotide binding 185    

calcium ion binding 92    

carbohydrate binding 56 17  

structural molecule activity 53    

pattern binding 35    

polysaccharide binding 35    

glycosaminoglycan binding 31    

protein tyrosine kinase activity 26    

heparin binding 25    

growth factor binding 21    

transmembrane receptor protein tyrosine kinase activity 13    

extracellular matrix structural constituent 12    

extracellular matrix binding 9    

platelet-derived growth factor binding 7    

vascular endothelial growth factor receptor activity 5    

glutathione transferase activity     10

transferase activity, transferring alkyl or aryl (other than methyl) groups     10

* Arabic numerals represent the numbers of DEGs classified in these GO terms.

Table 2. 

GOs at the molecular functional level of DEGs.

Discussion
κ-CGNs are sulfurized seaweed polysaccharides with thermo-reversible gelling properties that are widely
used as food thickening agent. However, the safety of κ-CGNs remains a concern [1]. Accumulating
evidence indicates that κ-CGNs, especially their low-MW degradation products, induce in�ammation in
the colon, resulting in a range of diseases in cell and animal models, including thrombosis [28–31],
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peritonitis [26, 32–34], paw edema [35, 36], pleurisy [37, 38], gastroenterocolitis [39, 40], arthritis [41, 42],
and in�ammatory bowel disease. However, CGNs also show positive health effects, such as antitumor
[43], antimicrobial [44], and antiviral [45, 46]. The inconsistent effects of κ-CGN have been attributed to
the varying MWs of compounds present in commercial κ-CGN products [1], but we propose that the
variation in composition and function of human colonic microbiota may also contribute to the dilemma

Therefore, in the present study, we investigated the interaction of κ-CGNs of different MWs with human
colonic microbiota. The results clearly demonstrate that the κ-CGN degradation rate by human gut
microbiota is correlated with the MW of the κ-CGNs. κ-CGNs with an MW over 100 kDa, which include
both KCP and SKCO, cannot be utilized by human fecal microbiota in vitro (Supplementary Figure S1),
while the degradation of low MW CGNs of approximately 4.5 kDa (KCO) varied among volunteer fecal
samples (Fig. 1) suggesting the KCO degradation is also dependent on the composition of the human
microbiomes.

Removal of sulfate esters from sulfated polysaccharides is considered one of the essential steps for
microorganisms in the degradation of sulfurized polysaccharides [47]. The most diversi�ed sulfatase
genes have been discovered in marine bacteria [48], due to the higher contents of sulfate ester groups in
marine polysaccharides. The human intestinal tract contains high amounts of sulfurized glycans. For
example, mucins, heparan sulfate, and chondroitin sulfate, which are the main components of the
extracellular matrix of mammalian cells, can be degraded by human colonic microbiota; bacterial
sulfatases have also been identi�ed from mucin degrading bacterial strains [49, 50]. Bacteroides
thetaiotaomicron, which has 28 putative sulfatase genes, is able to liberate free sulfate from chondroitin
to provide it as the electron acceptor for the sulfate reducing bacterium Desulfovibrio piger in the mouse
gut, releasing H2S as the end product [51]. It is known that H2S can act as a signaling molecule, exerting
detrimental effects on colonocytes; it remains to be elucidated whether free sulfate can be released from
CGNs by human colonic microbiota. Based on the structure analysis of KCO fragments after fermentation
by human fecal microbiota, the major derivatives identi�ed in the present study are 4-O-sulfate-D-
galactose, κ-carrabiose, κ-carratriose, and κ-carrapentaose, suggesting sulfate is not hydrolyzed from
KCO. The qPCR data showed that the total abundance of Desulfovibrio did not change under different
KCO degradation rates. These data indicate that human colonic microbiota are able to degrade KCO, but
do not remove sulfate from KCO or their derivatives, which is consistent with the previous observation
[52]. Therefore, enzymes from human colonic microbiota for degrading marine sulfated polysaccharides
may differ from the ones used for degradation of sulfurized glycans of human origin.

