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Abstract
Background Intestinal organoids offer great promise for disease modelling based host-pathogen
interactions and nutritional research for feed e�ciency measurement in livestock as well as regenerative
medicine for therapeutic purposes. However, very limited studies are available on the functional
characterization and three-dimensional (3D) expansion of adult stem cells in livestock species compared
to mammals. Therefore, we characterized intestinal stem cells derived from small intestine in adult
bovine and cultivated intestinal organoids under in vitro 3D culture system.

Results In this study, we successfully established intestinal organoids in bovine. Intestinal organoids were
long-term cultivated over several passages of culture without loss of the recapitulating capacity of crypts
and they had the speci�c expression of several speci�c markers involved in intestinal stem cells,
intestinal epithelium and nutrient absorption. In addition, they showed the key functionality with regard to
a high permeability for compounds of up to FITC-dextran 4 kDa, while FITC-dextran 40 kDa failed to enter
the organoid lumen. Furthermore, the genetic properties of intestinal organoids were highly similar to
those of in vivo based on QuantSeq 3’ mRNA-Seq. data.

Conclusions Collectively, these results provide a reliable method for e�cient isolation of intestinal crypts
from small intestine and robust 3D expansion of intestinal stem cells in adult bovine and demonstrate
the in vitro 3D organoids mimics the in vivo tissue topology and functionality. Finally, intestinal organoids
are potential alternatives to in vivo system and will facilitate the practical use of a model to replace
animal experiments in the �elds of animal biotechnology for various purposes.

Background
The ability to recapitulate stem cells’ self-organizing potential, creating three-dimensional (3D) structures
of stem cells, has revolutionized various �elds in regenerative medicine and the fundamental study of
biological processes such as growth and differentiation [1, 2]. In particular, these organoid-based systems
hold great promise for further potential use in determining disease modelling based host-pathogen
interactions and nutritional research for feed e�ciency measurements to improve productivity in the
�elds of animal biotechnology [2, 3]. Recently, signi�cant efforts have been made to establish a
physiologically relevant in vitro system based on 3D organoids, including the small intestine and liver, in
animals for practical applications, resulting in the reduction and replacement of animal experiments [4-6].
However, very limited studies are available on the functional characterization and 3D expansion of adult
stem cells isolated from livestock compared to any other animal.

Organoids have been successfully developed from two sources of stem cells, organ-restricted adult stem
cells (ASCs) from various sets of organs, such as the intestine, kidney, lung, liver, pancreas, and brain, and
pluripotent stem cells, including embryonic stem cells and induced pluripotent stem cells [7]. Since the
�rst report in 2009 [8], intestinal organoids, such as the mini-gut, have evolved as a potential alternative to
in vivo models for the use of various purposes [9]. They are capable of closely replicating the structure
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and cellular composition of a functional native intestinal epithelium, including intestinal cell types, e.g.,
enterocytes, goblet cells and paneth cells [8, 10]. Consequently, in vitro 3D organoid systems are now
used as alternative research tools because they serve the same purpose as in vivo systems.

Cattle are an economically important domestic animal species for the production of milk and meat
worldwide [4]. However, cattle, as experimental animals, are highly expensive and labour intensive,
particularly when sampling and separating several different tissues from slaughter [11]. Moreover, in vitro
2D culture system such as immortalized [12] and cloned [13] intestinal epithelial cell lines have the
current limitation due to lacking of physiological relevance and the cellular diversity composed of the
intestinal epithelium [4]. Therefore, the development of a reliable method for robust 3D culture system
derived organ-restricted ASCs from various sets of organs in livestock is urgently necessary.

In the current study, we successfully established bovine intestinal organoids representing typical crypt-
villus structure and intestinal epithelium and characterized the expression levels of several speci�c
markers in reference to intestinal stem cells and nutrient uptake using QuantSeq 3’ RNA-Seq. data and
immunocytochemistry. Furthermore, we investigated epithelial barrier function using a FITC-dextran
permeability assay.

Method
Experimental designs, animals and animal care

This study was designed with the aim of investigating adult derived-intestinal stem cells and subsequent
derivation and cultivation of intestinal organoids in bovine. Hanwoo cattle (Bos Taurus coreanae) (> 24
months old) were used experimentally in this study after receiving approval from the Institutional Animal
Care and Use Committee (IACUC) of the National Institute of Animal Science (NIAS-2019-366), Korea. All
procedures, including sample collection and handling, followed the standard operating protocols of the
Animal Biotechnology Division at the National Institute of Animal Science, Korea.

