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A B S T R A C T   

Objective: Fungiform papillae contain taste buds and play a critical role in mastication and the 
gustatory system. In this study, we report a series of sequential observations of organogenesis of 
fungiform papillae in miniature pigs, as well as changes in the expression of BMP2, BMP4, Wnt5a, 
Sox2, and Notch1 signaling pathway components. 
Design: In this study, we investigated the spatiotemporal expression patterns of BMP, Wnt, Sox2 
and Notch in the fungiform papillae of miniature pigs at the bud stage (E40), cap stage (E50) and 
bell stage (E60). Pregnant miniature pigs were obtained, and the samples were processed for 
histological staining. Immunohistochemistry and real-time PCR were used to detect the mRNA 
and protein expression levels of BMP2, BMP4, Wnt5a, Sox2, and Notch1. 
Results: At E40, fungiform papillae were present on the anterior two-thirds of the tongue in a 
specific array and pattern. The fungiform papillae were enlarged and basically developed at E50 
and were largest at the earlier stage (E60). Most of the BMP2 was concentrated in the epithelial 
layer and the connective tissue core of the fungal papilloma and gradually accumulated from E40- 
E60. BMP-4 was weakly expressed in the fungiform papillae epithelia, but BMP-4-positive cells 
were also observed in the developing tongue muscle at E50 and E60. Wnt5a-positive cells were 
observed in the fungiform papillae epithelia and developing tongue muscle at all three time 
points. Sox2-positive cells were observed only in fungiform papillae epithelial cells, and Notch1- 
positive cells could not be detected. 
Conclusions: This study provides primary data regarding the morphogenesis and expression of 
developmental signals in the fungiform papillae of miniature pigs, establishing a foundation for 
further research in both this model and humans.   

1. Introduction 

The development and periodic repair of organs (hair, teeth, skin, tongue papillae, etc.) are crucial for the regeneration and 
maintenance of normal function after organ wear and tear [1,2]. The activation of initiation signals for organ development and repair 
is crucial for inducing regeneration of cells or tissues from the remaining stage to the initial stage [3]. The activation of organ 
development or periodic repair initiation signals is programmed in a process that is not the same as the mechanism of immune repair in 
the body after organ damage. However, the mechanism of organ renewal has yet to be determined [4]. 

Lingual papillae are epithelial appendages that develop like other tissues, including hair, kidneys, teeth, feathers, and mammary 
glands [5]. Tongue papillae can be divided into filamentous papillae, fungal papillae, leaf-shaped papillae, and contoured papillae 
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according to their shape [6]. Among them, the number of filamentous papillae is the highest, and the volume is the smallest, but there 
are no taste buds. The shape and function of leaf papillae gradually become vestigial, and the number of contour papillae is the lowest 
[7]. The bacterial papillae are the tongue papillae with the largest distribution area (2/3 of the front of the tongue) and the largest 
number of papillae, and each fungal papilla contains one or more taste buds [8]. Therefore, fungal papillae are the most important 
tongue papillae for taste perception [9,10]. However, little is known about the periodic regeneration mechanism of fungiform papillae. 

Lingual papilla development might involve similar processes to those of other epithelial appendages, including feathers, hair, and 
teeth, which all require specific and complex interactions between the epithelium and mesenchyme [11–13]. Numerous studies have 
recently reported several important mechanisms for lingual papillae development in rodents, such as bone morphogenetic protein 
(BMP) and Wnt signaling [14,15]. Since the morphological, anatomical, and physiological features of the rodent tongue greatly differ 
from those of the human tongue, a large animal model is needed for the study of lingual papilla development [15]. 

The miniature pig is a good model for orofacial research because the organs of miniature pigs and humans not only are similar in 
morphology but are also basically the same in terms of physiological function, especially in the oral and maxillofacial systems, skin, 
cardiovascular system, gastrointestinal tract and urinary system [16–18]. In addition, the development of the miniature pig is also very 
close to that of humans, the development degree of each organ at birth is similar to that of humans, and the growth and development 
after birth is also similar to that of humans [19,20]. Therefore, minipigs are particularly suitable animal models for organ development 
research, and studying the development of lingual papillae in minipigs is highly important for the study of taste function and 
regeneration in humans. The research group established a small pregnant pig model as a research model for tooth development in the 
early stage and used a large animal model to define the development pattern of bidentate dentition and establish a gene expression 
network to explore in depth the mechanism of tooth regeneration and development [21]. Among them, BMP2, BMP4, Wnt5a, Sox2, 
and Notch1 have different distribution patterns in the epithelium and stroma of third molar embryos of small pigs at different stages of 
development and may serve as starting signals for organ development or periodic repair, inducing programmed organ repair [21–25]. 
Here, we used the miniature pig as a model to investigate the morphogenesis and expression of critical developmental signals of 
fungiform papillae in a large animal. 