Whereas several strains of marine CGN degrading bacteria have been isolated [7–11], few studies have
been reported on the CGN degrading bacteria in animal or human intestines. By in vitro KCO-based batch
fermentation and degradation screening, a KCO-degrading species, B. xylanisolvens, and its partner
strain, E. coli, were identi�ed. Similar to a previous report [53], the presence of E. coli improved the KCO
degradation ability of B. xylanisolvens, suggesting a cross-feeding phenomenon exists between the KCO
degrader and E. coli [53]. We hypothesize that E. coli can utilize the metabolites generated by B.
xylanisolvens, particularly galactose, thereby reducing the negative feedback of monosaccharide
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degradation products (on carrageenase synthesis) in B. xylanisolvens and improving its KCO degradation
capacity [53]. Moreover, PCR-DGGE analysis and DGGE band sequencing showed that KCO could
promote the growth of B. xylanisolvens in �ve of eight fecal samples with KCO degradation capacity
(Fig. 2C), con�rming B. xylanisolvens plays a key role in the utilization of KCO by human colonic
microbiota. Two genes homologous to κ-carrageenase usage were identi�ed by bioinformatic analysis,
but no KCO degradation activity is detected after transformation of the two genes into E. coli. The
mechanism by which B. xylanisolvens degrades KCO remains to be further studied.

Although the impact of carageenans on colonic immune response has been investigated previously, the
effects of CGN degradation products and the bacteria that degrade them on the host in�ammatory
response were not investigated yet. Germ-free mice were given (i) KCO, (ii) B. xylanisolvens and E. coli, (iii)
KCO plus B. xylanisolvens and E. coli, or (iv) water (control). Interestingly, in�ammation scores (evaluated
by H&E staining) were signi�cantly higher in colon and rectum than in duodenum, jejunum, and ileum;
and the combination of KCO plus KCO degrading bacteria had a stronger pro-in�ammatory effect than
the other groups. As demonstrated previously, administration of CGN into the mouse pleural cavity can
induce pleurisy through the activation of the P38 MAPK pathway; up-regulated p38 and p-p38 levels were
observed in mouse rectum samples, in particular in mice treated with KCO plus B. xylanisolvens and E.
coli. IHC with p-p38 analysis revealed a low degree of in�ammation in the group treated with B.
xylanisolvens and E. coli or KCO, but a signi�cant increase in in�ammation was observed in the group
treated with KCO plus B. xylanisolvens and E. coli, con�rming the KCO degradation products lead to
tissue in�ammation in the mouse rectum. Since KCO treatment alone also causes low grade
in�ammation compared to GF mice and signi�cant increased in�ammation is observed in the group
treated by the combination KCO and KCO degradation bacteria, we infer that the enhancement of
in�ammation is ascribed to the derivatives of KCO generated by the presence of KCO degradation
bacteria. Indeed, small Mw of CGN has greater diffusion rates through the mucus layer to affect intestinal
epithelium [1]. In addition, since the degradation of KCO by colonic microbiota required at least 48 hours
incubation, KCO degradation is most likely occurred at the anatomical positions of colon and rectum.

Cell-to-cell and cell-to-matrix adherence are essential for maintaining proper epithelial tissue
homeostasis. KEGG analysis showed DEGs were mainly involved in leukocyte transendothelial migration.
Among the DEGs, VCAM1, JAM2, JAM3, PECAM1, VCAM1, and CDH5 encode key proteins in the process
of diapedesis; the mRNA levels of all six genes were decreased in mice treated with KCO plus B.
xylanisolvens and E. coli, implying the metabolites generated from KCO degradation may reduce the
adherence of tight junctions of epithelial and endothelial cells [54]. Differential expression of JAM2 and
JAM3 is always found in tumor and adjacent tissues [55], implying that the pro-in�ammatory effects of
KCOs and KCO degrading bacteria may contribute to the increase in gut permeability.

Conclusions
In summary, high-MW κ-CGNs (> 100 kDa) cannot be degraded by human intestinal micro�ora in vitro,
while gut microbiota from six of eight volunteers could degrade and utilize 4.5-kDa KCO in vitro. B.
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xylanisolvens and E. coli work in synergistically to degrade KCO; however, they were unable to remove the
sulfate group from KCO and their derivatives. Experiments with germ-free mice suggested that KCO, a
combination of B. xylanisolvens and E. coli, and KCO plus KCO degrading bacteria can exert pro-
in�ammatory effects on the colon and rectum of mice. Therefore, our results suggest that, in addition to
the presence of low-MW CGNs, the presence of KCO degrading bacteria is a promote factor in the pro-
in�ammatory effects and safety of CGNs.

