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Abstract: Phenylketonuria (PKU) is an inborn error of phenylalanine metabolism primarily treated
through a phenylalanine-restrictive diet that is frequently supplemented with an amino acid for-
mula to maintain proper nutrition. Little is known of the effects of these dietary interventions on
the gut microbiome of PKU patients, particularly in adults. In this study, we sequenced the V4 re-
gion of the 16S rRNA gene from stool samples collected from adults with PKU (n = 11) and non-
PKU controls (1 = 21). Gut bacterial communities were characterized through measurements of di-
versity and taxa abundance. Additionally, metabolic imputation was performed based on detected
bacteria. Gut community diversity was lower in PKU individuals, though this effect was only sta-
tistically suggestive. A total of 65 genera across 5 phyla were statistically differentially abundant
between PKU and control samples (p < 0.001). Additionally, we identified six metabolic pathways
that differed between groups (p < 0.05), with four enriched in PKU samples and two in controls.
While the child PKU gut microbiome has been previously investigated, this is the first study to ex-
plore the gut microbiome of adult PKU patients. We find that microbial diversity in PKU children
differs from PKU adults and highlights the need for further studies to understand the effects of
dietary restrictions.

Keywords: microbiome; phenylketonuria (PKU); 16S rRNA; gastrointestinal microbiota; metabo-
lism; diet; diversity

1. Introduction

Phenylketonuria (PKU, OMIM 261600) is a genetic disorder characterized by dys-
functional metabolism of the essential amino acid phenylalanine (Phe) and occurs in ap-
proximately 1 in 10,000 births per year worldwide [1]. Disrupted phenylalanine metabo-
lism can be caused by an autosomal recessive mutation in the PAH gene, resulting in a
dysfunctional phenylalanine hydroxylase (PAH), or lack of its cofactor tetrahydrobiop-
terin (BH4) [2]. When dietary Phe is consumed in a healthy system, it is absorbed in the
gut and transported through the blood to the liver where it is metabolized to tyrosine by
PAH. In PKU patients, a lack of functional PAH or BH4 leads to the accumulation of Phe
and its derivatives in the blood. If left untreated, accumulation can reach neurotoxic lev-
els, and result in an increased incidence of developmental problems, including intellectual
disabilities, growth failure, and seizures.

Worldwide, newborns undergo routine screenings for several disorders, including
PKU [3]. Upon detection of above-average concentrations of phenylalanine in the blood,
an infant will proceed to further testing in order to determine a diagnosis for PKU. Typi-
cally, Phe concentrations range from 1.3 to 2.0 mg/dL in the blood, but in classic PKU,
blood Phe concentrations can exceed 20 mg/dL [4]. Immediately after diagnosis, the infant
is prescribed a phenylalanine-restricted diet supplemented with an amino acid formula.
Although this is currently the most effective and only universal treatment for PKU, Phe
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is an essential amino acid found in most complex proteins and whole foods. Therefore,
the PKU diet can be low in protein, fiber, and other important nutritional sources; thus
leading to difficulty in patient compliance and nutritional deficiencies [4,5]. Nutritional
deficiencies include, but are not limited to, vitamin B12, iron, and long-chain fatty acids
[6-8].

Active research and developments aim to provide patients with alternative treatment
options for PKU. Of note, a recent study found that inhibition of SLC6A19, a neutral amino
acid transporter, led to decreased Phe in plasma and increased urinary excretion of Phe
[9]. Enzyme replacement therapy aims to reduce Phe through the use of enzymes capable
of metabolizing Phe, for example, rAvPAL-PEG (PEGylated recombinant phenylalanine
ammonia lyase) which transforms phenylalanine to ammonia and trans-cinnamic acid
[10]. Additionally, probiotics have been engineered to express phenylalanine-metaboliz-
ing enzymes upon oral administration by the host [11,12]. Administration of PAL as a
therapeutic option has previously proved to be difficult due to issues with stabilization
and high cost; however, the probiotic provides protection from stomach acids, allowing
for the enzymes to be expressed later in the digestive tract where it can become metabol-
ically active, ultimately reducing Phe in the host [13].

The gut microbiome is a complex collection of microbes housed primarily in the colon
and has been found to influence the physiology of distal organs through association with
diseases such as type 2 diabetes, inflammatory bowel disease (IBD), and asthma [14-16].
Gut microbiome activity has been suggested to alter blood-brain barrier permeability and
has also been linked to psychiatric disorders including autism, schizophrenia, and anxiety
[17-20].

The composition of the gut microbiome is affected by many factors including medi-
cations, birth route (vaginal or cesarean), and host genetics, but is primarily shaped by
diet [21,22]. Previous studies have investigated the impact of the PKU treatment diet and
Phe restriction on children and have found notable differences in the gut microbial com-
munity as compared to non-PKU controls [23,24]. Though these studies document the im-
pact of PKU treatment in children, little is known about the impact of the PKU diet in
adults. While the development of a probiotic for the treatment of PKU is a promising ap-
proach, little is known about the baseline community of the gut microbiome of PKU pa-
tients over the entire lifespan; the composition of which has direct implications on the
success or impact of any therapeutic probiotic that becomes available [25]. In this study,
we examine the gut microbiome of 32 adults with and without PKU using a 16S rRNA
gene fragment metabarcoding approach.