2. Materials and methods 

2.1. Animals 

This study was performed in accordance with a protocol approved by the Animal Care and Use Committees of Capital Medical 
University. Cesarean section was performed successfully on three pregnant miniature pigs under general anesthesia. Pregnant mini-
ature pigs were obtained from the Institute of Animal Science at the Chinese Agricultural University. The embryonic development of 
the miniature pig is long, and the development of the miniature pig first molar includes three typical periods designated the bud stage 
(E40), cap stage (E50), and earlier bell stage (E60). Therefore, embryonic days E40, E50, and E60 were chosen as the time points for 
determining whether fungiform papilla development also included typical periods. The animals were allowed access to food and water 
ad libitum under normal conditions and were humanely sacrificed as necessary to ameliorate suffering. Pregnant miniature pigs were 
anesthetized and sacrificed as previously described [26]. In brief, pregnant sows were anesthetized with a combination of 6 mg/kg 
ketamine chloride and 0.6 mg/kg xylazine, and pregnancy and fetal state were roughly determined via B-mode ultrasonography. After 
the fetuses were removed by cesarean section, the pregnant sows were sacrificed by overanesthetization. The study was carried out in 
compliance with the ARRIVE guidelines. 

Abbreviations 

BMP bone morphogenetic protein 
Wnt wingless/integrated 
Sox2 SRY-box transcription factor 2 
E40 embryonic day 40 
E50 embryonic day 50 
E60 embryonic day 60 
H&E hematoxylin and eosin 
BSA bovine serum albumin 
RT room temperature 
BMP2 bone morphogenetic protein 2 
BMP4 bone morphogenetic protein 4 
Wnt5a Wnt family member 5A 
Notch1 Notch receptor 1 
HRP horseradish peroxidase 
DAB diaminobenzidine 
SEM scanning electron microscope  
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2.2. Histological staining 

The tongues of E40, E50, and E60 embryos were fixed in 4 % paraformaldehyde in PBS at 4 ◦C overnight, embedded in paraffin, 
sectioned at 5 μm, and stained with hematoxylin and eosin (H&E). 

2.3. Scanning electron microscopy analysis 

The tongues of E40, E50, and E60 embryos were prefixed with 2.5 % glutaraldehyde and postfixed with 1 % osmium tetroxide. The 
samples were then dehydrated in a graded series of ethanol, followed by critical point drying. The samples were mounted on stubs, 
coated with platinum, and examined by scanning electron microscopy (SEM, S-4800; Hitachi, Tokyo, Japan). 

2.4. Immunohistochemistry for determining the Location of developmental signals 

After deparaffinization, the sections were blocked with 5 % BSA for 1 h at RT and incubated with primary antibodies against Bmp-2 
(1:100; Abcam; #ab82511), Bmp-4 (1:200; Abcam; #ab39973), Wnt5a (1:150; Abcam; #ab72583), Sox2 (1:100; Abcam; #ab97959), 

Fig. 1. SEM image of fungiform papillae during morphogenesis. At E40, E50, and E60, fungiform papilla morphology (arrows) was observed on the 
surface of the tongue dorsum. At different time points, the fungiform papilla morphology was basically consistent, with granular protrusions on the 
surface. The papilla gradually decreased in number per unit area (A–I). From E40 to E60, the fungiform papilla gradually increased, the area of a 
single papilla at E60 significantly increased, and there were significant differences at different time points, with units of square millimeters (J). From 
E40 to E60, the number of fungiform papillae per unit area (0.3 × 0.3 mm) gradually decreased, and there was a significant difference at different 
time points (K). Scale bar (A, D and G) 300 μm; (B, E and H) 40 μm; (C, F and I) 20 μm. 
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and Notch1 (1:200; Abcam; #ab8925). Secondary antibodies (Abcam; #ab6721) were used at a dilution of 1:200. The sections were 
developed with an anti-rabbit HRP/DAB detection kit (Abcam; #ab64261). Negative controls were obtained by omitting the primary 
antibody, and images were acquired with the same exposure. 

