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BACKGROUND

• Low FA & B12 intake are associated with NTDs, including spina bifida

Novel insights into fetal spina bifida pathogenesis through exploration of the maternal gut microbiome
KL Connor1, H Sheyholislami1, BR Joris2, V Pruthi3, G Gloor2, T Van Mieghem3

1Health Sciences, Carleton University, Ottawa, Canada; 2Biochemistry, University of Western Ontario, London, Canada; 3Sinai Health System, Toronto, Canada

• The gut microbiome is a key mediator of host micronutrient status
• Gut microbes are responsible for:

@HSheyholislami
@KC0nn0r
@TimVanMieghem

• Current efforts to prevent spina bifida, including supplementation 
& fortification with FA/B12, are not adequate

Controls (n=18) Cases (n=15) p-value
BMI (kg/m2) 22.4 25.0 0.03
Gestational age at birth (weeks) 38.4 32.3 <0.0001
Birthweight (kg) 3.54 2.27 0.0004
Vitamin C (mg/day) 120 47.5 0.04
Vitamin B6 (mg/day) 1.73 1.27 0.03
Vitamin B12 (mcg/day) 5.36 2.95 0.04
Vitamin D (mcg/day) 3.69 2.71 0.04

HYPOTHESIS & AIMS
• We hypothesize that mothers carrying a fetus with spina bifida will have a dysfunctional gut 

metagenome, shown by altered expression of biosynthesis pathways key for neural tube closure

• We aimed to determine whether and how the gut metagenome of pregnant people carrying a fetus 
with spina bifida (cases; n=15) differed compared to those carrying a healthy fetus (controls; n=18)

Cases reported lower dietary intakes of key micronutrients

Cases reported lower 
dietary intakes of vitamins 
B6, B12, C and D, but not 

folate, than controls

Relative abundance of Mobiluncus SGB15488 was positively associated with vitamin D and B12 intake in controls, 
but there were no associations between taxa relative abundance and clinical or dietary intake data in cases

Overall, enriched taxa in cases & controls had similar biosynthesis pathway categories…

…but cases & controls had different significantly enriched gut microbial taxa 

Cases & controls had similar phylum- & family-level gut microbiome composition…

Table 1. Maternal cohort characteristics & dietary intake data for cases and controls.

Figure 1. Gut microbial composition in cases and controls. Data shown are relative abundance levels of taxa at the phylum level (left) and family level (right). Each column represents the gut microbial composition of one
participant. The colour of the bars represent distinct phyla or families.

Figure 2. Most significantly enriched taxonomic assignments in cases and controls (both within and between groups). The colours of the bars represent the genus or phylum of each taxonomic assignment; Some
taxonomic assignments have not yet been placed on the tree of life due to lack of information and thus, have not been previously named. The taxonomic assignment of each taxa is included in our visualization to
demonstrate similarities and differences within and between groups. Bar length represents the ALDEx2 effect size (significant > [0.5]). Pie charts represent the genus or phylum of the enriched taxa in cases and controls.

Figure 5. Heatmap of associations between the relative abundance of enriched taxa and clinical and dietary data, computed using false discovery rate-corrected (FDR) linear regressions. Correlation coefficient (R)
is plotted, where pink represents a positive correlation and blue represents a negative correlation. *Statistically significant, FDR q<0.05.

Figure 3. Raw counts of KEGG biosynthesis pathways and pathway categories in controls and cases. Flow chart demonstrates breakdown of KEGG pathway categories and pathways in enriched taxa. Donut plots
demonstrate pathway categories. The size of the category represents the number of pathways identified under each specific category across all samples, and the colour gradient represents percent of enriched taxa that
had specific pathways identified under each category.
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Maternal rectal swabs were collected for gut microbial composition at 25 weeks’ gestation, bacterial 
DNA were sequenced (Illumina MiSeq) & reads were taxonomically & functionally classified.

Statistical analysis

Taxonomic quantification & analysis 

KEGG biosynthesis pathway analysis

Dietary recall questionnaire & clinical data

Vitamin & micronutrient synthesisMetabolic reactions Nutrient absorption 
Regulation of gut permeabilityNucleotide production

Clinical & dietary data were analyzed & correlations between taxa relative 
abundance & clinical & dietary data were conducted (JMP v. 15.2.1; FDR q 

value < 0.05).

Dereplicated bins were annotated (KEGG) and analyzed (Anvi’o v.7.0) to 
estimate the functional capabilities of bacterial taxa.

