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s u m m a r y

Background & aims: Legumes intake is known to be associated with several health benefits the origins of
which is still a matter of debate. This paper addresses a pilot small cohort to probe for metabolic aspects
of the interplay between legumes intake, human metabolism and gut microbiota.
Methods: Untargeted nuclear magnetic resonance (NMR) metabolomics of blood plasma and fecal ex-
tracts was carried out, in tandem with qPCR analysis of feces, to assess the impact of an 8-week pilot
legumes diet intervention on the fecal and plasma metabolomes and gut microbiota of 19 subjects.
Results: While the high inter-individual variability hindered the detection of statistically significant
changes in the gut microbiome, increased fecal glucose and decreased threonine levels were noted.
Correlation analysis between the microbiome and fecal metabolome lead to putative hypotheses
regarding the metabolic activities of prevalent bacteria groups (Clostridium leptum subgroup, Roseburia
spp., and Faecalibacterium prausnitzii). These included elevated fecal glucose as a preferential energy
source, the involvement of valerate/isovalerate and reduced protein degradation in gut microbiota.
Plasma metabolomics advanced mannose and betaine as potential markers of legume intake and un-
veiled a decrease in formate and ketone bodies, the latter suggesting improved energy utilization
through legume carbohydrates. Amino acid metabolism was also apparently affected, as suggested by
lowered urea, histidine and threonine levels.
Conclusions: Despite the high inter-individual gut microbiome variability characterizing the small cohort
addressed, combination of microbiological measurements and untargeted metabolomics unveiled
several metabolic effects putatively related to legumes intake. If confirmed in larger cohorts, our findings
will support the inclusion of legumes in diets and contribute valuable new insight into the origins of
associated health benefits.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of European Society for Clinical Nutrition and
Metabolism. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
1. Introduction

A dietary shift towards more plant-based diets is keystone in a
sustainability-driven path [1], in tandem with exploiting the
beneficial health impacts of reducing excessive intake of animal-
r Ltd on behalf of European Society
.

based foods, particularly red meat [2], and increasing legumes
intake [3]. Legumes are nutrient-dense dry seeds from the Legu-
minosae family, the use of which has however become shadowed by
less nutritious but more profitable crops [4]. Legumes include
different bean, pea, chickpea, lentil and lupin species, also known as
pulses [5]. These provide relatively high amounts of protein [6],
fiber [7] and micronutrients [8], along with a wide range of
bioactive compounds (e.g., phenolic acids, tannins, and flavonoids)
[9]. Recognized major health benefits of legumes include reduction
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in cardiovascular disease (CVD) risk factors (e.g. obesity, dyslipi-
demia, hyperglycemia, inflammation, oxidative stress) [10] and
beneficial modulation of gut microbiota [2,11,12].

In particular, legumes fermentable carbohydrates, e.g., soluble
fiber and resistant starch, are believed to enhance intestinal pro-
liferation of beneficial microbial populations (namely, Lactobacillus
and Bifidobacterium) [13] and stimulate the production of short-
chain fatty acids (SCFAs) (e.g., acetate, propionate, butyrate) [14],
associated with lower risk of metabolic disorders including CVD
[15]. SCFAs are also believed to help maintain the immune intes-
tinal barrier integrity [16], while a portion can enter blood circu-
lation and further influence cell function in peripheral tissues [17].
Researchers have attempted to characterize these mechanisms
through human randomized control trials. For instance, analysis of
feces of healthy adults given lupin fiber showed an increase in
Bifidobacterium spp abundance and a decrease in the Clostridium
ramosum, Clostridium cocleatum, and Clostridium spiroforme group
abundance, despite no changes in total bacteria abundance (the
authors also suggested that gutmicrobiota responsesmay be highly
individual-specific) [18]. Moreover, fecal samples from healthy and
pre-metabolic syndrome subjects showed lower abundance of Eu-
bacterium limosum, after consumption of pinto beans [19], whereas
a chickpea-enriched diet led to a lower number of individuals
testing positive for pathogenic and putrefactive gut bacterial spe-
cies (Clostridum lituseburense groups) [20]. Furthermore, analysis of
fecal samples from colorectal cancer (CRC) survivors (to seek
possible relationships between navy beans intake and cancer risk)
revealed that navy bean powder increased microbial richness in
Lachnobacterium spp., and in Clostridium, Lachnospira, and Cop-
rococcus [21]. The authors suggested a set of fecal metabolites as
markers of glutathione regulation and antioxidant defense, detox-
ification of xenobiotics, cancer cell proliferation and apoptosis. In
addition, metabolic pathways involving lysine and phytochemicals
were modulated by navy bean intake [21]. Interestingly, another
study directed at overweight and obese adults revealed that daily
intake of yellow pea hulls induced no distinction from the placebo
group, in terms of the fecal abundance of several microbial groups
[22].

Therefore, additional data is required to demonstrate solid links
between bacteria composition, SCFAs or other active metabolites
and health outcomes [12,23]. Metabolomics of feces and/or bio-
fluids either using mass spectrometry (MS) or nuclear magnetic
resonance (NMR) spectroscopy [24], in tandem with microbiome
characterization, may contribute to such mechanistic insight.
Metabolomic studies of plant-based diets and pulses intake have
mainly focused on urine [25e32] and blood serum or plasma
[33e39]. As a result, several gut bacterial-derived metabolites have
been identified [29,31,32,40e42], namely, SCFAs, trimethylamine
N-oxide (TMAO), benzoate, hippurate, 3-indoxyl sulfate, dime-
thylsulfone, di/trimethylglycine, and trigonelline. For instance, low
meat consumers excrete less taurine, carnitine, acetylcarnitine, 1-
and 3-methylhistidine and TMAO [31], a fingerprint which may
underly health benefits associated with vegetarian diets, as is the
case for TMAO which possesses proatherogenic [43] and procarci-
nogenic properties [44]. Regarding pulses, habitual consumers
exhibited different excretory patterns related to TMAO and dime-
thylamine (DMA) [29] and multiple blood/urine metabolites have
been associated with gut microbiota modulation by navy beans
intake, and possible associated cancer prevention roles [45]. Stool
metabolomics has been increasingly recognized in the context of
food-gut-organ axis research [46,47]. In particular, the effect of
combined rice bran and navy beans on human plasma, urine and
stool metabolic profiles was investigated to study their impact on
CRC risk [47], although no significant differences were observed
possibly due to insufficient bran/bean dose or length of
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intervention. Therefore, further nutritional metabolomic studies
are needed for a wider variety of dry legumes (preferably whole, as
more accessible than bran extracts or powders [48] and more ho-
listic data collection (e.g., nutritional status, food intake data, gut
microbiota dynamics). Such data will aid in the use of legumes as
alternative protein sources in sustainable and healthier diets.

