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Although some bacteria inhabiting the human gut synthesize folates, it has not yet been established whether
bacterial folate biosynthesis can impact human folate status. The main objectives of this study were to evaluate
associations between different lifestyle factors and the potential of fecal microbiota to produce folates, and to
investigate whether this potential is associated with circulating folate and total homocysteine (tHcy) levels in
humans. To this end, we carried out an observational study of two hundred adult participants, with high variance
in dietary habits. Diet was determined using three-day food records. Fecal microbiota composition was assessed
by 16S rRNA gene amplicon sequencing. To establish the folate-production potential of fecal bacteria, cultures
containing feces were incubated under anaerobic conditions for 24 h, and the folate concentration was measured
before and after incubation. The folate concentration in cultures was 185.4 ± 228.1 pg/ml/log(CFU/g) (2125.4
± 2454.3 pg/ml) higher after incubation. This change in concentration was not associated with the healthy
eating index that measures diet quality (r = -0.11, p = 0.11), but it was positively associated with low α-diversity
(r = -0.18, p < 0.01), and high relative abundance of the Bacteroides, as well as Sutterella and Parasutterella
genera. The gut microbiota’s folate producing potential was associated neither with serum folate nor with plasma
tHcy levels.
In conclusion, some taxa of the native gut microbiota have the ability to synthesize folates under culture
conditions, but this bacterial folate biosynthesis capacity does not predict human folate status.

1. Introduction
Folate is an essential nutrient that cannot be produced by mamma
lian cells; it supply thus relies on dietary and supplement intake (Clare
et al., 2019). However, it has also been shown that some bacteria
inhabiting the human gut may synthesize folates and other B vitamins
(LeBlanc et al., 2013; Uebanso et al., 2020), with the genes encoding the
enzymes necessary for the biosynthesis of these compounds having been
found in their genomes (Magnúsdóttir et al., 2015). It has been esti
mated that the amount of folate produced in this way could account for
37% of the Dietary Reference Intake (DRI) (Magnúsdóttir et al., 2015).
This theoretically predicted amount of biosynthesized folate may not
reflect the amount of folate that is available to the host, as cross feeding
and bioavailability are not taken into account in these estimates

(Henson, 2021; Magnúsdóttir et al., 2015). Moreover, substantial
interindividual differences in bacterial folate biosynthesis are expected,
as biosynthesis depends on microbiota composition, which in turn de
pends on multiple factors (Falony et al., 2016; Rothschild et al., 2018;
Zhernakova et al., 2016), including diet.
Although folate is found in human feces (T. H. Kim et al., 2004; Kok
et al., 2020), it is not known how much of it comes from the diet and how
much from microbial production. Various Lactobacillus and Bifidobacte
rium species are known to be folate producers (LeBlanc et al., 2013; Rossi
et al., 2011), although the amounts of folate produced differ by species
and strains. It has been shown that diet supplementation with Bifido
bacterium spp. probiotic strains leads to a higher concentration of folates
in feces (Strozzi & Mogna, 2008), which demonstrates that these strains
have the capability to produce folates in vivo. Folates that are produced
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in the colon may be absorbed there, as specific transporters and carriers
are expressed in colonic epithelial cells, although the absorption rate is
lower than in the small intestine (Visentin et al., 2014). Studies using
folate tracers have also confirmed that they are absorbed in the human
colon (Lakoff et al., 2014). On the basis of the rate of folate absorption
and the transit time, the bioavailability of folate in the colon has been
estimated to be 46% (Lakoff et al., 2014). On this basis, the amount of
bioavailable folates produced by human gut microbiota may account for
~ 17% (=37% × 0.46) of DRI.
Although it has been shown that dietary supplementation with pro
biotic bacteria (Bifidobacterium spp.), either with or without prebiotics,
leads to an increase in serum and liver folate concentration in rats
(Pompei et al., 2007), and that probiotic supplementation in humans
may also cause an increase in plasma folate (Valentini et al., 2015), it is
not known whether differences in the microbiota composition naturally
present in the gut can have an impact on the folate status of human.
Folate status may be monitored by measuring circulating folate or
total homocysteine (tHcy) concentrations. The latter biomarker reflects
the balance and interplay between the concentrations of B vitamin
(mainly folate, B2, B6 and B12), as these vitamins are cofactors in ho
mocysteine methylation reactions (A. Malinowska & Chmurzynska,
2009). Cross-sectional studies have shown that factors such as increasing
age, male sex, smoking, high coffee consumption, low physical activity,
unhealthy diet (de Bree et al., 2001; Husemoen et al., 2004; Leng et al.,
2021; Refsum et al., 2006), and the T allele (rs1801133) of the
methylene-tetrahydrofolate reductase (MTHFR) gene (A. Malinowska &
Chmurzynska, 2009) are associated with elevated plasma tHcy and low
serum folate concentrations (Jang et al., 2013; Öhrvik et al., 2018;
Thuesen et al., 2010). Although some specific dietary factors have been
pointed out as being associated with blood folate and tHcy levels, as well
as with gut microbiota composition, studying entire dietary patterns
(DP)—meaning the combinations of meals and nutrients—is likely to
provide a better explanation of the relationships between diet micro
biota and folate status (Hu, 2002; Shanahan et al., 2021), since people
do not eat nutrients individually, and certain dietary habits cluster
together, making it difficult to separate the impact of one habit from
another.
In summary, circulating folate and tHcy status may depend on gut
microbiota composition and its activity, as well as on diet composition,
either through the availability of nutrients or through its impact on gut
microbiota composition. So far, the relationship between gut microbiota
composition, diet, and folate status has not been studied in detail. In this
study, we evaluated the folate producing potential of fecal microbiota in
individuals with either healthy or western dietary patterns. Moreover,
we aimed to identify determinants associated with this potential,
including gut microbiota composition and diversity. Finally we aimed to
investigate whether the ability of fecal microbiota to produce folates is
associated with blood folate or tHcy status.