As the PKU diet is extremely restrictive and characteristically different than that of
the general population, we expected the composition of the PKU-treated gut microbiome
to be markedly different from the control group in both diversity and taxonomic compo-
sition, with subsequent changes in metabolic capacity and activity. To our knowledge, this
is the first study to catalog the gut microbiome of adults with PKU. Characterization of
the PKU adult gut microbiome may prove beneficial to the development of new therapeu-
tics or improvement of treatment options currently available.

2. Materials and Methods
2.1. Sample Collection

A total of 32 (11 PKU, 21 non-PKU controls) stool samples were collected by partici-
pants using a Puritan HydraFlock® swab in DNA/RNA Shield (Puritan Medical Products,
Guilford, ME, USA), returned to laboratory personnel, and stored at —20 °C until ready
for DNA isolation and quantification.

The average age of control subjects was 29 years (+ 3.07). Both control and PKU sam-
ples were collected from approximately equal numbers of males and females. The average
age of PKU subjects was 33 years (+ 1.98). Control samples were collected from 11 females
and 10 males, PKU samples from 4 females, 6 males, and 1 N/R (sex not reported by one
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participant) (Table 1). The study was approved by the North Texas Regional Institutional
Review Board (IRB Protocol#2018-114, January 2018 #2018-193, August 2019).

Table 1. Baseline characteristics of the subjects.

Observations PKU (n=11) Control (n =21)
Sex
Female 4 11
Male 6 10
N/R 1! 1 0
Average Age (years) 33+1.98 29 £ 3.07

I N/R: not reported by participant.

2.2. DNA Isolation and Quantification

Fecal samples were thawed on ice and DNA was extracted using the Kingfisher Mag-
MAX Microbiome Ultra Nucleic Acid Isolation Kit (Thermo Fisher Scientific Inc., Wal-
tham, MA, USA) following the manufacturer’s protocol. The final elution volume was ad-
justed to 50 uL. The extracted DNA was quantified using a NanoDrop 1000 Spectropho-
tometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and stored at —20 °C.

2.3. 165 rRNA Gene Amplification

The V4 hypervariable region of the 16S rRNA gene was amplified in duplicate from
the previously extracted DNA utilizing illumv4_515F (5'-GTGCCAGCMGCCGCGG-
TAA-3") and illumv4_806R (5'-GGACTACHVGGGTWTCTAAT-3') primers with Illu-
mina sequencing adaptors [26]. PCR reactions were prepared in 25 pL volumes consisting
of 2.5 uL. 10 x Accuprime™ PCR Buffer II (Invitrogen, Carlsbad, CA, USA), 0.5 uL of for-
ward and reverse primer (10 uM), 0.1 uL of Accuprime™ Taq DNA Polymerase High
Fidelity (5U/uL), 1 uL of template DNA (10-100 ng), and 16.9 puL of molecular grade wa-
ter. Negative and positive controls were produced along with every master mix contain-
ing either 1 UL of Escherichia coli genomic DNA or 1 pL of molecular grade water, as ap-
propriate. Thermocycler conditions included an initial annealing at 94 °C for 2 min fol-
lowed by 30 cycles of 94 °C for 30 s, 55 °C for 40 s, 68 °C for 40 s, and a final extension at
68 °C for 5 min. PCR products were visualized on a 1% agarose gel. Bands were observed
in all positive PCR controls and absent for all negative controls.

2.4. Library Preparation and Sequencing

Duplicate PCR products were pooled into a single tube and purified using Agen-
court® AMPure® XP magnetic beads (Beckman Coulter, Brea, CA, USA) following the
manufacturer’s instruction. Purified samples were then dual indexed using the Nextera
XT assay to allow for multiplexing. The 50 uL PCR recipe and thermocycler protocol were
as follows per sample: 5 uL 10 x Accuprime™ PCR Buffer II, 5 uL of Nextera XT Index
Primer 1, 5 pL of Nextera XT Index Primer 2, 0.2 uL of Accuprime™ Taq DNA Polymerase
High Fidelity, 5 uL of DNA (~10 pm DNA), and 29.8 uL of molecular grade water; initial
denaturation at 94 °C for 3 min, 8 cycles of 94 °C for 30 s, 55 °C for 30 s, and a final exten-
sion at 68 °C for 5 min. Labeled products were purified as previously described by AM-
Pure® XP magnetic beads and quantified using the Qubit® 2.0 fluorometer (Invitrogen,
Carlsbad, CA, USA). Following quantification, libraries were pooled at equimolar concen-
trations and then diluted and denatured for a final concentration of 10 pM. The product
was loaded into the MiSeq Reagent Kit v2 cartridge (Illumina Inc, San Diego, CA, USA)
and sequenced on the [llumina MiSeq® instrument, along with an internal control sample
consisting of 5% PhiX DNA, for paired-end high-throughput sequencing at 500 cycles.
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2.5. Sequencing Data Analysis