2.5. Real-time PCR (RT‒PCR) 

cDNA was obtained from E40, E50, and E60 pig embryos as described above. The primers used for BMP2/4, Wnt5a, Sox2 and 
Notch1 were designed using Primer Premier 5.0; the primers used are listed in Table S1. The relative expression of each gene was 
determined using the 2ΔΔCT method. The reactions were performed as follows: 50 μL of SYBR Green PCR Master Mix (Promega) 
containing 4 mmol/L Mg2+, 1 μL of upstream and downstream primers, 0.3 μL of Taq DNA polymerase (Promega), 2 μL of the cDNA 
template, and 20.7 μL of ddH2O. The PCR conditions were as follows: 95 ◦C denaturation for. 

3 min; 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 60 s; and a 72 ◦C extension for 10 min. 

2.6. Statistical analysis 

All of the experiments and data acquisitions involved at least three independent measurements. One-way ANOVA and the New-
man–Keuls multiple comparison test were used to calculate statistical significance. The level of significance was defined as *p < 0.05, 
**p < 0.01, or ***p < 0.001. The statistical analysis was performed using SPSS 16.0 software. 

Fig. 2. Histology of fungiform papillae during morphogenesis. (A, D, G) The epithelium became concave, and the mesenchymal cells were 
condensed at E40. (B, E, H) Archlike structures arose, and the underlying mesenchymal cells continued to migrate upward at E50. (C, F, I) The 
epithelium continued to thicken, and squamous epithelial cells were detected on the surface of fungiform papillae at E60. The epithelium (EP), 
mesenchyme (MZ), lamina propria mucosae (M), apical papilla epithelium (APE), light superficial cells of the epithelium (LSC), and connective 
tissue core of the primordium of the fungiform papilla (star) were used. Scale bars: 100 μm (A, B, C), 50 μm (D, E, F) and 20 μm (G, H, I). 
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Fig. 3. Location of BMP-2, BMP-4, Wnt5a, Sox2, and Notch1. (A-C, P) BMP-2 expression was observed in the epithelial cells of fungiform papillae 
and the developing tongue muscle. (D-F, Q) BMP-4 was weakly expressed in fungiform papillae epithelia, and BMP-4-positive cells were observed in 
the developing tongue muscle at E50 and E60. (G-I, R) Wnt5a-positive cells were observed in fungiform papillae epithelia and the developing tongue 
muscle at all three timepoints. (J-L, S) Sox2-positive cells were observed throughout the lingual epithelium and fungiform papillae. (M − O, T) 
Notch1-positive cells could not be detected. Fungiform papillae are marked with arrowheads. Mesenchyme (MZ), lamina propria mucosae (M), 
apical papilla epithelium (APE), light superficial cells of the epithelium (LSC), and connective tissue core of the primordium of the fungiform papilla 
(star). Scale bar, 30 μm. 

Fig. 4. Quantitative analysis of BMP-2, BMP-4, Wnt5a, Sox2, and Notch1 mRNA expression levels in the developmental stages of the fungiform 
papillae in miniature pigs. (A) Relative BMP2 mRNA expression in the fungiform papillae at E40-E60 determined by RT‒PCR. (B) Relative BMP4 
mRNA expression in the fungiform papillae at E40-E60 determined by RT‒PCR. (C) Relative Wnt5a mRNA expression at E40-E60 determined by 
RT‒PCR in fungiform papillae. (D) Relative Sox2 mRNA expression in the fungiform papillae at E40-E60 determined by RT‒PCR. (E) Relative 
Notch1 mRNA expression in fungiform papillae at E40-E60 determined by RT‒PCR. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3. Results 

3.1. Morphological and histological Characterization of fungiform papillae development in the miniature pig 

The number and distribution pattern of fungiform papillae were observed via SEM (Fig. 1). At E40, fungiform papillae were present 
on the anterior two-thirds of the tongue in a specific array and pattern. The lesions were small in size and did not fully develop in some 
areas of the tongue (Fig. 1A, B, and C). The fungiform papillae were enlarged and basically developed at E50 (Fig. 1D, E and F) and 
were largest at E60 (Fig. 1G, H and I). From E40 to E60, the fungiform papilla gradually increased (Fig. 1J) and the number of 
fungiform papillae per unit area (0.3 × 0.3 mm) gradually decreased, and there was a significant difference at different time points 
((Fig. 1K). 

Transverse sections of the E40, E50, and E60 embryo tongues were labeled with H&E. At E40, the epithelial layer became concave 
on the dorsal surface of the tongue, and the condensed mesenchymal cells migrated upward, indicating that the fungiform papillae had 
begun to develop (Fig. 2A–D, G). Arch-like structures of fungiform papillae appeared on the dorsal surface of the tongue due to the 
continued upward migration of mesenchymal cells (Fig. 2B–E, H). The epithelial cells at the papillary surface continued to differentiate 
and became squamous at E60 (Fig. 2C–F, I). 

