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Abstract: Propionic Acidemia (PA) is a rare inherited metabolic disorder caused by the enzymatic
block of propionyl-CoA carboxylase with the consequent accumulation of propionic acid, which
is toxic for the brain and cardiac cells. Since a considerable amount of propionate is produced by
intestinal bacteria, interest arose in the attempt to reduce propionate-producing bacteria through
a monthly antibiotic treatment of metronidazole. In the present study, we investigated the gut
microbiota structure of an infant diagnosed at 4 days of life through Expanded Newborn Screening
(NBS) and treated the child following international guidelines with a special low-protein diet, specific
medications and strict biochemical monitoring. Microbiota composition was assessed during the
first month of life, and the presence of Bacteroides fragilis, known to be associated with propionate
production, was effectively decreased by metronidazole treatment. After five antibiotic therapy
cycles, at 4 months of age, the infant was supplemented with a daily mixture of three bifidobacterial
strains, known not to be propionate producers. The supplementation increased the population of
bifidobacteria, with Bifidobacterium breve as the dominating species; Ruminococcus gnavus, an acetate
and formate producer, was also identified. Metabarcoding analysis, compared with low coverage
whole metagenome sequencing, proved to capture all the microbial biodiversity and could be the
elected tool for fast and cost-effective monitoring protocols to be implemented in the follow up of rare
metabolic disorders such as PA. Data obtained could be a possible starting point to set up tailored
microbiota modification treatment studies in the attempt to improve the quality of life of people
affected by propionic acidemia.

Keywords: propionic acidemia; propionic acid; metronidazole; inherited metabolic diseases;
metabarcoding; metagenomics; organic acidurias; diet; genetic; electronic nose; VOC; gut microbiota;
Bacteroides fragilis; probiotic supplementation; bifidobacteria; Bifidobacterium breve; Ruminococcus gnavus

1. Introduction

Propionic acidemia (PA) is a rare inherited autosomal recessive metabolic disorder
with a reported incidence of 1:100,000 newborns in Europe and 1:242,741 in the United
States (OMIM 606054; https:/ /omim.org/entry /606054, last accessed on 21 May 2021). It
is caused by a mutation in the genes PCCA or PCCB encoding the mitochondrial enzyme
propionyl-CoA carboxylase. These two genes are involved in the isoleucine (ILE), valine
(VAL), methionine (MET), and threonine (THR) catabolic pathways as well as in the
catabolism of odd-chain fatty acids and the cholesterol side chain, converting them to
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methylmalonyl-CoA, which is then metabolized to succinyl-CoA (further oxidized in the
citric acid cycle for ATP production) [1].

Defective function of these genes results in the accumulation of propionic acid metabo-
lites, and dysfunction in the respiratory chain and urea cycle pathways [2].

Neonatal onset of PA is characterized by metabolic acidosis with an increased anion
gap, ketonuria, hypoglycemia, hyperammonemia, and cytopenia. The clinical features
include poor feeding, episodic vomiting, fatigue, followed by developmental retardation,
intolerance to protein, lethargy, seizures, coma, and death if not treated. Late childhood
cardiac involvement is one of the major issues.

Expanded newborn screening (NBS) detects high propionylcarnitine levels through
tandem mass spectrometry (MS/MS). PA diagnosis in newborns is then confirmed by high
levels of methylcitric acid (MCA) on dried blood samples (DBS) or plasma, propionic acid
in urine, and bi-allelic gene mutations [3]. Several newborns became symptomatic before
their NBS results were available.

On 1 January 2014, the Veneto Region (Italy) introduced an expanded neonatal screen-
ing program to facilitate the early identification of inherited metabolic disorders (IMD)
(including PA) (Regional Law 1308/13), thus allowing prompt therapy implementation,
preventing much of the symptomatology and slowing down the disease progression. In
2016 a National Law (n. 167/2016) made NBS mandatory in all Italian regions.

Following the diagnosis, there is no wide consensus on how to treat patients with sus-
pected or confirmed PA, although some guidelines and recommendations are available [4].

The standard therapy for PA management mainly includes a low-protein diet, the use
of antibiotics to reduce gut propionate production from intestinal microbiota, L-carnitine,
precursor-free amino acid and/or isoleucine/valine supplementation, as well as vitamin
and mineral supplementation [4,5].

Among antibiotics, metronidazole has been proven useful to reduce the production
of propionyl-CoA derived from the anaerobic bacterial fermentation of carbohydrates in
the gut, which may account for a large proportion of total body propionate [4]. In order
to avoid the development of drug-resistant colonies and reduce the therapy side-effects
(which may include QTc prolongation and pancreatitis) [6], metronidazole is administered
for 1-2 weeks alternating with 2-3 weeks off. Furthermore, probiotic supplementation
(avoiding those containing propionic acid producers) has been suggested as this could lead
to a clinical improvement by replacing the propionate-producing populations in the gut as
well as restoring the normal gut microbiome composition [4,7].

In the present study, we described the results of an investigation on the gut microbiota
composition of an infant, born in May 2020, early diagnosed with PA, who immedi-
ately entered the standard protocols of therapy (low-protein diet and metronidazole) and
PA-related biochemical monitoring, including urine analysis with a biomimetic device.
Microbiota composition was assessed during the first month of life, filling the gap of
knowledge on the propionate-producers identity. After five metronidazole treatments, at
the age of 4 months, the infant also received a supplementation of the standard diet with a
well-characterized probiotic bifidobacteria (low dosage mixture of three strains produced
on purpose), and the gut microbiota structure were assessed as before.

Molecular analyses were performed with both metabarcoding and low coverage whole
metagenome sequencing to be able to capture all the microbial biodiversity and determine
the election tool for further analyses.

2. Materials and Methods
2.1. Patient Description

The patient was born at term after an uneventful pregnancy. He started breastfeeding
soon after birth. After 48 h, he showed feeding intolerance and vomiting. Intravenous
glucose was started for mild metabolic acidosis (BE-10 and ammonia levels 120 umol/L). At
4 days of age, NBS results showed high propionylcarnitine levels (C3); further, second-tier
testing revealed high levels of methylcitric acid (MCA) with normal levels of methylmalonic
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acid (MMA) and homocysteine (HCY). Plasma C3, organic acid analysis, and genetic testing
confirmed the diagnosis. A homozygous mutation ¢.1118 T > A (p.Met373Lys) in the PCCA
gene was found, classified as pathogenic [8,9]. Immediately after the diagnosis, the patient
started a low-protein diet, carnitine (200 mg/kg/day), carglumic acid (100 mg/kg/day),
and metronidazole 1/4 weeks (15 mg/kg/day).

2.2. Clinical and Biochemical Disease Specific Follow-Up

Regular visits were performed at the Clinical Department (Inherited Metabolic Disease
Unit, Pediatric Clinic C, Azienda Ospedaliera Universitaria Integrata, AOUI Verona, Italy);
telemedicine technology was applied for a strict follow-up. Clinical and biochemical data
were collected every 2-3 months of life (B1-B5, Figure 1; a further analysis was carried
out in January 2021, at 8 months of age, not mapped in Figure 1), and they included:
weight/growth status, neurological evaluation, and other biochemical parameters such as
blood gas analysis and ammonia, biochemical and hematological profiling. In addition,
disease-related metabolic profiles were monitored: organic acids and acylcarnitines were
checked through tandem mass spectrometry (MS/MS), either in plasma (both organic acids
and acylcarnitines) and via dried blood spot sampling (DBS, only acylcarnitines), while
methylcitrate was determined in DBS by tandem mass spectrometry combined with ultra
performance liquid chromatography (UPLC-MS/MS).

B4 B5

PEG WEANING
19/10  26/10
B3
B1 B2 01/09
MET1 MET2 MET3 MET4 MET5 PROB MET6
25- 31/05 22-29, o% 27‘% 17- 23/08 14-20/09  21/09-11/10 12- 19/10
U2 11/06 16/06 U3 13/09 21/09 27/09 04/10 11/10
18/05 01/06 22/10

Figure 1. Experimental design of the study. B: blood sample; S: stool sample; U: urine sample;
MET: metronidazole treatment; PROB: probiotic supplementation; PEG: percutaneous endoscopic
gastrostomy. Months referred to year 2020.