This paper addresses the effects of a pilot longitudinal 8-week
legume-based food intervention on the gut microbiota composi-
tion and fecal/plasma metabolic profiles of 19 omnivorous healthy
young adults (predominantly female). A combination of real-time
quantitative polymerase chain reaction (qPCR) assessment of gut
bacterial composition specifically targeting eight bacterial sub-
populations commonly affected by diet [2] and untargeted NMR
metabolomics is employed. Despite the small cohort and simple
setup considered, the results obtained pave the way for translation
to larger cohorts for confirmation and support of the inclusion of
legumes in diets.

2. Experimental

2.1. Subjects and study design

Methodological details about the recruitment of subjects
recruitment and the study design can be found elsewhere [49]. The
subjects' cohort comprised 19 volunteers (18 women and 1 man);
in relation to the unbalanced 1/18 M/F ratio, the authors opted for
not excluding the male subject as this would impact negatively on
an already small cohort (thus subsequently analyzed as predomi-
nantly female). This was also supported by the absence of signifi-
cant differences between the male subject's data and that of the
remainder subjects. The median age of the participants was 29.0
years (P25 ¼ 24.0; P75 ¼ 37.0). The median BMI was 21.9 kg/m2

(P25 ¼ 21.3; P75 ¼ 26.0). Most participants were healthy, though
some had specific health conditions such as depressive disorders
(n ¼ 1), allergic conditions (n ¼ 3), and thyroid disorders (n ¼ 2). In
terms of regular medication, 12 participants used oral contracep-
tives, 1 used antidepressant drugs and 2 used thyroid medications.
Moreover, 4 participants reported using vitamin and/or mineral
supplements. Most participants were non-smokers (n ¼ 16; 84.2%),
and nine (47.4%) engaged in regular physical activity. The study
followed a quasi-experimental design with a one-group compara-
tive approach, involving the replacement of one lunch meal with a
vegetarian legume-based meal on five weekdays, for 8 consecutive
weeks, and using as control the baseline information on each
subject (Fig. 1). Ethical compliance with the Declaration of Helsinki
was ensured, supported by approval from the Institute of Bioethics
at the Catholic University of Portugal (Ethics Screening Report 11/
2017). Participants were required tomeet specific eligibility criteria,
including daily intake of animal-protein foods, limited legume
consumption before undergoing the intervention, and a commit-
ment to follow the intervention diet. Exclusion criteria comprised
vegetarianism, severe allergies, chronic illnesses, recent antibiotic
use, and pregnancy or breastfeeding. Sociodemographic and life-
style data were collected at the study's outset, along with dietary
information and anthropometric assessment at weeks 0 and 8,
following standard [50e52].

2.2. Blood and stool collection

Participants were asked to provide blood samples at weeks
0 (baseline), 4 and 8 (Fig. 1). Blood samples were collected after
overnight fasting (12 h) and were obtained from peripheral veins
by a skilled nurse, following standard safety procedures. Samples
were collected into sodium-heparin tubes, centrifuged within
30 min (1500 rpm, 10 min, 20 �C), and then split into 2 mL aliquots



Fig. 1. Schematic representation of the study design. Abbreviations: 3-FR e 3-day food records; A e Anthropometry assessment; F e Feces collection; P e Plasma collection; NMR
e Nuclear Magnetic Resonance (NMR) spectroscopy; n e number of subjects or samples; qPCR - Quantitative polymerase chain reaction; wk e week. Some samples were later
excluded due, either to technical problems during NMR spectral acquisition or failure of sample delivery by the volunteers, so that final analyzed sample numbers are as follows: a

54 and 55 plasma samples were considered for CPMG and diffusion-edited NMR analysis; b 37 fecal samples were considered for NMR analysis and c 34 fecal samples for qPCR fecal
analysis.
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[53]. Participants self-collected two stool samples in coded spec-
imen containers provided by the research team, together with
collecting instructions. Feces samples were collected at two time
points: week 0 (baseline) and week 8 (Fig. 1). After collection,
samples were immediately stored at 4 �C by the participants and
delivered at Faculty of Biotechnology - Catholic University of
Portugal (FB-CUP) in an ice chest, as soon as possible (and no later
than 18 h post-collection). Sample collection date and time were
recorded upon delivery. Both plasma and fecal aliquots were stored
at �80 �C, until analysis.
2.3. Fecal bacterial quantification by qPCR

2.3.1. DNA extraction and quantification
The NZY Tissue gDNA Isolation kit (NZYTech, Lisbon, Portugal)

was utilized to perform DNA extraction [54,55]. Briefly, 250 mg of
fecal sample was added to 1 mL TE buffer (10 mM Tris/HCl; 0.1 mM
EDTA, pH 8.0) and the mixturewas resuspended by vigorous vortex
homogenization. Then samples were centrifuged (4000 g, 15 min)
and the supernatant discarded. This process was repeated until
obtention of a colorless supernatant. Next, the pellet was resus-
pended in 1 mL of buffer NT1. From this, 200 mL of the resuspended
sample were transferred to a new tube, which was then vortexed
and incubated at 95 �C, for 10 min. After the first incubation, 25 mL
of Proteinase K were added and the samples were vortexed and
incubated again at 56 �C, for 1 h 45 min, vortexing occasionally
during this period. After the second incubation time, the samples
were vortexed again and 200 mL of buffer NL was added, followed
by vortex agitation for 10 s and centrifugation (11,500 g, 10 min).
The supernatant was transferred to a new tube and the pellet dis-
carded. Then, 210 mL of 100% ethanol were added and samples
immediately vortexed. The mixture was transferred into a NZYSpin
Tissue Column, placed in a 2 ml collection tube and centrifuged
(11,500 g, 1 min). The flow-through was discarded and the column
was placed back in a new collection tube. Afterward, 500 mL of
buffer NW1 were added to the column and centrifuged again
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(11,500 g, 1 min). The flow-through was discarded and the column
was placed back in the collection tube. Then, 600 mL of buffer NW2
was added to the column, centrifuged (11,500 g, 1 min), the flow-
through was discarded and the column was placed back in the
collection tube. Another centrifugation was carried out for 2 min at
11,500 g. Finally, the column was placed in a clean tube and 100 mL
of buffer NE were added directly into the membrane column. The
mixture was incubated at room temperature for 1 min followed by
centrifugation (11,500 g, 2 min) to elute DNA. Once extracted, the
concentration and purity of genomic DNA (gDNA) was determined
through the analysis of Abs260nm/Abs230nm and Abs260nm/Abs280nm
ratios, using a Thermo Scientific™ mDrop™ Plate coupled with a
Thermo Scientific™ Multiskan™ FC Microplate Photometer
(Thermo Fisher Scientific, Waltham, USA) [56]. The obtained con-
centration of gDNA was standardized to 20 ng/mL. The stock and
diluted gDNA samples were stored at e 20 �C until further analysis.
2.3.2. Standard calibration curves with gDNA
Standard calibration curves with gDNAwere obtained according