stool samples were collected.
2.2. Dietary assessment
Each participant was assigned to the healthy or the western DP on
the basis of the score received in the Easy Diet Screener (EDS) (A. M.
Malinowska, 2021). Detailed information concerning dietary intake
(names and amounts of products eaten and drunk) were evaluated on
the basis of dietary records documented by participants over three
consecutive days, one of which was not a working day. Instructions
regarding how the diet diary should be filled out was provided to each
participant orally and in writing. The nutritional value of the diets and
the intake of food products was estimated from the diet records using
Diet 6.0 software (National Food and Nutrition Institute, Warsaw).
The intake of those food products that most commonly (Cespedes &
Hu, 2015; Hu, 2002) discriminate between the western DP (WDP) and
the healthy DP (HDP) was evaluated and used in further analysis. The
intake of these food products was calculated in grams per 1000 kcal, in
order to compensate for the varying energy intake of participants. The
intake of all macronutrients was expressed as a percentage of energy.
Intakes of dietary fiber, salt, and B vitamin (B1, B2, B6, B12 and folate)
were expressed in absolute values. Diet quality was assessed using the
Healthy Eating Index (HEI) (Krebs-Smith et al., 2018; Reedy et al.,
2018).
2.3. Determination of anthropometric parameters
The whole-body densitometry method with a predicted thoracic gas
volume was used to measure body composition (BodPod, Cosmed, USA).
The digital scale integrated into the BodPod was used to measure the
body weight, and the height was measured using a stadiometer and
recorded to the nearest 0.5 cm. In order to calculate Body Mass Index
(BMI), the body weight (kg) was divided by the height squared (m2).
Waist and hip circumference were measured using unstretchable tape
with standard procedures, and were recorded to the nearest 1 mm.
Waist-to-hip ratio (WHR) was calculated by dividing waist by hip
circumference.
2.4. Determination of other parameters
Participants filled out a questionnaire concerning physical activity,
smoking and parameters indirectly characterizing stool transit time. In
brief, physical activity was estimated using the short form of the inter
national physical activity questionnaire (IPAQ) (Craig et al., 2003).
Questions concerning stool transit time included frequency of con
stipation, diarrhea, sudden bowel movement and laxatives use during
last year. Participants were also asked to indicate the number of bowel
movements per week and their usual stool form on the seven-point
Bristol Stool Form Scale (O’Donnell et al., 1990).

2. Material and methods

2.5. Biochemical parameters estimation

2.1. Study design

Blood for folate analysis was drawn in tubes containing gel clotting
activator and incubated for thirty minutes at room temperature. Samples
were centrifuged (1000g) at room temperature for ten minutes to obtain
serum. Blood for tHcy analysis was collected into tubes containing
ethylenediaminetetraacetic acid (EDTA) and immediately centrifuged at
800g for 15 min at +4 ◦ C. Serum and plasma were frozen at − 80 ◦ C for
further analysis.
Total folate concentration was estimated in duplicate using the
ELISA method (EU0381, Fine Tests, China) on serum samples diluted ten
times. tHcy concentration was measured in duplicate using highperformance liquid chromatography with a diode-array detector
(DAD) (Merck Hitachi D-7000) (R. Głowacki & Bald, 2009; Rafał Gło
wacki & Bald, 2009) after derivatization with a thiol-specific ultraviolet
labeling reagent (2-chloro- 1-methylquinolinium tetrafluoroborate).

This was an observational study including 200 participants with
distinct DPs (100 with the healthy and 100 with the western dietary
pattern). A detailed description of the inclusion and exclusion criteria,
the recruitment procedure, and the study flow have previously been
published (A. M. Malinowska, 2021). In brief, we enrolled a group of
adult participants, with equal proportions of men and women in each DP
subgroup. Eligible participants gave their written informed consent
(procedures approved by the Local Ethics Committee at Poznań Uni
versity of Medical Sciences (number 486/2016)) and came in person to
the Department of Human Nutrition and Dietetics at Poznań University
of Life Sciences, where blood was drawn for serum folate, plasma tHcy
determination, and DNA isolation. During these visits, the participants’
anthropometric parameters were measured and dietary records and
2
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The absorbance detection was performed at 355 nm.

(Sigma Aldrich, cat. no 93854), 5 mM of sodium taurocholate (Sigma
Aldrich, cat. no 86339), 100 mg/l of cholesterol (added to the broth as
an ethanol solution composed of 1 g of cholesterol (Sigma Aldrich
C8667), 75 ml of ethanol, and 25 ml of Tween 80 Sigma Aldrich P4780).
The broth contained the substrates needed for the formation of folate (4aminobenzoic acid and L-glutamine), as well as other compounds that
are being investigated in this project (fiber, short-chain fatty acids,
cholesterol, choline, trimethylamine), but are not part of this article.
A 30 ml sample from each fecal solution was centrifuged immedi
ately in order to remove bacterial biomass, and the supernatant was
frozen at − 80 ◦ C until measurement of folate concentration (unin
cubated broth). Another 30 ml volume sample from each fecal solution
was incubated with anaerobic gas generating sachets (AnaeroGen
AN0025A, Thermo Scientific Oxoid) in gas-tight boxes (GENbox, bio
Mérieux) at 37 ◦ C for 24 h. Then the samples were centrifuged and the
supernatant was frozen at − 80 ◦ C until measurement of the folate con
centration (incubated broth).
In order to compensate for different density of bacteria in the stool
samples, these densities were estimated. The stool suspension was
serially diluted in sterile saline. Dilutions of 10-11, 10-12, 10-13 were then
plated on Anaerobe Basal Agar (Thermo Scientific Oxoid) for total
bacteria enumeration and incubated under anaerobic conditions (as
described above) at 37 ◦ C for 72 h. The colonies were counted, the
number of growth capable bacteria were calculated, and these were
reported as colony forming units (CFU) per gram of stool.
To estimate the potential of the gut microbiota to produce folates, the
total folate concentration was measured in the unincubated broth (t0)
and after 24 h incubation (t24). The concentration at t0 was then sub
tracted from the concentration at t24. Additionally to compensate for
varying bacteria counts the result was divided by the decimal logarithm
of the CFU count and expressed in pg/ml/log(CFU/g). This was used in
all subsequent analyses. The folate concentration in broth was measured
as described above, though the samples were not diluted.