3.2. Activities of BMP, Wnt, Sox2 and Notch signals in fungiform papillae development 

We observed the expression of BMP-2, BMP-4, Wnt5a, Sox2, and Notch1 in developing fungiform papillae through immunohis-
tochemistry. BMP-2 was expressed in fungiform papillary epithelial cells and developing tongue muscles. Most of the BMP2 was 
concentrated in the epithelial layer and the connective tissue core of the fungal papilloma and gradually increased from E40-E60, with 
less expression in the mesenchymal and muscular layers (Fig. 3A, B, C, and P). BMP-4 was weakly expressed in the upper cortex of the 
fungiform papilla tip during E40-E60 development and was slightly expressed in the E60 mesenchymal layer. However, BMP-4- 
positive cells were also observed in the tongue muscles during E50 and E60 development (Fig. 3D, E, F, and Q). At all three time 
points, Wnt5a-positive cells were observed in the fungal apical papilla epithelium, stroma, connective tissue core of the fungal pap-
illoma, and developing tongue muscles (Fig. 3G, H, I, and R). Sox2-positive cells were weakly expressed in the entire tongue epithelium 
and fungiform papilla, with only a small number of positive cells observed in the superficial cell layer of the epithelium (Fig. 3J, K, L, 
and S). In addition, the expression level of Notch1 was similar to that of Sox2, and Sox2 was only weakly expressed in the upper cortex 
of the fungiform papilla; however, Notch1-positive cells could not be detected in the superficial cell layer, mesenchymal layer, or 
muscular layer of the epithelium (Fig. 3M, N, O, and T). 

3.3. RT–PCR analysis of BMP2/4, Wnt5a, Sox2 and Notch1 mRNA expression 

The RT‒PCR results were generally consistent with the immunohistochemistry results. BMP-2 and Sox2 expression increased with 
tongue development. BMP-2 and Sox2 expression was highest at E60 (Fig. 4a and d). BMP-4 and Notch1 expression was weaker at E50 
than at E40, but BMP-4 and Notch1 expression increased again at E60 (Fig. 4b and e). Wnt5a expression decreased with tongue 
development (Fig. 4c). 

4. Discussion 

The fungiform papilla of the tongue plays an important role in taste perception, but previous studies have mostly used mice as 
animal models [27]. In recent years, as the similarities between human and pig maxillofacial anatomy and oral diseases have become 
increasingly known, the application of small pigs in oral and neck research has become increasingly important. However, due to factors 
such as animal protection, the use of small pigs has significantly increased annually, and small pigs are expected to replace experi-
mental monkeys and dogs as a new type of experimental animal widely used. Small pigs, as animal models, have broad application 
prospects and important positions in biomedical research [28]. The fungiform papillae emerge from the homogeneous epithelium of 
the early tongue by E13 in mice. Placodes are first identified morphologically at embryonic day 13 and occupy two bilateral rows 
adjacent to the midline. The epithelial thickening of the placode involves a series of invaginations and evaginations over a collection of 
mesenchymal cells to form a papilla with a distinctive epithelium over a core of connective tissue. A full complement of developing 
fungiform papillae is present on the tongue by embryonic day 14.5 [29]. In this study, the morphology and phase of the fungiform 
papillae of small pigs at different developmental stages were evaluated. We did not observe early development of the placodes in this 
study, but we detected the migration of condensed mesenchymal cells at E40. The epithelium and mesenchyme underwent subsequent 
morphogenesis at E50. Archlike structures were raised, and the papillae began to develop. At E60, the epithelial cells at the papillary 
surface became squamous, and the interaction between the epithelium and mesenchyme led to the formation of fungiform papillae 
with an epithelial covering a mesenchymal core. 