Maternal medical history was obtained at recruitment & a 24-hour dietary 
recall questionnaire (ASA24TM) was administered at time of sample 

collection.

Enriched taxa in cases and controls had a similar number of biosynthesis pathway categories 
& the same number of nucleotide & vitamin metabolism pathways within these categories

…but enriched taxa in cases had altered expression of NTD-related pathways

Limited associations between enriched taxa relative abundance & clinical/dietary intake data
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Data are means ± SD (ANOVA; normal distribution/equal variance) or median (IQR; Kruskal-Wallis/Wilcoxon test for non-parametric data or outliers) with p value from one-way analysis of variance. BMI = body mass 
index. 

Differences in relative abundances of bins between & within groups was 
assessed (ALDEx2) to identify significantly enriched taxa in cases & controls 

(effect size > [0.05]).
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Figure 4. Bubble plots of putative NTD-related KEGG biosynthesis pathways in cases and controls. Key one carbon metabolism pathways (left) and DNA synthesis and metabolism pathways (right) were identified. The
size of the bubble represents the percent of enriched species with the given pathway and the colour represents the nutrients involved in the pathways (left) and the DNA nucleotide/nucleoside involved in the
pathways (right) . *Statistically significant, Fisher’s exact test, p<0.05.

Cases had lower expression of pyridoxal-p (vitamin B6) & 
cysteine biosynthesis pathways compared to controls

*

**

• NTDs still occur when maternal folate/B12 levels are sufficient

• The mechanisms underlying metabolism, production, uptake & 
transport of folate are poorly understood…

…this may explain, in part, why NTDs still occur

There were no differences in expression of pathways 
related to DNA synthesis in cases compared to controls

• Fetal neural tube defects (NTDs) are on the rise, driven by the most common NTD, spina bifida

Neural plate

Neural tube

Failed neural tube closure

1 in 2500 pregnancies 
are affected by NTDs 
per year in Canada

1500 fetuses per year are 
born with spina bifida in 

North America

Controls Cases

1.0

0.75

0.50

0.25

Phylum

Actinobacteria

Bacteroidetes

Basidiomycota

Euryarchaeota

Firmicutes

Fusobacteria

Proteobacteria

Synergistetes

Tenericutes

Verrucomicrobia

Controls Cases

1.0

0.75

0.50

0.25

Phylum

Actinobacteria

Bacteroidetes

Basidiomycota

Euryarchaeota

Firmicutes

Fusobacteria

Proteobacteria

Synergistetes

Tenericutes

Verrucomicrobia

Controls Cases

Family

Controls Cases

1.0

0.75

0.50

0.25

Actinomycetaceae

Akkermansiaceae

Alcaligenaceae

Atopobiaceae

Bacillales (unclassified)

Bacteroidaceae

Bacteroidales (unclassified)

Barnesiellaceae

Bifidobacteriaceae

Brevibacteriaceae

Campylobacteraceae

Clostridiaceae

Clostridiales

Clostridiales (unclassified)

Coriobacteriaceae

Corynebacteriaceae

Corynebacteriales (unclassified)

Dermabacteraceae

Desulfovibrionaceae

Eggerthellaceae

Enterobacteriaceae

Enterococcaceae

Erysipelotrichaceae

Eubacteriaceae

Firmicutes (unclassified)

Fusobacteriaceae

Hungateiclostridiaceae

Lachnospiraceae

Lactobacillaceae

Leptotrichiaceae

Methanomassiliicoccaceae

Micrococcaceae

Mycobacteriaceae

Mycoplasmataceae

Odoribacteraceae

Oscillospiraceae

Oxalobacteraceae

Pasteurellaceae

Peptococcaceae

Peptoniphilaceae

Peptostreptococcaceae

Porphyromonadaceae

Prevotellaceae

Propionibacteriaceae

Proteobacteria (unclassified)

Rhodospirillales (unclassified)

Rikenellaceae

Ruminococcaceae

Selenomonadaceae

Staphylococcaceae

Streptococcaceae

Sutterellaceae

Synergistaceae

Tannerellaceae

Tissierellia (unclassified)

Veillonellaceae

Leuconostocaceae

Aerococcaceae

Malasseziaceae

Methanobacteriaceae

Acidaminococcaceae

Family

Controls Cases

1.0

0.75

0.50

0.25

Actinomycetaceae

Akkermansiaceae

Alcaligenaceae

Atopobiaceae

Bacillales (unclassified)