2.6. MTHFR C677T genotype (rs1801133) determination
DNA was isolated from blood leukocytes using a NucleoSpin Blood
kit (Macherey-Nagel, Germany). MTHFR (rs1801133) genotyping was
performed using TaqMan probes (single tube assays, assay ID:
C___1202883_20, Thermo Scientific) on a LightCycler 480 instrument
(Roche Diagnostics, Switzerland).
2.7. Gut microbiota composition analysis
DNA was isolated from fresh fecal samples collected within 24 h
using the QIAamp DNA Stool Mini Kit (Qiagen). Composition of the
microbial community was assessed using 16S rRNA gene sequencing.
DNA encoding the V3–V4 region of the 16S rRNA gene was amplified
using the following primers: 341F (5′ –CCTACGGGNGGCWGCAG–3′ )
and 785R (5′ –GACTACHVGGGTATCTAATCC–3′ ) (Klindworth et al.,
2013) and sequenced on a MiSeq System (Illumina; San Diego, CA, USA).
Automatic demultiplexing of samples and generation of fastq files with
raw reads was done on the MiSeq System with the use of MiSeq Reporter
software v2.6.
To infer microbiota community composition, the amplicon sequence
variant (ASV) method with the dada2 pipeline workflow (1.8) (Benjamin
J. Callahan et al., 2016) and SILVA v138 reference database (followed
by adding the species assignment) (Quast et al., 2013) was used. A
phylogenetic tree was constructed using the phangorn R package (Ben J
Callahan et al., 2016). Taxa were filtered by removing all taxa not
assigned to any phylum. Only taxa with abundance over 0.25% in at
least one sample were left in the dataset (Reitmeier et al., 2021). The
median number of reads per sample for the 16S rRNA gene amplicon
dataset was 62,581 (range 20,152 – 122,175). In total, 2069 different
ASVs and 123 genera were identified.
Analysis of gut microbiota composition, involving calculation of
relative abundance, α (Shannon and inverse Simpson index) and β (PCoA
using Bray-Curtis distance) diversity, were performed using phyloseq
(McMurdie & Holmes, 2013) and microbiome (Lahti et al., 2017) pack
ages. All analyses of gut microbiota composition were performed on the
basis of the relative abundances (RA) of the taxa.

2.10. Statistical analysis
The data were analyzed using R software version 4.0.4. The initial
analyses to test whether DP affects the potential of gut microbiota to
produce folates were done by comparing the parameters of the HDP and
WDP groups. The normality of the nontransformed and transformed
(logarithmic, square root and inverse) data distribution for dietary,
blood biochemical data and gut microbiota folate production potential,
were checked using the Shapiro–Wilk test. Since only logarithmic
transformation of tHcy resulted in normal distribution, this variable was
compared in the WDP and HDP groups using Student’s t-test for un
paired samples, and the data are presented as means with standard de
viations. For all of the other variables, Mann–Whitney’s U test was used
and the data are presented as medians with interquartile ranges (IQR).
The significance of the differences between the distribution of genotypes
and supplement users between HDP and WDP group was checked with a
chi2 test. The base R functions and matrixTests package were used in
these analyses. P-values below 0.05 were considered statistically
significant.
For all of the following analyses, the HDP and WDP groups were
combined, creating a group with high variance in dietary habits. All
correlation analyses were done using the Spearman coefficient and the
Hmisc package. For correlations between the RA of bacteria genera, as
well as nutrient, food intake, anthropometric parameters, parameters
characterizing stool transit time and predicted, experimental potential,
serum folate, and plasma tHcy p values were corrected using the FDR
approach (qvalue package (Storey, 2011)). Permutational Analysis of
Variance (PERMANOVA) was applied (the adonis function from the
vegan package (Oksanen et al., 2020)) to test whether the bacterial
composition (on genus, species and ASV level) was related to both the
experimental and predicted potential of the gut microbiota to synthesize
folates. To determine which bacteria were most associated with this

2.8. Predicting gut microbiota potential to produce folate
The abundance of genes encoding the enzymes required for folate
biosynthesis (superpathway of tetrahydrofolate biosynthesis: PWY6612) was predicted from amplicon sequences using Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt2) software (Barbera et al., 2019; Czech et al., 2020; Douglas
et al., 2020; Louca & Doebeli, 2018; Mitsou et al., 2017; Ye & Doak,
2009). The RA of the predicted pathway abundance and abundances of
each enzyme making up this pathway were calculated per sample (in a
similar way as for RA of microbiota) and used in the further analyses.
2.9. Experimental determination of the gut microbiota folate production
potential
Stool mass was weighted and combined in a stomacher bag with the
appropriate volume of sterile saline to make a 1:10 dilution, then ho
mogenized in sterile bags with filter (BagPage R, Interscience) in a
stomacher device. The filter used had a porosity of<250 µm to allow the
passage of bacteria, yeast and molds cells. Afterwards, the filtered stool
suspension was added to previously prepared and sterilized broth in the
volume ratio of 1:10. 1 L of broth (with 35.4 g of Anaerobe Basal Broth
(Thermo Scientific Oxoid)) was supplemented to contain 2 mM of Lglutamine (Sigma Aldrich, cat no. G3126), 3 mM of 4-aminobenzoic acid
(Pompei et al., 2007) (Sigma Aldrich, cat no. 100536), 1 mM choline
chloride (Sigma Aldrich, cat no. C7527), 6.67 g/l of pectin from apples
3
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potential, those bacterial genera and species that had the highest abso
lute PERMANOVA coefficients values were chosen and plotted on a bar
plot. For the association with the experimental and predicted potential,
twenty bacteria genera and species were chosen, most of which over
lapped these two methods of potential measurement.
To determine the factors associated with the predicted and experi
mental folate production potential, we created two models for each kind
of potential to synthesize folates, using multiple linear regression. In the
first model lifestyle, anthropometric and gut transit factors affecting gut
microbiota composition (Donaldson et al., 2016; Falony et al., 2016; M.H. Kim et al., 2020; Rothschild et al., 2018; Thursby & Juge, 2017;
Tottey et al., 2017; Zhernakova et al., 2016) were included as explan
atory variables, while the second model also included detailed infor
mation on dietary intake.
Finally, to determine whether the experimental or predicted poten
tial of gut microbiota to produce folates was associated with markers of
folate metabolism, we created four models for each of the bio
markers—that is, serum folate and plasma tHcy. In the first model, all
factors known to affect this metabolism (de Bree et al., 2001; Husemoen
et al., 2004; Jang et al., 2013; Leng et al., 2021; A. Malinowska &
Chmurzynska, 2009; Öhrvik et al., 2018; Refsum et al., 2006; Thuesen
et al., 2010), including also the intake of other B-vitamins, were
included as explanatory variables, while the second and third models
included respectively the experimental and predicted folate producing
potential of the gut microbiota, and the fourth model added the pa
rameters that affect fecal folate production potential. In all the regres
sion analyses, collinearity was checked using the vif.cca function with a
threshold of ten, and excluding variables causing collinearity.
All graphs were prepared using the ggplot2 package, with the
exception of Fig. 1, which was prepared in ACD/ChemSketch (Wickham,
2016).