2.3. Diet Monitoring

Since the confirmation of the diagnosis, dietary treatment began according to the
recommendations for PA [4]. The patient started a specific low-protein diet to reduce the
intake of precursors of propionyl-CoA on one side, but at the same time, to achieve the
safe level for protein requirements declared by FAO (FAO/WHO/UNU 2007) [10]. An
emergency regimen was also adopted for intercurrent illness in order to stop protein intake
for the first 24 h but ensuring adequate calories with a protein-free nutritional formula rich
in maltodextrins and fat.

According to the patient’s diet prescription, a controlled amount of maternal milk
was used: the maternal milk was collected, stored in a domestic refrigerator at 34 °C and
used within 24 h of collection. Infant formula and protein-free formula were prepared
following the WHO recommendations on powder milk preparation. Diet was monitored
through food diaries according to the clinical follow-up, and the nutritional analysis was
performed with Metadieta® software (version PRO 3.4, Meteda, S. Benedetto del Tronto,
Italy). Diet changes occurred frequently considering the patient requirements, growth, and
biochemical analysis.

2.4. Urine Analysis with the Electronic Nose

Urine samples (U1-U4) were collected in a urine bag according to the timeline reported
in Figure 1, then frozen at —20 °C until analysis.
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Urine analyses were performed with a commercial electronic nose (Cyranose 320;
Sensigent, Pasadena, CA, USA) on three batches of every individual urination. The elec-
tronic nose contained a nanocomposite array comprising 32 polymer sensors, each having
a different coating. When volatile organic compounds (VOCs) in samples were exposed
to the nanocomposite array, the polymers swelled, inducing a change in their electrical
resistance. These changes were recorded and collected in an onboard database to gener-
ate a distribution graph (smell-print) that described the VOCs mixture and which could
be used for pattern-recognition algorithms. VOCs were compared before and after the
administration of metronidazole and after the probiotic formula.

To limit potential confounding factors, three batches per urine sample were processed
on the same day. Samples were thawed at 37 °C to increase the concentration of VOCs
in the headspaces; furthermore, after each measurement, sensors were purged for 90 s to
remove any residue. Three measurements were conducted for each sample. The values of
each probe were standardized, and all the subsequent statistical analyses were performed
on the mean values of the standardized replicates.

2.5. Probiotic Supplementation

The probiotic product was administered for three weeks during month 4 following
the 5th one-week treatment with metronidazole (Figure 1). The patient received one
capsule (300 mg) every day with a total of 3 x 10 live cells (CFU\ AFU) of the probiotic
mixture containing Bifidobacterium longum 04 (DSM 23233), Bifidobacterium bifidum BBO01
(DSM 22892), and Bifidobacterium breve BR03 (DSM 16604). These probiotic strains are
commercially available and are extensively used for food supplement formulations. The
study materials were analyzed by Biolab Research S.r.l., Novara, Italy, via flow cytometry
(ISO 19344:2015 IDF 232:2015) and the plate count method (Biolab Research Method 014-06)
to confirm the target cell count.

The probiotic supplementation was included in a compassionate off-label use study
which was conducted according to the principles expressed in the Declaration of Helsinki
and approved by the Ethical Committee of Verona Hospital (Azienda Ospedaliera Univer-
sitaria Integrata, AOUI Verona, 2876CESC). Written informed consent was obtained from
both parents before the start of the study.

2.6. Stool Sample Collection and Sequencing

Stool samples were collected (S1-S9, Figure 1) and stored at —20 °C until analysis.

DNA extraction and sequencing were performed at BMR Genomics S.r.l. (Padua, Italy).
Briefly, the DNA was isolated with the Mobio Powerfecal kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA, USA) adapted for the QIAcube HT extractor (Qiagen, Hilden, Germany). The
V3-V4 regions of the 165 rRNA gene were amplified with previously described primers [11]
and modified with the forward and reverse overhangs necessary for dual index library
preparation (Illumina protocol) (https://web.uri.edu/gsc/files/16s-metagenomic-library-
prep-guide-15044223-b.pdf, last accessed on 27 October 2020). The paired-end sequencing
of the 165 rRNA gene amplicons was performed using the MiSeq Illumina platform (dual-
indexing approach, 2 x 300 bp) (Illumina, San Diego, CA, USA). A mock community was
included as a control.

Next to the metabarcoding analysis, a low coverage whole metagenome analysis
(WMS) was carried out on five stool samples (S1, S2, S5, S6, S9): following the DNA
isolation with the QIAamp cador Pathogen Mini Kit (Qiagen, Hilden, Germany) combined
with the Mobio Powerfecal kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA), the shotgun
libraries were prepared with Nexter Flex (Illumina, San Diego, CA, USA) then low coverage
WMS was conducted with the MiSeq Illumina platform (dual-indexing approach, 2 x 300
bp) (Illumina, San Diego, CA, USA). The resulting output from both sequencing runs was
a set of raw files in FASTQ format. All the reads have been submitted to the SRA archive
and are available under the bioproject n. PRINA746509.
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2.7. Bioinformatic Analysis

Metabarcoding samples were analyzed using DADA2 (v1.18) [12], a tool that im-
plements an error correction model and allows the identification of exact sample se-
quences that differ as little as a single nucleotide. The samples used in this study were
sequenced at different times and came from different sequencing runs. As different runs
can have different error profiles, the error rates for each run were determined individu-
ally. The final output of DADA2 was an amplicon sequence variant (ASV) table, which
contains the count number of each ASV in each sample. DADA?2 was run as described in
https:/ /benjjneb.github.io/dada2 /bigdata.html (last accessed on 2 August 2021).

First, a preprocessing step was applied to the raw FASTQ sequences in order to
remove reads containing ambiguous bases (Ns) and to trim the primer sequences using the
Cutadapt program [13]. Next, the function filterAndTrim from the DADA2 package was
used to remove low-quality bases at the end of reads setting the option truncLen to 290 and
250 for the forward and reverse read, respectively. The removeBimeraDenovo function was
used to remove chimeras via the consensus method, and then the collapseNoMismatch
function collapsed together all the reads that are identical up to shifts of length variation.
Finally, taxonomic assignment was performed using the naive Bayesian classifier method
implemented in DADAZ2 (assignTaxonomy and addSpecies functions) using the Silva 165
database as reference (Version 138). A phylogenetic tree of the ASVs was obtained using
the function AlignSeq implemented in DECIPHER (v2.16.1) [14], an R package to create
multiple sequence alignments. The phylogenetic tree was obtained using the phangorn R
package [15].

Whole metagenome reads were preprocessed to remove adapter sequences and trim
low-quality bases using the Trimmomatic tool [16]. Taxonomy classification was performed
using Kraken 2 software (The Center for Computational Biology, Johns Hopkins University,
Baltimore, MD, USA), setting the option “confidence” to 0.5, against a database that
includes all the prokaryotic, archaea, virus, and fungi downloaded from RefSeq. The taxa
quantification produced by Kraken [17,18] was then further improved using Bracken [18],
a highly accurate statistical method that computes the abundance of species in DNA
sequences from a metagenomics sample.

The estimation of abundances of taxonomical groups obtained from both metabarcod-
ing 165 and whole metagenome samples were visualized using the Krona tool [19].

Alpha diversity analysis was performed using the “estimate_richness” function im-
plemented in the phyloseq package [20] and estimated using the Chaol metric. Beta
diversity analysis was conducted based on the Bray—Curtis distance metric using the
“plot_ordination” function after performing rarefaction normalization on the count matrix.

3. Results
3.1. Clinical and Biochemical Outcomes

During the monitoring, the patient had no decompensation episodes, and clinical
and neurological findings were remarkably well. Stool consistency and frequency were
comparable to those expected at the same age. The mother reported colic episodes and
more loose stools during metronidazole administration. Growth charts showed good
weight increase but less pronounced linear growth. As for biochemical data (Table 1),
ammonia levels and bicarbonate showed a steady course; in particular, metabolic acidosis
crisis and high ammonia were never observed. MCA, a specific marker of disease [21],
was high at diagnosis, but never showed spiking levels thereafter. Propionylcarnitine (C3)
decreased from diagnosis levels and maintained a steady-state; conversely, glycine levels
(another well-known disease marker) showed a slight increase.
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Table 1. Biochemical, growth, and nutritional data.