Primers were trimmed from raw reads using Cutadapt v1.16 [27]. Trimmed reads
were quality filtered, merged, checked for chimeras, and clustered into amplicon sequenc-
ing variants (ASVs) using the DADAZ2 pipeline [28]. Finally, taxonomy was assigned to
processed sequences using VSEARCH v2.8.1 and the EzBiocloud database as a reference.
Data analysis was primarily performed within the R version 3.5.0 environment [29,30].
Alpha diversity was calculated using phyloseq v1.30.0 [31]. Beta diversity was calculated
using PhILR transformed data and the Vegan v2.5-5 library [32,33]. Analysis of variance
was determined via permutational multivariate analysis of variance (PERMANOVA) [34].
Differential abundance of specific bacteria or phylogenetic clades between PKU positive
and control samples was calculated with DESeq2 and Phylofactor [35,36]. To predict dif-
ferences in the metabolic potential between the PKU gut microbiome compared to the
control gut microbiome, we utilized the PICRUSt2 (Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States) pipeline [37]. Visualization of meta-
genome imputation was then completed with STAMP (Statistical Analysis of Meta-
genomic Profiles) [38]. The script for all read processing, analyses, and visualization can
be accessed at https://github.com/vivmancilla/PKU_adults (accessed on 25 February
2021).

3. Results
3.1. Gut Microbial Composition of PKU Patients Diverges from Control Individuals

Five bacterial phyla were detected in both the PKU and control groups (based on a >
1% abundance). Firmicutes was the predominant bacterial phyla in both PKU (63.55 +
12.88%) and control cohorts (68.15 + 12.86%) (Figure 1). Bacteroidetes was the second most
abundant population in both PKU (30.55 + 9.86%) and control cohorts (25.57 + 13.19%)
followed by Actinobacteria, Proteobacteria, and Verrucomicrobia (< 10%).
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Figure 1. Phylum-level comparison between PKU and control samples. Stacked histogram (A) and
pie graph (B) representing the individual and average abundance of phyla (> 1% relative abun-
dance) in PKU and control samples.

To identify specific groups or clades of bacteria that were predictive of PKU status,
we ran two separate analyses, DESeq2 and Phylofactor [35,36]. While the motivation for
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running these analyses are the same, DESeq (ASV-based pairwise comparison) identifies

broader differences in taxa abundance between PKU and control samples while Phylofac-
tor searches for potential bioindicators of PKU.

DESeq? identified 65 differentially abundant genera (p < 0.001) in PKU compared to
control samples (Figure 2). Genera enriched in PKU samples include Bifidobacterium, Ba-
cillus, Alistipes, Clostridium, Akkermansia, and Bacteroides. Alternatively, genera that de-

creased in PKU samples include Lactobacillus, Porphyromonas, Frisingicoccus, Blautia, and
Faecalibacterium.
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Figure 2. Pairwise comparison (DESeq2 analysis). Differentially abundant amplicon sequencing
variants (ASVs) (p < 0.001) in PKU patients and non-PKU control counterpart samples are shown.
ASVs were assigned to the genus (y-axis) and phylum level (colors). Negative “log2FoldChange”

values (x-axis) indicate higher abundance in PKU samples and positive values indicate higher
abundances in control samples.

Phylofactor analysis, or “phylofactorization”, of all bacterial ASVs present in the
PKU and control dataset identified three phylogenetic factors influencing microbial com-
munity composition (Figure 3) [35]. F-statistics identified “bioindicator” clades between
conditions (Figure 3a). Clades of interest for PKU in comparison to control samples in-
cluded: Romboutsia (green; W= 19, p = 3.049 x 10-°) was lower in PKU samples (Figure 3b),
Lachnospiraceae (purple; W=47, p=0.005567) was lower in PKU samples (Figure 3c), and
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Enterocloster (formerly classified as Clostridium in EZBioCloud database [39]) (orange; W=
192, p =0.001691) was higher in PKU samples compared to control samples (Figure 3d).
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Figure 3. Phylofactorization of all bacterial ASVs present in PKU and control fecal samples (A).
Three factors were identified as the most influential members differentiating PKU and control
samples at the genus level: (B) Romboutsia (green), (C) two unknown Lachnospiraceae (purple),
and (D) Enterocloster (orange).

3.2. Comparison of Microbial Diversity of PKU and Control Samples

Alpha diversity, the variation of microbes within sample groups, was estimated with
both ASV richness (Figure 4a) and Shannon diversity index (Figure 4b). Richness was
measured by a count of distinguishable ASVs in each sample group. Shannon diversity
index accounts for the richness and diversity (distribution of ASV abundance) of the sam-
ple groups. Adult PKU patients had lower, but not statistically significant, differences in
microbial diversity as measured by both the number of observed ASVs (Wilcoxon: W =
143, p = 0.28) and Shannon index (Wilcoxon: W =139, p = 0.37).