to Applied Biosystems instructions [57], comprising the following
steps: i) identification of the genome size of the organism of in-
terest; ii) identification of the number of copies of the gene of in-
terest (16 S rRNA gene) per genome of the organism of interest; iii)
calculation of DNA mass per genome and per copy of 16 S rRNA
gene; iv) calculation of gDNAmass needed to contain the number of
copies of interest; v) calculation of gDNA concentration needed to
achieve the number of copies of interest; vi) preparation of gDNA
serial dilutions. Genomic DNA standards from Akkermansia muci-
niphila, Enterococcus gilvus (Enterococcus spp.), Bifidobacterium
longum subsp. Infantis (Bifidobacterium spp.), Clostridium leptum
(C. leptum subgroup), Roseburia hominis (Roseburia spp.), and Pho-
caeicola vulgatus (former Bacteroides vulgatus - Bacteroides spp.)
were obtained from DSMZ (DSMZ, Braunschweig, Germany). Lac-
tocaseibacillus rhamnosus Lcr35 strain culture (Lactobacillus spp.)
obtained from Laborat�orios Azevedos e Indústria Farmacêutica,
S.A., and Faecalibacterium prausnitzii (F. prausnitzii) A2-165 (¼DSM
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17677) culture purchased from DSMZ, were stored in the internal
collection of CBQF [Centre for Biotechnology and Fine Chemistry],
cultured according to the manufacturer's instructions, and used to
extract the corresponding genomic DNA. Information about
genome size and number of 16 S rRNA gene copies was gathered
from public databases, e.g., GenomeNet database (Kyoto University
Bioinformatics Center), the ribosomal RNA database (Center for
Microbial Systems, University of Michigan) or the NCBI (National
Center for Biotechnology Information) genome database (Table S1).
To build the standard calibration curves, the log of the number of
16 S rRNA gene copies of each bacterial strain was plotted against
the quantification cycle (Cq).

2.3.3. Real-time quantitative-PCR (or qPCR)
Real-time quantitative-PCR was performed using a CFX96

Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories,
Inc., Hercules, USA) on the fecal DNA [58]. The cycling program of
qPCR included the following steps: i) initial denaturation/enzyme
activation, for 5 min, at 95 �C; ii) denaturation, for 10 s, at 95 �C; iii)
annealing, for 1 min, at primer specific temperature; iv) extension,
for 30 s at 72 �C; v) melt curve generation, for 5 s, at 60e97 �C with
an increment of 0.5 �C. The amplification reaction integrated steps
2, 3, and 4 which were repeated 45 times (45 cycles). The annealing
temperature of each primer (STABvida, Lisbon, Portugal) was
optimized by testing a range of annealing temperatures above and
below the respective calculated Tm. Table S1 lists the primer se-
quences, and respective optimal annealing temperature, the
genome size, and the number of copies of the 16 S rRNA gene, for
each used bacterial strain. For each qPCR reaction a final volume of
10 mL was used containing: i) 5 mL of 2x iQTM SYBR® Green
Supermix (Bio-Rad Laboratories, Inc., Hercules, USA); ii) 2 mL of
ultrapure water; iii) 1 mL of sample diluted DNA (20 ng/mL); and iv)
1 mL of forward and reverse primers (100 nM) targeting the 16 S
rRNA gene. A calibration curve was constructed in every run and
assays were performed in quadruplicate.

2.4. Sample preparation and NMR analysis

2.4.1. Stool samples
A fecal extract protocol was optimized for these samples based

on previous reports [59e64]. The extraction method employed a
stool:solvent proportion of 1 mg of sample to 10 mL of solvent.
Hence, ca. 70mg of feces, thawed at room temperature, weremixed
by vortex (30 s) with 700 mL of phosphate buffer (0.1 M K2HPO4/
NaH2PO4, pH 7.4), containing 10% D2O, 0.01% (w/v) of NaN3 (mi-
crobial protectant) and 0.5 mM of sodium 3-([2,2,3-d4]trime-
thylsilyl) propionate (TSP, for chemical shift referencing). Then,
samples were submitted to three rapid freeze (instant)-thaw
(10 min, 4 �C) cycles using liquid nitrogen. Next, homogenization
was performed for 10 cycles as follows: ultrasonication
20 s >> vortex 10 s >> break 30 s, at room temperature. Slurries
were then centrifuged at 16,000 g, for 1 h, at 4 �C, and the super-
natants collected. The remaining residues were once again sub-
jected to the extraction process, freezeethaw cycles,
homogenization, and a 30 min centrifugation. Supernatants from
the first and second extractions were combined and centrifuged
again for 10 min before storing at -80 �C until NMR analysis.

Before NMR analysis, fecal extracts were thawed at room tem-
perature and centrifuged at 16,000 g, for 10 min, at 4 �C. Next,
540 mL of supernatants were mixed with 70 mL of 99% D2O and
0.002% TSP. When necessary, pH adjustment to 7.40 ± 0.02 was
performed using KOD (4 M) or DCl (4 M). Then 600 mL were
transferred into 5 mm NMR tubes. NMR spectra were acquired
using a Bruker Avance III spectrometer, operating at 500.13MHz for
proton and equipped with a 5 mm TXI probe. For each sample, a
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standard one-dimensional (1D) 1H NMR spectrum was acquired
with water peak suppression using a Carr�Purcell�Meiboom�Gill
(CPMG) pulse sequence (“cpmgpr1d”; Bruker library). Acquisition
parameters were as follows: 298 K, 256 scans, 32 k complex data
points, 10 kHz spectral width, 1.59 s acquisition time, and 4 s
relaxation delay. CPMG spectra were acquired with water pre-
saturation, with 80 loops (n) and a total spin�spin relaxation time
(2nt) of 64 ms (with t ¼ 400 ms). All free induction decays (FID)
were multiplied by a 0.3 Hz line-broadening factor prior to Fourier
Transformation (FT). Spectra were manually phased, baseline cor-
rected, and referenced internally to and internally referenced to the
TSP singlet at d 0.00 (TopSpin 4.1.3). Peak assignments were per-
formed using 2D NMR experiments, Chenomx NMR suite 9.0 Pro-
filer (Chenomx Inc., Edmonton, Canada), consultation of the Human
Metabolome Database [65], the Bruker Biorefcode spectral data-
base (BBIORFCODE-2�0�0 database, Bruker Biospin, Rheinstetten,
Germany), as well as already published scientific literature
[40,60,62,64,66e68]. To aid peak assignment, Statistical Total Cor-
relation Spectroscopy (STOCSY) [69] was also used in some
instances.