B1 B2 B3 B4 B5 20 January 2021
Ammonia (umol/L) 73 75 91 98 34 79
CO0 plasma (uM) 57.58 59.52 30.55 35.59 49.92 48.61
C3 plasma (uM) 80.95 58.17 40.68 49.69 35.17 52.79
C3 DBS (uM) 59.38 31.99 20.63
MCA DBS (uM) 37.5 129 16.8 174 7.6 11.3
Glycine plasma (uM) 939 429 768 1092 913 1030
protein (g/kg/die 1.52 1.16 1.19 1.36 1.18 1.14
Energy (kcal/kg) 131 128 88 90 82 83
Weight (kg) 3.016 3.950 6.450 7.5 7.6 8.8

DBS: dried blood spot; MCA: methylcitric acid. B1-B5 are reported in Figure 1; data in the last column is not
reported in Figure 1.

3.2. Dietary and Nutritional Issues

At 4 days of life, free maternal milk was temporarily stopped, and a protein-free
formula was administered for 24 h. Then, proteins were gradually reintroduced with
controlled amounts of maternal milk and normal infant formula. During the first 4 months
of age, since the maternal milk was not enough to cover the protein intake, a special formula
was prepared to combine the maternal milk together with a normal infant formula (Nidina
1® Nestle, Vevey, Switzerland) and a protein-free formula (Basic P® Milupa Nutricia,
Danone, Paris, France). The infant formula Nidina 1% contained Limosilactobacillus (former
Lactobacillus) reuteri DSM 17,938 and 2’-O-fucosyllactose (2/-FL).

From 4 months of age, only normal infant formula and protein-free formula were used
for the special diet. The mean dietary composition during the first 6 months of age was
protein 4.7%, fat 53.3%, and carbohydrates 42% of total energy (%TE).

A nasogastric tube was been used in case the feed was not completed and for emer-
gency regimen. Percutaneous gastrostomy was placed at 5 months of age (PEG in Figure 1).
Fasting time was limited to 3—4 h during the day with continuous nocturnal feeding to
avoid catabolism and lipid oxidation.

From birth to the first month of age, growth was lower than the normal z-score for the
infant’s age but not indicative of malnutrition. During the following months, the weight
increased, reaching the normal z-score, while the height growth slowed down to a —1.97
z-score at 8 months of age.

3.3. Urine Analysis

The first two urine samples were collected one week before (U1) and one day after
(U2) the first metronidazole treatment, respectively, while U3 was collected during the
second antibiotic treatment (Figure 1). As shown in the radar plot in Figure 2 (and in
Supplementary Figure S1), urine smell-prints in U1 and U2 were similar, except in sensors
S7, 513, 518-20, and S30; U3 revealed marked distinctness when compared with samples
Ul and U2; while in U4, collected at 5 months after six metronidazole treatments, the
probiotic supplementation and the PEG placement, had a similar pattern of Ul and U2.
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Figure 2. Radar plot with mean values of standardized responses from the 32 eNose nano sensors
related to urine samples Ul-U4.

3.4. Microbiota Data
3.4.1. Alpha- and Beta- Diversity Analysis Shows the Impact of Antibiotic Treatment

A general increase of the alpha-diversity was observed between S1 and S9 (Chaol
index), which suggested that the gut microbiota was evolving towards a higher com-
plexity associated with the natural growth of the infant (from birth to 4 months of life)
(Supplementary Figure S2).

PCoA analysis was performed to calculate the beta-diversity using the Bray—Curtis
distance. As reported in Figure 3, samples were distributed along Axis 1 according to
the collection time (from S1 to S9): samples S1-54 were related to the gut microbiota
assessment at the first month of life and during the first metronidazole cycle, while samples
S55-59 were related to the analysis at 4 months of life, at the fifth therapy cycle, and with
probiotic supplementation. The probiotic effect was not detected as the evolution of the gut
microbiota is mainly due to its natural maturation from birth to 4 months, as also observed
in the alpha-diversity analysis. The perturbation given by the antibiotic treatment was
observed along Axis 2, mainly between S1 and S5 (collected before the therapy) compared
to S2 and S6 (collected after the end of the therapy), respectively.

Alpha- and beta-diversity analysis calculated from metabarcoding sequencing data
were also confirmed by the same analysis performed on the low coverage whole metagenome
sequencing data obtained from samples S1, 52, S5, S6, and S9 (Supplementary Figure S3).
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Figure 3. Beta diversity rarefaction based on Bray-Curtis distance metric using “plot_ordination”.
Shapes indicate the type of treatment: circles are related to samples collected after antibiotic treatment
and before the probiotic supplementation; triangles are related to samples collected after antibiotic
treatment and probiotic supplementation; squares are related to samples collected before antibiotic
treatment and probiotic supplementation. Colors indicate the two phases of the study: salmon orange
is related to samples S1-54 collected during the first month of life and associated with antibiotic
treatment; turquoise is related to samples S5-S9 collected at 4 months of life and associated with
antibiotic treatment and probiotic supplementation.

3.4.2. Microbiota Assessment at First Month of Life Unravels Bac. fragilis as
Propionate Producer

The first stool sample (S1) was collected at two weeks of life (Figure 1), a week be-
fore the first treatment with metronidazole. As reported in Figure 4, the metabarcoding
analysis showed that the gut microbiota of the patient was characterized by few bacterial
populations, and it was dominated by the presence of Bacteroides fragilis (65% of rela-
tive abundance) (phylum Bacteroidetes), followed by Bifidobacterium breve (25%) (phylum
Actinobacteria). Firmicutes covered 7% of the total population, with Veillonella (family Veil-
lonellaceae) and Enterococcus spp. (family Enterococcaeae) as the most represented (4 and 3%
of the total, respectively), while Proteobacteria spp. (i.e., Enterobacteriaceae spp.) covered the
last 3%.

The therapy with metronidazole was associated with a sharp removal of the Bac.
fragilis population in the second stool sample (S2) collected one week after the end of
antibiotic administration. The gut microbiota was still characterized by the presence of a
higher abundance (32%) of Enterobacteriaceae spp. (Where Enterobacter spp. represented
9% of all) and Bif. breve (32%), followed by Enterococcus spp. (which abundance increased
until 30% compared to S1), and small fractions of Streptococcaceae and Lactobacillaceae spp.
(phylum Firmicutes) (4%).

After 10 days of antibiotic treatment (S3), the gut microbiota was dominated by Bif.
breve (46%) followed by Proteobacteria members, in particular Enterobacteriaceae spp. (28% of
the total, with Enterobacter at 9%) and a smaller fraction of Yersiniaceae (Serratia spp., 5%
of all). Interestingly, the population of Bac. fragilis increased again (20% of all). Firmicutes
were mainly represented by Lactobacillales spp. (1%).

The Bif. breve fraction was the most abundant (56% relative abundance) in the
stool sample collected 15 days after the end of the therapy (54), while the abundance
of Bac. fragilis slightly decreased to 9% of the total bacterial population. Generally, the
gut microbiota was characterized by a higher complexity compared to S1, and it included
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members of family Enterobacteriaceae (26%), (mainly belonging to genera Escherichia/Shigella

-7%-, Klebsiella -4%-, Citrobacter -3%), Yersiniaceae (Serratia, 2%) Enterococcaceae (Enterococcus,
8%), and Streptococcaceae (Streptococcus, 3%)

=
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S3

Figure 4. Microbiota structure assessed by metabarcoding analysis at first month of life. Sample (S1) was collected before
the antibiotic therapy; samples (S2-54) were collected at 1, 10, and 15 days after the end of the treatment.

A low coverage whole metagenome analysis (WMS) was carried out on samples
S1 and S2 in order to explore the gut microbiome structure down to the species level
(Supplementary Figure S4). Generally, data obtained via this sequencing strategy were

consistent with the metabarcoding analysis, with only small changes in the relative abun-
dances of the most represented populations.
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3.4.3. Gut Microbiota Was Characterized by Bifidobacterium spp. and Ruminococcus gnavus
after Probiotic Supplementation

The gut microbiota composition was assessed again at 4 months of life, after four cycles
of antibiotic therapy. Compared to the previous analysis, the microbiome was investigated
when the patient received the fifth antibiotic treatment followed by supplementation of
300 mg/day of a probiotic formulation produced on purpose and composed of three
bifidobacterial species (Bifidobacterium longum 04-DSM 23233, Bifidobacterium bifidum BBO1-
DSM 22892, and Bifidobacterium breve BRO3-DSM 16604).

