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Association of gut microbiota composition and craniosynostosis
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Background: Gut microbiota has been reported to be associated with a series of metabolic diseases 
including metabolic bone disease. However, study about gut microbiota and craniosynostosis (CS) is 
very rare. We aim to investigate the gut microbiota composition in CS patients and assess the possible 
relationship.
Methods: A total of 30 infants with CS and 30 infants with non-CS treated in Children’s Hospital of 
Nanjing Medical University of Jiangsu Province from June 2021 to March 2022 were finally included in this 
study. All processing and analysis are carried out using 16S ribosomal RNA (rRNA) high-throughput gene 
sequencing.
Results: The CS group have significantly lower levels of family, genus, and species than non-CS group (all 
P<0.05). Furthermore, Staphylococcales and Lactobacillales at the order level, Enterococcaceae and Staphylococcaceae 
at the family level, and Enterococcus and Staphylococcus at the genus level were significantly enriched in the 
CS group (all P<0.05). Additionally, functional prediction showed that six metabolic pathways significantly 
differed between the two groups (all P<0.05). Of those, pathways involving polycyclic aromatic hydrocarbon 
degradation (P=0.030) and penicillin and cephalosporin biosynthesis (P=0.027) were more abundant in CS 
group than in non-CS group.
Conclusions: Gut microbiota was statistically associated with the development of CS, and several taxa and 
specific functional pathways with significantly altered abundance have been identified in CS patients. These 
findings can provide clues for the study on the mechanism and early diagnosis of CS.
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Introduction

Craniosynostosis (CS) is a birth defect in which one 
or more bone sutures connecting the skull are closed 
prematurely, subsequently resulting in cranial deformity, 
increased intracranial pressure, mental retardation, and 
facial deformities (1,2). Sagittal suture, one of the most 
common CS, accounts for 40–55%, followed by coronal 
synostosis (20–25%) (3). The disease has been reported to 
occur 1/10,000–5/10,000 in countries such as the United 
States, France and Australia, and up to 1/2,500 globally (4,5).

Previous  s tudies  have  shown that  genet ic  and 
environmental factors play major roles in the development 
of CS, among which transforming growth factor (TGF), 
fibroblast growth factor/fibroblast growth factor receptor 
(FGF/FGFR), and Wnt signaling pathway variants have 
been clearly reported to affect the occurrence of CS (2,6). 
Alderman et al. (7) and Källén et al. (8) found that maternal 
smoking during pregnancy was closely associated with CS. 
Other factors such as parental education, occupation or 
maternal age may also influence the development of CS (9).  
However, the risk factors and molecular mechanisms of 
most CS, especially non-syndromic CS, remain unclear. 
In comparation with syndromic CS, non-syndromic CS 
is more common and is found only in the skull, and does 
not involve changes in other parts of the body (10). In 

recent years, with the development of high-throughput 
sequencing technology, studies have reported that gut 
microbiota biodiversity is relevant to osteoporosis and 
bone-related diseases with low bone mineral density (BMD) 
(11-13). However, there are few studies on gut microbiota 
association with CS.

Gut microbiota, or microbiome is an important 
ecosystem in the human digestive tract,  which is 
regarded as a multicellular organ in the body. When the 
microecological disorder occurs in the gut microbiota, the 
immune system and/or endocrine system of the body can be 
disrupted, thereby causing a series of diseases (14,15). The 
gut microbiota, comprising of 1014 bacteria, is regulated 
by 5 million genes, 66.6% of which in the human body is 
unique to each individua (16,17). Recently, the study of the 
association between gut microbiota and various diseases 
has become a hot topic in medical research. In terms of 
bone metabolism, Weaver et al. found that changes in gut 
microbiota induced by diet (such as prebiotics) increased 
fiber fermentation, and then produced short-chain fatty 
acids to promote bone development (18).

However, to date, the epidemiological evidence of 
gut microbiota and CS is very weak. Therefore, it is 
very necessary and urgent to investigate the association 
between gut microbiota and CS. To this end, we analyzed 
the gut microbiota specificity of CS and explored the 
possible mechanism of these microbiota by 16S rRNA 
gene sequencing based on 30 non-syndromic CS patients 
who met the inclusion criteria and 30 non-CS. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://tp.amegroups.com/article/
view/10.21037/tp-23-76/rc).