0.001). The experimental potential was positively correlated with the
RA of most of the enzymes responsible for transforming GTP into 7,8dihydropterin pyrophosphate (Fig. 1 and Supplementary Figure A).
The only exception here was the group of hydrolases acting on acid
anhydrides in phosphorus-containing anhydrides (3.6.1.-), where there
was a negative association (r = -0.17, p = 0.018). Concerning the
pathway leading to the synthesis of para-aminobenzoic acid (pABA), the
last two reactions catalyzed by aminodeoxychorismate synthase (E.C.
2.6.1.85) and aminodeoxychorismate lyase (E.C. 4.1.3.38) were posi
tively correlated (r = 0.21, p < 0.01 and r = 0.25, p < 0.001, respec
tively), whereas almost all of the other enzymes in this part of folate
biosynthesis pathway were negatively correlated with the experimental
potential to synthesize folates.
Both the predicted and experimental folate producing potential were
modestly associated with α and β microbiota diversity. There was a
statistically significant inverse correlation between Shannon’s index and
the experimental (r = -0.18, p = 0.009) and predicted (r = -0.21, p =
0.003) folate production potential (Fig. 2A2 and 2B2), and there was an
inverse correlation between predicted potential and the inverse Simp
son’s index (r = -0.18, p = 0.013, Fig. 2A3). Experimental potential
explained 1.20% and 3.06% of β-diversity measured on ASV and genus
level, respectively, whereas the predicted potential explained 1.34% and
3.60%, respectively of this β-diversity (p = 0.001 for all PERMANOVA
analyses) (Fig. 2A4 and 2B4).
Fig. 3 shows the highest and the lowest PERMANOVA coefficients in
investigating the effect of experimental (plots A1 and B1) and predicted
(plots A2 and B2) gut microbiota potential to synthesize folates on a
microbiota composition on genus (A) and species (B) level. Although
there were some differences in the results concerning experimental and
predicted potential, many genera and species showed similar results in
similar directions. The main bacteria with a high potential (experi
mental or predicted) to produce folates were from Bacteroides (with such
species as B. coprocola), Sutterella (with S. wadsworthensis), Para
sutterella, and Prevotellaceae UCG-001 genus, whereas the bacteria that
showed low experimental and predicted folate production potential
came from the Christensenellaceae R-7 group, Akkermansia (with
A. muciniphila), UCG-002 group, Allistipes and Ruminococcus genus.
Additionally the species Prevotella copri was positively associated with
this potential, whereas Faecalibacterium prausnitzii was negatively asso
ciated with it. The correlation between relative abundance of bacteria
genera and experimental potential to synthesize folates was in many
cases similar to the correlation with predicted potential (Supplementary
Figure B). Apart from associations shown in PERMANOVA analysis, we
also showed negative statistically significant correlations between both
predicted and experimental potential and UCG-005 group, UCG-002
group, NK4A214 group, and Blautia genus (Fig. 4).

3. Results
3.1. Description of the study group
The participants’ mean age was 38.2 ± 4.9 years, and did not differ
statistically significantly between participants with HDP and WDP. The
participants with WDP had statistically significantly higher BMI values
(by 1.6 kg/m2), higher body fat content (by 4.8%), lower diet quality (by
18.2 HEI score) and lower physical activity (14% lower percentage of
people with high physical activity) (A. M. Malinowska et al., 2022).
Additionally, people with HDP had statistically significantly higher
intake of folate (406 ± 190 vs. 297 ± 112 µg/d, p < 0.001), vitamin B2
(1.94 ± 0.96 vs. 1.73 ± 0.66 mg/d, p = 0.006), vitamin B6 (2.23 ± 1.12
vs. 1.77 ± 0.88 mg/d, p < 0.001), and vitamin B12 (4.25 ± 3.43 vs. 3.46
± 2.36 µg/d, p = 0.04) (Table 1). In total, 8% of the participants (equally
distributed in both DPs) supplemented their diets with folic acid. The use
of folic acid supplements was not associated with folate intake from food
(352.0 ± 87.3 µg/d in the supplement users vs. 324.0 ± 164.0 µg/d, p =
0.27 in those not using supplements). The distribution of MTHFR ge
notypes did not differ between people with WDP and HDP. In the entire
study group, the frequencies of the CC, CT, and TT genotypes were
49%:43%:8%.

3.3. DP and fecal bacterial folate biosynthesis
Although the correlation between diet quality measured by HEI and
both predicted and experimental folate production potential was not
statistically significant (Fig. 2A1 and 2B1), the potential of gut micro
biota to produce folates determined experimentally was higher in the
WDP group (197.9 ± 201.8 vs. 172.4 ± 225.4 pg/ml/CFU, p = 0.045)
(Table 1). On the other hand, the predicted (PICRUSt2 output for PWY6612) potential did not differ between people allocated to WDP and HDP
group, and the only enzyme with higher relative abundance in the WDP
group was alkaline phosphatase (0.088% ± 0.041% vs. 0.075% ±
0.034%, p < 0.001), which is involved in 7,8-dihydroneopterin
biosynthesis (Fig. 1 and Supplementary Figure C). There were also en
zymes for which relative abundance was statistically significantly higher
in people with HDP, and this included enzymes that catalyze the final
reactions of folates biosynthesis (dihydrofolate synthesis and poly
glutamylation). In this case, the RA of these two enzymes—namely
dihydrofolate synthase (E.C. 6.3.2.12) and tetrahydrofolate synthase (E.
C. 6.3.2.17)—was 3% higher (0.169% ± 0.020% vs. 0.164% ± 0.020%,