The sample S5 was collected right before the administration of the fifth antibiotic
treatment (Figure 5). The microbiota was dominated by Actinobacteria with Bif. breve
(64%), and Eggerthella lenta (1%) while Bac. fragilis was not detected, in contrast with
what was observed in S1. Enterobacteriaceae species constituted 19% of the total bacterial
population, mainly represented by Escherichia (7%) and Klebsiella (11%). Finally, members of
Firmicutes covered the last 15%, including Streptococcus (6%), Ruminococcus gnavus (family
Lachnospiraceae) (5%), and Eubacterium (family Eubacteriaceae) (2%).

Sample S6 corresponded to the end of the antibiotic therapy and to the first day
of probiotic supplementation. The Enterobacteriaceae level was the same as S5 (19%); as
for Actinobacteria relative abundance, Bif. breve was stable at 58% while Actinomyces spp.
appeared reaching 1% of all. In the Firmicutes fraction (21% of the total), a higher abundance
of Enterococcus spp. was detected (16%) followed by Streptococcus (3%), in agreement with
the data obtained with sample S2, collected right after the end of the first antibiotic therapy
(except for the presence of Actinomyces, not detected in S2).

A week after the end of antibiotic administration and after 6 days of probiotic sup-
plementation (S7), Bifidobacterium spp. prevailed with a relative abundance of 74% of the
total population. Among them, Bif. breve was still the dominant species (67%), followed
by Bif. bifidum (4%) and Bif. longum (3%). Enterobacteriaceae species represented 11% of the
total microorganisms, with Escherichia/Shigella (7%) and Klebsiella (2%) the most abundant.
Enterococcus and Streptococcus spp. remained the most representative for phylum Firmicutes
(11 and 2%, respectively).

The gut microbiota structure of sample S8, collected after two weeks of probiotic
supplementation (58), was comparable with S7. The main differences were related to
Bifidobacterium spp., as Bif. bifidum and Bif. longum relative abundances decreased (0.7% and
0.6%, respectively), and to the Firmicutes members, which were now mostly represented by
Streptococcus (6%) and Ruminococcus gnavus (3%). Sample S9 was collected after 3 weeks of
probiotic administration, and it was characterized by a stable Bifidobacterium spp. popula-
tion (Bif. breve at 52%, B. longum at 0.8%, and Bif. bifidum at 0.3%) and a higher abundance of
Ruminococcus gnavus, which reached 22% of the total bacterial population. The abundances
of other Firmicutes, as well as the Enterobacteriaceae fraction, were similar to those observed
in the previous samples.

The low coverage WMS data obtained for samples S5, S6, and S9 were comparable
with the outputs of the metabarcoding sequencing (Supplementary Figure S4).
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Figure 5. Microbiota structure assessed by metabarcoding data at 4 months of life. Samples (S5) was collected before the
fifth antibiotic therapy, sample (S6) was collected 1 day after the end of fifth antibiotic therapy, and on the first day of
probiotic supplementation, (S7) was collected 7 days after the end of 5th antibiotic therapy and on the sixth day of probiotic
supplementation, (S8) was collected 14 days after the end of fifth antibiotic therapy and 13 days of probiotic supplementation,
and (89) was collected 21 days after the end of fifth antibiotic therapy and at the end of probiotic supplementation.
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4. Discussion

Diet modification and medications reported in international guidelines are the main
instruments to control and stabilize PA; however, few data are available related to organic
acidurias (such as PA). Therefore, it is very difficult to analyze the role of the single
components of the adopted treatment strategy given the extreme rarity of the disease and
the different levels of its expression [4,22]. The growth rate is very important for children,
in particular for those affected by inherited metabolic diseases under special diets. The
patient in the present study showed good clinical conditions and outcomes during the
observation period (from 0 to 8 months); as well as his neurological development and
growth rate in the following months (he is 18 months old now). Despite his positive
weight growth rate, his height growth was lower compared to standard rates, despite the
intake of natural proteins and energy prescribed on a monthly basis was similar to those
recommended by FAO/WHO/UNU 2007 for children of this age. Growth impairment
in PA has been described as a complication of the disease [3]. A retrospective study on
55 PA patients from 16 metabolic centers [23] reported a smaller height rate from the
age of 3 months to 10 years (height SDS —0.21 to —1.19 at different ages) compared to
population standards, despite the fact that most of these patients also received an amino
acid mixture, free of precursors of propionyl-CoA. In a European survey reporting the
dietary management of 186 patients with PA from 47 European centers, different practices
emerged on protein limitation and the supplementation of precursor-free amino acids,
with a possible over restriction in natural protein [24]. Recently, an association between
excessive natural protein intake above healthy recommended daily allowances and acute
metabolic decompensation has been described in PA early-onset patients, confirming that
targeting dietary protein amounts is extremely important for these patients [25].

Even though PA management protocols, if promptly adopted, are able to support
normal growth and prevent episodes of metabolic decompensation, long term outcomes
are still unsatisfactory [26]. In this perspective, the gut microbiota modulation, as part
of a comprehensive dietary management approach, represents a promising target for the
knowledge-driven development of new strategies in PA management. It is well known,
in fact, that the microbial fermentation of non-digestible carbohydrates in the human
large intestine provides short-chain fatty acids (SCFA) such as acetate, butyrate, and
propionate [26]; more specifically, the relative contribution of the microbiota in the total
propionate production in PA patients has been estimated to be 25% (with amino acids and
lipids at 50% and 25%, respectively) [27]. Furthermore, the composition and metabolic
activity of gut microbiota are often associated with constipation, which usually precedes
decompensation and metabolic instability in PA [28]. Indeed, gut microbiota has already
been addressed in PA management through the empirical use of oral antibiotics since they
seemed to be effective in reducing the levels of propionate in the urine and plasma of PA
patients. However, no data are available regarding their specific ability/mechanism in
reducing the intestinal microbiota responsible for propionate production [26,29].

For this reason, in the present study, the gut microbiota composition of the infant
diagnosed with PA was investigated through targeted 16S rRNA gene and low coverage
whole metagenome sequencing (WMS). The two techniques provided consistent informa-
tion related to the population structure as well as to the relative abundance of the microbial
communities proving that they are interchangeable for the analysis of low complex mi-
crobiomes (as those of infants). Even though the WMS gave more detailed taxonomic
resolution reaching the species level, 165 RNA gene sequencing was selected as the method
of choice as it was less expensive, and the data analysis was faster [30].

In terms of complexity, the microbiota structure described during the first month of
life (before starting the antibiotic treatment) was comparable with the normal neonatal
gut, which hosts a relatively simple community of bacteria [31]. As for the phylogenetic
composition, the gut microbiota of the infant diagnosed with PA was dominated by the
Bacteroides fragilis population (phylum Bacteroidetes), which is usually present at a lower
level in the microbiota of vaginally delivered and breastfed infants [32]; on the other
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side, bifidobacteria, mainly represented by Bifidobacterium breve (which is usually the most
frequent species in newborns) [33], covered only 25% of the total bacterial population,
while generally most shotgun and 16S rRNA V4 sequences (around 75%) in one-year-old
babies map to members of the Bifidobacterium genus [34].

The Gram-negative Bacteroides fragilis is a common, anaerobic, non-spore-forming,
bile-resistant commensal of the adult human gut; it is most frequently found on the mucosal
surface, where it can contribute to the development and maturation of the host immune
system [35]. This species adapts to environmental changes, and it is able to degrade a vast
array of complex polysaccharides (including mucins and dietary fibers) to produce SCFA,
mainly propionate, through the succinate pathway via methylmalonyl-CoA, the most
abundant pathway in Bacteroidetes [36]. Propionic acid is usually absorbed and utilized by
the host as an energy source and exerts a variety of distinct physiological health-promoting
effects (i.e., anti-lipogenic, cholesterol-lowering, anti-inflammatory, and anti-carcinogenic
activities) [37]; however, in PA cases, due to the disfunction of human PCC genes, propionic
acid and its metabolites (i.e., propionyl-CoA) are built up to toxic levels with damages on
the brain and nervous system. To date, this is the first report of a PA case in which the most
likely propionate-producing population has been identified at the species level.

