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A low abundance of genus Bacteroides in gut microbiota is
negatively correlated with blood phenylalanine levels in Uygur
patients with phenylketonuria

Yajie Su'?, Qiaolibang Shadike’, Mingbang Wang’, Haili Jiang’, Wanying Liu’, Jingfang Liu’, Rena Tuerdi’,
Wenhao Zhou"*, Long Li*’

lDepartment of Neonatology, Children’s Hospital of Fudan University, and Institutes of Biomedical Sciences, Fudan University, Shanghai, China;
*Department of Neonatology, Children’s Hospital of Xinjiang Uygur Autonomous Region, Urumgqi, China; *Centre for Molecular Medicine,
Children’s Hospital of Fudan University, Shanghai, China; *Shanghai Key Laboratory of Birth Defects, Pediatrics Research Institute, Shanghai,
China; *Department of Neonatology, People’s Hospital of Xinjiang Uygur Autonomous Region, Urumgqji, China

Contributions: (I) Conception and design: L Li, W Zhou; (II) Administrative support: L Li, W Zhou; (III) Provision of study materials or patients: Y
Su, L Li; IV) Collection and assembly of data: Q Shadike, H Jiang, W Liu, ] Liu, R Tuerdi; (V) Data analysis and interpretation: Y Su, M Wang; (VI)
Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Long Li. Children’s Hospital of Xinjiang Uygur Autonomous Region, 393 Aletai Road, Urumgqi 830001, China.

Email: lilong65@126.com; Wenhao Zhou. Children’s Hospital of Fudan University, 399 Wanyuan Road, Shanghai 201102, China.

Email: zhouwenhao@fudan.edu.cn.

Background: A low-phenylalanine (Phe) diet affects the metabolism and diversity of gut microbial
communities in children with phenylketonuria (PKU). Our study examined gut microbiota characteristics
and metabolic pathways, and their correlations with clinical phenotypes in a high-incidence population.
Methods: We assessed clinical phenotypes and gut microbiota by 16S ribosomal RNA (rRNA) sequencing,
and performed a correlation analysis between phenotype and gut microbiota in a PKU group (n=11) and a
healthy group (n=11).

Results: The PKU group had significantly lower microbiota diversity than the healthy group (Py,mme=0.014).
Phylum-level composition differed significantly between the PKU and healthy groups (Firmicutes: 44.3% vs.
43.1%; Actinobacteria: 25.9% vs. 3.3%; Bacteroidetes: 16.6% vs. 53.2%; and Proteobacteria: 10.9% vs. 0.12%,
respectively). Further, a significantly decreased level of genus Bacteroidetes (P<0.0001) in the PKU group
was negatively correlated with blood Phe level (P=0.014). The microbial function prediction of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways exhibited a decreased ability of glycan degradation
and glutamate metabolism in the PKU group.

Conclusions: Our findings revealed that genus Bacteroide was not only in extremely low abundance in the
PKU group, but was also negatively correlated with blood Phe level. The remarkable capability of genus
Bacteroides to use complex recalcitrant glycans may be the main reason for the decreased ability of glycan
degradation in the PKU group.
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Introduction

Phenylketonuria (PKU; OMIM 261600) is a classical
metabolic disorder characterized by high-plasma
phenylalanine (Phe) concentration owing to pathogenic
variations in the PAH gene. The first line of treatment
is a life-long low-Phe diet, a lack of which results in
serious neurocognitive deficits, mental health issues, and
behavioral concerns (1). However, despite several decades
of research, unresolved challenges remain in relation to
this genetic metabolic disorder. Adherence to low- Phe diet
progressively decreases after adolescence (2). Additionally,
some patients remain at risk of mood disorders, anxiety, and
attentional disorders (3).