2.4.2. Plasma samples
Plasma samples were thawed at room temperature and ho-

mogenized in a vortex mixer. Then, 400 ml of saline solution (NaCl
0.9% in 10% D2O) were added to 200 ml of sample. After centrifu-
gation (4500 g, 5 min, 25 �C), 550 ml of each sample was transferred
to 5 mm NMR tubes. NMR spectra were recorded, at 300 K, using a
Bruker® Avance DRX 500 spectrometer operating at 500.13 MHz
for proton, with a 5 mm TXI probe. For each sample, three one-
dimensional (1D) 1H NMR spectra were obtained: a standard
spectrum (“noesypr1d”), a CPMG spectrum (“cpmgpr”) and a
diffusion-edited spectrum (“ledbpgp2s1dpr”), all pulse programs
retrieved from the Bruker library. Standard spectra were acquired
with a 100 ms mixing time and water suppression during the
relaxation delay (4 s) andmixing time. CPMG spectrawere acquired
with water presaturation, with 80 loops (n) and a total spin�spin
relaxation time (2nt) of 64 ms (with t ¼ 400 ms). Diffusion-edited
spectra were recorded with a diffusion time of 100 ms, a pulsed-
field gradient (G1) of 1 ms, a spoil gradient (G2) of 0.6 ms, an
eddy current recovery time (t) of 5 ms, and 90% of the maximum
gradient strength (48.15 G/cm). All 1D spectra were acquired into
32 k complex data points with 10330.58 Hz spectral width. Each FID
was zero-filled to 64 k points and multiplied by a 0.3 Hz expo-
nential line-broadening function prior to FT. Spectraweremanually
phased, and baseline corrected, and chemical shifts referenced
internally to the a-glucose H1 resonance (5.23 ppm). Peak assign-
ments were performed as described for fecal samples and based on
specific literature [53,70e72].

2.5. Statistical analysis

Descriptive statistics, performed using the IBM® SPSS® soft-
ware version 27 (SPSS Inc., Chicago, IL, USA), was used to describe
the sociodemographic data, health-related features, as well as le-
gumes intake of the participants. The Shannon index [73] was used
to assess variations in bacterial alpha diversity between baseline
and the end of the intervention. Shapiro-Wilk test was used to
assess variable normality and paired Student's t-test or Wilcoxon
test were applied accordingly to all the above variables. For plasma
NMR data analysis, the spectral regions corresponding to water
(4.45�5.05 ppm) and ethanol resonances (1.15e1.20 and
3.62e3.68 ppm, contamination at collection) were excluded from
the data matrix. For NMR fecal data, only the spectral region cor-
responding to water (4.64�4.92 ppm) was excluded. A final spec-
tral region between 0.50 and 9.50 ppm was considered for both
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spectra (Amix 3.9.14, Bruker® BioSpin, Rheinstetten, Germany).
Spectra alignment was performed using recursive segment-wise
peak alignment (Matlab 7.12.0, The MathWorks, Inc.) [74].
Normalization to total spectral area was carried out and spectra
were scaled to unit variance (UV) (SIMCA-P 11.5, Umetrics, Umea,
Sweden). Multivariate analysis (MVA) comprised both principal
component analysis (PCA) and partial least-squares discriminant
analysis (PLS-DA). PLS-DA model robustness was assessed by
Monte Carlo Cross Validation (MCCV) using 500 runs [75,76]. For
each of the 500 randomly generated classification models, Q2

values (predictive power), number of Latent Variables (LV), and
confusion matrices of original and randomly permuted classes
were retrieved. PLS-DAmodels were considered robust for Q2 > 0.5.
Sensitivity, specificity and classification rates (CR) were also
computed (but found not too hold statistical robustness due to high
inter-subject variability). Peak integration was carried out and fol-
lowed by normalization to total spectral area. Effect size (ES) values
were calculated [77], and integral areas presenting simultaneously
ES > 0.5 and ES error > ES were selected for statistical comparison.
The Shapiro-Wilk test was used to assess variable normality and
paired Student's t-test or Wilcoxon test were applied accordingly.
The resulting p values were corrected for false discovery rate (FDR).
Finally, the (non-parametric) Spearman rank correlation was used
to calculate the correlation between NMR data and bacterial
quantification through qPCR, using the RStudio® package [78]. Only
correlations values > |0.5| and p value < 0.05 were considered,
consistently with reported recommendations [79]. Correlation data
was displayed using RStudio® package [80]. For all data statistical
analysis, a p value lower than 0.05 was considered as the limit for
statistical significance.

3. Results

3.1. Food and nutrient intake

Over the 8-week trial the participants performed amedian of 38
legume-based meals (P25 ¼ 34; P75 ¼ 39), resulting in a median
intake of 78.8 g (P25 ¼ 74.45; P75 ¼ 90.91) of cooked legumes per
meal. The daily macronutrient intake calculated from the 3-day
food records collected at baseline and week 8 is summarized in
Table S2. Data revealed that, except for the amount of total protein,
which was noted to increase, there were no further statistically
significant (p < 0.05) variations in the daily macronutrient intake
between baseline and the final week of the trial.

3.2. Bacterial quantification using qPCR

Fig. S1 represents the variation per participant [17 (16 F/1M) out
of 19] of the 8 bacterial sub-populations studied, between baseline
and the end of the 8-week food intervention. The results are
expressed as changes in the number of copies of the gene 16 S
rRNA/ng of DNA. Results revealed a high interindividual variability
after the 8-week legume-based food intervention, with no clear net
tendency on the modulation of the analyzed gut bacterial sub-
groups. However, compared to other sub-populations, F. prausnitzii
displayed a tendency to increase in abundance for most individuals
(n¼ 11/17). In turn, Enterococcus spp. did not vary throughout the 8
weeks, for several subjects (n¼ 10/17). Notably, C. leptum subgroup,
F. prausnitzii, Lactobacillus spp. and Roseburia spp., which belong to
the same Phylum (Firmicutes) [81], exhibited a similar overall
behavior in five participants in response to the dietary intervention.

Fig. S2 represents the relative abundance of the 8 bacterial sub-
populations per participant, comparing baseline against week 8.
Although a large subject-dependence was visible, Roseburia spp.
frequently displayed a higher relative abundance (>50% in n ¼ 9/
336
17), compared to other bacterial sub-populations. However, a
higher relative abundance (>50%) of Bifidobacterium and C. leptum
subgroup was found in some cases (n ¼ 2/17). In turn, Enterococcus
spp. had the lowest overall relative abundance, along with by
A. muciniphila and Lactobacillus spp. In terms of bacterial alpha
diversity, as a group, the 8-week legume-based dietary interven-
tion did not significantly affect the Shannon index considering the
bacterial sub-populations under study (p ¼ 0.379). However, a
more detailed analysis revealed that bacterial diversity could be
either increased or decreased by the present dietary challenge. For
instance, five individuals (P1, P2, P6, P11, P17) expressed an increase
in bacterial diversity, whereas eleven (P3, P4, P5, P7, P8, P10, P12,
P13, P14, P15, P16) expressed a decrease, as evidenced by the
variation in the Shannon index value at the end of the two months.