Methods

Study design
To better understand the interactions of different molecular weight kappa carrageenan polysaccharides
(KCPs) with human gut microbiota and host health, the degradation of KCP, SKCO and KCO by human gut
microbiota were evaluated in vitro �rst, KCO-degrading bacterial was then isolated from human fecal
samples, and their effects of KCO and KCO plus KCO-degrading bacterial on germ free mouse were
investigated.

Preparation Of Carrageenan Polysaccharides And
Oligosaccharides
KCP were obtained from Yantai Runlong Marine Biological Products Co., Ltd., China. Two types of
carrageenan oligosaccharides were obtained after hydrolysis with dilute HCl (SKCO or 732 resin plus HCl
(KCO). For SKCO preparation, 10 mg/ml carrageenan was adjusted to pH 1.26 with 0.1 M HCl and then
heated to 37 °C for 3 hours. For KCO preparation, 30 mg/ml carrageenan was dissolved at 70 °C, and
treated with 732 resin for 4 hours. The hydrolytic product was neutralized with 1 M NaOH and put into a
dialysis bag (MW cutoff was 200–500 Da) to remove the salt. The �nal product was obtained by rotary
evaporation and lyophilization. The MW of KCP, SKCO, and KCO was measured using high-performance
liquid chromatography (HPLC) (Agilent 1260, U.S.) with a Shodex OH pak SB-804 HQ column, detected
using a refractive index detector and multiangle laser light scattering. The average MWs of KCP, SKCO,
and KCO were 450 kDa, 100 kDa, and 4.5 kDa, respectively.

Electrospray ionization mass spectrometry (ESI-MS) for
sugar structure analysis
The derivatives generated from digestion of CGN oligosaccharides were determined by gel �ltration
chromatography and analyzed using negative-ion electrospray ionization mass spectrometry (ESI-MS). In
brief, after removing the bacteria by centrifugation, the supernatants were separated on a Superdex
Peptide 10/300 column. The sequence of each fraction was determined on a Thermo LTQ Orbitrap XL
instrument (Thermo Finnigan Corp, U.S.). Samples were then dissolved in CH3CN/H2O (1:1, v/v) at a
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concentration of 10 pmol/µl and 5 µl was injected. Solvent volatilization temperature and capillary
temperatures were 275 °C. The sheath �ow gas �ow rate was 8 arb. The �ow rate was 8 µl/min during
ESI-MS analysis. Helium was used as collision gas, with a collision energy of 20–25 eV.

Origin Of Human Fecal Samples
Eight healthy human volunteers (from Hangzhou, China), between 24 and 27 years of age, were recruited
for the current study. The donors had not received antibiotics or pro- or prebiotic treatment for at least
three months prior to sample collection. All of the volunteers provided informed, written consent, and the
study was approved by the Ethics Committee of the Zhejiang Academy of Agricultural Sciences.

Batch culture fermentation of KCP, SKCO, and KCO with
human fecal slurries
Batch culture fermentation was conducted using the procedure described by Lei et al. [56]. Brie�y, basic
growth medium VI contained the following components (g/l): yeast extract, 4.5; tryptone, 3.0; peptone,
3.0; bile salts No. 3, 0.4; L-cysteine hydrochloride, 0.8; hemin, 0.05; NaCl, 4.5; KCl, 2.5; MgCl2.6H2O, 0.45;
CaCl2.6H2O, 0.2; KH2PO4, 0.4; Tween 80, 1 ml; and 2 ml of a solution of trace elements. To assess the
degradation and utilization by human fecal microbiota, either 1.0 g of KCP, 5.0 g of SKCO, and 8.0 g of
KCO were added as the sole carbon source. Due to the viscosity of KCP and SKCO, the amount of KCP
and SKCO in the medium was reduced compared to KCO. The media were adjusted to pH 6.5 before
autoclaving. Fresh fecal samples were homogenized in stomacher bags with 0.1 M anaerobic phosphate-
buffered saline (PBS) (pH 7.0) to make 10% (wt/vol) slurry. Large food residues were removed by passing
the mixture through a 0.4 mm sieve. The human fecal slurry (7 ml) was inoculated into a bottle
containing 63 ml of growth medium, and the bottle was incubated at 37 °C for 72 h in an anaerobic
chamber (anaerobic workstation AW 500, Electrotek Ltd., U.K.). Fermentation products were collected at
different time points for further analysis. The pH value after 48 h fermentation was measured by a pH
probe (Eutech, Singapore).