Bacteroidaceae

Bacteroidales (unclassified)

Barnesiellaceae

Bifidobacteriaceae

Brevibacteriaceae

Campylobacteraceae

Clostridiaceae

Clostridiales

Clostridiales (unclassified)

Coriobacteriaceae

Corynebacteriaceae

Corynebacteriales (unclassified)

Dermabacteraceae

Desulfovibrionaceae

Eggerthellaceae

Enterobacteriaceae

Enterococcaceae

Erysipelotrichaceae

Eubacteriaceae

Firmicutes (unclassified)

Fusobacteriaceae

Hungateiclostridiaceae

Lachnospiraceae

Lactobacillaceae

Leptotrichiaceae

Methanomassiliicoccaceae

Micrococcaceae

Mycobacteriaceae

Mycoplasmataceae

Odoribacteraceae

Oscillospiraceae

Oxalobacteraceae

Pasteurellaceae

Peptococcaceae

Peptoniphilaceae

Peptostreptococcaceae

Porphyromonadaceae

Prevotellaceae

Propionibacteriaceae

Proteobacteria (unclassified)

Rhodospirillales (unclassified)

Rikenellaceae

Ruminococcaceae

Selenomonadaceae

Staphylococcaceae

Streptococcaceae

Sutterellaceae

Synergistaceae

Tannerellaceae

Tissierellia (unclassified)

Veillonellaceae

Leuconostocaceae

Aerococcaceae

Malasseziaceae

Methanobacteriaceae

Acidaminococcaceae

Controls Cases

?

OTHER MECHANISMS?

• Yet, the maternal gut microbiome has not been studied in the pathogenesis of spina bifida 

9 unique significantly 
enriched taxa
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Taxa relative abundance does not 
associate with diet or clinical data

• Mothers carrying a fetus with spina bifida had altered gut microbiome composition & function:

• These preliminary data suggest that factors beyond folate intake/status may be relevant for 
NTD pathogenesis 

• Improved understanding of factors that influence NTD risk, including the maternal gut 
microbiome, may uncover interventions that target NTD prevention

Lower expression of key pathways 
in enriched taxa
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Methionine degradation
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Pyridoxal-P biosynthesis, R5P + glyceraldehyde-3P + glutamine => pyridoxal-P
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Thiamine biosynthesis, plants, AIR (+ NAD+) => TMP/thiamine/TPP

Thiamine biosynthesis, prokaryotes, AIR (+ DXP/glycine) => TMP/TPP
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Thiamine salvage pathway, HMP/HET => TMP
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Controls had 13 unique 
significantly enriched 

taxonomic assignments
(positive effect size) 

Cases had 9 unique
significantly enriched 

taxonomic assignments 
(negative effect size)

SUMMARY & CONCLUSIONS
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Cysteine biosynthesis, serine => cysteine

Inositol phosphate metabolism, Ins(1,3,4,5)P4 => Ins(1,3,4)P3 => myo-inositol

Methionine biosynthesis, apartate => homoserine => methionine

Methionine degradation

Methionine salvage pathway

Pyridoxal-P biosynthesis, erythrose-4P => pyridoxal-P

Pyridoxal-P biosynthesis, R5P + glyceraldehyde-3P + glutamine => pyridoxal-P

Riboflavin biosynthesis, fungi, GTP => riboflavin/FMN/FAD

Riboflavin biosynthesis, plants and bacteria, GTP => riboflavin/FMN/FAD

Tetrahydrofolate biosynthesis, GTP => THF

Tetrahydrofolate biosynthesis, mediated by PTPS, GTP => THF

Tetrahydrofolate biosynthesis, mediated by ribA and trpF, GTP => THF

Thiamine biosynthesis, archaea, AIR (+ NAD+) => TMP/TPP

Thiamine biosynthesis, plants, AIR (+ NAD+) => TMP/thiamine/TPP

Thiamine biosynthesis, prokaryotes, AIR (+ DXP/glycine) => TMP/TPP

Thiamine biosynthesis, prokaryotes, AIR (+ DXP/tyrosine) => TMP/TPP

Thiamine biosynthesis, pyridoxal-5P => TMP/thiamine/TPP

Thiamine salvage pathway, HMP/HET => TMP

Controls Cases

Cysteine

Inositol

Methionine

Folate

Vitamin B1

Vitamin B12

Vitamin B2

Vitamin B6
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Adenine ribonucleotide biosynthesis, IMP => ADP,ATP