3.3. Fecal metabolome analysis

Fig 2a and b shows the average NMR spectra of the samples
collected at baseline (week 0) and week 8. A total of 63 metabolites
have been identified (Table S3), confirming previous reports of
feces NMR assignment [40,60,62,64,66e68]. Visual comparison of
the spectra in Fig. 2 suggests apparent increases in succinate (peak
15, d 2.41), histidine (peak(s) 23, d 3.16, d 3.23), glucose (peak(s) 28,
d 5.23) and hypoxanthine (peak(s) 37, d 8.21, d 8.19) (Fig. 2b, red
arrows). In addition, apparent decreases are noted in malonate
(peak 22, d 3.11) (Fig. 2b, blue arrows). However, these apparent
visual changes may not be representative and require validation
through multivariate and univariate statistical analysis. Fig. S3
shows that both unsupervised (PCA) and supervised (PLS-DA)
analysis do not reveal any group separation, thus indicating that no
consistent strong compositional differences are detected in the
metabolic profile of feces, upon the legumes diet intervention on
the small cohort considered. However, peak integration and uni-
variate analysis reveals small variations in glucose (increase, p
value 0.005) (Fig. 2c, left) and in threonine (decrease, p value 0.025)
(Fig. 2c, right), none of which remained significant upon FDR
correction. The former had indeed been suggested through visual
inspection of the spectra, while other visual changes in the average
spectra (Fig. 2a) were revealed to be statistically non-significant.
Notably, no significant changes in SCFAs were observed, particu-
larly in those detected by NMR, namely acetate, formate, n-buty-
rate, propionate, succinate and valerate.

3.4. Correlation between NMR results and qPCR

The results of correlation analysis between the NMR metabolic
profile of feces and qPCR data (relative abundance of the selected 8
bacterial families) are summarized in Fig. 3a and b, with thresholds
r>|0.5| and r>|0.6|, respectively. For this correlation analysis, datawas
available for 16 (15 F/1 M) of the 19 participants and, overall, most
correlations fell within the r ¼ |0.50e0.70| interval, with no correla-
tions found for r>|0.75|. Results revealed correlationswith the 3most
abundant bacterial sub-populations from the FirmicutesPhylum[81],
namelyC. leptum subgroup,Roseburia spp.And (inhigher abundance)
F. prausnitzii. The correlations found involved metabolites related to
organic acidmetabolism, amino acidmetabolism and glycolysis. Only
F. prausnitzii showed a significant positive correlation with glucose,
along with n-butyrate and nicotinate (Fig. 3a). Additional positive
correlations (r > 0.5e0.6) were found for acetate with both
F. prausnitzii and the C. leptum subgroup. In addition, negative corre-
lations (Fig. 3a and b) included inverse variations between the
C. leptum subgroup and valerate, isovalerate, alanine, valine and p-
cresol, whereas F. prausnitzii varied inversely with acetoacetate, ma-
late, valerate, isovalerate, 2-hydroxyvalerate, 2-hydroxy-3-methyl-
valerate, 3-methyl-2-oxovalerate, 5-aminovalerate, methionine, p-



Fig. 2. a) and b) Average 1H NMR spectra of fecal samples from (a) baseline (n ¼ 19) and (b) week 8 (n ¼ 18) and (c) Boxplots of spectral regions with statistically significant
variations during the 8-week legume trial (none of the variations remained significant upon FDR correction). Arrows indicate visible spectral alterations: blue arrows indicate
a visible decrease and red arrows indicate a visible increase. Abbreviations: 1 e bile acids; 2 e n-butyrate; 3 e isoleucine; 4 e leucine; 5 e propionate; 6 e ethanol (contamination);
7 e valerate; 8 e threonine; 9 e 2-hydroxy-valerate; 10 e alanine; 11 e leucine; 12 e acetate; 13 e proline; 14 e valine; 15 e succinate; 16 e glutamine; 17 e methionine; 18 e

malate; 19 e aspartate; 20 e trimethylamine (TMA); 21 e lysine; 22 e malonate; 23 e histidine; 24 e methanol; 25 e ribose; 26 e dihydroxyacetone; 27e xylose; 28 e glucose; 29
e uracil-diphosphate glucose (UDP-glucose); 30 e uracil; 31 e fumarate; 32 e tyrosine; 33 e phenylalanine; 34 e 3-phenyl-propionate; 35 e nicotinate; 36 e xanthine; 37 e

hypoxanthine; 38 e formate. *Excluded regions e water (4.64�4.92 ppm). d e doublet; ES e Effect size; *p < 0.05; ** p < 0.01.

Fig. 3. Spearman rank correlation maps showing significant (p < 0.05) correlations between NMR spectra of fecal samples and qPCR results (n ¼ 16): a) correlation values r
> |0.5|; b) correlation values r > |0.6|. Blue and red dots: negative and positive correlations, respectively.
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cresol and pyruvate. Finally, Roseburia spp. seems to correlate nega-
tively with isovalerate and the same 4 valerate derivatives (2-
hydroxyvalerate, 2-hydroxy-3-methyl-valerate, 3-methyl-2-
oxovalerate, 5-aminovalerate), in addition to p-cresol. Of the above
correlations, the strongest correlations surviving a threshold of r>|
0.6| (Fig. 3b) refer to F. prausnitzii inverse variations with isovalerate
and methionine and Roseburia spp. Inverse correlations with 2-
hydroxy-3-methyl-valerate and 3-methyl-2-oxovalerate (r ¼ 0.704
for the lattermetabolite).Hence, it is interesting tonote that, although
nochangeswereobserved in fecal SCFAs throughout the intervention,
correlation studies unveil that a set of SCFAs are indeed involved in
specific pathways, related at least with the three most abundant
bacteria. In addition, correlations were sought between bacterial
abundanceor fecalmetabolites, and foodandnutrient intake, namely,
legumes, fiber, and protein (data not shown), but no meaningful
correlations were found. Similar results were obtained for correla-
tions between fecal and plasma metabolic profiles.

3.5. Plasma metabolome analysis

For plasma analysis, both CPMG and diffusion-edited 1H NMR
spectra were recorded for the 19-subject cohort (Fig. 4 and S4,
respectively). This enabled the assessment of eventual changes
both in the pool of low Mw compounds and in that of macromol-
ecules (mainly lipoproteins and glycoproteins, the latter viewed
through the N-acetyl resonance at 2.02e2.07 ppm), respectively.
Fig. 4. Average 1H NMR CPMG spectra of plasma samples from a) baseline (week 0), b) w
indicate apparent visual decreases and increases, respectively (even for the stronger peaks cu
e isoleucine; 4 e lactate; 5 e alanine; 6 e lipids (fatty acids -CH2CH2CO- methylene group
acetoacetate; 12 e b�hydroxybutyrate (or b/3-HBA); 13 e pyruvate; 14 e glutamine; 15 e

glucose; 21 e glycine; 22 e threonine; 23 e mannose; 24 e urea; 25 e tyrosine; 26 e h
4.4e5.0 ppm; ethanol resonances, at 1.15e1.20 and 3.62e3.68 ppm.