Currently, few treatment options exist to reduce and
maintain acceptable Phe levels. However, in addition
to well-known treatable factors, such as chaperone
therapy with sapropterin, Phe ammonia lyase enzyme
substitution therapy, and supplementation with large
neutral amino acids (LNAA), there is increasing interest
in the contribution of the gut microbiota to disease, given
their contribution to essential functions, such as energy
harvesting, host nutrition, and immunomodulation (4).
Diet-related gut microbiata alterations in PKU are well
known (5,6). These two studies reported that Bacteroidetes
and Firmicutes were the dominant phyla in the PKU and
control groups and mild hyperphemia group, respectively.
Further, they found major differences in the phylum
Firmicutes. Notably, a particularly divergent response in
glucose and amino acid metabolism was observed between
the affected and control groups. Unlike children with
PKU, Mancilla et al. (7) reported a significant differences
in the abundance of specific bacterial groups in adult PKU
patients. But the same was that both adults and children
are involved in the abnormality of the glucose metabolism
pathway.

Based on the latest available data, a total of 3 studies
involving the gut microbiome with population of PKU
(two children and one adults). Unlike the previous studies,
our samples were Uygur children with high incidence
of PKU at 1 in 5,230 children (8,9). In addition, the
population consumes a high-Phe diet, including meat,
pasta, and all types of nuts. It is exactly opposite with
the principles of dietary treatment for PKU. Thus, this
study had three aims: (I) to determine the characteristics
of gut microbiota in Uygur patients with PKU; (II) to
examine the correlations between these characteristics and
clinical phenotypes of PKU using 16S ribosomal RNA
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(rRNA) sequencing; and (III) to compare the microbiota
composition of PKU patients to that of healthy individuals.
We present the following article in accordance with the
MDAR reporting checklist (available at https://dx.doi.
org/10.21037/tp-21-426).

Methods
Study population and sample collection

This observational study was approved by the Ethics Board
of the People’s Hospital of Xinjiang Uyghur Autonomous
Region (KY2021031018). All patients with PKU were
recruited from the Neonatal Disease Screening Centre of
the People’s Hospital of Xinjiang Uyghur Autonomous
Region and written informed consent was obtained from
the parents of the participants for the publication of
this study. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). A sex-,
nation-, and age-matched control group of healthy children
without PKU were collected from the Child Healthcare
Department. To be eligible for inclusion in the PKU group,
participants had to meet the following inclusion criteria:
(I) have an established diagnosis of PKU; (II) accept low-
Phe dietary treatment; and (III) be unrelated to other
children with PKU. Individuals were excluded from both
groups if they met any of the following exclusion criteria: (I)
had a neurological abnormality, congenital malformation,
endocrine disorder, chronic liver disease, or chronic or
acute intestinal diseases; and/or (II) had been treated
with antibiotics or probiotics and prebiotics (including
glycomacropeptide) at any time in the 3 months preceding
the study.

The following clinical parameters were evaluated: (I)
sex; (II) pre-treatment Phe level; (III) current age, weight,
and height; and (IV) time from birth to diagnosis. Body
mass index (BMI) was calculated for all participants, and a
standard BMI range according to the WHO 2009 standards
was used (10). The following laboratory parameters were
evaluated: the plasma levels of 11 amino acids, including
Phe, tyrosine (Tyr), and free carnitine (C0). These
parameters were determined using high performance liquid
chromatography. The serum levels of 25-hydroxyvitamin
D; [25(OH)D;], macronutrients (carbohydrates, proteins,
and lipids), amino acids, and mineral intake were calculated
through a 72 h-dietary recall questionnaire. The daily intake
ranges of proteins, lipids, and carbohydrates were calculated
according to the Encyclopedia of Nutrition Science (11). Gut
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samples were collected using a stool collection kit consisting
of a sterile container with solution, and a sterilized spatula
(Jingyun Biotechnology Co., Ltd., Shanghai, China). The
stool samples were stored at normal temperature.

The pre-treatment Phe level of the control participants
ranged from 20-120 pmol/L. While those of patients with
PKU on a Phe-restricted diet ranged from 120-360 pmol/L.
The recommended daily Phe intake for patients with PKU
in our study was 135-330 mg according to guidelines for
Chinese populations (12).