3.2. Folate production by fecal microbiota
The fecal microbiota community showed both predicted and exper
imental folate production potential (Table 1). The folate concentration
in the cultures was 185.4 ± 228.1 pg/ml/log(CFU/g) higher after in
cubation. This potential did not differ between folic acid supplement
users and nonusers (264.0 ± 205 pg/ml/log(CFU/g) vs. 180.0 ± 218
pg/ml/log(CFU/g)). There was a moderate positive correlation between
the experimental and predicted potential of gut microbiota to synthesize
folates (r = 0.23, p = 0.001), but when considered for the DP subgroups
separately, this was only significant in the HDP group (r = 0.33, p <
4
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Fig. 1. Bacterial folate biosynthesis scheme
depicting the correlations between predicted
and experimental potential to synthesize
folate. Enzyme numbers shown in a grey
square are more abundant in the gut micro
biota of people with WDP, whereas those
shown in a transparent square are more
abundant in the gut microbiota of people
with HDP. The RA of these enzymes in each
DP group is indicated below the enzyme
number. Black arrows (pointing up) indicate
statistically significant positive correlations
between the predicted relative abundance of
a specific enzyme with the experimental po
tential to produce folate. White arrows
(pointing down) indicate statistically signif
icant negative correlations. *p < 0.05, **p <
0.01, ***p < 0.001.
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The models that took into account specific dietary habits and intake
of macronutrients better predicted the estimated values than did the
models using only general diet quality measurement (HEI), with the
adjusted R2 for these models being 8.60% and 11.16% (p = 0.001 and p
< 0.001, respectively), compared to 2.24% (p = 0.07) and 3.44% (p =
0.015).

Table 1
Group characteristics.
Parameter

Whole
group
(n = 200)

HDP
(n = 100)

WDP
(n = 100)

p
(MannWhitney U
test)

median ± IQR or percentage
serum folate [ng/ml]
plasma tHcy [µmol/l]*
folate intake [µg/d]
FA supplement users [%]
vitamin B1 intake [mg/d]
vitamin B2 intake [mg/d]
vitamin B6 intake [mg/d]
vitamin B12 intake [µg/d]
folate concentration in
broth before incubation
[pg/ml/log(CFU/g) /
(pg/ml)]
folate concentration in
broth after incubation
[pg/ml/log(CFU/g) /
(pg/ml)]
experimental potential of
fecal microbiota to
produce folate [pg/ml/
log(CFU/g)4/
(pg/ml)5]
relative abundance of
predicted potential to
produce folate (PWY6612) [%]
MTHFR genotype
frequencies (CC/CT/
TT) [%]

21.50 ±
4.34
11.01 ±
2.903
332 ±
187
8
1.35 ±
0.76
1.83 ±
0.82
1.99 ±
1.15
3.72 ±
2.84
32.8 ±
35.7 /
(365.3 ±
381.7)
227.2 ±
229.1/
(2490.7
± 2440.5)
185.4 ±
228.1 /
(2125.4
± 2454.3)

20.90 ±
4.93
10.59 ±
2.853
406 ±
190
8
1.39 ±
0.73
1.94 ±
0.96
2.23 ±
1.12
4.25 ±
3.43
40.7 ±
60.0/
(452.2 ±
616.2)
213.7 ±
239.6/
(2342.8
± 2628.7)
172.4 ±
225.4 /
(1890.6
± 2480.0)

22.04 ±
4.05
11.42 ±
2.903
297 ±
112
8
1.24 ±
0.71
1.73 ±
0.66
1.77 ±
0.88
3.46 ±
2.36
24.9 ±
0.0 /
(278.4 ±
0.0)
240.7 ±
243.9/
(2638.6
± 2497.7)
197.9 ±
201.8 /
(2360.1
± 2282.3)

0.009

0.537 ±
0.088

0.534 ±
0.087

0.539 ±
0.085

0.842

49/43/8

48/43/9

50/43/7

0.8652

3.5. Bacterial folate biosynthesis in relation to folate biomarkers

0.0271

Participants in the WDP group had statistically significantly higher
serum folate (22.04 ± 4.05 vs. 20.90 ± 4.93 ng/ml, p = 0.009) and
plasma tHcy concentrations (11.42 ± 2.90 vs. 10.59 ± 2.85 µmol/l, p =
0.027), although the difference was relatively small (5.5% and 7.8%,
respectively) (Table 1). This result remained unchanged after excluding
users of folic acid supplements (for serum folate 21.90 ± 4.06 vs. 20.70
± 4.76 ng/ml, p = 0.011, and for plasma tHcy 11.50 ± 2.94 vs. 10.7 ±
2.89 µmol/l, p = 0.04). Serum folate levels did not correlate with plasma
tHcy is the entire group of study participants (r = -0.071, p = 0.32);
however, there was a negative correlation in the MTHFR CC genotype
subgroup (r = -0.18, p = 0.077), which was more evident when those not
using folic acid supplement were considered (r = -0.2, p = 0.057).
Neither the experimental nor the predicted folate synthesis potentials
were correlated with serum folate (r = 0.064, p = 0.37 and r = -0.022, p
= 0.75, respectively, Figure 4 A1 and 4 B1) or plasma tHcy concentra
tion (r = -0.005, p = 0.95 and r = 0.0048, p = 0.95, respectively,
Figure 4 A2 and B2).
Adding the experimental (model 2) or predicted (model 3) potential
to the linear regression models for estimating serum folates and plasma
tHcy (table 3) using factors known to be associated with those param
eters did not improve the models, and neither type of folate producing
potential was statistically significant in the models (additionally corre
lation heatmap is shown on Supplementary Figure D). The results of the
regression analysis were similar when only participants not using folic
acid supplements were considered; the only difference was that MTHFR
polymorphism was not statistically significant in the model estimating
plasma folate. We showed that plasma tHcy is related to the Bristol stool
scale (β = 0.35, p = 0.047)—a parameter associated with gut microbiota
composition (model 4). In the case of linear regression models esti
mating serum folate levels, we showed that—despite the Bristol stool
scale being included in stepwise built model 4—the association was not
statistically significant (β = -0.33, p = 0.16).