Methods

Sample collection, DNA extraction and PCR experiments

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the Ethics Committee of Children’s Hospital 
of Nanjing Medical University (No. 201908226-1),  
and informed consent was taken by participants’ parents 
or legal guardians. Participants was initially included in 
this study when the patients were diagnosed with sagittal 
suture synostosis. A total of 93 CS subjects and 71 non-
CS subjects with head injury treated in Children’s Hospital 
of Nanjing Medical University of Jiangsu Province from 
June 2021 to March 2022 were initially included in this 
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study. Participants were excluded for the following reasons: 
(I) pre-existing known syndromic disease; (II) diagnosed 
with metopic suture, coronal suture, or lambdoid suture; 
(III) diagnosed with chromosomal abnormalities or some 
common mutations in FGF/FGFR and Wnt signaling 
pathway; (IV) ineligible sample quality or sequencing 
requirements (such as quality of DNA extracted). Thirty CS 
patients and 30 non-CS were finally enrolled in the present 
study. Fecal samples were collected in 2 mL EP tubes, 
frozen, then transported to the laboratory within 4 hours 
and stored at −80 ℃ until DNA was extracted.

The QIAamp Fast DNA Stool Mini Kit (QIAGEN, 
Chatsworth, CA, USA) was used to extract and purify total 
genomic DNA from fecal samples. The amount of extracted 
DNA was then assessed using SpectraMax190 (Molecular 
Devices, Sunnyvale, CA, USA). DNA integrity was detected 
by 1% agarose-gel electrophoresis and stored at −20 ℃ for 
PCR amplification.

After cleaning with AMPure XP beads (Beckman Coulter, 
Shanghai, China), 16S rRNA gene amplicons were connected 
to dual exponential and Illumina sequencing adapters. 
Then, Nextera XT Index Kit (Illumina China, Shanghai, 
China) was used for PCR amplification. This study used 
bacterial genomic DNA as a template to amplify the V3-V4 
hypervariable region of 16S rRNA gene with the 2× KAPA 
HiFi HotStart ReadyMix (Shanghai Dobio, Shanghai, China) 
primers set at 341F (5'-CCTAYGGGRBGCASCAG-3') 
and 806R (5'-GGACTACNNGGGTATCTAAT-3'). Each 
sample was amplified three times by polymerase chain 
reaction (PCR) and the PCR products were purified using 
AMPure XP beads. Then, the products were quantified 
and standardized by Agilent Technologies 2100 Bioanalyzer 
(Agilent, Shanghai, China) to form a sequencing library 
(SMRT Bell). The completed library was inspected for 
quality first, and the qualified library was sequenced using 
PacBio Sequel. Data from PacBio Sequel was in bam format, 
which was transformed into circular consensus sequencing 
(CCS) files with SMRT Link analysis software. Data of 
different samples was identified by Barcode sequence and 
converted to FASTQ format.

Sequence denoising or clustering

In this study, Vsearch method was used to perform a 
series of operations on the reads obtained such as primers 
removal, splicing, quality filtering, weight removal, 
chimerism removal and clustering. These sequences would 
be aggregated and quantified as the manner of operational 

taxonomic units (OTUs). Then, OTUs was used as the basic 
unit of calculation for further analysis. According to the 
algorithm principle, the sequence with 97% identity and the 
highest frequency was the representative sequence of OTUs 
and will also be used for various subsequent analyses (19).

Statistical analysis

In this study, QIIME2 was used to analyze the species 
composition and visualized results in the samples. Wilcoxon 
rank test was used to compare inter-sample alpha diversity 
index (such as Chao1, Observed species indices, Shannon, 
Simpson, Michaelis Menten fit, Pielou’s evenness, and 
Good’s coverage index), and Principal Coordinate Analysis 
(PCoA) and Nonmetric Multidimensional Scaling (NMDS) 
methods were used to analyze inter-group beta diversity. 
Linear discriminant analysis effect size (LEfSe) was 
used to analyze the distribution of bacteria at different 
classification levels and identify robust differential species, 
namely biomarkers. For Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses, 
differential proteins were used to perform enrichment 
tests of KEGG pathways using two-tailed Fisher’s 
exact test method with a filter value of 0.05 in the FDR 
(false discovery rate) term filter mode and removal of 
duplicates. Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States (PICRUSt2) was 
adopted to predict sample functional abundance. R software 
(V4.1.1) was used for data sorting and analysis. Significant 
difference was set at two-sided P<0.05.