 

Isolation of intestinal crypts and three-dimensional (3D) cultivation

Different jejunum fragments from the small intestine were obtained from Hanwoo cows and collected in
washing buffer containing ice-cold phosphate-buffered saline (PBS) containing

1% penicillin/streptomycin (Sigma-Aldrich, NY, USA). The fragments were opened longitudinally and
washed thoroughly with washing buffer to remove the debris. Mucosal and submucosal layers were
gently scraped off using a glass slide. The remaining muscle layer was collected into a 50-ml tube
containing 30 ml of washing buffer after being cut into 3- to 5-mm pieces, repeatedly washed by shaking
vigorously and centrifuged at 300 g until the supernatant was clear. The collected pellet was resuspended
in 25 ml of Cell Disassociation Solution (StemCell Technologies, Vancouver, Canada) and incubated at
room temperature for 40 min on a rocker to release the crypts. Crypts were collected after pipetting and
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centrifugation at 300 g for 5 min. The pellet was resuspended in 1 ml of intestinal human organoid
medium (StemCell Technologies), and the crypts were counted under an inverted microscope. The
seeding mix composed of medium with 100-150 crypts, and Matrigel in a 1:1 ratio was prepared and then
placed in the middle of a 24-well plate. The cells were returned to an incubator to polymerize the Matrigel,
and after 20 min, 1 ml of organoid growth medium was gently added to each well.

 

Passage and cryopreservation of bovine intestinal organoids

Bovine intestinal organoids were subjected to passage approximately once a week upon maturation.
Brie�y, the medium was gently aspirated and rinsed with ice-cold PBS without disturbing the organoid
dome. To harvest the organoids, a 10× volume of enzyme-free cell disassociation buffer (1 ml) was
added to a Matrigel dome (100 μl) in each well and incubated for 10 min in an incubator. Organoids were
dislodged by gentle pipetting and collected by centrifugation at 300 g for 5 min. The pellet was
resuspended in the desired amount of medium and Matrigel in a 1:1 ratio, and each well (140-150
organoids) was distributed into three parts in subsequent passages and seeded in 24-well plates. For
cryopreservation, organoids were resuspended in preserving solution composed of 90% medium and 10%
dimethyl sulfoxide (DMSO) (Sigma-Aldrich), stored at -80°C for 24 hr and transferred to a liquid nitrogen
tank for long-term storage.

 

Histology and immunohistochemistry

The small intestine segments were �xed in 10% neutral-buffered formalin (Sigma-Aldrich) after strong
washing with ice-cold PBS. The segments were subsequently embedded in a para�n block, and the
para�n-embedded intestinal tissue was vertically and horizontally sectioned at a thickness of 3-5 μm.
The sections were then depara�nized in xylene, rehydrated with water via a graded alcohol series, and
processed prior to haematoxylin and eosin (Merck, Darmstadt, Germany) staining. In the
immunohistochemical analysis, the sections were permeabilized with 0.1% Triton X-100 in PBS for 5 min
and incubated with 0.1% normal goat serum for 1 h to block nonspeci�c binding after antigen retrieval by
boiling the sections in a sodium citrate buffer solution. The samples were incubated with appropriate
dilutions of primary antibodies at 4°C overnight. The antibodies used in this study are shown in Table 1.
After washing, the samples were reacted with anti-mouse and anti-rabbit secondary antibodies coupled to
Alexa Fluor-488 and Alexa Fluor-594 (Molecular Probes/Life Technologies, Waltham, MA, USA),
respectively, for 1 h at room temperature. These �uorescent samples were counterstained with diamidino-
2-phenylindole (DAPI). The images were captured using an Olympus X100 confocal microscope
(Olympus, Tokyo, Japan).