It has been suggested that the therapy with the antibiotic metronidazole is the most
effective to reduce propionate-producing anaerobic bacteria in the gut microbiota [4,26,29].
According to the European Committee on Antimicrobial Susceptibility Testing (EUCAST,
eucast.org), metronidazole (a member of the nitroimidazole class) is active against strictly
anaerobic bacteria and protozoa, and its mechanism of action is DNA oxidation which
leads to strand breaks and cell death. Data obtained in the present study confirmed the
efficacy of metronidazole since the fraction of strict anaerobic bacteria, mainly composed by
Bac. fragilis, was eradicated after a one-week antibiotic treatment, favoring other facultative
anaerobic bacteria (i.e., Enterobacteriaceae spp.). Bac. fragilis emerged again at a lower level
between 2-3 weeks after the end of the therapy, but then it was not detected at 4 months of
life after four cycles of antibiotic treatment. Regarding other strict anaerobes, this antibiotic
was not active towards Bifidobacterium spp. (mainly consisting of Bif. breve), which soon
became the most abundant population after the therapy. This agrees with previous works
reporting that metronidazole resistance is an intrinsic feature of bifidobacteria [38,39].
Besides metronidazole, other antibiotics have been proven useful (alone or in combination
with metronidazole) against Bac. fragilis, such as beta-lactams (with or without beta-
lactamase inhibitors), carbapenems, clindamycin, fluoroquinolones [37], but generally,
their use is challenged by the emergence of resistance mechanisms (i.e., the presence of
RND efflux pumps conferring multidrug resistance [37]). Even if the presence of nim genes
coding for 5-nitroimidazole reductase and conferring resistance to metronidazole have
been detected [38], a recent survey assessing trends and impact in antimicrobial resistance
among Bacteroides and Parabacteroides spp. revealed that 226 B. fragilis strains (isolated from
hospitalised patients between 2007 and 2017) were all susceptible to metronidazole with a
MIC range between 0.016 and 0.47 mg/L, and no one evolved antibiotic resistance [40].

Although it is necessary for PA management, early-life antibiotic exposure (also
combined with formula feeding instead of breastfeeding) is a disrupting factor for the
gut microbiota homeostasis: compared to a healthy infant core microbiota (usually com-
posed by species belonging to genera Bifidobacterium, Clostridium, Enterococcus, Lactobacillus,
Ruminococcus and Prevotella), in this patient the treatment with metronidazole led to a
higher abundance of Enterobacteriaceae spp. (phylum Proteobacteria), a population usually
associated with metabolic disorders such as childhood overweight and obesity [41]. Fur-
thermore, the presence of members of genera Escherichia and Klebsiella (usually associated
to diarrhea; [42] could be related to the episodes of gut discomfort reported in the young
patient following the antibiotic therapy. This hypothesis needs to be confirmed through
the detection of endotoxins in the fecal water and/or via transcriptomics analysis.

The microbiota composition at 4 months of life was still dominated by Bif. Breve, whose
abundance even increased following the supplementation of the probiotic formulation. The
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probiotic formulation was produced on purpose and included Bif. longum 04-DSM 23233,
Bif. bifidum BB01-DSM 22892, and Bif. breve BR03-DSM 16604. Strains of these species were
already widely used as probiotics in newborns and infants due to their high abundance in
the GIT tract of these individuals, their capability of colonizing the gut and their beneficial
effects in treating metabolic disorders, such as infantile colics and diarrhea [33].

The lower consumption of breast milk stopped at 4 months of age, and the use of
an infant formula containing a source of Limosilactobacillus reuteri DSM 17,938 and 2'-FL,
initially in combination with maternal milk and then as the main source of protein of
the diet, surely affected the growth and numerousness of bifidobacteria in the gut of the
young patient. In fact, human milk impacts gut microbiota mainly due to its human milk
oligosaccharides and endogenous bifidobacteria [43]; furthermore, it has been observed that
infant formulas enriched of 2-FL showed initial evidence on promoting Bifidobacterium spp.
in the gut microbiota of children [44].

Besides the dominance of the Bif. breve population (probably composed of both au-
tochthonous as well as supplemented strains), the microbiota structure at 4 months after four
cycles of antibiotics featured the presence of Ruminococcus gnavus (family Lachnospiraceae).
This species had a low relative abundance before the therapy with metronidazole, and it
was not detected right after it; it then increased again during the probiotic supplemen-
tation, becoming the second most abundant population after Bif. breve. As described by
Moore et al. in 1976, Ruminococcus gnavus is an obligately anaerobic, non-spore-forming,
Gram-positive commensal found in the intestinal tract of 90% of adults [32]. A previous
study reported the susceptibility of this organism to metronidazole as a strict anaerobe,
thus explaining the reason why it was not detected right after the antibiotic treatment [45].

Although R. gnavus was found to increase in pathological conditions, such as inflam-
matory bowel disease [46], it can be predominant in the infant’s gut as bifidobacteria,
independently by the type of feeding or delivering. As a matter of fact, ruminococci belong-
ing to Lachnospiraceae family have the same pathway of bifidobacteria for complex sugar
and mucin degradation and they release metabolites that could be important for the evolu-
tion of a more mature microbiota [32,47]. At a functional level, it has been suggested that R.
gnavus might promote protein synthesis and lean body mass formation, preventing amino
acid oxidation; furthermore, data obtained from murine models indicated this organism
could improve malnutrition and metabolic abnormalities [48]. Regarding the propionate
production, this species was reported to release acetate and formate in PYG medium, but
it was unable to produce propionic acid [49]; however, the genome sequence of R. gnavus
ATCC 291497 isolated from human feces harbors the gene coding for the propionaldehyde
dehydrogenase (pduP) responsible for the conversion of propionaldehyde to propionyl-
CoA, the precursor of propionate [36]. Nevertheless, it has been observed that propionate
production via this pathway (known as propanediol pathway) was dependent on the
carbohydrate available to growth, as Blautia obeum (another member of Lachnospiraceae)
started to produce propionate from fucose and rhamnose fermentation, two carbohydrates
known to be propiogenic [36,50,51]. Fucose is one of the five monosaccharides of HMOs
naturally present in maternal milk, in variable quantities considering high or low excretion
mothers. Some infant formulas are enriched in fucose because of their prebiotic role on
infant microbiota. Rhamnose is part of heteropolisaccarides fibers such as pectin present
in agrumes, apples and other fruits, carrageenan, and agar mostly present in seaweed.
These types of fiber are sometimes present in special low protein foods that represent a big
part of the PA diet after weaning. As for R. gnavus, previous works related to microbiota
analysis in metabolic diseases reported that this microorganism as well as other members
of Lachnospiraceae (Ruminococcus inulinivorans, Ruminococcus torques, Eubacterium halii, and
B. obeum) were able to produce propionate via the propanediol pathway, which entered the
mitochondprial tricarboxylic acid cycle with a potential toxic effect [52,53].

Besides the combination of standard clinical data and the investigation of the gut mi-
crobiota, the patterns of urine volatile organic compounds through an electronic nose were
also investigated as a further clinical methodology to employ to improve the monitoring
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of patients and the disease progression [54,55]. VOCs are produced and emanated from
the body as the result of metabolic processes; they both derive from the host and from mi-
crobial fermentation, but also as a host response to pathological processes. Usually, VOCs
are investigated through the use of different analytical platforms such as high-end gas
chromatography-mass spectrometry (GC-MS); in the present study, the electronic nose was
employed, which technology was based on an array of chemical sensors that change their
electrical resistance resulting in a different signal that describes a “smell-print”. Samples
collected during metronidazole treatment, probiotic assumption, and PEG placement were
characterized by specific patterns that could be related to the healthy or pathological status
of PA progression. The present study is the first one to our knowledge reporting the use
of the electronic nose in PA; although this technique needs to be further optimized and
validated also through the identification of VOCs associated with each sample, it represents
a further promising strategy in PA management.

5. Conclusions

The present study is the first, to our knowledge, reporting an analysis of the gut
microbiota structure and its modulation following antibiotic treatment and probiotic sup-
plementation in a patient with PA. Putative propionate-producing microorganisms have
been identified, and probiotic intervention, combined with standard antibiotic therapy, has
proven to be a suitable approach to restore and maintain the bifidobacteria population in
the gut microbiome, and to keep the propionate producers at low levels.