Results

From June 2021 to March 2022, fecal samples from 30 CS 
patients (26 males; 4 females) and 30 non-CS (23 males;  
7 females) were included in the final sequencing. A total 
of 8,059,719 sequences were detected in this study, among 
which the length of the included high-quality sequences was 
about 400–430 BP (Figure S1). As can be seen from Table 1, 
the distribution of age and sex between CS group and non-
CS group was not significantly different (P=0.068 for age; 
P=0.317 for sex). In the CS group, there were 42 species, 
121 genera, 56 families, 34 orders, 16 classes, and 11 phyla. 
The CS group have significantly lower levels of family, 
genus, and species than non-CS group (All P<0.05).

As is shown in the Figure 1A, the CS group had a lower 
number of bacterial species at all classification levels than 
the non-CS group. Moreover, we found that the CS group 
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Table 1 Characteristics and bacterial compositions of included subjects in the study

Variables Non-craniosynostosis (n=30) Craniosynostosis (n=30) P value

Age [medium (IQR)], months 11.0 (9.0, 12.0) 4.5 (3.2, 13.0) 0.068

Gender, n (%) 0.317

Female 7 (23.33) 4 (13.33)

Male 23 (76.67) 26 (86.67)

Phylum, n 13 11 0.286

Class, n 18 16 0.339

Order, n 37 34 0.073

Family, n 62 56 0.002

Genus, n 139 121 0.001

Species, n 70 42 0.009

OTU, n 2041 1664 0.6098

IQR, inter-quartile range; OTU, operational taxonomic units.

had a relatively lower proportion of species and genus, but 
a higher distribution at all other levels than the non-CS 
group. To further explore the distribution of bacteria in CS 
group, we compared the two groups at the genus level. And 
we observed that the relative abundance of Bifidobacterium, 
Escherichia Shigella, Veillonella, Streptococcus, Faecalibacterium 
and Clostridium_sensu_stricto_1 was higher in the CS group, 
while the abundance of Bacteroides and Subdoligranulum 
were opposite (Figure 1B). Furthermore, we found that 
Bifidobacterium occupied the largest proportion in both 
order and family level, and the enrichment degree of CS 
group was higher than that of non-CS group (Figure S2). 
Additionally, Figure 1C shows the relative distribution 
of different classification levels of each fecal sample in 
the CS group (F_397-F_486) and the non-CS group 
(F_139-F_207).

As shown in Figure 2A, the curve rose sharply to a flat 
state with the increase of the number of samples, indicating 
that the amount of sequencing data was reasonable, and 
the included sample size was sufficient to reflect the species 
composition of the community. The results of Rank 
abundance curve showed that the curve of the CS group was 
steeper and less uniform than non-CS group, that is, there 
was a larger difference in the distribution of flora abundance 
(Figure 2B). Although there were no statistically significant 
differences in Pielou’s evenness, Shannon and Simpson 
indexes between the two groups (all P>0.05), but most 
alpha-diversity indexes including Chao1 (P=0.026), Good’s 
coverage (P=0.042), Michaelis-Menten fit (P=0.018) and 

Observed Specie (P=0.021) achieve significance, indicating 
gut microbiota in CS group have changed (Figure 2C-2I).

Based on the PCoA, we can observe the plane distance 
and distribution between different samples (Figure 3A-3C). 
Then, we further calculated the Bray-Curtis distance to 
reflect the sample differential distance in the distance matrix 
to the greatest extent (Figure 3D). Figure 3E showed that 
the similarity of samples in the same group was relatively 
high, but there were still some samples with no significant 
difference between groups based on the unweighted pair-
group method with arithmetic means (UPGMA). Although 
the two groups were not completely separated by PCoA and 
there was no statistical difference in PERMANOVA test (all 
P>0.05), LEfSe analysis revealed significant differences in 
some bacterial genera between the two groups.