Guanine ribonucleotide biosynthesis, IMP => GDP,GTP

Inosine monophosphate biosynthesis, PRPP + glutamine => IMP

Pyrimidine deoxyribonucleotide biosynthesis, CDP/CTP => dCDP/dCTP,dTDP/dTTP

Pyrimidine ribonucleotide biosynthesis, UMP => UDP/UTP,CDP/CTP

Uridine monophosphate biosynthesis, glutamine (+PRPP) => UMP

Controls Cases

Pyrimidine

Purine

DNA

Percent of enriched taxa 
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Cases

Cobalamin biosynthesis, aerobic, uroporphyrinogen III => precorrin 2 => cobyrinate a,c-diamide

Cobalamin biosynthesis, anaerobic, uroporphyrinogen III => sirohydrochlorin => cobyrinate a,c-diamide

Cobalamin biosynthesis, cobyrinate a,c-diamide => cobalamin

Cysteine biosynthesis, methionine => cysteine

Cysteine biosynthesis, serine => cysteine

Inositol phosphate metabolism, Ins(1,3,4,5)P4 => Ins(1,3,4)P3 => myo-inositol

Methionine biosynthesis, apartate => homoserine => methionine

Methionine degradation

Methionine salvage pathway

Pyridoxal-P biosynthesis, erythrose-4P => pyridoxal-P

Pyridoxal-P biosynthesis, R5P + glyceraldehyde-3P + glutamine => pyridoxal-P

Riboflavin biosynthesis, fungi, GTP => riboflavin/FMN/FAD

Riboflavin biosynthesis, plants and bacteria, GTP => riboflavin/FMN/FAD

Tetrahydrofolate biosynthesis, GTP => THF

Tetrahydrofolate biosynthesis, mediated by PTPS, GTP => THF

Tetrahydrofolate biosynthesis, mediated by ribA and trpF, GTP => THF

Thiamine biosynthesis, archaea, AIR (+ NAD+) => TMP/TPP

Thiamine biosynthesis, plants, AIR (+ NAD+) => TMP/thiamine/TPP

Thiamine biosynthesis, prokaryotes, AIR (+ DXP/glycine) => TMP/TPP

Thiamine biosynthesis, prokaryotes, AIR (+ DXP/tyrosine) => TMP/TPP

Thiamine biosynthesis, pyridoxal-5P => TMP/thiamine/TPP

Thiamine salvage pathway, HMP/HET => TMP

Controls Cases

Cysteine

Inositol

Methionine

Folate

Vitamin B1

Vitamin B12

Vitamin B2

Vitamin B6

Nutrients
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Adenine ribonucleotide biosynthesis, IMP => ADP,ATP

Guanine ribonucleotide biosynthesis, IMP => GDP,GTP

Inosine monophosphate biosynthesis, PRPP + glutamine => IMP

Pyrimidine deoxyribonucleotide biosynthesis, CDP/CTP => dCDP/dCTP,dTDP/dTTP

Pyrimidine ribonucleotide biosynthesis, UMP => UDP/UTP,CDP/CTP

Uridine monophosphate biosynthesis, glutamine (+PRPP) => UMP

Controls Cases
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Purine

DNA
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DNA nucleotide/nucleoside

Pyrimidine

Purine

• Spina bifida can lead to developmental disorders in later life, including:

Mobiluncus SGB15488

Peptoniphilus lacrimalis

Peptoniphilus SGB6735

Mobiluncus SGB15488

Peptoniphilus SGB6735

Mobiluncus SGB15488

Mobiluncus SGB15488

Peptoniphilus SGB6735

Mobiluncus SGB15488

Anaerococcus senegalensis

Firmicutes SGB47251

Mobiluncus SGB15488

Peptoniphilus lacrimalis

Bacteroidetes SGB2019

Bacteroidetes SGB48493

Fenollaria SGB6718

Peptoniphilus SGB6718

Bacteroidetes SGB2019

Bacteroidetes SGB2019

Fenollaria SGB6718

Peptoniphilus SGB6714

Campylobacter hominis
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268 KEGG biosynthesis pathways 
identified across 244 bins

201 pathways identified in 
most enriched taxa in 

controls (n=13)

189 pathways identified in 
most enriched taxa in 

cases (n=9)

28 NTD-related pathways across 
22 enriched taxa in controls and 

cases

32 categories identified in 
most enriched taxa in 

controls

210 pathways identified across 22 
enriched taxa in cases and controls

31 categories identified in 
most enriched taxa in 

cases