338
Fig. 4 illustrates the high resolution and complexity of plasma
CPMG spectra and, specifically, of the average 1H NMR spectrum of
plasma samples collected at baseline (Fig. 4a), inwhich a total of 28
metabolites were identified, with basis on previous reports of
plasma NMR assignments [53,70e72]. The average 1H NMR CPMG
spectra of plasma samples collected at weeks 4 and 8 are repre-
sented in Fig. 4b and c. Visual comparison suggests apparent de-
creases maintained in both time points (week 4 and 8) in acetate
(peak 8, d 1.90), methanol (peak 19, d 3.4), glucose (peak 20, d 3.24),
urea (peak 24, d 5.75), and formate (peak 28, d 8.45) (Fig. 4b and c,
blue arrows). Also, apparent increases are noted in a broader lipid
region corresponding to fatty acids (mainly expected to arise from
lipoproteins) (peak 6, d 1.55) (Fig. 4b and c, red arrow).

Again, multivariate and univariate statistics was applied to
confirm/discard the above visual observations and Fig. 5 shows that
some PCA separation is observed when the CPMG spectra for weeks
0 and 8 are considered (Fig. 5c, left), with the corresponding PLS-DA
model exhibiting a high predictive power (Q2 ¼ 0.731), compared
to comparison of weeks 0 and 4 (Q2 ¼ 0.481) and weeks 4 and 8
(Q2 ¼ 0.366) (Fig. 5c, right). This suggests that a gradual change
occurs in the metabolic profile of plasma, with maximum differ-
ences noted between the first and final weeks of the intervention.
In relation to diffusion-edited NMR spectra of plasma, no visual
differences were observed (Fig. S4). Indeed, no group separation
was observed in PCA (Fig. S5) and, despite the apparently satis-
factory PLS-DA predictive power (Q2¼ 0.565) betweenweeks 0 and
eek 4 and c) week 8. Arrows indicate visible spectral alterations: blue and red arrows
t-off due to vertical expansion of the spectra). Abbreviations: 1 e leucine; 2 e valine; 3
s); 7e lysine; 8 e acetate; 9 e N-acetylated glycoproteins (NAG); 10 e acetone; 11 e

citrate; 16 e creatinine; 17 - creatine; 18 e dimethylsulfone; 19 e methanol; 20 e

istidine; 27 e phenylalanine; 28 e formate; *Excluded regions: water resonance, at



Fig. 5. PCA (left) and PLS-DA (right) scores scatter plots obtained with the 1H NMR spectra (CPMG) of plasma for a) baseline (week 0) versusweek 4, b) week 4 versusweek 8,
and c) baseline (week 0) versus week 8. All models were obtained with 2 principal components (PCA) and 2 latent variables (PLS-DA). Abbreviations and symbols: Q2 - predictive
power of PLS-DA models; PCi - principal components; LVi - latent variables.
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8, no significant changes were retrieved, as viewed by diffusion-
edited NMR spectra (i.e. regarding macromolecules global profile).

Peak integration in the CPMG spectra (Fig. 4) revealed changes
that are represented in boxplot form in Fig. 6, along with changes in
a set of still unassigned resonances (Fig. S6, mainly involving singlet
resonances, of particularly difficult identification). In particular,
plasma changes comprised decreases in the two ketone bodies
acetoacetate and 3-hydroxybutyrate (3-HBA, although only quali-
tatively), along with decreases in citrate, formate (from weeks
0e4), histidine, threonine and urea. Conversely, increases in
betaine, mannose, and a slight increase in formate fromweeks 4e8
were observed.

Considering the above changes distributed by intervention
week (Table 1), it becomes clear that citrate (dec.), mannose (inc.),
histidine (dec.) and urea (dec.) are earlier significant changes in the
circulatory metabolome (although none remain significant upon
FDR correction), in tandem with a more marked decrease in
formate. This is followed by faint changes between weeks 4 and 8,
namely in the levels of betaine (inc.), formate (inc.) threonine
(dec.). Notably, betaine and threonine changes are confirmed with
higher statistical relevance by comparison of weeks 0 and 8. This
comparison also confirms the initial (week 4 vsweek 0) changes in
mannose (inc.) and urea (dec.), revealing an additional decrease in
acetoacetate (which exhibits a similar behavior to that of a second
ketone body, 3-HBA) (Fig. 6).
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4. Discussion

The present dietary intervention did not exert a significant effect
over the overall diversity score of the bacterial sub-populations
under study (Fig. S3). Still, individual analysis showed that the
majority (n ¼ 11/17) of participants expressed a reduction in alpha
diversity at the end of the 8-week intervention. Indeed, a previous
study revealed that navy bean powder intake increased microbial
richness compared to baseline, but caused no effect on diversity
either [21]. Such results somehow contradict other evidence that
suggests that diets rich in legumes fiber are associated with greater
diversity of fecal microbiota [82]. Noteworthy, food intake data
(Table S2) showed that daily total fiber intake was not significantly
different during the 2-months legume-based dietary intervention,
which may help justify the absence of effects on gut bacterial di-
versity. The microbiological assessment carried out here evaluated
the eight bacterial sub-populations which have been reported to be
more commonly affected by diet and to have a strong impact in
relation to disease states [2], although it is recognized that the
whole gut microbiome was not described, nor the interactions
between the different bacterial sub-populations were assessed.

The high subject-dependent response to intervention, in terms
of gut bacterial quantification, is consistent with previous reports
[18,83,84]. The human large intestine is a very complex ecosystem
that is still not fully understood [84], and the inter-individual



Fig. 6. Boxplots of statistically significant changes in identified plasma metabolites, observed throughout the intervention. Abbreviations: 3-HBA e 3/b-hydroxybutyrate;
*p < 0.05; **p < 0.01; ***p < 0.001.

Table 1
Univariate statistical analysis of plasma metabolite variations separated by weeks (statistical significance for p value < 0.05).

Metabolites ppm (multiplicity) ES ± ESerror p valueuncorrect. p valueFDR-correct.