As shown in Figure 4, Staphylococcales (order), Lactobacillales 
(order), Enterococcaceae (family), Staphylococcaceae (family), 
Enterococcus (genus) and Staphylococcus (genus) were 
enriched in the CS group, and Coriobacteriia (class), 
Peptostreptococcales_Tissierellales (order), Coriobacteriales 
(order), Peptostreptococcaceae (family), Eggerthellaceae (family), 
Ruminococcus_gnavus_group (genus), Eubacterium_hallii_group 
(genus), and Romboutsia (genus) were enriched in non-CS 
group (all P<0.05).

The Venn chart showed that the CS group had fewer 
OTUs than the non-CS group (1,664 vs. 2,041), with 1325 
OTUs distributed between the two groups (Figure 5A). 
Then, we used the abundance data of the genera with the 
top 50 average abundance to observe the enriched bacterial 
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Figure 1 Comparison of gut microbiota diversity of the included subjects. (A) Differences of taxonomy in different classification level 
between the two group; (B) cylindrical accumulation map of relative abundance of species at genus level; (C) differences of taxonomy in 
different classification level among the included samples. The Group A represents the non-CS group and Group B represents the CS group. 
g, genus; CS, craniosynostosis. 

genera between the two groups (Figure 5B). Figure S3 
showed the enrichment distribution of other classification 
levels (e.g., phylum, class, order, family) between the two 
groups. In addition, Figure 5C showed the taxological 
hierarchy of the sample communities from phylum to 
genus, which further confirmed the results of Figure 4.

We use PICRUSt2 and KEGG database to predict gut 
microbiota functional abundance (Figure S4). Figure S5 
showed the functional composition at different KEGG 
classification levels. For example, at the level of Class 
1-KEGG classification, the main enrichment function was 
Metabolism, followed by Genetic information processing, 
Environmental information processing and Cellular 
processes. Then, we used STAMP to conduct differential 
analysis of KEGG function. And we found there were six 
metabolic pathways including oligomerization domain 

(NOD)-like receptor signaling pathway, apoptosis, 
hypertrophic cardiomyopathy (HCM), endocytosis, 
polycyclic aromatic hydrocarbon (PAH) degradation, 
Penicillin and cephalosporin biosynthesis significantly 
differed between the two groups (Figure 6). Furthermore, 
PAH degradation and Penicillin and cephalosporin 
biosynthesis metabolic pathways were more abundant in CS 
group than in non-CS group.

Discussion

Gut microbiota is associated with a variety of metabolic 
diseases, and its diversity has also been shown to be 
associated with bone metabolism-related diseases (13,18). 
Our study is the first population study to assess the 
association between gut microbiota diversity and CS using 
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Figure 2 Alpha diversity analysis of gut microbiota of included samples. (A) Species accumulation curves; (B) rank abundance curve; (C) 
Chao1; (D) Pielou’s evenness; (E) Good’s coverage; (F) Shannon; (G) Michaelis-Menten fit; (H) Simpson; (I) observed specie. Chao1, 
Michaelis-Menten fit and Observed species index characterize richness; Shannon and Simpson indices characterize diversity; Pielou’s 
evenness index characterizes uniformity; Good’s coverage index represents the coverage. In the box diagram, the meanings of each symbol 
are as follows: upper and lower end lines of the box, upper and lower IQR; median line, median; upper and lower edges, maximum and 
minimum inner circumference (1.5 times IQR); outliers are points on the outside of the upper and lower edges. The number under the 
diversity index label is the P value of the Wilcoxon test. The Group A represents the non-CS group and Group B represents the CS group. 
OTUs, operational taxonomic units. IQR, interquartile range; CS, craniosynostosis.

16S rRNA high-throughput gene sequencing. In this 
study, we found that the CS group have significantly lower 
levels of family, genus, and species than non-CS group. In 
comparation with the non-CS group, the CS group had 
more abundant Staphylococcales and Lactobacillales at the order 
level, Enterococcaceae and Staphylococcaceae at the family level, 
Enterococcus and Staphylococcus at the genus level. In addition, 
functional prediction revealed pathways involving PAH 
degradation, and penicillin and cephalosporin biosynthesis 
were more abundant in CS group than in non-CS group.