< 0.001
1.0002
0.078
0.006
< 0.001
0.040
0.021/
(0.019)
0.248/
(0.263)
0.045 /
(0.047)

1

: Student’s t-test.
: Chi-squared test.
3
: mean ± standard deviation.
4
: (folate concentration in broth in t24 [pg/ml] – folate concentration in broth
in t0 [pg/ml])/log10(CFU/g).
5
: folate concentration in broth in t24 [pg/ml] – folate concentration in broth
in t0 [pg/ml].
*
values were normalized by log transformation for Student’s t-test.
2

4. Discussion
In this study we have shown that gut microbiota has the potential to
synthesize folate, but that this potential is not associated with diet
quality, but rather with several specific dietary habits. Additionally, ex
vivo folate production is not associated with blood folate or tHcy levels.
Although the functional properties of the gut microbiota community
may be predicted on the basis of their sequenced genomes (e.g., with the
PICRUSt workflow (Barbera et al., 2019; Czech et al., 2020; Douglas
et al., 2020; Louca & Doebeli, 2018; Mitsou et al., 2017; Ye & Doak,
2009)) it has also been suggested that such predictions should be
considered to be purely hypotheses that require further in-depth vali
dation through functional assays (Douglas et al., 2020); we thus also
experimentally determined the synthesizing potential; this proved to be
moderately positively associated with the predicted potential, which
justifies the use of bioinformatic tools in predicting functional properties
of gut microbiota in case of folate metabolism. Furthermore, it should be
noted that a positive association with experimental potential was seen
for most of the enzymes responsible for transforming GTP into 7,8-dihy
dropterin pyrophosphate, while there was a negative association with
most of the enzymes leading to synthesis of para-aminobenzoic acid
(pABA). This observation likely resulted from the presence of pABA in
the broth used in this study, which meant that this part of the folate
synthesis pathway was not needed to synthesize folates. However, it has

p < 0.001; values were the same in case of both enzymes) in the HDP
group than in the WDP group.
3.4. Determinants of gut microbiota folate synthesis potential
Multiple regression analysis (Table 2) showed that, of factors
affecting gut microbiota composition (model 1), only age was associated
with predicted and experimental potential to produce folate, but the
direction of association was opposite (β = 0.0026, p < 0.001 and β =
-4.47, p = 0.05; Supplementary Figure D). Since overall diet quality did
not prove to be associated with the folate production potential of gut
microbiota, we decided to determine whether the intake of specific
macronutrients or specific dietary habits affect this potential (model 2);
instead of using HEI, the intakes of food groups and macronutrients were
used in the models. We showed that fat intake was negatively associated
with both experimental and predicted potential (β = -4.45, p = 0.04 for
association between experimental potential and plant fat intake; β =
-0.004, p < 0.001 for association between predicted potential and SFA
intake). Additionally, the predicted potential was negatively associated
with the intake of fiber (β = -0.0015, p < 0.001) and simple carbohy
drates (β = -0.0026, p < 0.01) (Table 3).
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Fig. 2. Spearman correlations between the potential to produce folate and diet quality and bacteria diversity. Plots marked with A depict experimental potential,
whereas plots marked with B depict predicted potential. Association with HEI, Shannon index, Simpson evenness index and beta diversity (PCoA, Bray Curtis
distance, ASV level) are shown on plots marked with number 1, 2, 3, and 4, respectively.

been predicted through means of bioinformatic tools that the pABA
biosynthesis pathway is the main pathway that limits gut microbiota
inhabiting the human intestine in biosynthesizing folate de novo (Mag
núsdóttir et al., 2015). This might be especially important in case of
bacteria of the Firmicutes and Actinobacteria phyla, since respectively
14% and 26% of their members do not possess genes encoding pABA
biosynthesis enzymes, and the availability and amount of pABA in the
gut might vary from person to person. Therefore Bacteroidetes, Fuso
bacteria, and Proteobacteria are expected to impact gut folate producing
capacity in humans, since 100%, 79%, and 71% of its members have the
ability to synthesize all needed enzymes (Magnúsdóttir et al., 2015).
However, it should be stressed that these data are predictive in nature.
Our study showed that both the experimental and theoretical folate
production potential is positively associated with genera in the Bacter
oidetes and Proteobacteria phyla, such as Bacteroides, Sutterella, Para
sutterella and Prevotellaceae UCG-011. Although the direction of the
association between the RA of bacterial genus and the experimental or
predicted folate producing potential was in most cases similar, there
were also some genera for which the opposite case held (e.g., Allopre
votella, Prevotella). This might be due to the fact that, although some
bacteria produce large amounts of this vitamin, they may also have high
demands for it, using it for their biochemical processes as folate con
sumers (Engevik et al., 2019). This has been experimentally demon
strated for selected strains of the Clostridium sporogenes (Firmicutes
phylum), Escherichia coli Nissle (Proteobacteria phylum) and Prevotella
copri species (Bacteroidetes phylum) (Engevik et al., 2019).
As we have shown, the human gut microbiota capable of folate
synthesis belong to the Bacteroidetes, Fusobacteria, and Proteobacteria
phyla (Magnúsdóttir et al., 2015); however, studies on bacterial folate
biosynthesis have usually focused on the probiotic bacteria. It has been
shown that bacterial genera such as Lactococcus, Lactobacillus, Bifido
bacterium and Streptococcus (Albano et al., 2020; Kok et al., 2020; Levit
et al., 2021) are folate producers. Yet of these bacteria, most species in
the Lactococcus genera possess all the genes for chorismate conversion
into pABA, whereas only a few Lactobacillus and several Bifidobacterium
species possess these enzymes (LeBlanc et al., 2013; Rossi et al., 2011).
Our study did not show those bacteria to be associated with either