Beta diversity, the variation of microbial communities between sample groups, was
estimated by way of principal component analysis (PCA) of phylogenetic isometric log-
ratio (PhILR) transformed distances for PKU and control samples (Figure 5). PhILR uti-
lizes a phylogenetic approach to transform microbiome data in order to produce coordi-
nates which can then be used to produce PCA plots [32]. In PCA plots, individual points
represent compressed data found for individual samples and located based on dissimilar-
ity of microbial communities. Analysis of the variance of the “data cloud”of each sample
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group through PERMANOVA determined that the differences in impact of samples based
on group (PKU vs. control) were statistically significant (R?= 0.06, p = 0.02), though this
only explained about 6% of the total diversity [34].
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Figure 4. Alpha diversity for PKU and control samples. Statistical significance of the (A) number
of observed ASVs and (B) Shannon diversity index from PKU and control samples were calculated
and compared with the Wilcoxon rank-sum test. Median scores are represented with a horizontal
line, the box outer limits represent the first to third quartiles, the whiskers indicate the range of
measurements for each group, and each point denotes a sample. Observed ASVs (Wilcoxon: W =
143, p = 0.28) and Shannon index (Wilcoxon: W=139, p = 0.37).
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Figure 5. Genus-level beta diversity comparison of the gut microbiota compositions based on prin-
cipal component analysis (PCA) of PhILR distances for PKU (orange) and control (green) samples.
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Each point represents a sample, and the condition is denoted by its color; larger circles represent
the mean coordinates for each group.

3.3. Metagenome Imputation Analysis

To predict the effect of PKU on the metabolic function of the gut microbial commu-
nity compared to that of controls, we performed PICRUSt analysis, the results of which
were visualized with STAMP (Figure 6) [37,38]. The 16S rRNA gene marker sequences of
bacteria identified in PKU and control samples along with open-source tools were inte-
grated by PICRUSt2 in order to predict functional potential of the PKU gut microbiome
and the control gut microbiome.

Significance (p < 0.05) was found in six MetaCyc pathways; four pathways were en-
riched in the PKU samples (biotin biosynthesis II, superpathway of N-acetylneuraminate
degradation, allantoin degradation to glyoxylate III, and gluconeogenesis I) and two path-
ways were decreased in PKU samples (creatinine degradation II and superpathway of 2,3-
butanediol biosynthesis).

95% confidence intervals
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| L
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P441-PWY Superpathway of N-acetylneuraminate Degradation
PWY-4722 Creatinine Degradation II

PWY-5705 Allantoin Degradation to Glyoxylate III
GLUCONEO-PWY Gluconeogenesis I

Figure 6. The relative abundance of predicted microbial genes related to metabolism in control
(blue) and PKU (orange) samples was based on Welch's t-test (p < 0.05). The colored bars represent
95% confidence intervals calculated using Welch’s inverted method. The colored circles represent
the difference in mean proportions between PKU and control samples.

4. Discussion

In this study, we sequenced the V4 hypervariable region of the 16S rRNA gene from
stool samples collected from adult PKU and non-PKU control individuals. In order to un-
derstand the effects of PKU on the gut microbiome, we explored the gut microbial com-
munity composition, diversity, and predicted changes in metabolic potential in relation
to non-PKU controls.

Broadly examining the gut microbial composition at the phylum level, Bacteroidetes
and Firmicutes dominate the population in both the PKU and control samples, followed
by Actinobacteria, Proteobacteria, and Verrucomicrobia (Figure 1). There is currently no
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consensus on phylum-level comparisons between previous studies involving children
with PKU, and no prior studies have been published on the gut microbiome of adults
diagnosed with PKU [23,24]. We then took a genus-level approach to describe relative
abundance and identify potential bioindicators of PKU with DESeq2 and Phylofactor, re-
spectively.

DESeq?2 analysis found 65 genera were significantly differentially abundant (Figure
2). Of note is Faecalibacterium, which was shown here to be decreased in PKU adult sam-
ples, and has been reported in previous studies investigating PKU children [23,24]. Fae-
calibacterium consume dietary fiber found in whole foods and produce short chain fatty
acids (SCFA), mainly butyrate, which acts as a pH buffer and primary source of energy
for colonocytes [40]. These bacteria possess anti-inflammatory properties through produc-
tion of butyrate and microbial anti-inflammatory molecule (MAM) [41-44]. Interestingly,
Crohn’s disease, IBD, and colitis patients are among several groups found to also contain
lower levels of Faecalibacterium in stool samples [45-47]. As previously mentioned, the
PKU diet can be low in protein, whole foods, and fiber. Conversely, the “Western diet”
largely consists of processed, high fat, high protein foods, yet those consuming this diet
house a gut microbiome also low in the beneficial, fiber-degrading microbes such as Fae-
calibacterium [48]. Future studies may investigate similar properties of these opposing di-
ets to determine the factor responsible for a decreased abundance of beneficial, anti-in-
flammatory microbes.

Phylofactorization of microbiome data from PKU and control samples revealed three
factors to be influential at the genus level (Figure 3): Romboutsia, two unknown Lachno-
spiraceae genera, and Enterocloster. Currently, the specific roles of Romboutsia and Entero-
closter are largely unknown due to recent isolations and classifications; however, further
studies of the bacteria may expose the importance of their presence [39,49]. Potentially
relevant to PKU is that isolated Romboutsia genera lack a catalytic enzyme for the biosyn-
thesis of phenylalanine and tyrosine [50]. Alternatively, Lachnospiraceae make up the
core human gut microbiome and abundance variations span several diseases and disor-
ders linked to gut dysbiosis, leading to inconsistent conclusions on the role the microbe
may play [51].