Furthermore, a better understanding of the microbiota structure could provide novel
indications to improve the dietary approach and clarify the possible impact of fucose and
rhamnose in the microbiota of PA patients as propiogenic substrates.

However, a major limitation of this pilot study must be acknowledged. Data have been
obtained from the analysis of a single case due to the extremely low frequency of PA in the
general population; thus, a wider investigation on a higher cohort of patients is advocated
to get a deeper insight into the evolution of the microbial ecology in the gut. Although
it is mainly exploratory, this analysis can set the basis for future advancements, also at a
functional level. In this perspective, whole metagenome data can be further investigated to
(i) better understand which genes are responsible for propionate production in Bac. fragilis
and (ii) to distinguish endogenous and supplemented Bif. breve in order to better quantify
the effect of probiotic supplementation.

A further insight in PA management which is directly linked to the gut microbiota
investigation, comes from the impact of the gut-brain axis (GBA) as well as the gut-liver
axis (GLA) in disease progression. Regarding the GBA, the enteric nervous system could
play a specific role in the pathogenesis of the extrapyramidal neurological damage in PA as
it shares several pathways with the central nervous system [26]; while for GLA, metabolites
produced by the imbalanced microbiota during the pathogenesis may promote an altered
immunity inflammation, oxidative stress and insulin resistance [22].

The inclusion of other ‘omics’ technologies beyond those DNA-based, such as tran-
scriptomics, proteomics, and metabolomics, represents the next step in the investigation
and management of PA as they will allow a deeper insight into the microbial metabolic
capabilities and interactions in the gut ecosystem [26]. Unravelling the optimal path in this
metabolic labyrinth will be extremely important not only to set up more targeted dietary
strategies but also to improve new non-invasive techniques (especially for children or
vulnerable patients) such as the use of electronic nose to check the propionate in urine and
in other biological samples (i.e., stools) to eventually monitor the disease progression and
validate interventions/treatments (i.e., dietary approach, role of probiotic supplementation
in reducing or stabilizing PA by the gut microbiota).
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Author Contributions: Conceptualization, A.B., M.P. (Michele Piazza), G.E.F. and N.V.; methodology,
A.B., M.P. (Mlichele Piazza), N.V., E.S., S.T., G.E.E, M.P. (Marco Pane) and A.A.; software, N.V. and M.P.
(Michele Piazza); validation, A.B., E.S., G.R., M.P. (Michele Piazza), G.P., A.D. and N.V,; formal analy-
sis, A.B., E.S., M.P. (Michele Piazza), A.D., G.R. and G.P,; investigation, A.B., M.P. (Michele Piazza),
G.EF, A.D., G.R, M.P. (Marco Pane), A.A. and E.S.; resources, M.P. (Marco Pane) and A.A.; data
curation, A.B., M.P. (Michele Piazza), G.R. and A.D.; writing—original draft preparation, E.S., A.B.,
A.D., M.P. (Michele Piazza) and G.P,; writing—review and editing, A.B., E.S., M.P. (Michele Piazza),
G.R, A.D.,, M.P. Marco Pane), A.A.,S.T. and G.E.E,; visualization, E.S., N.V. and M.P. (Michele Piazza);
supervision, G.E.E,, M.P. (Marco Pane) and A.B.; project administration, G.E.F. and E.S.; funding
acquisition, S.T., G.E.F. and M.P. (Marco Pane). All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Verona Hospital (Azienda Ospedaliera Universitaria Integrata, AOUI Verona, Italy) (project code:
2876CESC, protocol code: 41669, approval date: 30 July 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All the reads obtained by the sequencing platforms and related meta-
data were submitted to the Sequence Read Archive (SRA) of NCBI and are available under the
bioproject n. PRINA746509.

Acknowledgments: We would like to thank AISMME (Associazione Italiana Supporto Malattie
Metaboliche Ereditarie) for their great support of the clinical research activities of the Inherited
Metabolic Disease Unit, Department of Pediatrics, Azienda Ospedaliera Universitaria Integrata
Verona. A.B., G.R., M.P. (Michele Piazza), A.D. and G.P are members of the European Reference
Network for rare Hereditary Metabolic Disorders (MetabERN) -Project ID No 739543-.

Conflicts of Interest: Marco Pane and Angela Amoruso are employees of Probiotical Research Srl

(Novara, Italy).

References

1. Wendel, U.; de Baulny, H.O. Branched-Chain Organic Acidurias/Acidemias. In Inborn Metabolic Diseases: Diagnosis and Treatment;
Fernandes, J., Saudubray, ].-M., van den Berghe, G., Walter, ].H., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 245-262.

2. Jurecki, E.; Ueda, K,; Frazier, D.; Rohr, E; Thompson, A.; Hussa, C.; Obernolte, L.; Reineking, B.; Roberts, A.M.; Yannicelli, S.; et al.
Nutrition management guideline for propionic acidemia: An evidence- and consensus-based approach. Mol. Genet. Metab. 2019,
126, 341-354. [CrossRef]

3. Pena, L.; Franks, J.; Chapman, K.A; Gropman, A.; Ah Mew, N.; Chakrapani, A.; Island, E.; MacLeod, E.; Matern, D.; Smith, B.; et al.
Natural history of propionic acidemia. Mol. Genet. Metab. 2012, 105, 5-9. [CrossRef]

4. Baumgartner, M.R.; Horster, F.; Dionisi-Vici, C.; Haliloglu, G.; Karall, D.; Chapman, K.A.; Huemer, M.; Hochuli, M.; Assoun, M.;
Ballhausen, D.; et al. Proposed guidelines for the diagnosis and management of methylmalonic and propionic acidemia. Orphanet
J. Rare Dis. 2014, 9, 130. [CrossRef] [PubMed]

5. Fenton, W.A.; Gravel, R.A.; Rosenblatt, D.S. Disorders of Propionate and Methylmalonate Metabolism. In The Metabolic and
Molecular Bases of Inherited Disease, 8th ed.; Scriver, C.R., Beaudet, A.L., Sly, W.S., Valle, D., Eds.; McGraw-Hill: New York, NY,
USA, 2001; Volume II, p. 2176.

6.  Forny, P; Horster, F,; Ballhausen, D.; Chakrapani, A.; Chapman, K.A.; Dionisi-Vici, C.; Dixon, M.; Griinert, S.C.; Grunewald, S.;
Haliloglu, G.; et al. Guidelines for the diagnosis and management of methylmalonic acidaemia and propionic acidaemia: First
revision. . Inherit. Metab. Dis. 2021, 44, 566-592. [CrossRef] [PubMed]

7. Kirby, T.O.; Brown, M.; Ochoa-Reparaz, J.; Roullet, ].B.; Gibson, K.M. Microbiota Manipulation as a Metagenomic Therapeutic
Approach for Rare Inherited Metabolic Disorders. Clin. Pharmacol. Ther. 2019, 106, 505-507. [CrossRef] [PubMed]

8.  Richard, E.; Desviat, L.R.; Pérez, B.; Pérez-Cerda, C.; Ugarte, M. Genetic heterogeneity in propionic acidemia patients with

alpha-subunit defects. Identification of five novel mutations, one of them causing instability of the protein. Biochim. Biophys. Acta
1999, 1453, 351-358. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms9122599/s1
https://www.mdpi.com/article/10.3390/microorganisms9122599/s1
http://doi.org/10.1016/j.ymgme.2019.02.007
http://doi.org/10.1016/j.ymgme.2011.09.022
http://doi.org/10.1186/s13023-014-0130-8
http://www.ncbi.nlm.nih.gov/pubmed/25205257
http://doi.org/10.1002/jimd.12370
http://www.ncbi.nlm.nih.gov/pubmed/33595124
http://doi.org/10.1002/cpt.1503
http://www.ncbi.nlm.nih.gov/pubmed/31273774
http://doi.org/10.1016/S0925-4439(99)00008-3

Microorganisms 2021, 9, 2599 17 of 18

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kraus, J.P; Spector, E.; Venezia, S.; Estes, P.; Chiang, PW.; Creadon-Swindell, G.; Miillerleile, S.; de Silva, L.; Barth, M.;
Walter, M.; et al. Mutation analysis in 54 propionic acidemia patients. . Inherit. Metab. Dis. 2012, 35, 51-63. [CrossRef]
FAO/WHO/ONU. Protein and Amino Acid Requirements in Human Nutrition; Report of a Joint FAO/WHO/UNU Expert Consulta-
tion on Food and Agriculture Organization: Geneva, Switzerland, 2002.