 

Immunocytochemistry
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The organoids were maintained in 24-well plates until maturation. The �xation media was aspirated in
the wells, and the organoids were washed thoroughly with cold PBS and incubated in neutrally buffered
4% paraformaldehyde (Sigma-Aldrich) for 30 min at room temperature. Then, the organoids were
permeabilized in buffer containing 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 30 min at room
temperature. The blocking step was performed using 3% bovine serum albumin (BSA) in PBS for 1 h at
room temperature. The organoids were thoroughly rinsed with PBS and incubated overnight at 4 °C with
the appropriate primary antibodies, as shown in Table 1, at their appropriate dilutions. The marker gene
expression was detected by incubating the samples with corresponding secondary antibodies coupled to
AlexaFluor-488 and AlexaFluor-594 (Molecular Probes/Life Technologies) for 1 h at room temperature.
These �uorescent samples were counterstained with diamidino-2-phenylindole (DAPI) and mounted on
glass slides using ProLong Gold antifade (Life Technologies, Waltham, MA, USA) mounting medium. The
images were captured under an Olympus X100 confocal microscope (Olympus).

 

Epithelial barrier permeability assay using FITC-dextran

Epithelial barrier function was tested by diluting powdered Fluorescein isothiocyanate (FITC)-dextran (4
and 40 kDa) (Sigma-Aldrich) in nuclease-free water, which resulted in a 1 mg/ml working solution. The
organoids were placed in 24-well plates and allowed to grow until fully developed into crypt and villi
structures. Then, 25 ng/ml FITC-dextran was added to each well, and the plate was incubated under
normal growth conditions. The permeability was observed using luminal absorption and recorded for
more than 180 min at 30-min intervals under a Leica CTR6000 �uorescence microscope (Leica, Wentzler,
Germany).

 

RNA isolation

Total RNA for prepared samples including intestinal organoids was isolated using TRIzol reagent (Life
Technologies, Carlsbad, CA, USA) as described previously [14, 15]. RNA quality was assessed by an
Agilent 2100 bioanalyzer using an RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The
Netherlands), and RNA quanti�cation was performed using an ND 2000 Spectrophotometer (Thermo Inc.,
DE, USA).

 

Library preparation and sequencing

For control and test RNAs, library construction was performed using QuantSeq 3’ mRNA-Seq. Library Prep
Kit (Lexogen, Inc., Austria) according to the manufacturer’s instructions. In brief, each 500 ng of total RNA
was prepared, an oligo-dT primer containing an Illumina-compatible sequence at its 5’ end was hybridized
to the RNA, and reverse transcription was performed. After degradation of the RNA template, second
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strand synthesis was initiated by a random primer containing an Illumina-compatible linker sequence at
its 5` end. The double-stranded library was puri�ed using magnetic beads to remove all reaction
components. The library was ampli�ed to add the complete adapter sequences required for cluster
generation. The �nished library is puri�ed from PCR components. High-throughput sequencing was
performed as single-end 75 sequencing on a NextSeq 500 (Illumina, Inc., USA).

 

Data analysis

QuantSeq 3` mRNA-Seq. reads were aligned using Bowtie2 [16]. Bowtie2 indices were generated from
either the genome assembly sequence or the representative transcript sequences for alignment to the
genome and transcriptome. The alignment �le was used for assembling transcripts, estimating their
abundances and detecting differential expression of genes. Differentially expressed genes were
determined based on counts from unique and multiple alignments using the coverage command in
Bedtools [17]. The RC (read count) data were processed based on the quantile normalization method
using EdgeR within R (R Development Core Team, 2016) using Bioconductor [18]. Gene classi�cation was
based on searches performed in the DAVID (http://david.abcc.ncifcrf.gov/) and Medline databases
(http://www.ncbi.nlm.nih.gov/).

 

Data availability

QuantSeq 3’ mRNA-Seq data sets are available via the following accession code in the Gene Expression
Omnibus database (GEO): GSE163425

 

Statistical analysis

All data are expressed as the means ± standard error of the mean (SEM) from three independent
experiments. Signi�cant differences between groups were analysed by one-way ANOVA or Student’s t-
test. A P value less than and equal to 0.05 indicated statistical signi�cance (*P value ≤ 0.05).