Ecological diversity was determined by several measures of alpha and beta diversity.
Alpha diversity was considered through observed ASV counts and calculation of the
Shannon diversity index. Previous studies by Bassanini et al. and Pinheiro de Oliveira et
al. reported significantly decreased alpha diversity in stool samples from PKU children
compared to non-PKU children [23,24]. In this study, we found that while alpha diversity
similarly trended lower in PKU adults, the effect was not significant. Further investigation
is necessary to determine if the PKU diet and treatment has a more pronounced impact
on the gut microbiome of children, which is still developing and not as stable as the adult
gut microbiome [52]. Alternatively, differences in microbial diversity between PKU chil-
dren and adults may be a function of a more regulated diet in children as, typically, par-
ents are planning meals and maintaining a sense of stability, which may lead to better
adherence to the diet and subsequently a more dramatic drop in gut microbial diversity.
Adults with PKU, on the other hand, may deviate more often from the prescribed diet.

Dysbiosis is often defined by alterations or deviance from “normal” or “healthy” mi-
crobiota and is often associated with disease [53]. In order to determine if the PKU gut
microbiome profile was significantly deviated from that of non-PKU controls, we per-
formed a PERMANOVA. Results verified a significant difference between the two groups.
PKU patients often experience comorbidities spanning multiple organ systems including
autoimmune, gastrointestinal, and neuropsychiatric disorders; some of which have been
associated with dysbiosis [54-56]. Further studies are necessary to determine if the vari-
ances described here can be implicated in PKU comorbidities.

As previously mentioned, gut microbiome composition can be shifted through ex-
trinsic mechanisms such as diet, medication, and environment; however, microbiome in-
fluence can be bidirectional in that gut microbiota shifts have been shown to contribute to
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changes in the immune system and even mood and cognition through the gut-brain axis
[57,58].

Finally, we found significant differences in predicted metabolic pathways between
PKU-positive individuals on a Phe-restrictive diet and control individuals. Pathways that
were upregulated in PKU patients included those involved in carbon fixation and carbo-
hydrate fermentation. Interestingly, N-acetylneuraminate degradation was found to be
higher in PKU patients; a pathway that has been previously identified as an important
factor for pathogenic bacterial proliferation and permeation into the bloodstream in im-
munocompromised individuals [59]. Identification of pathways that impact the patho-
genicity of bacteria may shed light on the higher susceptibility of PKU patients to infec-
tious diseases—including gastroenteritis, colitis, urticaria, rhinitis, and tonsillitis—as
compared to the general population [54,60]. Though these imputations are limited, they
highlight the need to further explore the effect of the PKU diet on PKU patients from mul-
tiple angles, including metabolomics and transcriptomics.

Although the current diet-based treatment is effective at maintaining low Phe levels,
the impact of the PKU diet and treatment over the course of a patient’s lifetime remains
an unknown. As the gut microbiome can affect distal organs and systems, it is important
to fully characterize the impact of this treatment on the gut microbiome in PKU patients.

In this study, we detected significant differences in the abundance of specific bacte-
rial groups and putative metabolic pathways in adult PKU patients as compared to con-
trol individuals. Unlike the previous studies of PKU children, we did not find significant
differences in diversity of the gut microbiome. The results of this study illustrate the need
for further studies with larger samples sizes and representation (i.e., sex and race) to un-
derstand the full effects that PKU dietary restrictions and treatments have on patients over
time.

Author Contributions: Conceptualization, methodology, and project administration, V.J.M. and
M.S.A,; draft preparation and visualization, V.J.M.; formal analysis and data curation, V.JM., Y.Z,,
and A.E.M.; funding acquisition, V.J.M. and M.S.A ; supervision, M.S.A.; manuscript review and
editing, all authors. All authors have read and agreed to the published version of the manuscript.

Funding; This research was funded, in part, by the National Institute on Minority Health and
Health Disparities of the National Institutes of Health under Award Number S21MD012472 and
by the National Institute of General Medical Sciences of the National Institutes of Health under
Award Number R25GM125587. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the North Texas Regional Institutional Review Board (IRB
Protocol IRB Protocol #2018-114 and #2018-193).

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

Data Availability Statement: The data presented in this study are openly available in the European
Nucleotide Archive PRJEB42748.

Acknowledgments: The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health. The authors wish to thank study
participants and the National PKU Alliance for allowing participant recruitment during the 2018
meeting, and Katherine Durrer for assistance in sample collection.

Conlflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the man-
uscript, or in the decision to publish the results.



Microorganisms 2021, 9, 530 11 of 13

References

1. Sullivan, J.E.; Chang, P. Review: Emotional and behavioral functioning in phenylketonuria. J. Pediatr. Psychol. 1999, 24, 281-299.

2. Kure, S;; Hou, D.-C.; Ohura, T.; Iwamoto, H.; Suzuki, S.; Sugiyama, N.; Sakamoto, O.; Fujii, K.; Matsubara, Y.; Narisawa, K.
Tetrahydrobiopterin-responsive phenylalanine hydroxylase deficiency. J. Pediatr. 1999, 135, 375-378, doi:10.1016/s0022-
3476(99)70138-1.

3. Therrell, B.L,; Padilla, C.D.; Loeber, ].G.; Kneisser, I.; Saadallah, A.; Borrajo, G.J.; Adams, J. Current status of newborn screening
worldwide: 2015. Semin. Perinatol. 2015, 39, 171-187, d0i:10.1053/j.semperi.2015.03.002.