Thin-layer Chromatography (tlc) And Total Carbohydrate
Analysis
The degradation of KCP, SKCO, and KCO was detected by TLC analysis. Brie�y, 0.2 µL of sample was
loaded on pre-coated silica gel-60 TLC aluminum plates (Merck, Germany). After development with a
solvent system consisting of formic acid/n-butanol/water (6:4:1, v:v:v), the plate was soaked in orcinol
reagent and carbohydrates were visualized by heating at 120 °C for 3 min.

The total carbohydrate concentration in the fermentation samples was determined using the phenol–
sulfuric acid method, as described previously, using D-galactose as standard. Results are expressed as
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the mean amount of remaining carbohydrate relative to the total amount detected at 0 h.

Quantitation Of Bacterial Groups By Real-time Pcr
Quanti�cation of bacterial DNA was performed using an ABI PRISM 7500 Real-Time PCR Detection
System (Applied Biosystems) according to the manufacturer’s instructions. A 20-µl ampli�cation reaction
was performed with 10 µl Thunderbird SYBR qPCR Mix (Toyobo Co., Ltd, Osaka, Japan), 0.04 µl 50 × ROX
reference dye, 0.5 mM of each primer, 1 µl DNA template (20 ng/µl), and distilled water. Ampli�cations
were performed with the following PCR program: one cycle at 95 °C for 1 min, 40 cycles at 95 °C for 15 s,
an appropriate annealing temperature for 35 s, and 72 °C for 35 s. Fluorescence was measured after the
extension phase of each cycle. Melt curve analyses were performed by slowly heating the PCR mixtures
from 55 °C to 95 °C. These served as end point assays and were used to con�rm PCR speci�city. Six pairs
of primers were selected for quanti�cation of the total number of the following bacteria: Bacteroides–
Prevotella group, Bi�dobacterium, Clostridium cluster XI, Enterobacteriaceae, Lactobacillus, and
Desulfovibrio. The primer sequences and annealing temperature for each primer pair are shown in
Supplementary Table S3. The quantitative measurement of unknown samples was achieved using
standard curves made with known concentrations of plasmid DNA containing the respective amplicons
for each set of primers.

Short-chain Fatty Acid (scfa) Analysis
Production of short-chain fatty acids (SCFAs) was determined by HPLC with an Aminex HPX-87H
Exclusion Column. In brief, fermentation products were centrifuged at 14, 000 rpm for 15 min, and the
supernatant was used for measurement. The detection condition included 5 mM H2SO4 used as mobile
phase at a �ow rate of 0.6 ml/min. The column temperature was 50 °C and a refractive index detector
was used at a wavelength of 215 nm.

Animal Experiments
Twenty-four three-week-old germ-free Kunming mice were randomly divided into four groups. KCO
degrading bacteria (5 × 108 in 0.5 ml) were inoculated intragastrically to the GN and GNK groups on day
0. Bacterial colonization was allowed for 56 days. Fecal pellets were collected after 4 weeks from each
group to check the bacterial composition and population by 16 s rRNA gene clone library sequencing.
After 56 days, 5% KCO was given in drinking water in the GNK and GK groups for an additional 8 weeks.
The group without any treatment (GF) was used as control. Mice were sacri�ced by cervical dislocation,
and serum, liver, cecal content, and gut tissue samples were collected. All the animals were handled in
strict compliance with current regulations and guidelines concerning the use of laboratory animals in
China. The procedures were approved by the Zhejiang Academy of Agricultural Science and Third Military
Medical University.
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Rna-seq Analysis
To identify genes that were differentially expressed (DEGs) in response to KCOs and KCO-degrading
bacteria in germ-free mice at the transcription level, total RNA was isolated from rectum samples for RNA-
Seq analysis. RNA quality was assessed by Nanodrop and electrophoresis. Samples with RNA integrity
numbers ≥ 8 were prepared using the TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, USA).
Multiplex ampli�cation was used to prepare cDNA with a paired-end read length of 100 bases using an
Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA, USA). RNA-Seq was performed by Shanghai Personal
Biotechnology Co., Ltd. (http://www.personalbio.cn/en/).