DNA isolation and PCR amplification

Microbial community genomic DNA was isolated
from gut samples by Kit of E.Z.N.A. Soil DNA Kit
(Omega Bio-tek, Norcross, GA, USA) according to the
instructions. The isolated DNA was electrophoresed
on 1% agarose gel, using a NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, DE,
USA) to identify the concentration and purity of DNA.
Using GeneAmp 9700 polymerase chain reaction (PCR)
thermal cycler (Applied Biosystems, Foster City, CA,
USA) to amplify the hypervariable region (V3-V4) of
the bacterial 16S rRNA gene with the primer pair 338F
(5'-ACTCCTACGGGAGGCAGCAG-3") and 806R
(5'-GGACTACHVGGGTWTCTAAT-3"). PCR reactions
were prepared in 20 uL contained 5x TransStart FastPfu
buffer (4 pL), 2.5 mM dNTPs (2 pL), 5 uM of forward
primer (0.8 pL), 5 pM of reverse primer (0.8 uL), TransStart
FastPfu DNA Polymerase (0.4 puL), template DNA (10 ng),
and ddH,O for a final volume. Thermocycler conditions: an
initial denaturation at 95 °C for 3 min, followed by 27 cycles
at 95 °C for 30 s, annealing at 55 °C for 30 s, an extension
at 72 °C for 45 s, and a final extension at 72 °C for 10 min.
PCR reactions were performed in triplicate. PCR products
were separated by electrophoresis on 2% agarose gels and
purified using an AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) and quantified using a
Quantus Fluorometer (Promega, Madison, WI, USA).

16S rRNA gene sequencing

Purified amplicons were pooled in equimolar quantities and
paired-end sequenced was performed using a MiSeq PE300
or NovaSeq PE250 (Illumina, San Diego, CA, USA) in

accordance with the standard protocols by Majorbio Bio-
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Pharm Technology Co., Ltd. (Shanghai, China).

Sequensing data analysis

We used fastp (version 0.20.0) to demultiplex and filter
the raw sequencing reads (13), and merged using FLASH
version 1.2.7 (14). The 300 bp reads were truncated at any
site receiving an average quality score of <20 over a 50-bp
sliding window, and truncated reads shorter than 50 bp and
those containing ambiguous characters were discarded.
Only overlapping sequences longer than 10 bp were
assembled according to their overlapping sequence. These
sequences were clustered into Operational Taxonomic Unit
(OTU) at a 97% similarity cutoff (15) followed by UPARSE
version 7.1.0TU—representing sequence was analyzed
using the ribosomal database project (RDP) Classifier
version 2.2 (16) against a 16S rRNA database, such as Silva
v132, with a confidence threshold of 0.7.

Statistical analysis

Comparisons of linear relationship between phenotypes and
gut microbiota composition was performed using the Im
function in R’s regression analysis package. For evaluating
Spearman-rank correlation analysis between phenotype
and microbiota pathways, the cor and cor.test functions in
the R package was performed. False discovery rate (FDR)-
corrected P values <0.05 and Spearman correlation coefficient
absolute values >0.3 were considered as significant.

Results
Participant characteristics

Of the 11 patients who completed the study, 7 were female.
Patients’ ages ranged from 10 months to 8 years and
3 months, and patients had a BMI of 16.36+0.35 kg/m’,
and a mean pre-treatment plasma Phe level of 986.01
+£168.19 pmol/L. All patients were on a low-Phe- diet
supplemented with a metabolic formula (protein substitute)
without prebiotics, and no one received tetrahydrobiopterin
(BH4), LNAA-, or glycomacropeptide-based treatment.
The mean plasma Phe level on the day on which the blood
samples were drawn was 481.46+121.87 pmol/L, and the
mean daily intake of Phe was 577.72+127.09 mg/d. Tuble 1
summarizes the values for other blood indicators and
nutrients from daily intake (see available online: https://
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Figure 1 Altered gut microbiota composition in the PKU and control groups. (A,B) Alpha-diversity analysis of control participants (blue)

and patients with PKU (red) using (A) Shannon and (B) Chaol value. A higher value indicates greater community diversity. Note that a

significant difference in the diversity of microbial communities between the groups was observed on the basis of the Shannon value (P=0.014).