Signaling factors involved in epithelial patterning in numerous tissues are also expressed on the tongue surface during development 
[30]. Bone morphogenetic proteins are multifunctional growth factors belonging to the transforming growth factor-beta superfamily 
[31]. The BMP signaling pathway is known to be important for regulating the shape of ectodermal organs, including teeth and tongue 
taste papillae [32–36]. Recent studies of developing mouse embryo tongues demonstrated that BMP-2 and BMP-4 are expressed within 
the epithelia of the tongue primordia, demonstrating the fundamental importance of these signaling factors in papillae morphogenesis 
[37]. In rats, BMP-2 and BMP-4 can inhibit the formation of fungiform papillae from placodes, and the BMP antagonist noggin was 
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found to induce papilla formation and increase the number of fungiform papillae [36]. This finding suggested that the balance of BMPs 
and noggin is important for papilla integrity, number, and patterning in rats. In the present study, BMP2 was highly expressed at E60, 
but at the E60 stage, the number of papillae decreased, the area increased, and the development gradually matured. Therefore, it can 
be speculated that BMP2 may play a role in the development of papillae at E60. However, the expression of BMP4 increased from E40 
to E60. The roles of BMP4 and BMP2 in the development of the pig lingual papilla may not be the same. BMP4 may play a regulatory 
role at E40 and E60. Wnts are a large ligand family that functions via multiple receptor-mediated pathways [38]. One of these factors 
involves β-catenin activation and results in transcriptional activation of the Lef1 and Tcf transcription factors [39]. Activating Wnt 
signaling in tongue cultures with LiCl addition increases papillae number, and disruption of β-catenin signaling blocks fungiform 
placode development [6,40]. Wnt5a is considered a representative ligand that activates the noncanonical Wnt signaling pathway 
because it does not signal by stabilizing β-catenin in many biological systems, and emerging evidence suggests that Wnt5a can inhibit 
Wnt/β-catenin signaling [41–43] and play a distinctive role in fungiform papilla patterning and development in mice [44]. In contrast 
to the temporal and spatial distribution of BMP2/4, Wnt5a was highly expressed at E60 during the development of lingual papillae in 
miniature pigs. At E40, there were more fungiform papillae in the unit area of the tongue, but no obvious papillary form had formed. 
Therefore, we speculate that Wnt5a may play an important role in regulating the number of fungiform papillae. 

Sox2 is known to be a critical player in mammalian development and is needed for the development of sensory systems [45]. A 
recent study indicated that a reduction in Sox2 expression to 20 % of normal levels causes papilla placodes and early papillae to begin 
developing but fail to reach maturity, while filiform papillae develop normally [46]. In contrast, overexpression of Sox2 induces the 
development of atypical fungiform-like papillae, but filiform papillae do not develop [47]. This finding suggested that Sox2 regulates 
the differentiation of endodermal progenitor cells in the mouse tongue into taste bud cells rather than keratinocytes [46]. This finding 
is similar to the possible role of Sox2 in the development of fungiform papilla in miniature pigs because the expression of Sox2 
gradually increases during the development of the fungiform papilla [48]. In the present study, SOX2 was expressed at relatively low 
levels from E40-E60, with only a small amount expressed in the superficial epithelium and some mesenchyme of the apical papilla. This 
finding is different from the expression of SOX2 in the fungiform papilla of mice. Moreover, Sox2 is expressed in the mesenchyme 
between the superior and inferior longitudinal and genioglossus muscles in the middle and posterior regions of the tongue as well as in 
the epithelium throughout the tongue [47]. Therefore, at which stage SOX2 plays a role in the development of tongue fungiform 
papillae in small pigs is unclear, and its developmental network still needs to be further constructed and explored. 

The Notch pathway is involved in determining cell fate within the nervous system and in various sensory organs [49–51]. Previous 
studies demonstrated that Notch-associated genes were expressed both in the developing taste epithelia and in adult taste buds [52, 
53]. We detected a change in Notch1 gene expression, but we did not observe Notch1-positive cells in the tongue tissue of the miniature 
pigs. The possible reason is that the transcription of Notch1 mRNA is regulated by microRNAs, long noncoding RNAs, circular RNAs or 
other chemical modifications, which may inhibit the translation of mRNA into protein, resulting in the decreased expression of Notch1 
[54]. In addition, the weak specificity of the Notch1 antibody may also be an important factor in the study of minipig development 
[55]. 

In this study, we identified BMP-2-positive cells, BMP-4-positive cells, Wnt5a-positive cells, and Sox2-positive cells in the fungiform 
papillae epithelium and investigated the changes in the expression of these genes. Our findings confirmed previous results on 
fungiform papillae development in mice [47,56,57]. These findings suggested that BMP signaling, Wnt signaling and Sox2 signaling 
are needed for fungiform papillae development in miniature pigs. Additionally, we found BMP-2, BMP-4, and Wnt5a expression in the 
developing tongue muscle of the miniature pig, suggesting that these proteins participate in the development of tongue muscle tissues 
[58]. 

5. Conclusions 

This study bridges an important gap in understanding mammalian taste organ development and provides data describing the 
morphogenesis and expression of developmental signals in the fungiform papillae of the miniature pig. This could form the basis for 
further research on the functions and mechanisms of this model or human fungiform papillae. 
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