4.  Hanley, W.B. Adult phenylketonuria. Am. ]. Med. 2004, 117, 590-595.

5. Hoeks, M.P.A,; Heijer, M.D.; Janssen, M.C.H. Adult issues in phenylketonuria. Neth. ]. Med. 2009, 67, 2-7.

6. Hanley, W.B.; Feigenbaum, A.S.; Clarke, ].T.; Schoonheyt, W.E.; Austin, V.]. Vitamin B12 deficiency in adolescents and young
adults with phenylketonuria. Eur. |. Pediatr. 1996, 155 (Suppl. 1), S145-5147.

7. Acosta, P.B,; Yannicelli, S.; Singh, R.H.; Elsas, L.J., II; Mofidi, S.; Steiner, R.D. Iron status of children with phenylketonuria un-
dergoing nutrition therapy assessed by transferrin receptors. Genet Med. 2004, 6, 96-101.

8. Schindeler, S.; Ghosh-Jerath, S.; Thompson, S.; Rocca, A.; Joy, P.; Kemp, A.; Rae, C.; Green, K.; Wilcken, B.; Christodoulou, J.
The effects of large neutral amino acid supplements in PKU: An MRS and neuropsychological study. Mol. Genet. Metab. 2007,
91, 48-54, doi:10.1016/j.ymgme.2007.02.002.

9.  Belanger, A.M.; Przybylska, M.; Gefteas, E.; Furgerson, M.; Geller, S.; Kloss, A.; Cheng, S.H.; Zhu, Y.; Yew, N.S. Inhibiting neu-
tral amino acid transport for the treatment of phenylketonuria. JCI Insight 2018, 3, doi:10.1172/jci.insight.121762.

10. Longo, N.; Harding, C.O.; Burton, B.K.; Grange, R.K.; Vockley, J.; Wasserstein, M.; Rice, G.M.; Dorenbaum, A.; Neuenburg, ] K.;
Musson, D.G,; et al. Single-dose, subcutaneous recombinant phenylalanine ammonia lyase conjugated with polyethylene glycol
in adult patients with phenylketonuria: An open-label, multicentre, phase 1 dose-escalation trial. Lancet 2014, 384, 37-44,
doi:10.1016/S0140-6736(13)61841-3.

11. Durrer, K.E.; Allen, M.S.; Hunt von Herbing, I. Genetically engineered probiotic for the treatment of phenylketonuria (PKU);
assessment of a novel treatment in vitro and in the PAHenu2 mouse model of PKU. PLoS ONE 2017, 12, e0176286.

12. Isabella, V.M.; Ha, B.N; Castillo, M.].; Lubkowicz, D.]J.; Rowe, S.E.; Millet, Y.A.; Anderson, C.L.; Li, N.; Fisher, A.B.; West, K.A.;
et al. Development of a synthetic live bacterial therapeutic for the human metabolic disease phenylketonuria. Nat. Biotechnol.
2018, 36, 857-864, doi:10.1038/nbt.4222.

13. Sarkissian, C.N.; Shao, Z.; Blain, F.; Peevers, R.; Su, H.; Heft, R.; Chang, T.M.; Scriver, C.R. A different approach to treatment of
phenylketonuria: Phenylalanine degradation with recombinant phenylalanine ammonia lyase. Proc. Natl. Acad. Sci. USA 1999,
96, 2339-2344.

14. Qin, J; Li, Y,; Cai, Z,; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55-60, doi:10.1038/nature11450.

15.  Manichanh, C; Borruel, N.; Casellas, F.; Guarner, F. The gut microbiota in IBD. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 599-608,
doi:10.1038/nrgastro.2012.152.

16. Russell, S.L.; Gold, M.].; Hartmann, M.; Willing, B.P.; Thorson, L.; Wlodarska, M.; Gill, N.; Blanchet, M.; Mohn, W.W.; McNagny,
K.M_; et al. Early life antibiotic-driven changes in microbiota enhance susceptibility to allergic asthma. EMBO Rep. 2012, 13, 440—
447, d0i:10.1038/embor.2012.32.

17. Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Téth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Kundu, P.; et
al. The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ral58, doi:10.1126/sci-
translmed.3009759.

18. Xu, M,; Xu, X,; Li, J.; Li, F. Association Between Gut Microbiota and Autism Spectrum Disorder: A Systematic Review and Meta-
Analysis. Front. Psychiatry 2019, 10, 473, doi:10.3389/fpsyt.2019.00473.

19. Dickerson, F.; Severance, E.; Yolken, R. The microbiome, immunity, and schizophrenia and bipolar disorder. Brain, Behav. Im-
mun. 2017, 62, 46-52, doi:10.1016/j.bbi.2016.12.010.

20. Bercik, P.; Verdu, E.F.; Foster, J.A.; Macri, J.; Potter, M.; Huang, X.; Malinowski, P.; Jackson, W.; Blennerhassett, P.; Neufeld,
K.A; et al. Chronic Gastrointestinal Inflammation Induces Anxiety-Like Behavior and Alters Central Nervous System Biochem-
istry in Mice. Gastroenterology 2010, 139, 2102-2112.e1, doi:10.1053/j.gastro.2010.06.063.