Week 4 vs week 0
Citrate 2.52 (d) �0.891 ± 0.686 0.022 >0.05
Formate 8.45 (s) �1.218 ± 0.699 0.00004 0.0006
Mannose 5.18 (d) 0.705 ± 0.674 0.049 >0.05
Histidine 7.04 (s) �0.781 ± 0.679 0.035 >0.05
Urea 5.75 (br) �1.019 ± 0.682 0.009 >0.05
U1 4.14 (s) �0.924 ± 0.688 0.025 >0.05
U2 7.40 (d) �0.734 ± 0.676 0.038 >0.05
Week 8 vs week 4
Formate 8.45 (s) 0.715 ± 0.684 0.049 >0.05
Betaine 3.27 (s) 0.830 ± 0.691 0.037 >0.05
Threonine 4.23 (dd) �0.823 ± 0.690 0.033 >0.05
Week 8 vs week 0
Acetoacetate 2.27 (s) �0.884 ± 0.675 0.013 0.041
Betaine 3.27 (s) 1.119 ± 0.693 0.006 0.033
Mannose 5.18 (d) 0.687 ± 0.663 0.045 >0.05
Threonine 4.23 (dd) �1.049 ± 0.688 0.010 0.035
Urea 5.75 (br) �1.348 ± 0.714 0.0008 0.014
U4 1.07 (s) 0.702 ± 0.664 0.014 0.041
U5 1.05 (s) 1.081 ± 0.690 0.003 0.029
U6 3.56 (s) �0.787 ± 0.669 0.023 0.048
U3 4.28 (br) �0.914 ± 0.678 0.012 0.041
U2 7.40 (d) �0.859 ± 0.674 0.018 0.043

p-valueuncorrect.: p value without false discovery rate (FDR) correction, p-valueFDR-correct.: p value obtained upon FDR correction. Unassigned resonances are identified with “Ui”,
according to chronological order of detection (i.e., from week 0 to week 8). s: singlet; d: doublet; t: triplet; dd: doublet of doublets; m: multiplet; br: broad signal.
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variability of gut microbiota composition has been found to be
quite high [83]. This agrees with previous studies that show that
bacterial communities can display qualitative and quantitative
variations in response to different factors related to host (e.g., pH,
bile acids, transit time and mucus), environment (e.g., diet and use
of antibiotics) and microbial characteristics (e.g., adhesion capa-
bility and bacterial enzymes) [84].

Additionally, we had hypothesized that the eight bacterial sub-
populations tested were part of the phyla most affected by diet [85]
and in our study, four genera from the Firmicutes phylum, namely,
C. leptum subgroup, F. prausnitzii, Lactobacillus spp. and Roseburia
spp., exhibited similar responses in different participants. Previous
publications had already reported themodulation of these bacterial
genera by diets containing legumes [18e22]. Narrowing down to
species level, within the group of the eight bacterial sub-
populations studied, a high relative predominance of Roseburia
spp. In several (n ¼ 9) individuals (Fig. S3) was observed. In fact,
literature reports that Roseburia spp. are among the group of
dominant butyrate-producing Firmicutes, which together with
F. prausnitzii and Eubacterium rectale, make up 7e24% of the total
bacteria in the healthy human colon [86].

The above observations are, however, consistent with the weak
changes noted in the metabolic profile of feces, with only a slightly
enhanced excretion of glucose, together with a decrease in threo-
nine. Higher fecal glucose content may arise from the complex
carbohydrates found in legumes, namely, fibers, resistant starch
and oligosaccharides (mainly in the form of a-galactosides or
raffinose family oligosaccharides) [87], which although not hy-
drolyzed by gastric or intestinal enzymes, may be fermented by gut
microbiota [11,88]. Gut bacteria can breakdown these compounds
and use their subunits, namely glucose, as energy sources [89,90].
Indeed, the prebiotic potential of legumes’ fermentable carbohy-
drates has been described previously [91]. We, therefore, propose
that glucose is here present in amounts largely sufficient to meet
the energy requirements of gut bacteria. In relation to the small
decrease in fecal threonine levels, it is known that this amino acid
can be degraded by the gut microbiota to generate SCFAs, especially
propionate [92]. Thus, the lower threonine content in feces could
reflect overall gut microbiota activity, although it is not possible to
relate this metabolite to the specific bacterial groups tested in the
present work. Regarding the absence of statistically significant
variations in fecal SCFAs (namely those detected here by NMR:
acetate, formate, n-butyrate, propionate, succinate, and valerate),
this may be explained by different reasons. Firstly, literature reports
that fecal SCFA concentrations may not reflect their concentration
and production rate in the intestine as the host takes upmost SCFAs
[93]. In vivo measurements of fecal SCFA concentrations reflect just
5% of the total production sincemore than 95% are rapidly absorbed
by the colonocytes [94]. So, fecal samples alone may not be enough
to realistically reflect production and potential absorption of SCFAs
[94]. For this reason, because SCFA production is difficult to mea-
sure in vivo, most experiments have been done through in vitro
experiments with intestinal or fecal microbiota as inoculum [93].
For instance, a study found that propionate production from fecal
material fermented in vitro with bean flour was higher in volun-
teers consuming beans (comparedwith thosewho consumed soup)
[19]. Still, in vitro fermentation differs from the in vivo situation
because, during the bacteria isolation steps, the microbiota di-
versity appears to alter considerably, and later products accumulate
during fermentation [93]. Secondly, it is possible that the duration
of the food challenge and the legumes dose used were not suffi-
ciently high to causemeasurable changes in fecal SCFAs. Indeed, the
total daily fiber intake did not change over the eight weeks, even
though the legume-based meals provided greater amounts of fiber
(data not shown) [49] and, as fiber is the main substrate of SCFA-
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producing bacteria, significant changes in these compounds are
not expected. Furthermore, a recent study that analyzed fecal
microbiota activity markers in vegans and omnivorous found no
significant differences in stool SCFA contents between the two
groups, thus suggesting that gut microbiota is highly adaptable to
different nutrient availability, so that SCFA levels are maintained to
guarantee energy supply of colonocytes and overall intestinal ho-
meostasis [95].

Correlations between microbiota and fecal metabolic profile
proved useful to pinpoint possible specific metabolite/bacteria re-
lationships, in spite of the observed little or no changes in both
domains upon the intervention. However, interpretation of corre-
lation studies should be carried out with care, allowing for the
possibility of other bacterial groups (other than the 8 groups
studied here) contributing towards the modulation of the same
metabolites, especially given the known highly dynamic and cross-
feeding effects characteristic of gut bacterial communities [96].
Results revealed correlations with the 3 most abundant bacterial
sub-populations from the Firmicutes Phylum [81], namely C. leptum
subgroup, Roseburia spp. and F. prausnitzii, these saccharolytic
species thus expected to contribute most to the changes measured
by NMR.