(C,D) Beta-diversity analysis. PCoA of (C) unweighted and (D) weighted UniFrac distances. PKU, phenylketonuria; PCoA, principal

coordinate analysis.

cdn.amegroups.cn/static/public/tp-21-426-1.xIsx).

Comparison of ecological diversity of gut microbiota

After filtering reads by removing sequencing artifacts, a total
of 722,283 high-quality sequences with an average of 16,186
sequences per sample were retained. The alpha-diversity
analysis revealed no significant differences between the PKU
and control groups based on the Ace (P=0.95) and Chaol
(P=0.8) indices; however, significant differences were found
with the Simpson (P=0.04) and Shannon (P=0.014) indices,
which implies that the control group had a higher diversity
of gut microbiota than the PKU group (see Figure 14,1B).
Additionally, the beta-diversity analysis showed that the

© Translational Pediatrics. All rights reserved.

structure of the fecal microbiota of the PKU group differed
to that of the control group according to both unweighted
and weighted UniFrac distances (see Figure 1C,1D).

Comparison of gut microbiota composition

At the phylum level, we detected more than 13 known
types of bacteria, the most populous being Firmicutes
(44.3%), Actinobacteria (25.9%), Bacteroidetes (16.6%), and
Proteobacteria (10.9%) in the PKU group, and Bacteroidetes
(53.2%), Firmicutes (43.1%), Actinobacteria (3.3%), and
Proteobacteria (0.12%) in the control group. The bacterial
abundance between the two groups differed significantly
(P actinobacteria=0-009, Prroineres<0.001, and Pp,ppenpiereris=0.042),
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Figure 2 Analysis of bacterial composition at different levels and abundance of key bacteria. (A) Bacterial abundance at the phylum level. (B)

Relative bacterial abundance at the genus level. (C) Genus-level bacterial abundance for phylum Bacteroides. The histogram shows bacterial

abundance in all samples and differences between the two groups. (D) Bacterial abundance of the 10 most populous genera of the phylum

Collinsella. The histogram shows bacterial abundance in all samples and differences between the two groups. ***, indicate P value smaller

than 0.05 compared in two groups.

except for that of Firmicutes (Pr,,.=0.86) (see Figure 24).
Next, we chose the most populous bacteria of each group
for the genus-level analysis. In the PKU group, the most
populous genera were Bifidobacterium (19.7%), Prevotella
(11.5%), Subdoligranulum (10.7%), and Faecalibacterium
(8.4%), whereas Bacteroides (36.6%), Prevotella (12.5%),
Faecalibacterium (11.3%), and Bifidobacterium (3.2%) were
the most populous in the control group (see Figure 2B).
Further, we found that the abundance of Bacteroides (2.7%
vs. 36.6%; P<0.001) and Collinselln (3.38% vs. 0.09%;
P=0.002) differed significantly between the PKU and
control groups (see Figure 2C,2D). The composition of
gut microbiota for each child at the phylum and genus
level is presented in Figure S1, and the differences in

© Translational Pediatrics. All rights reserved.

gut microbiota between the two groups are represented
graphically in Figure 3.

Microbial function prediction between the groups

On the basis of the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States
(PICRUSy) analysis, we observed at least 20 differentially
abundant bacterial functions related to metabolism between
the PKU and control groups (all P<0.05). We found that all
samples of the PKU group were significantly decreased in
the streptomycin biosynthesis and glycan degradation. In
addition, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis predicted a decrease in glutamate
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Figure 3 LDA score distribution and evolutionary branch diagram. (A) Bar chart showing significant differences in bacterial abundance

using a preset LDA score of >2.0, which indicates a significant difference. The red bars in the histogram represent the PKU group; the green

bars represent the control group. The length of each bar represents bacterial abundance with significant differences between the two groups.

(B) Cladogram showing bacterial abundance in the PKU and control groups. The circles radiating outward represent the classification

level from phylum to genus in which the innermost circle represents the kingdom. Each small circle at a classification level represents

a classification at that level; the diameter of a circle represents the magnitude of the relative abundance. The yellow circles indicate no

significant difference in bacterial abundance between groups. The red and green circles indicate microbial groups populous in the PKU and

control group, respectively. LDA, linear discriminant analysis; PKU, phenylketonuria.

metabolism in the PKU group (see Figure 4).