experimental or predicted folate production potential. A possible
explanation is that folate-producing capabilities are strain-dependent;
however, we did not examine this on this taxonomic level in this
study. Additionally, there was a low relative abundance of those bacteria
genus in the gut microbiota of our study participants, especially in case
of two first genera (the medians with interquartile ranges were 0.00 ±
0.02%, 0.00 ± 0.00%, 0.10 ± 0.33%, 0.06 ± 0.14%, respectively and
the genera were present in 36.0%, 4.5%, 82.0%, 78.5% of participants,
respectively). Similarly low abundances of these bacteria have also been
shown in other studies (Feng et al., 2019; Ghosh et al., 2020). A recent
systematic literature review (Barkhidarian et al., 2021) has shown that
supplementation with probiotics (L. acidophilus (Mohammad et al.,
2006) or VSL#3 (Valentini et al., 2015), which is a mixture of Lacto
bacillus, Bifidobacterium and Streptococcus thermophilus species) is effec
tive in elevating blood folates and decreasing tHcy in human. In this
study the amount of Bifidobacterium increased but the RA of Lactobacillus
reached after supplementation was not reported. Likely it was only after
reaching some threshold level of these probiotic bacteria that higher
folate production reflected in human blood might be expected. It is
possible that this level was not reached in our study.
Although we showed that experimental folate production potential
was higher in WDP than in HDP, this observation was not confirmed by
the analysis of predicted potential. The predicted relative abundance of
only one of the enzymes (E.C. 3.1.3.1) was 17% higher in WDP
compared to HDP. There were also some enzymes (E.C. 4.2.1.10,
2.7.1.71, 4.2.3.5, 3.6.1.-, 6.3.2.12, 6.3.2.17) whose relative abundance
was higher in people with HDP. This was true especially with regards to
polyglutamylation reactions, but it needs to be stressed that differences
in RA were subtle (2%–3%). Similarly, neither the experimental nor
predicted potential of gut microbiota to produce folates were associated
with diet quality measured as by HEI. We have shown (A. M. Mali
nowska et al., 2022) that diet quality is associated with gut microbiota
composition, but only ~ 1% of its variance is explained by HEI, which
might explain the result and might also suggest that there are other
factors affecting gut microbiota, and subsequently functional properties.
The reason for the higher experimental folate production potential in
people with WDP might lie in the higher RA of Bacteroides in this group
7
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Fig. 3. Bray coefficients for bacteria genus (A) and species (B) from PERMANOVA analysis, where experimental (plots A1–B1) or predicted (plots A2–B2) potential
were the response variables.

(32.16% ± 23.40% vs. 25.30% ± 24.44%) (A. M. Malinowska et al.,
2022) than in the HDP group. This bacteria genus was also strongly
associated with the experimental folate production potential.
Both the experimental folate production potential and serum folate
concentration were negatively associated with bacterial α-diversity in
our study, which may suggest that highly diverse microbiota quickly use
folate for their own growth or other metabolic reactions, whereas
overrepresentation of some bacteria—for example, those that produce
folates—may lead to high folate production and higher folate
concentration.
We showed that higher Bristol stool score (stools more typical of
diarrhea) and lower frequency of constipation might respectively be
associated with higher experimental and higher predicted folate pro
duction potential. On the other hand, higher Bristol stool score was also
positively associated with plasma tHcy, which might suggest that the
folate produced is not used by the host, either because it is not absorbed
in the colon or because its concentration is too low to affect folate or
tHcy concentration in the blood. It should be noted that the rate of folate
absorption in the colon is ~ 100 times slower than in the small intestine
(Lakoff et al., 2014), which together with frequent defecation or diar
rhea might result in even poorer absorption.
While this study provides insight into the relation between gut
microbiota, diet, and folate metabolism, it has also some limitations. The
potential predicted by using information about genes present in the
collection of microorganisms does not take into account whether those
genes are expressed, nor the cross feed between microorganisms.
Although the experimental potential does consider these factors, the

majority of intestinal bacteria are widely considered to be ‘unculturable’
(Browne et al., 2016) and that non-cultivable microbiota might also be
folate producers. Moreover in this experiment, the precursor for folate
synthesis—namely pABA—was provided with the medium, which might
not reflect the in vivo situation in the colon. The addition of this sub
stance to the broth, as well as the addition of other substances including
pectin, choline, and cholesterol for other study objectives not covered in
this article, might have an impact on the types of bacteria being stim
ulated to grow. Furthermore, the method used to determine folate
concentration (ELISA) is less specific and sensitive to naturally synthe
sized forms of folates than has the microbiological assay, which is
considered the gold standard (Iyer & Tomar, 2013); it is thus possible
that all forms of folate might have been underestimated in this study,
given that we mainly measured folic acid, dihydrofolate and tetrahy
drofolate (Sarma et al., 1995). In addition, enzymatic deconjugation of
polyglutamates is advised when measuring all forms of folates. We
would also like to emphasize that only the folate that was produced
extracellularly was measured in this study, since all bacteria were
separated by centrifugation; however, it has been shown that some
bacteria synthesize more folates intracellularly, and these might become
available after cell lysis (Albano et al., 2020). Additionally, from the
moment the fecal samples were collected by the participants until the
moment they were incubated in anaerobic conditions, they were
exposed to aerobic conditions, and the time of exposure varied between
participants. Those factors might have changed the viability and
composition of initially present gut bacteria (Bellali et al., 2019). In
future studies, it is thus suggested that anaerocults are provided to
8

A.M. Malinowska et al.

Food Research International 156 (2022) 111290

Fig. 4. Spearman correlation between potential to produce folate and serum folate (plots A1, B1) and plasma tHcy (plots A2, B2). Plots marked with letter A. depict
experimental potential whereas plots marked with letter B. depict predicted potential.

participants to avoid this bias (Dore et al., 2015). However, one strength
of this study is that many potential factors affecting both gut microbiota
folate production potential and folate status have been included in the
models (such as age, lifestyle factors including diet, physical activity,
body fat, and MTHFR genotype). Moreover we have not only predicted
the potential, but also measured the amount of folates present after in
cubation of broth with fecal microbiota. This approach takes into
consideration the folates produced by the microbiota, as well as folates
used by other bacteria. The advantage of this approach over measuring
folates in the feces is that the origin of the measured folate is microbial,
whereas folates measured in feces might originate from both undigested
or unabsorbed food products or gut microbiota.
In conclusion, we showed that, although native gut microbiota
(mainly genera of the Bacteroidetes and Proteobacteria phyla) might
possess the ability to synthesize folates ex vivo, the folate thus produced
is either mostly used by bacteria in the gut, or is insufficient to affect the
human blood folate concentration. We have also shown that the po
tential of gut microbiota to produce folates is not associated with the

overall diet quality in the study.
Funding
This work was supported by the National Science Center, Poland
(grant no. 2015/17/D/NZ9/01959) and the Polish National Agency for
Academic Exchange within the Bekker program (PPN/BEK/2019/1/
00202/U/00001). DEK is supported by a Veni grant (grant no. 016.
Veni.188.082) from the Netherlands Organisation for Scientific
Research.
CRediT authorship contribution statement
Anna M. Malinowska: Conceptualization, Project administration,
Investigation, Formal analysis, Writing – original draft, Visualization.
Marcin Schmidt: Investigation. Dieuwertje E. Kok: Writing – review &
editing. Agata Chmurzynska: Conceptualization, Investigation,
Writing – review & editing.
9

A.M. Malinowska et al.