21. Turnbaugh, P.J.; Ridaura, V.K; Faith, J.J.; Rey, F.E.; Knight, R.; Gordon, J.I. The Effect of Diet on the Human Gut Microbiome:
A Metagenomic Analysis in Humanized Gnotobiotic Mice. Sci. Transl. Med. 2009, 1, 6ral4, doi:10.1126/scitranslmed.3000322.

22. Gibson, G.R.; Probert, H.M.; Van Loo, J.; Rastall, R.A.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota:
Updating the concept of prebiotics. Nutr. Res. Rev. 2004, 17, 259-275, doi:10.1079/nrr200479.

23. Bassanini, G.; Ceccarani, C.; Borgo, F.; Severgnini, M.; Rovelli, V.; Morace, G.; Verduci, E.; Borghi, E. Phenylketonuria Diet
Promotes Shifts in Firmicutes Populations. Front. Cell. Infect. Microbiol. 2019, 9, 101, d0i:10.3389/fcimb.2019.00101.

24. de Oliveira, F.P.; Mendes, R.H.; Dobbler, P.T.; Mai, V.; Pylro, V.S.; Waugh, S.G.; Vairo, F.; Refosco, L.F.; Roesch, L.F.; Schwartz,
LV. Phenylketonuria and Gut Microbiota: A Controlled Study Based on Next-Generation Sequencing. PLoS ONE 2016, 11
e0157513.

25. Hemarajata, P.; Versalovic, J. Effects of probiotics on gut microbiota: Mechanisms of intestinal immunomodulation and neuro-

modulation. Ther. Adv. Gastroenterol. 2012, 6, 39-51, d0i:10.1177/1756283x12459294.



Microorganisms 2021, 9, 530 12 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Caporaso, J.G.; Lauber, C.L.; Walters, W.A_; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N.; Knight, R. Global pat-
terns of 165 rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. 1), 4516-
4522, d0i:10.1073/pnas.1000080107.

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet ]. 2011, 17, 10-12.
Callahan, B.J.; Mcmurdie, P.J.; Rosen, M.]J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583, doi:10.1038/nmeth.3869.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2018.

Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. Peer] 2016, 4,
€2584, doi:10.7717/peerj.2584. eCollection 2016.

McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census
data. PLoS ONE 2013, 8, e61217.

Silverman, ].D.; Washburne, A.D.; Mukherjee, S.; David, L.A. A phylogenetic transform enhances analysis of compositional
microbiota data. eLife 2017, 6, 21887, doi:10.7554/elife.21887.

Oksanen, J.B.F.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.;Minchin, P.R.; O'Hara, R.B.; Simpson, G.L.; Solymos, P.; et al.
vegan: Community Ecology Package; R Foundation for Statistical Computing: Vienna, Austria, 2019.

Anderson, M.J. Permutational Multivariate Analysis of Variance (PERMANOVA). In Wiley StatsRef: Statistics Reference Online;
Wiley: Hoboken, NJ, USA, 2017; pp. 1-15.

Washburne, A.D.; Silverman, J.D.; Leff, ] W.; Bennett, D.J.; Darcy, J.L.; Mukherjee, S.; Fierer, N.; David, L.A. Phylogenetic fac-
torization of compositional data yields lineage-level associations in microbiome datasets. Peer] 2017, 5, €2969,
doi:10.7717/peer;j.2969.

Love, M.I; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 1-21.

Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, ].R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2
for prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685688, doi:10.1038/s41587-020-0548-6.

Parks, D.H.; Beiko, R.G. Identifying biologically relevant differences between metagenomic communities. Bioinformatics 2010,
26,715-721.

Haas, K.N.; Blanchard, J.L. Reclassification of the Clostridium clostridioforme and Clostridium sphenoides clades as Entero-
closter gen. nov. and Lacrimispora gen. nov., including reclassification of 15 taxa. Int. ]. Syst. Evol. Microbiol. 2020, 70, 23-34,
doi:10.1099/ijsem.0.003698.

Pryde, S.E.; Duncan, S.H.; Hold, G.L.; Stewart, C.S.; Flint, H.J. The microbiology of butyrate formation in the human colon.
FEMS Microbiol. Lett. 2002, 217, 133-139.

Roediger, W.E. Role of anaerobic bacteria in the metabolic welfare of the colonic mucosa in man. Gut 1980, 21, 793-798.
McIntyre, A.; Gibson, P.R.; Young, G.P. Butyrate production from dietary fibre and protection against large bowel cancer in a
rat model. Gut 1993, 34, 386-391.

Matt, S.M.; Allen, ].M.; Lawson, M.A.; Mailing, L.J.; Woods, J.A.; Johnson, R.W. Butyrate and Dietary Soluble Fiber Improve
Neuroinflammation Associated With Aging in Mice. Front. Immunol. 2018, 9, 1832, d0i:10.3389/fimmu.2018.01832.

Breyner, N.M.; Michon, C.; De Sousa, C.S.; Boas, P.C.B.V.; Chain, F.; Azevedo, V.A,; Langella, P.; Chatel, ].-M. Microbial Anti-
Inflammatory Molecule (MAM) from Faecalibacterium prausnitzii Shows a Protective Effect on DNBS and DSS-Induced Colitis
Model in Mice through Inhibition of NF-kB Pathway. Front. Microbiol. 2017, 8, 114, d0i:10.3389/fmicb.2017.00114.