Regarding the C. leptum subgroup, the positive correlation with
acetate is consistent with the expected fermentation of dietary fi-
bers by this bacterial group, resulting in the production of SCFAs
[97], including acetate and butyrate (although no correlation is
noted here with the latter). The concomitant negative correlations
with valerate and isovalerate, along with alanine, valine and p-
cresol may reflect lower extent of protein degradation processes
associated with C. leptum [97,98]. Indeed, branched-chain fatty
acids (BCFAs) (e.g., isovalerate and derived compounds) result from
protein degradation namely, involving branched-chain amino acids
(BCAA): valine (negatively correlated here), leucine, and isoleucine
[99]. Also, phenols such as p-cresol has been assigned as a product
of tyrosine degradation [98]. Other studies have found that Taxa,
which correlated positively with butyrate or acetate, were in gen-
eral negatively correlated with BCFAs concentrations in plasma
samples [100]. This may be consistent with the negative correla-
tions seen here with fecal samples (despite the absence of actual
BCFAs changes in feces or plasma). Many of the above consider-
ations also apply to F. prausnitzii, which correlates positively with
both acetate and butyrate (and nicotinate), and negatively with
valerate, isovalerate and four related compounds, as well as with
methionine, p-cresol and pyruvate (for unclear reasons, at this
stage). F prausnitzi, is a recognized acetate-consuming and
butyrate-producing bacteria [101] and, given this information
alone, a negative correlation for acetate might be expected. The fact
that F. prausnitzii abundance varies directly with acetate (positive
correlation) suggests the importance of other variables in deter-
mining acetate levels. These may include the possibility of cross-
feeding between the C. leptum (acetate-producing) and
F. prausnitzii (acetate-consuming) via fiber fermentation [96,102].
Furthermore, in silico models have revealed that acetate con-
sumption enables F. prausnitzii to harvest more energy from carbon
sources, namely glucose [101], which may underlie the positive
correlation with fecal glucose. However, the exact origin(s) of the
correlation with glucose is unclear, as this metabolite may involve
the activity of other bacteria, the metabolism of the host itself and/
or result directly from legumes intake. Indeed, F. prausnitzii is
known to be able to switch between substrates derived from the
diet or the host [102]. As with the C. leptum subgroup, F. prausnitzii
seems to be involved in lesser protein degradation, again as ex-
pected according to literature [98,99], but now highlighted by a
larger number of negatively-correlated isovalerate/valerate com-
pounds, in tandem with methionine (apparently specific of
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F. prausnitzii), and, again, p-cresol. Interestingly, the set of (iso)
valerates negative correlations observed for F. prausnitzii is almost
identical to those found for Roseburia spp., the latter only revealing
correlations related with protein degradation (i.e. without evidence
of acetate, butyrate or glucose involvement, among other
metabolites).

The plasma metabolome seems to primarily be a source of le-
gumes intake markers and of information on host energy meta-
bolism, although a slight relationship with fecal metabolome may
also be advanced, as will be shown below. The increase in mannose
may arise from the intake of mannose-containing cell wall poly-
saccharides in legumes fiber, in particular beans [103]. This is in
agreement with a similar observation based on the plasma of
subjects upon ingesting navy beans [46]. Increased betaine may
also arise from ingested legumes, through hepatic degradation of
choline found in legumes [29]. Indeed, urinary studies of con-
sumers of chickpea, lentils and/or beans have suggested effects on
choline metabolism [29], while betaine has been correlated posi-
tively with plant-based diets [39], although a previous MS metab-
olomics report detected a decrease in plasma betaine levels upon
navy beans [45]. It is possible that circulatory betaine levels are
dependent on the specific type of legumes incorporated in the diet.
We also hypothesize that choline metabolism may not only explain
betaine variations but also the increase in formate, which may arise
from dimethylglycine formation also from choline [29,104]. How-
ever, given that F. prausnitzii displayed a tendency to increase in
abundance in most individuals (n ¼ 11/17), it is also possible that
this bacteria will form formate (and butyrate), as part of SCFAs
arising from acetate consumption [105,106], although this would
most likely give rise to increased fecal formate (not observed), its
connection to plasma remaining unclear. Most importantly, evi-
dence is found in plasma of a disturbance of energetic metabolism,
namely expressed by a small decrease in citrate (tricarboxylic acid
(TCA) cycle intermediate) and of ketone bodies acetoacetate and 3-
HBA (the latter showing no statistical relevance but following a
similar trend to that of acetoacetate). These are usually used for
enhanced energy production in extra-hepatic tissues, when addi-
tional energy sources are required by the organism. Indeed, legume
consumption is known to affect energy metabolism [29] and a
parallel urine metabolomics account of the same subjects studied
here (data not published) has indeed suggested increased excretion
of acetoacetate and 3-HBA. To our knowledge, no similar observa-
tions have been reported before and we suggest that decreased
circulatory ketone bodies, in tandem with their enhanced excre-
tion, may reflect that legumes help the organism to meet the
necessary energy requirements, without extra contribution of ke-
tone bodies. This is consistent with a previous suggestion of less
active gluconeogenesis in legume consumers (precisely also based
on urinary reduction of acetoacetate, isobutyrate and some TCA
cycle intermediates, including citrate) [29]. A lesser extent of
gluconeogenesis is indicative of sufficiently high circulatory glucose
levels and, indeed, preliminary clinical and anthropometric data of
the same cohort studied here (data not published) has suggested an
increase in glucosemetabolism-related biomarkers, in tandemwith
a beneficial cholesterol-lowering effect. Finally, we note that the
decreases in plasma levels of threonine (also decreased in feces)
and urea suggest some impact of the diet on amino acid meta-
bolism, although this issue requires further investigation.

5. Conclusion

This work describes the effect of a pilot 8-week legumes diet
intervention on human gut microbiota and fecal/plasma metab-
olomes of a small cohort of 19 subjects (predominantly female), to
gather information, at the molecular level, on the relationship
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between legumes intake and gut microbiota response, potentially
reflected in related health benefits. To our knowledge, this is the
first study that integrates microbiome (qPCR data) and fecal and
plasma metabolomics (using untargeted NMR) towards this
particular aim. Results showed that no statistically significant
changes affected the gut microbiome (due to high inter-individual
variability within the small n ¼ 19 cohort under study), whereas
increased glucose and decreased threonine were observed in feces.
However, statistical correlation between the two domains enabled
putative hypotheses to be put forward regarding the metabolism of
the three most abundant bacteria groups, namely C. leptum sub-
group, Roseburia spp. and F. prausnitzii, namely considering i)
glucose high levels in feces, at least in part originating from fiber
breakdown and well in sufficiency of bacterial requirements, ii) the
particular sets of SCFAs produced by fermentation by each group
(even though their levels did not change in feces or plasma), and iii)
the apparent lesser protein degradation characterizing the three
groups, throughout the intervention. Although additional contri-
butions from unmeasured bacteria may also determine metabolite
levels, the observed metabolite/bacteria correlations provide
valuable insight into gut microbiota response to the legumes diet.
Furthermore, plasma metabolomics of the same subjects unveiled
mannose and betaine as possible legumes intake markers, as well
as evidencing lower levels of formate and ketone bodies
throughout the length of the intervention. Taking baseline as each
individual's control, the latter observation was consistent with a
slowing down of the organism mechanisms to increase circulatory
glucose (namely, ketogenesis), thus reflecting that the legumes
carbohydrates seem to help the organism meet its energy re-
quirements, with less biochemical effort. An impact on amino acid
metabolism was also evident through decreasing urea and some
amino acids levels (mainly threonine), although no clear explana-
tion could be advanced at this stage.

We emphasize that this work is not without limitations, namely
related to the small cohort size and the lack of a control diet/group,
due to practical constraints and difficulty in recruiting healthy
volunteers in higher numbers. Also, the cohort considered herewas
mainly female (one male in a total of 19 subjects) which may bias
the results towards a possible female-specific response to the diet.
The importance of gender in this context is, indeed, an aspect to be
further investigated.
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