Results
Long-term cultivation of bovine intestinal organoids

Intestinal crypts were isolated from the small intestine (Jejunum) of healthy Hanwoo cattle (> 24 months
old), sequentially embedded in Matrigel and cultivated in Intesticult medium. Figure 1A illustrates the
experimental procedures for the isolation of intestinal crypts and the cultivation of bovine intestinal
organoids. The recapitulating capacity of the organoids was demonstrated by the stable growth for more
than passaged 10 (P10) and the long-term maintenance. As shown in Figure 1B, these organoids showed

http://david.abcc.ncifcrf.gov/
http://www.ncbi.nlm.nih.gov/
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distinct crypt and villus structures (branched structures) surrounding the lumen from P1 to P4
generations at early passages. Subsequent detailed structures represent organoid propagation from day
0 to the fully-grown structure on day 8 after isolation and cultivation of intestinal crypts from small
intestine (Supplementary Figure S1). Furthermore, they showed healthy and consistent growth in an
average of 130-150 organoids per basement matrix dome from P1 to P10 at each generation, indicating
the recapitulating capacity of the crypt (Figure 1C). At this density, bovine intestinal organoids showed
healthy and consistent growth. Furthermore, intestinal organoids at P5 were identi�ed as positive against
Ki67, a proliferating cell marker (Figure 1D). Collectively, these results demonstrated that bovine intestinal
organoids cultivated and isolated from small intestine (Jejunum) crypts were maintained long-term
without loss of the recapitulating capacity of crypts.

 

Identi�cation of intestinal stem cells from bovine small intestine

To search for position effects for e�cient isolation and cultivation of intestinal organoids from the small
intestine, we selected four different locations in the jejunum between the duodenum and ileum. Initially,
intestinal tissue sections were subjected to anatomical analysis using haematoxylin and eosin
histological staining to identify distinct crypt and villus structures. As shown in Figure 2A, locations #1
and #2 were better developed than locations #3 and #4. The detailed view from vertical and horizontal
sections in locations #1 and #2 showed integral structures of the intestinal epithelium gland, such as
crypts at the bottom and �nger-shaped villi on the apical side (Supplementary Figure S2). Furthermore, to
verify the e�ciency of the derivation of intestinal organoids from four different locations, we
subsequently cultivated intestinal organoids. Based on the results, the number of intestinal organoids per
basement matrix dome was highest in location #1 (Figure 2B), indicating the most growth potential for
derivation of intestinal organoids. In addition, to identify intestinal stem cells in vivo,
immunohistochemistry with respect to several markers involved in intestinal stem cells and epithelial
cells was conducted. As shown in Figure 2C, intestinal crypts isolated from location #1 of the small
intestine had distinct expression, such as leucine-rich repeat containing G protein-coupled receptor 5
(LGR5), a key gene required for stemness that is expressed in columnar crypt cells, B lymphoma Mo-MLV
insertion region 1 homology (Bmi1), which was found in +4 cells adjacent to paneth cells and F-actin in
the intestinal epithelial cytoskeleton. Moreover, the �uorescently stained crypts showed epithelium-
speci�c expression of Mucin2 in goblet cells, E-cadherin in adherent junctions (Supplementary Figure S3).
Together, these results are the �rst to show the identi�cation of LGR5+ intestinal stem cells from the small
intestine and demonstrate the regional differences for e�cient generation of intestinal organoids in
bovine.

 

Characterization and paracellular permeability of bovine intestinal organoids
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To characterize the cellular potential of bovine intestinal organoids derived from the small intestines of
adults, we investigated the spatial expression of several speci�c markers involved in intestinal stem cells
and epithelium characteristics in bovine intestinal organoids at passaged 5. As shown in Figure 3A, the
organoids had distinct expression, such as LGR5 and Bmi1. Moreover, the �uorescently stained organoids
showed epithelium-speci�c expression against Mucin2 for goblet cells that contributes to epithelial
barrier integrity, E-cadherin for adherent junctions, F-actin for intestinal epithelial cytoskeleton,
Chromogranin A for enteroendocrine cells and Cytokeratin 19 for enterocytes, indicating that the
concomitant expression of intestinal epithelial genes in intestinal organoids derived from intestinal crypts
mimicked the topology of an in vivo intact intestine. Furthermore, intestinal organoids at P5 were
immunoreactive to antibodies against several representative nutrient absorption markers, especially
sodium-dependent glucose transporter (SGLT1), proton-coupled peptide transporter (PEPT1), glucose
transporter (Glut2), glucagon-like peptide 1 (GLP1) and bile acid receptor (TGR5) (Figure 3B). In addition,
we investigated the paracellular permeability character of the epithelial layer using �uorescent tracers up
to 4 hr after treatment. FITC-dextran labelled the organoid lumen, demonstrating a high permeability for
compounds of up to 4 kDa, such as glucose, peptides and fatty acids, while FITC-dextran 40 kDa failed to
enter the organoid lumen (Figure 3C). Concentration of FITC was maintained constantly and slow
diffusion of FITC-dextran 4 kDa start to enter the organoid lumen at the 1.5 hr (Supplementary Figure S4),
indicating the presence of a mucous layer, which plays a major role in barrier function and nutrient
absorption. The mucosal barrier function results showed that there was mucins secretion by goblet cells.
Together, these functional testing results suggested that intestinal organoids were physiological
relevance to the in vivo gut absorption properties.