Previous studies have reported that changes in gut 
microbiota were associated with bone development 
outcomes (20,21). Similar results were found in this study, 

where alpha diversity analyses showed gut microbiota 
diversity significantly differed between the two groups. 
Alpha diversity revealed that significant changes in the 
structure of gut microbiome were found in patients with CS 
at a wide range of phylogenetic levels. However, another 
clinical study showed a decreasing trend of alpha diversity 
in patients with osteoporosis compared with the normal 
BMD control (22), which is inverse to our results. These 
discrepancies might potentially be due to the different 
numbers of included patients, population information (age, 
gender compositions), living habits including diet and 
exercise, and medicine use including antibiotics and anti-
osteoporosis drugs in these clinical studies. In this study, 
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Figure 3 Beta diversity analysis of gut microbiota of included samples. (A) Two-dimensional ranking diagram of samples analyzed by PCoA; 
(B) two-dimensional ranking diagram of samples analyzed by PCoA with sample names; (C) two-dimensional ranking diagram of samples 
analyzed by PCoA with ellipse; (D) three-dimensional ranking diagram of samples analyzed by PCoA; (E) UPGMA clustering tree based 
on sample distance matrix. The Group A represents the non-CS group and Group B represents the CS group. PCoA, principal coordinate 
analysis; UPGMA, unweighted pair-group method with arithmetic means; CS, craniosynostosis.

we found that Bacteroides (genus) was significantly enriched 
in the non-CS group, while Firmicutes (phylum) had no 
difference between the two groups. Previous studies have 
found that the ratio of Firmicutes/Bacteroidetes was negatively 
correlated with the loss of bone, which was consistent with 
our results (11,13). Then, Bifidobacterium occupied the 
largest proportion at the order, family and genus level, and 
the enrichment degree of CS group was higher than that of 
non-CS group. Li et al. (11) found that BMD increased with 
the increase of Bifidobacterium abundance, while Xu et al. (13) 
found that the BMD of hip decreased with the increase of 
Bifidobacterium abundance, which may be attributed to the 
inconsistency of bone development and density in different 
parts. Furthermore, Actinobacteria occupied the largest 
proportion at the class level, and the enrichment level of 

CS group was higher than that of non-CS group. That is, 
bone density increased with the increase of Actinobacteria 
abundance, which was consistent with the findings of Li  
et al. (11) and Ma et al. (12).

LEfSe analysis revealed Staphylococcales (order), 
Staphylococcaceae (family), and Staphylococcus (genus) were 
significantly enriched in the CS group. Staphylococcus, a 
gram-positive coccus, often clustered into grape clusters, 
most of which are non-pathogenic bacteria, while a few can 
cause diseases. Roshan et al. (23) reported a case of high 
IgE syndrome (HIES) patient, whose CT results revealed 
the CS accompanied by scalp abscess in the right parietal 
region. Staphylococcus aureus could be cultured with the 
concentrated fluid of the scalp abscess, which suggested 
that staphylococcus was associated with cranial overgrowth. 
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Figure 4 The LEfSe shows the species with an LDA score greater than the set value (the default setting is 4), that is, the Biomarker with 
statistical differences between groups. The length of the histogram represents the impact of the different species (LDA score). The Group A 
represents the non-CS group and Group B represents the CS group. LDA, Linear discriminant analysis; LEfSe, LDA Effect Size; c, class; o, 
order; f, family; g, genus; CS, craniosynostosis.

Moreover, Lactobacillales was also observed significant 
abundant in the CS group. Previous study has reported that 
the beneficial bacteria (probiotics) could increase BMD, 
and the Lactobacillus play an important role (24), which 
was similar with our results. In addition, we also found 
Enterococcus was enriched in the CS group. Enterococcus is a 
symbiotic Gram-positive bacterium that exists in the oral 
cavity and gastrointestinal tract. Enterococcus faecalis, one 
of common Enterococcus, is mainly found in the root canal 
of patients with refractory apical periodontitis, accompanied 
by inflammation and bone regeneration dysfunction (25).  
Wang et al. (26) found that diet with Enterococcus 
faecium can change the gut microbiota of broilers and 
increase the relative abundance of short-chain fatty acid 
(SCFA) producing bacteria, subsequently promoting 
intestinal phosphorus absorption and metabolic activity 
of bone formation. However, Park et al. (27) found that 
Enterococcus faecalis would reduce the expression of Runx2, 
osteoblast, β-catenin, osteocalcin and type I collagen, inhibit 
the differentiation of osteoblasts, and increase the induction 
of chemokines, subsequently leading to the recruitment 
of inflammatory immune cells, which was contrary to our 
results. We hypothesized that this might be due to the 
different parts of bone development, since this study mainly 
focused on refractory apical periodontitis. Certainly, wo only 
found the difference in the genus level of Enterococcus.