Fujimoto, T.; Imaeda, H.; Takahashi, K.; Kasumi, E.; Bamba, S.; Fujiyama, Y.; Andoh, A. Decreased abundance of Faecalibacte-
rium prausnitzii in the gut microbiota of Crohn’s disease. ]. Gastroenterol. Hepatol. 2013, 28, 613-619.

Sokol, H.; Seksik, P.; Furet, J.P.; Firmesse, O.; Nion-Larmurier, I.; Beaugerie, L.; Cosnes, ]J.; Corthier, G.; Marteau, P.; Doré, J.
Low counts of Faecalibacterium prausnitzii in colitis microbiota. Inflammm. Bowel. Dis. 2009, 15, 1183-1189, d0i:10.1002/ibd.20903.
chirmer, M.; Franzosa, E.A.; Lloyd-Price, J.; Mclver, L.J.; Schwager, R.; Poon, T.W.; Ananthakrishnan, A.N.; Andrews, E.; Barron,
G.; Lake, K.; et al. Dynamics of metatranscription in the inflammatory bowel disease gut microbiome. Nat. Microbiol. 2018, 3,
337-346, d0i:10.1038/s41564-017-0089-z.

Statovci, D.; Aguilera, M.; MacSharry, ].; Melgar, S. The Impact of Western Diet and Nutrients on the Microbiota and Immune
Response at Mucosal Interfaces. Front. Immunol. 2017, 8, 838, doi:10.3389/fimmu.2017.00838.

Gerritsen, J.; Umanets, A.; Staneva, I.; Hornung, B.; Ritari, J.; Paulin, L.; Rijkers, G.T.; De Vos, W.M.; Smidt, H. Romboutsia
hominis sp. nov., the first human gut-derived representative of the genus Romboutsia, isolated from ileostoma effluent. Int. J.
Syst. Evol. Microbiol. 2018, 68, 3479-3486, d0i:10.1099/ijsem.0.003012.

Gerritsen, J.; Hornung, B.; Ritarj, J.; Paulin, L.; Rijkers, G.T.; Schaap, P.J.; de Vos, W.M.; Smidt, H. A comparative and functional
genomics analysis of the genus Romboutsia provides insight into adaptation to an intestinal lifestyle. BioRxiv 2019, BioRxiv:
845511.

Vacca, M.; Celano, G.; Calabrese, F.M.; Portincasa, P.; Gobbetti, M.; De Angelis, M. The Controversial Role of Human Gut Lach-
nospiraceae. Microorganisms 2020, 8, 573, doi:10.3390/microorganisms8040573.

Yatsunenko, T.; Rey, F.E.; 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, d0i:10.1038/na-
turel11053.



Microorganisms 2021, 9, 530 13 of 13

53.

54.

55.

56.

57.

58.

59.

60.

Carding, S.; Verbeke, K.; Vipond, D.T.; Corfe, B.M.; Owen, L.J. Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health
Dis. 2015, 26, 26191, d0i:10.3402/mehd.v26.26191.

Burton, B.K.; Jones, K.B.; Cederbaum, S.; Rohr, F.; Waisbren, S.; Irwin, D.E.; Kim, G.; Lilienstein, J.; Alvarez, I.; Jurecki, E.; et al.
Prevalence of comorbid conditions among adult patients diagnosed with phenylketonuria. Mol. Genet. Metab. 2018, 125, 228—
234, doi:10.1016/j.ymgme.2018.09.006.

Bilder, D.A.; Kobori, ].A.; Cohen-Pfeffer, ].L.; Johnson, E.M.; Jurecki, E.R.; Grant, M.L. Neuropsychiatric comorbidities in adults
with phenylketonuria: A retrospective cohort study. Mol. Genet. Metab. 2017, 121, 1-8, doi:10.1016/j.ymgme.2017.03.002.

Clacy, A.; Sharman, R.; McGill, J. Depression, anxiety, and stress in young adults with phenylketonuria: Associations with
biochemistry. ]. Dev. Behav. Pediatr. 2014, 35, 388-391.

Kau, A.L.; Ahern, P.P.; Griffin, N.W.; Goodman, A.L.; Gordon, ].I. Human nutrition, the gut microbiome and the immune sys-
tem. Nat. Cell Biol. 2011, 474, 327-336, d0i:10.1038/nature10213.

Oleskin, A.V.; Shenderov, B.A. Probiotics and Psychobiotics: The Role of Microbial Neurochemicals. Probiotics Antimicrob. Pro-
teins 2019, 11, 1071-1085.

Byers, H.L.; Homer, K.A ; Tarelli, E.; Beighton, D. N-Acetylneuraminic acid transport by Streptococcus oralis strain AR3. ]. Med.
Microbiol. 1999, 48, 375-381, d0i:10.1099/00222615-48-4-375.

Trefz, K.F.; Muntau, A.C.; Kohlscheen, K.M.; Altevers, J.; Jacob, C.; Braun, S.; Greiner, W.; Jha, A.; Jain, M.; Alvarez, L.; et al.
Clinical burden of illness in patients with phenylketonuria (PKU) and associated comorbidities— A retrospective study of Ger-
man health insurance claims data. Orphanet |. Rare Dis. 2019, 14, doi:10.1186/s13023-019-1153-y.