 

Large-scale gene expression pro�ling of bovine intestinal organoids

To investigate the genetic properties of bovine intestinal organoids for large-scale gene expression
pro�ling, QuantSeq 3’ mRNA-Seq. Library was constructed. As shown in Figure 4A, principal component
analysis (PCA) indicated that the distance between intestinal organoids and the small intestine was
relatively close compared to muscle in bovine. In addition, the heatmap showed that many genes in
epithelium-characteristic categories, such as tight junctions, adherent junctions, desmosomes and gap
junctions, were signi�cantly expressed in intestinal organoids at P5 and P10 and in the small intestine
compared to muscle as a control (Figure 4B). Furthermore, scatter plot revealed that many genes related
to intestinal stem cell markers such as LGR5, Achaete-Scute Family BHLH Transcription Factor 2 (ASCL2),
EPH Receptor B2 (EPHB2), Pleckstrin Homology like Domain Family A Member 1 (PHLDA1), SRY-Box
Transcription Factor 9 (SOX9) and Olfactomedin 4 (OLFM4) were signi�cantly upregulated in intestinal
organoids at P5 or similar between intestinal organoids and the intestine (Figure 4C). Taken together,
these results indicated that the genetic properties of bovine intestinal organoids were highly similar to
those of in vivo.

Discussion
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Recently, intestinal organoids have evolved as potential alternatives to in vivo systems [6, 19], and has
been a focus of research in livestock species including bovine, swine and chicken [4, 5, 10, 20]. Especially,
these organoids has been shown to be an attractive model for mucosal permeability, enabling us to
investigate the interactions of pathogenic bacteria, viruses, nutrient absorption and the maintenance of
host homeostasis with the gut epithelium of their host [21-24].

In this study, we successfully established intestinal organoids derived intestinal crypts from small
intestine and reported a reliable method for robust 3D expansion of intestinal stem cells in bovine. Firstly,
we isolated intestinal crypts that included intestinal stem cells from the small intestine (jejunum) in adult
bovines and cultivated them using on the scaffold-based method. The organoids representing distinct
crypt and villus structures surrounding the lumen can be long-term maintained (> P10) during several
passages without loss of their recapitulating capacity. Furthermore, we achieved a consistent growth rate
of 130-150 per basement matrix dome and identi�ed as positive against Ki67, a proliferating cell marker
[25] in intestinal organoids at P5 (Figure 1). The results of the current study suggest that the organoids
closely mimicked the in vivo organ physiology and remained inde�nitely intact under controlled
conditions without loss of the recapitulating capacity of crypts.

Next, to assess the position effects for e�cient isolation and derivation of intestinal organoids along the
length of the small intestine in bovine, we sectioned four different locations in the jejunum between the
duodenum and ileum. Interestingly, we found that jejunum (location #1 and #2) close to the duodenum
showed integral structures of the intestinal epithelium gland, such as crypts at the bottom and �nger-
shaped villi on the apical side and intestinal crypts isolated from location #1 in the jejunum close to the
duodenum had the most growth potential for derivation of intestinal organoids (Figure 2). However,
mouse models have shown that more distal tissues in fetal intestine can be formed organoids well [26],
suggesting the regional differences in vitro growth potential. Therefore, it seems likely that such
information would be valuable for derivation intestinal organoids and robust 3D expansion due to
differences between species or ages. In addition, in search for identi�cation of intestinal stem cells from
small intestine in bovine in details, we con�rmed that the intestinal crypts isolated from the small
intestine in bovine had distinct expression, such as leucine-rich repeat containing G protein-coupled
receptor 5 (LGR5), a key gene required for stemness that is expressed in columnar crypt cells, B
lymphoma Mo-MLV insertion region 1 homology (Bmi1), which was found in +4 cells adjacent to paneth
cells and F-actin in the intestinal epithelial cytoskeleton, epithelium-speci�c expression of Mucin2 in
goblet cells, E-cadherin in adherent junctions, supporting previous studies on mouse and human
intestinal organoids such as the mini-gut [8, 25]. Collectively, our �ndings demonstrate for the �rst time
that the identi�cation of LGR5+ intestinal stem cells from the small intestine and demonstrate the
regional differences for e�cient derivation of intestinal organoids in bovine.