Quality control assessment of RNA-Seq data was completed using the FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) for high-throughput sequencing before
and after RNA-Seq alignment. RNA-Seq data were analyzed using the DNABOX suite
(http://www.dnabox.cn/) of sequence analysis programs, including Bowtie, TopHat, and Cu�inks. Using
TopHat, the resulting FASTQ �les were aligned to the NCBI reference mouse genome
(Mus_musculus.GRCm38.75) to identify known transcripts. Mapped reads were processed using the
Cu�inks algorithm to calculate fragments per kilobase of exon per million mapped reads (FPKM), which
accurately re�ects the RNA transcript number normalized for RNA length and total number of mapped
reads. DEGs with a P-value < 0.05 were identi�ed and subjected to GO and KEGG analysis using the online
tool DAVID (https://david.ncifcrf.gov/).

He Staining
The duodenum, jejunum, ileum, colon, and rectum samples were immediately removed, immersed in 4%
paraformaldehyde in 0.1 M PBS (pH 7.4) for 24 hours, dehydrated with dH2O for 30 minutes, rinsed in
75% ethanol for 1 hour, 95% ethanol for 1 hour twice, 100% ethanol for 1 hour twice, and 100% xylene for
20 minutes twice, and then immersed in para�n at 58–60 °C for 3 hours. After the tissue was para�n-
embedded, 4-µm coronal serial sections were cut using a Microm HM-340E microtome (Microm, Walldorf,
Germany). The sections were subjected to HE staining and mounted with neutral balsam. Subsequently,
they were examined by microscopy to observe the changes in ulcer size and in�ltration of in�ammatory
cells. Injuries to colon tissue were scored as previously described.

Immunohistochemical (ihc) Analysis
The specimens were stained with the EnVision™ two-step strategy and high-temperature antigen retrieval
(pressure cooker, Supor Co, China). In brief, 4-µm-thick para�n-embedded sections were depara�nized
twice (10 minutes each in 100% xylene) and then hydrated with 100% ethanol for 5 minutes twice, with
95% ethanol for 3 minutes, and with 80% ethanol for 5 minutes. After two 5-minute soakings in distilled
water, the slides were put into the pressure cooker �lled with 1000 ml of boiling sodium citrate buffer (pH
9.0) and heated under pressure. After steaming, the pressure cooker was removed from the heat source
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and cooled down to room temperature with tap water. The slides were then rinsed twice for 3 minutes
with PBS. The slides were incubated with 3% hydrogen peroxide for 10 minutes and rinsed twice in PBS
for 3 minutes. Primary antibody (anti-CD3, 1:100, clone SP7, ab16669, Abcam; anti-VCAM1, 1:200, clone
EPR5047, ab134047, Abcam; anti-PECAM1, 1:1000, clone EPR17259, ab182981, Abcam; anti-phospho-
p38 MAPK (Thr180 and Tyr182), 1:400, clones D3F9 and 4511, Cell Signaling Technology) were applied
for 60 minutes in a moist chamber at 37 °C. After rinsing twice for 3 minutes with PBS, the slides were
incubated with HRP polymer for 30 minutes at 37 °C. After adding diaminobenzidine (DAB) chromagen,
the slides were observed and examined for color change under a light microscope. This was followed by
counterstaining with hematoxylin for 1 minute and rinsing with tap water for 1 minute. Two slides were
treated with PBS instead of primary antibody and served as the negative control. Sections were observed
using the double-blind method by a pathological physician. In each section, cells were selected in �ve
randomly selected �elds to calculate the percentage of positive cells.