Extensive data across the field of gut microbiota have 
demonstrated that gut microbiota affects host bone 
metabolism mainly through metabolic, endocrine and 
immune pathways (28). In this study, we observed that six 
metabolic pathways significantly differed between the two 
groups, especially pathways involving PAH degradation, 
and penicillin and cephalosporin biosynthesis were more 
abundant in CS group than in non-CS group. Based on 
the National Health and Nutrition Examination Survey 
(NHANES) database, some population studies observed 
that urine PAH metabolites were significantly associated 
with an increased level of N-terminal peptides, speculating 
that PAHs exposure induced bone resorption and an 
imbalance of bone turnover (29,30). This finding was 
consistent with the PAHs degradation observed in the CS 
group. For the Penicillin and cephalosporin biosynthesis, 
we hypothesized that it might be drug residues from the 
treatment (31).

Our study has the following advantages. First, this 
is the first study to evaluate the relationship between 
gut microbiota diversity and CS population through 
high-throughput gene sequencing. Second, this study 
demonstrated the gut microbiota distribution of CS subjects 
and found possible dominant bacteria. Third, this study 
elaborated the potential pathological mechanism of CS 
from the perspective of gut microbiota, providing the clue 
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for the etiology study of CS. Fourth, it is difficult to detect 
the CS, and this study provided a reference for the early 
diagnosis of this disease.

Certainly, we had to admit that there were some 
shortcomings in this study. First, this study was only a case-
control study, which was unable to dynamically observe the 
changes of gut microbiota in different pathological stages 
of CS, resulting in poor causality. Future studies can focus 
on cohort or longitudinal studies of this disease. Second, 
although we tried our best to guarantee that participants 

had similar eating habits in the two groups, differences 
in specific diets may still interfere with the diversity 
and abundance of gut microbiota. Third, 16S rRNA 
sequencing analysis may also have technical limitations 
such as sequencing abundance, which may not distinguish 
certain rare species. Fourth, our non-CS group were the 
patients treated with minor and minor head injuries for the 
first time, but traumatic brain injury has been reported to 
be associated with intestinal dysfunction. Future studies 
should try to select appropriate healthy controls to avoid 

Figure 5 Species difference analysis of gut microbiota of included samples. (A) Venn diagram: each circle in the figure represents a group, 
the number of overlapping parts represents the number of OTUs shared between the groups, and the number without overlapping parts 
represents the number of OTUs unique to the group. (B) Gut microbiota species composition map at Genus level using the abundance data 
for the top 50 genera with average abundance. (C) Display diagram of differential taxa between groups based on classification hierarchy tree. 
The taxonomic clades map shows the taxonomic rank relationships of the major taxa in the sample community from phylum to genus (from 
inner circle to outer circle). Node size corresponds to the average relative abundance of the taxon. Hollow nodes represent taxon with no 
significant differences between groups, while nodes with other colors indicate that these taxa show significant differences between groups, 
and their abundance is higher in the grouped samples represented by this color. Letters identify taxon names that differ significantly between 
groups. The Group A represents the non-CS group and Group B represents the CS group. o, order; f, family; g, genus; CS, craniosynostosis.
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the possible bias. Despite these limitations, our study 
provides a detailed introduction to the gut microbiota 
of CS subjects and may facilitate the early diagnosis and 
treatment of CS.

Conclusions

Taken together, the presented data indicate that the 
composition and abundance of gut microbiota differed 
between CS group and non-CS group. Several taxa 
and specific functional pathways with significantly 
altered abundance have been identified in CS patients. 
These findings can provide epidemiologic evidence 
to demonstrate the underlying microbiota associated 
mechanism in the CS pathology, and develop microbiota 
modification therapy for the treatment and early 
prevention of CS.
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