With regard to the cellular potential of bovine intestinal organoids, we investigated the several speci�c
markers involved in intestinal stem cells and epithelium’s characteristics. As shown in Figure 3, bovine
intestinal organoids had distinct expression, such as LGR5 and Bmi1 for self-renewal capacities, and also
showed epithelium-speci�c expression against Mucin2, indicating the presence of mucin secreting in
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goblet cells that lined up the epithelial mucosa, E-cadherin for adherent junctions, F-actin for intestinal
epithelial cytoskeleton, Chromogranin A for enteroendocrine cells and Cytokeratin 19 for enterocytes
representing the cellular diversity composed of the intestinal epithelium. It is well accepted that intestinal
organoids consists of serveral intestinal cellular types including intestinal stem cells, paneth cells,
enteroendocrine cells, goblet cells, transit amplifying cells, and enterocytes [2]. Based on our results, the
cellular potential of intestinal organoids derived from the small intestines of adult bovine has quite
resemblance to in vivo small intestine and is similar to that of human intestinal organoids [27]. In
addition, the intestinal epithelium plays important roles in nutrient absorption across the membrane and
the diffusion of small molecules across the intestinal barrier, thus ensuring health by nutrient absorption
and preventing bacterial translocation via the bloodstream [28, 29]. Therefore, we further investigated the
several representative nutrient absorption markers and paracellular permeability character of the
epithelial layer [30]. As shown in Figure 3B and 3C, we found that intestinal organoids at P5 had the
speci�c-expression of sodium-dependent glucose transporter (SGLT1), proton-coupled peptide transporter
(PEPT1), glucose transporter (Glut2), glucagon-like peptide 1 (GLP1) and bile acid receptor (TGR5), and
showed a high permeability for compounds of up to 4 kDa, such as glucose, peptides and fatty acids,
while FITC-dextran 40 kDa failed to enter the organoid lumen, indicating the absorptive capacity of bovine
intestinal organoids. Taken together, these results indicate that bovine intestinal organoids preserve the
functional and phenotypic characteristics of the small intestine and can be used as physiological
indicators of nutrient absorption in nutritional research showing mimicked the topology of an in vivo
intact intestine.  

With regard to the genetic properties of bovine intestinal organoids using large-scale gene expression
pro�ling, we found that the distance between intestinal organoids and the small intestine was relatively
close compared to muscle in bovine and many genes in epithelium-characteristic categories [24], such as
tight junctions, adherent junctions, desmosomes and gap junctions, were signi�cantly expressed in
intestinal organoids at P5 and P10 (Figures 4), suggesting the physiological similarity between the
intestinal organoids and small intestine. In addition, they had signi�cant expression many genes related
to intestinal stem cells such LGR5, Achaete-Scute Family BHLH Transcription Factor 2 (ASCL2), EPH
Receptor B2 (EPHB2), Pleckstrin Homology like Domain Family A Member 1 (PHLDA1), SRY-Box
Transcription Factor 9 (SOX9) and Olfactomedin 4 (OLFM4). Collectively, our �ndings suggested that the
genetic properties of bovine intestinal organoids were highly similar to those of in vivo.

Conclusion
These results provide a reliable method for e�cient isolation of intestinal crypts from small intestine and
robust 3D expansion of intestinal stem cells in adult bovine and demonstrate the in vitro 3D organoids
mimics the in vivo tissue topology and functionality. Finally, intestinal organoids are potential alternatives
to in vivo system and will facilitate the practical use of a model to replace animal experiments in the
�elds of animal biotechnology for various purposes.
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Table 1. Antibodies used in this study for characterization of bovine intestinal organoids.
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Antibody Host species Company (Catalog No.)