Takahashi, S.; Tomita, ].; Nishioka, K.; Hisada, T.; Nishijima, M. Development of a prokaryotic universal primer for simultaneous
analysis of Bacteria and Archaea using next-generation sequencing. PLoS ONE 2014, 9, e105592. [CrossRef]

Callahan, B.J.; McMurdie, PJ.; Rosen, M.].; Han, A.W.; Johnson, A.].; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef]

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet |. 2011, 17, 3. [CrossRef]
Wright, E.S. Using DECIPHERv2.0 to Analyze Big Biological Sequence Data in R. R J. 2016, 8, 352-359. [CrossRef]

Schliep, K.P. phangorn: Phylogenetic analysis in R. Bioinformatics 2011, 27, 592-593. [CrossRef] [PubMed]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Wood, D.E; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 257. [CrossRef] [PubMed]
Lu, J.; Breitwieser, EP; Thielen, P.; Salzberg, S.L. Bracken: Estimating species abundance in metagenomics data. Peer] Comput. Sci.
2017, 3, e104. [CrossRef]

Ondov, B.D.; Bergman, N.H.; Phillippy, A.M. Interactive metagenomic visualization in a Web browser. BMC Bioinform. 2011,
12, 385. [CrossRef]

McMurdie, PJ.; Holmes, S. Phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, €61217. [CrossRef]

Maines, E.; Catesini, G.; Boenzi, S.; Mosca, A.; Candusso, M.; Dello Strologo, L.; Martinelli, D.; Maiorana, A.; Liguori, A.;
Olivieri, G.; et al. Plasma methylcitric acid and its correlations with other disease biomarkers: The impact in the follow up of
patients with propionic and methylmalonic acidemia. J. Inherit. Metab. Dis. 2020, 43, 1173-1185. [CrossRef] [PubMed]
Montanari, C.; Parolisi, S.; Borghi, E.; Putignani, L.; Bassanini, G.; Zuvadelli, J.; Bonfanti, C.; Tummolo, A.; Dionisi Vici, C.;
Biasucci, G.; et al. Dysbiosis, Host Metabolism, and Non-communicable Diseases: Trialogue in the Inborn Errors of Metabolism.
Front. Physiol. 2021, 12, 716520. [CrossRef]

Griinert, S.C.; Miillerleile, S.; De Silva, L.; Barth, M.; Walter, M.; Walter, K.; Meissner, T.; Lindner, M.; Ensenauer, R.; Santer, R.; et al.
Propionic acidemia: Clinical course and outcome in 55 pediatric and adolescent patients. Orphanet |. Rare Dis. 2013, 8, 6. [CrossRef]
Daly, A.; Pinto, A.; Evans, S.; Almeida, M.F.,; Assoun, M.; Belanger-Quintana, A.; Bernabei, S.M.; Bollhalder, S.; Cassiman, D.;
Champion, H.; et al. Dietary practices in propionic acidemia: A European survey. Mol. Genet. Metab. Rep. 2017, 13, 83-89.
[CrossRef]

Molema, F.; Haijes, H.A.; Janssen, M.C.; Bosch, A.M.; van Spronsen, F.J.; Mulder, M.E; Verhoeven-Duif, N.M.; Jans, ].].M.; van
der Ploeg, A.T.; Wagenmakers, M.A.; et al. High protein prescription in methylmalonic and propionic acidemia patients and its
negative association with long-term outcome. Clin. Nutr. 2021, 40, 3622-3630. [CrossRef]

Burlina, A.; Tims, S.; van Spronsen, F; Sperl, W,; Burlina, A.P; Kuhn, M.; Knol, J.; Rakhshandehroo, M.; Coskun, T.;
Singh, R.H.; et al. The potential role of gut microbiota and its modulators in the management of propionic and methylmalonic
acidemia. Expert Opin. Orphan Drugs 2018, 6, 683-692. [CrossRef]

Leonard, ]J.V. Stable isotope studies in propionic and methylmalonic acidaemia. Eur. J. Pediatr. 1997, 156 (Suppl. 1), S67-569.
[CrossRef] [PubMed]

Rafique, M. Clinical spectrum of propionic acidaemia. J. Nutr. Metab. 2013, 2013, 975964. [CrossRef] [PubMed]

Thompson, G.N.; Chalmers, R.A.; Walter, J.H.; Bresson, J.L.; Lyonnet, S.L.; Reed, PJ.; Saudubray, ].M.; Leonard, J.V.; Halliday,
D. The use of metronidazole in management of methylmalonic and propionic acidaemias. Eur. J. Pediatr. 1990, 149, 792-796.
[CrossRef] [PubMed]

Pereira-Marques, J.; Hout, A.; Ferreira, R.M.; Weber, M.; Pinto-Ribeiro, I.; van Doorn, L.J.; Knetsch, C.W.; Figueiredo, C. Impact of
Host DNA and Sequencing Depth on the Taxonomic Resolution of Whole Metagenome Sequencing for Microbiome Analysis.
Front. Microbiol. 2019, 10, 1277. [CrossRef]

Dalby, M.].; Hall, L.J. Recent advances in understanding the neonatal microbiome. F1000Research 2020, 9. [CrossRef]

Sagheddu, V.; Patrone, V.; Miragoli, E; Puglisi, E.; Morelli, L. Infant Early Gut Colonization by Lachnospiraceae: High Frequency
of Ruminococcus gnavus. Front. Pediatr. 2016, 4, 57. [CrossRef]

Di Gioia, D.; Aloisio, I.; Mazzola, G.; Biavati, B. Bifidobacteria: Their impact on gut microbiota composition and their applications
as probiotics in infants. Appl. Microbiol. Biotechnol. 2014, 98, 563-577. [CrossRef]

Yatsunenko, T.; Rey, EE.; Manary, M.].; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,
R.N.; Anokhin, A.P; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222-227. [CrossRef]
[PubMed]

Rios-Covian, D.; Cuesta, I.; Alvarez-Buylla, J.R.; Ruas-Madiedo, P.; Gueimonde, M.; de Los Reyes-Gavilan, C.G. Bacteroides fragilis
metabolises exopolysaccharides produced by bifidobacteria. BMC Microbiol. 2016, 16, 150. [CrossRef]

Reichardt, N.; Duncan, S.H.; Young, P.; Belenguer, A.; McWilliam Leitch, C.; Scott, K.P,; Flint, H.].; Louis, P. Phylogenetic
distribution of three pathways for propionate production within the human gut microbiota. ISME ]. 2014, 8, 1323-1335.
[CrossRef]


http://doi.org/10.1007/s10545-011-9399-0
http://doi.org/10.1371/journal.pone.0105592
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.32614/RJ-2016-025
http://doi.org/10.1093/bioinformatics/btq706
http://www.ncbi.nlm.nih.gov/pubmed/21169378
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1186/s13059-019-1891-0
http://www.ncbi.nlm.nih.gov/pubmed/31779668
http://doi.org/10.7717/peerj-cs.104
http://doi.org/10.1186/1471-2105-12-385
http://doi.org/10.1371/journal.pone.0061217
http://doi.org/10.1002/jimd.12287
http://www.ncbi.nlm.nih.gov/pubmed/32681732
http://doi.org/10.3389/fphys.2021.716520
http://doi.org/10.1186/1750-1172-8-6
http://doi.org/10.1016/j.ymgmr.2017.09.002
http://doi.org/10.1016/j.clnu.2020.12.027
http://doi.org/10.1080/21678707.2018.1536540
http://doi.org/10.1007/PL00014275
http://www.ncbi.nlm.nih.gov/pubmed/9266219
http://doi.org/10.1155/2013/975964
http://www.ncbi.nlm.nih.gov/pubmed/24288598
http://doi.org/10.1007/BF01957284
http://www.ncbi.nlm.nih.gov/pubmed/2226555
http://doi.org/10.3389/fmicb.2019.01277
http://doi.org/10.12688/f1000research.22355.1
http://doi.org/10.3389/fped.2016.00057
http://doi.org/10.1007/s00253-013-5405-9
http://doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://doi.org/10.1186/s12866-016-0773-9
http://doi.org/10.1038/ismej.2014.14