Food Research International 156 (2022) 111290

Table 2
Linear regression models explaining the experimental and predicted potential to produce folates. Only variables included in stepwise built models or statistically
significant in any of the models are shown in a table (***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.1).
Explanatory variable

Models estimating experimental potential
full model
SE

β

Models estimating predicted potential [%]

stepwise built

full model
SE

β

stepwise built
SE

β

SE

β

1

model 1, using factors affecting gut microbiota composition (HEI, lifestyle, anthropometric and gut transit data) and folate intake
age [years]
− 3.97
2.42
− 4.47#
2.28
0.003**
0.001
body fat [%]
1.00
1.72
2.02#
1.21
0.000
0.001
Bristol stool scale
15.23
10.94
15.28
9.97
0.001
0.005
laxative use [frequency category]
30.37
30.49
–
–
0.025#
0.013
adj. R2 [%]
− 0.94
2.24
0.59
p (whole model)
0.59
0.07
0.38
model 2, using factors affecting gut microbiota composition (dietary intake, lifestyle, anthropometric and gut transit data) and folate intake2
high-fat dairy products [g/1000 kcal]
0.22
0.38
–
–
0.0002
0.0002
plant fats [g/1000 kcal]
− 5.73
3.54
− 4.45**
2.15
0.0001
0.0015
0.32
0.42#
0.23
0.0000
0.0001
soft drinks [g/1000 kcal]
0.54#
vegetable juice [g/1000 kcal]
0.83*
0.41
0.82*
0.34
0.0000
0.0002
#
fruit juice [g/1000 kcal]
0.42
0.27
0.42
0.23
− 0.0002
0.0001
simple carbohydrates [%E]
− 5.33
5.16
–
–
− 0.0037
0.0022
#
fiber [g/d]
0.88
1.70
–
–
− 0.0014
0.0007
SFA [%E]
− 2.33
4.77
–
–
− 0.0046*
0.0021
adj. R2 [%]
− 2.67
8.60
− 0.90
p (whole model)
0.68
0.001
0.55

0.0026**
–
–
0.018#
3.44
0.015

0.0010
–
–
0.012

0.0003#
–
–
–
–
− 0.0026*
− 0.0015**
− 0.0042**
11.16
< 0.001

0.046
–
–
–
–
0.0011
0.0005
0.0014

1
Model 1 included: HEI, folates [µg], age, sex, body fat [%], WHR, physical activity level, smoking, Bristol stool score, frequency of defecation, sudden bowel
movement, constipation, diarrhea, laxative use.
2
Model 2 included: the intake of refined bread, wholegrain bread, refined cereals and groats, wholegrain cereals and groats, plant fats, animal fats, low-fat dairy
products, high-fat dairy products, added sugar, soft drinks, confectionery, savory snacks, vegetables, vegetable juice, fruit, fruit juice, red meat, white meat and fish,
nuts and seeds, legumes, simple carbohydrates [%E], fiber, protein [%E], SFA [%E], PUFA [%E], alcohol [%E], salt, folates [µg], age, sex, body fat, WHR, physical
activity level, smoking, Bristol stool score, frequency of defecation, sudden bowel movement, constipation, diarrhea, laxative use (total carbohydrates, fat intake
excluded from analysis because of collinearity). Only significant results for additionally included variables are shown in the table.

Table 3
Linear regression models explaining serum folates and plasma tHcy. Only variables included in stepwise built models or statistically significant in any of the models are
shown in a table (***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.1).
Explanatory variable

Models estimating serum folates
full model
β

Models estimating tHcy

stepwise built
SE

β

full model

SE

stepwise built

β

model 1, using factors known to affect folate/homocysteine metabolism (without gut microbiota potential to synthesize folates)
male sex
0.93
0.60
0.93
0.59
1.58***
body fat [%]
0.09**
0.03
0.10**
0.03
− 0.03
0.42
0.85*
0.41
0.60#
number of T alleles in MTHFR genotype
0.72#
HEI
− 0.03
0.02
− 0.03#
0.02
− 0.05**
− 0.02
0.07
–
–
− 0.06
vitamin B6 intake [mg]
adj. R2 [%]
6.25
8.06
15.98
p (whole model)
0.019
< 0.001
< 0.001
model 2, using factors known to affect folate/homocysteine metabolism and experimental gut microbiota potential
experimental potential to synthesize folates
0.0012
0.0017
the same as stepwise built model 1
5.99
adj. R2 [%]
p (whole model)
0.026

SE

β

SE

0.44
0.02
0.31
0.01
0.05

1.58***
− 0.04
0.65*
− 0.04**
− 0.09*
17.08
< 0.001

0.44
0.02
0.30
0.01
0.04

1

to synthesize folates 1
− 0.0004
0.0013
15.58
< 0.001

model 3, using factors known to affect folate/homocysteine metabolism and predicted gut microbiota potential to synthesize folates 1
predicted potential to synthesize folates
0.02
3.98
the same as stepwise built model 1
1.84
2.94
5.74
15.70
adj. R2 [%]
p (whole model)
0.030
< 0.001

the same as stepwise built model 1

the same as stepwise built model 1

model 4, using factors known to affect folate/homocysteine metabolism and factors affecting gut microbiota potential to synthesize folates 1,2
Bristol stool scale
refined cereals, groats [g/1000 kcal]
plant fats [g/1000 kcal]
vegetable juice [g/1000 kcal]
adj. R2 [%]
p (whole model)

− 0.26
0.06*
− 0.05
− 0.005
6.59
0.047

0.25
0.03
0.06
0.009

− 0.33
0.05*
–
–
10.43
< 0.001

0.23
0.02
–
–

1

0.32#
− 0.02
0.07#
− 0.01#
17.38
< 0.001

0.18
0.02
0.04
0.01

0.35*
–
0.06
–
18.01
< 0.001

0.17
–
0.04
–

All models adjusted for age, sex, physical activity level, smoking, body fat [%], number of T alleles in MTHFR genotype (rs1801133), HEI, intake of folates [µg],
vitamin B1 [mg], B2 [mg], B6 [mg], B12 [µg].
2
Model 4 apart from variables included in model 1 involved also: Bristol stool score, frequency of defecation, laxative use, intake of refined cereals and groats, plant
fats, soft drinks, vegetable and fruit juice, fiber, SFA [%E]. Only significant results for additionally included variables are shown in the table.
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