Statistical analysis
All values are presented as mean ± SEM. Statistical analyses were performed in SPSS v18.0 (SPSS Inc.,
Chicago, IL, United States). Data on SCFA and total carbohydrate concentrations were analyzed using
two-way analysis of variance (ANOVA) and the Tukey multiple comparison tests with the Data Processing
System (DPS) v16.5 [59]. Metabolites with variable importance in the projection (VIP) values > 1.0 were
considered changed. Metabolomics were analyzed with a Student’s t-test.
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Figure 1

The degradation of KCOs by human fecal microbiota. A. The degradation of KCOs as measured by TLC.
B. The average degradation rate of KCOs as measured using the phenol–sulfuric acid method. The
degradation of KCOs by human gut microbiota was evaluated by TLC after fermentation in medium
containing 8 g/L KCO for 24 and 48 hours. Control (KCO) is the medium without inoculation. Nos. 1–8
are fecal microbiota samples collected from healthy volunteers that were inoculated in the batch
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chemostat. C. The effects of KCOs on SCFA production after 48 h of fermentation. Acetic, propionic, and
butyric acid were detected by HPLC; total SCFA is the sum of acetic, propionic, and butyric acid. NC
means no KCO was added (negative control). D. pH values before (0 h) and after (48 h) KCP, SKCO, and
KCO fermentation. KCP, SKCO, and KCO represent CNGs with different MWs (KCP: 450 kDa; SKCO: 100
kDa; KCO: 4.5 kDa). *P < 0.05, **P < 0.001.

Figure 2
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Identi�cation of KCO degrading bacteria. A. Isolation and identi�cation of the KCO degrading bacterium
B. xylanisolvens. The KCO degradation ability of B. xylanisolvens isolate 38F6 as evaluated by TLC after
fermentation in medium containing 8 g/l KCO for 48, 96, 144, and 192 hours. B. TLC analysis of KCO
degradation by B. xylanisolvens and E. coli. Combination of B. xylanisolvens and E. coli synergistically
increases KCO degradation. C. PCR-DGGE analysis of the bacterial community before (0 h) and after (48
h) KCO fermentation. Nos. K1–8 represent fecal microbiota samples collected from healthy volunteers
that were inoculated in medium containing KCO (8 g/l) as the sole carbon source. Lane 38F6 represents
PCR products that were obtained using B. xylanisolvens genomic DNA as template. Bands 1–8
correspond to the sequenced PCR-DGGE bands. D. Identi�cation of bacterial species from PCR-DGGE
bands 1–8 by BLAST alignment.

Figure 3

Structural changes in mouse intestinal sections after treatment with KCO and KCO degrading bacteria.
Four groups of germ-free mice were included in the experiment, which lasted for 6 weeks. GFK and GNK
groups were exposed to KCO (5% in drinking water) for the entire experiment. Mice in the GNK group were
inoculated by oral gavage with B. xylanisolvens and E. coli (5×108) on day 0. The GN group was only
inoculated with B. xylanisolvens and E. coli (5×108) on day 0. The GF group was the control group. A.
Photomicrographs of representative HE staining in colon and rectum. B. Histopathological scores
representing the severity of in�ammation were taken in duodenum, jejunum, ileum, cecum, colon, and
rectum. Results are expressed as mean ± SEM (n = 6). *P < 0.05, **P < 0.01.
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Figure 4

Comparison of DEGs in rectum tissue between different treatment groups. Germ-free mice were treated
with KCO (5% in drinking water, GFK group), KCO plus B. xylanisolvens and E. coli (5×108, GNK group),
only B. xylanisolvens and E. coli (5×108, GN group), or distilled water (GF, control group). Rectum samples
were collected for RNA-Seq analysis. A. Heatmap depicting hierarchical clustering of the gene expression
of rectum samples from different groups. Red and green represent up- and down-regulated expression,
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respectively. Color density indicates the fold change. B. Number of genes taking part in the signi�cantly
differentially expressed KEGG pathways. C. Distribution of the DEGs on pathway Leukocyte
transendothelial migration.

Figure 5

Immunohistochemical staining analysis of rectum samples. Four groups of germ-free mice were included
in the experiment, which lasted for 4 months. Mice were treated with KCO (5% in drinking water, GFK
group), KCO plus B. xylanisolvens and E. coli (5×108, GNK group), only B. xylanisolvens and E. coli
(5×108, GN group), or distilled water (GF, control group). A. Photomicrographs of IHC staining against P-
P38, CD3, CD79a, VCAM1 and PECAM1 in rectum tissue samples. B. Histopathological scores
representing the severity of in�ammation in rectum, after IHC staining results. Results are expressed as
mean ± SEM (n = 6).
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