Microorganisms 2021, 9, 2599 18 of 18

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wexler, H.M. Bacteroides: The good, the bad, and the nitty-gritty. Clin. Microbiol Rev. 2007, 20, 593-621. [CrossRef]

Lofmark, S.; Edlund, C.; Nord, C.E. Metronidazole is still the drug of choice for treatment of anaerobic infections. Clin. Infect. Dis.
2010, 50 (Suppl. 1), S16-523. [CrossRef]

Cao, L.; Chen, H.; Wang, Q.; Li, B.; Hu, Y.; Zhao, C.; Yin, Y. Literature-Based Phenotype Survey and In Silico Genotype
Investigation of Antibiotic Resistance in the Genus Bifidobacterium. Curr. Microbiol. 2020, 77, 4104-4113. [CrossRef] [PubMed]
Kierzkowska, M.; Majewska, A.; Mlynarczyk, G. Trends and Impact in Antimicrobial Resistance Among Bacteroides and Parabac-
teroides Species in 2007-2012 Compared to 2013-2017. Microb. Drug Resist. 2020, 26, 1452-1457. [CrossRef] [PubMed]

Jian, C.; Carpén, N.; Helve, O.; de Vos, WM.; Korpela, K.; Salonen, A. Early-life gut microbiota and its connection to metabolic
health in children: Perspective on ecological drivers and need for quantitative approach. EBioMedicine 2021, 69, 103475. [CrossRef]
Mizutani, T.; Aboagye, S.Y.; Ishizaka, A.; Afum, T.; Mensah, G.I; Asante-Poku, A.; Asandem, D.A.; Parbie, PK.; Abana, C.Z.;
Kushitor, D.; et al. Gut microbiota signature of pathogen-dependent dysbiosis in viral gastroenteritis. Sci. Rep. 2021, 11, 13945.
[CrossRef] [PubMed]

Stewart, C.J.; Ajami, N.J.; O’Brien, J.L.; Hutchinson, D.S.; Smith, D.P.; Wong, M.C.; Ross, M.C.; Lloyd, R.E.; Doddapaneni, H.;
Metcalf, G.A,; et al. Temporal development of the gut microbiome in early childhood from the TEDDY study. Nature 2018, 562,
583-588. [CrossRef]

Vandenplas, Y.; Carnielli, V.P; Ksiazyk, J.; Luna, M.S.; Migacheva, N.; Mosselmans, ].M.; Picaud, J.C.; Possner, M.; Singhal, A.;
Wabitsch, M. Factors affecting early-life intestinal microbiota development. Nutrition 2020, 78, 110812. [CrossRef]

Gren, C.; Spiegelhauer, M.R.; Rotbain, E.C.; Ehmsen, B.K.; Kampmann, P.; Andersen, L.P. Ruminococcus gnavus bacteraemia in a
patient with multiple haematological malignancies. Access Microbiol. 2019, 1, €000048. [CrossRef] [PubMed]

Png, C.W.,; Lindén, S.K.; Gilshenan, K.S.; Zoetendal, E.G.; McSweeney, C.S.; Sly, L.I,; McGuckin, M.A.; Florin, T.H. Mucolytic
bacteria with increased prevalence in IBD mucosa augment in vitro utilization of mucin by other bacteria. Am. J. Gastroenterol.
2010, 105, 2420-2428. [CrossRef]

O'Toole, P.; Claesson, M. Gut microbiota: Changes throughout the lifespan from infancy to elderly. Int. Dairy ]. 2010, 20, 281-291.
[CrossRef]

Blanton, L.V.; Charbonneau, M.R ; Salih, T; Barratt, M.].; Venkatesh, S.; Ilkaveya, O.; Subramanian, S.; Manary, M.].; Trehan, I.;
Jorgensen, ].M.; et al. Gut bacteria that prevent growth impairments transmitted by microbiota from malnourished children.
Science 2016, 351, 6275. [CrossRef]

Ezaki, T. Ruminococcus. In Bergey’s Manual of Systematics of Archaea and Bacteria; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2012; pp. 1-5.

Saxena, RK,; Anand, P; Saran, S.; Isar, J.; Agarwal, L. Microbial production and applications of 1,2-propanediol. Indian . Microbiol.
2010, 50, 2-11. [CrossRef] [PubMed]

Scott, K.P; Martin, J.C.; Campbell, G.; Mayer, C.D.; Flint, H.J. Whole-genome transcription profiling reveals genes up-regulated
by growth on fucose in the human gut bacterium “Roseburia inulinivorans”. J. Bacteriol. 2006, 188, 4340-4349. [CrossRef] [PubMed]
Vacca, M.; Celano, G.; Calabrese, EM.; Portincasa, P.; Gobbetti, M.; De Angelis, M. The Controversial Role of Human Gut
Lachnospiraceae. Microorganisms 2020, 8, 573. [CrossRef]

Sanna, S.; van Zuydam, N.R.; Mahajan, A.; Kurilshikov, A.; Vich Vila, A.; Vosa, U.; Mujagic, Z.; Masclee, A.A.M; Jonkers, D.;
Oosting, M.; et al. Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases. Nat. Genet.
2019, 51, 600-605. [CrossRef]

Dragonieri, S.; Schot, R.; Mertens, B.].; Le Cessie, S.; Gauw, S.A.; Spanevello, A.; Resta, O.; Willard, N.P,; Vink, T.].; Rabe, K.E; et al.
An electronic nose in the discrimination of patients with asthma and controls. J. Allergy Clin. Immunol. 2007, 120, 856-862.
[CrossRef]

Tenero, L.; Sandri, M.; Piazza, M.; Paiola, G.; Zaffanello, M.; Piacentini, G. Electronic nose in discrimination of children with
uncontrolled asthma. J. Breath Res. 2020, 14, 046003. [CrossRef] [PubMed]


http://doi.org/10.1128/CMR.00008-07
http://doi.org/10.1086/647939
http://doi.org/10.1007/s00284-020-02230-w
http://www.ncbi.nlm.nih.gov/pubmed/33057753
http://doi.org/10.1089/mdr.2019.0462
http://www.ncbi.nlm.nih.gov/pubmed/32407191
http://doi.org/10.1016/j.ebiom.2021.103475
http://doi.org/10.1038/s41598-021-93345-y
http://www.ncbi.nlm.nih.gov/pubmed/34230563
http://doi.org/10.1038/s41586-018-0617-x
http://doi.org/10.1016/j.nut.2020.110812
http://doi.org/10.1099/acmi.0.000048
http://www.ncbi.nlm.nih.gov/pubmed/32974553
http://doi.org/10.1038/ajg.2010.281
http://doi.org/10.1016/j.idairyj.2009.11.010
http://doi.org/10.1126/science.aad3311
http://doi.org/10.1007/s12088-010-0017-x
http://www.ncbi.nlm.nih.gov/pubmed/23100801
http://doi.org/10.1128/JB.00137-06
http://www.ncbi.nlm.nih.gov/pubmed/16740940
http://doi.org/10.3390/microorganisms8040573
http://doi.org/10.1038/s41588-019-0350-x
http://doi.org/10.1016/j.jaci.2007.05.043
http://doi.org/10.1088/1752-7163/ab9ab0
http://www.ncbi.nlm.nih.gov/pubmed/32512553

	Introduction 
	Materials and Methods 
	Patient Description 
	Clinical and Biochemical Disease Specific Follow-Up 
	Diet Monitoring 
	Urine Analysis with the Electronic Nose 
	Probiotic Supplementation 
	Stool Sample Collection and Sequencing 
	Bioinformatic Analysis 

	Results 
	Clinical and Biochemical Outcomes 
	Dietary and Nutritional Issues 
	Urine Analysis 
	Microbiota Data 
	Alpha- and Beta- Diversity Analysis Shows the Impact of Antibiotic Treatment 
	Microbiota Assessment at First Month of Life Unravels Bac. fragilis as Propionate Producer 
	Gut Microbiota Was Characterized by Bifidobacterium spp. and Ruminococcus gnavus after Probiotic Supplementation 


	Discussion 
	Conclusions 
	References