LGR5 Mouse Origene Technologies, Inc. (TA503316)

Bmi1 Rabbit abcam (ab38295)

Mucin2 Mouse Santa Cruz Biotechnology, Inc. (SC-515032)

E-Cadherin Mouse BD Biosciences (61081)

Cytokerain 19 Rabbit abcam (ab84632)

F-actin Rabbit abcam (ab83746)

Chromogranin A Rabbit abcam (ab85554)

Glut2 Rabbit Novus Biologicals (NBP1-69466)

PEPT1 Rabbit Bioss Antibodies (BS-0689R)

SGLT1 Rabbit Novus Biologicals (NBP2-20338)

GLP1 Rabbit MyBioSource (MBS2107860)

TGR5 Rabbit abcam (ab72608)

Ki67 Rabbit Cell Signaling Technology (D3B5)

Figures
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Figure 1

Isolation of intestinal crypts and three-dimensional (3D) cultivation of intestinal crypts including
intestinal stem cells in bovine. (A) Experimental procedures regarding the isolation of intestinal crypts
from the small intestine and the three-dimensional (3D) cultivation of intestinal crypts including intestinal
stem cells in bovine. (B) Robust 3D expansion of intestinal crypts including bovine intestinal stem cells
(P1-P4). The organoids can be spheroidal (round shaped), show budding (spheroids with extension) and
have mature villi and crypt-like structures (branched structures). Scale bar: 50 μm. (C) Growth rate graph
of bovine intestinal organoids showing the number of organoids/well (mean n=3 wells) growing in a 100
μl Matrigel dome in each well. Intestinal organoids were maintained for up to 10 generations without loss
of the recapitulating capacity of crypts. (D) Intestinal organoids were immunostained for Ki67 at
passaged 5, a marker of proliferating cells and were counterstained with diamidino-2-phenylindole
(DAPI). Scale bar: 20 μm.
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Figure 2

Immunohistochemical analysis of bovine small intestine. (A) Haematoxylin and eosin histological
staining to identify distinct crypt and villus structures from four different locations (#1, #2, #3 and #4) in
the jejunum between the duodenum and ileum. Scale bar: 300 μm. (B) The number of intestinal
organoids per basement matrix dome to verify the e�ciency of the derivation of intestinal organoids from
four different locations. The number of intestinal organoids derived from location #1 in the jejunum close
to the duodenum was signi�cant higher compared to location #3 and #4. The values are the means plus
the standard error of mean (S.E.M), and a p-value < 0.05 (*) was considered to be signi�cant. (C)
Immunohistochemistry of LGR5, Bmi1, F-actin and Chromogranin A in bovine small intestine. The
�uorescently stained crypts were counterstained with diamidino-2-phenylindole (DAPI). Scale bar: 20 μm.
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Figure 3

Characterization and paracellular permeability of bovine intestinal organoids. (A) Immunostaing of LGR5,
Bmi1, F-actin, E-cadherin, Chromogranin A and Mucin2 in bovine intestinal organoids at passaged 5. The
organoids were counterstained with DAPI. Scale bar: 20 μm. (B) Immunostaining of several representative
nutrient absorption markers such as sodium-dependent glucose transporter (SGLT1), proton-coupled
peptide transporter (PEPT1), glucose transporter (Glut2), glucagon-like peptide 1 (GLP1) and bile acid
receptor (TGR5) in bovine intestinal organoids at passaged 5. The organoids were counterstained with
DAPI. Scale bar: 20 μm. (C) Paracellular permeability of the epithelial layer in bovine intestinal organoids
using �uorescent tracers. Intestinal organoids were treated with FITC-dextran to assess barrier function.
FITC-dextran 4 kDa showed high permeability, while FITC-dextran 40 kDa failed to enter the organoid
lumen. Scale bar: 20 μm.
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Figure 4

Gene expression pro�ling of bovine intestinal organoids using QuantSeq 3’ mRNA-Seq. Library. (A)
Principal component analysis (PCA) of intestinal organoids (P5), intestinal organoids (P10), small
intestine and muscle in bovine. The distance between intestinal organoids and the small intestine was
relatively close compared to muscle. (B) Heatmap showing many genes in epithelium-characteristic
categories such as tight junctions, adherent junctions, desmosomes and gap junctions. Intestinal
organoids at P5 and P10 and in the small intestine were signi�cantly expressed compared to muscle as a
control. (C) Scatter plot showing many genes related to intestinal stem cell markers such as LGR5,
ASCL2, EPHB2, PHLDA1, SOX9 and OLFM4. Intestinal organoids at P5 were signi�cantly upregulated or
similar between intestinal organoids and the intestine.
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