Associations between clinical phenotype and microbiota at
the genus level

The correlations between the clinical phenotype and gut
bacteria of our PKU cohort are summarized in Table 2
and available online: https://cdn.amegroups.cn/static/
public/tp-21-426-2.xlsx. We found a strong negative
correlation between the genus Bacteroides and blood Phe
level (P=0.014); this bacterium was the least populous in the
PKU group. The genera Agathobacter and Fusicatenibacter
had low abundance and were associated with neurological
abnormalities in the PKU group (P=0.005 and P=0.006,
respectively). We also found that the genus Prevotella
was associated with the daily intake of various nutrients,
specifically, Phe, calories, protein, fat, and fiber.

Discussion

Our patients were Uyghurs, who had distinct culture

© Translational Pediatrics. All rights reserved.

characteristics driven by the ancient Silk Road, an important
trade route that connected culture and trade among China,
Europe, and Asia (8). This ethnic population has a high
incidence of PKU and has distinctly different eating habits
to those of the Han population in China. Thus, we sought
to determine characteristics of the gut flora of individuals
with PKU from this population.

In this study, we used a safe, non-invasive method
to collect stool samples from patients with PKU and
healthy control individuals, and found that the diversity
of microbiota in patients with PKU was significantly
decreased compared to that of control participants.
Ecological theories predict that a decreased diversity of gut
microbial significantly limits the ability of the microbiome
to withstand major shifts, potentially leading to alternate,
diseased, or stable states (17,18). In contrast to the control
group and findings of previous studies (5,6), in the present
study, Firmicutes (44.3%) and Actinobacteria (25.9%) were
the most populous phyla in the PKU group. In the healthy
control group, Firmicutes and Bacteroidetes accounted for
more than 90% of the gut microbiome, followed by minor
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abundances of Actinobacteria and Proteobacteria. We speculate
that this is a common effect of dietary habits and disease
itself. There may be several reasons for these differences.
First, in our study, the genus Collinsella, which belongs
to the phyla Actinobacteria, was significantly more populous
in the PKU group. Studies have shown that low dietary
fiber intake increases the abundance of Collinsella in the
gut microbiome (19-21). This finding is consistent with
the eating pattern of the Uygur population, who prefer
to consume meat and wheat-based foods (8). Second,
we followed-up these patients of PKU who have high
abundance of genus Bifidobacterium. We found six of them
still had breast milk sometimes even they were more
than 2 years. This consistent with the features of longer
breastfeeding time of Uyghur mothers (22). In addition, we
found that the genus Bacteroides were significantly lower in
our PKU cohort. This was the main reason for the reduced
abundance of phyla Bacteroidetes, and lower abundance of
Bacteroidetes was negatively correlated with blood Phe level
in our affected cohort. There is increasing evidence that
Bacteroides have a remarkable capability to use complex
recalcitrant glycans, and thus may have the capability
to use diverse carbon sources by acquiring enzymes via
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heterologous gene transfer events in the gut environment
(23,24). This reasonably explains why the ability of glycan
degradation in the PKU group was decreased as predicted
in the KEGG pathway analysis (see Figure 4). Additionally,
this result is also in line with previous reports that the
daily glycemic index is higher in children with PKU (5,6).
However, the increased glucose in these studies may be
caused by phyla Firmicutes, whereas ours may be caused by
phyla Bacteroidetes.

Theoretically, genus Prevotella (belong to phylum
Bacteroidetes) should be highly abundant in children who
consumed diets with high amounts of plant polysaccharides
and fiber, lower in animal protein and saturated fats
(25,26), which similar with the dietary pattern of children
with PKU. Considering that children with PKU are in
the growth and development period, adequate protein
intake must be ensured. The patients need to restrict the
intake of natural protein, an important source of protein
is the amino acid formula of free-Phe. After absorbing
protein in small intestine, specific carbohydrates which was
lacking oligosaccharides, lactose polymers into the large
intestine (11). The carbohydrates reduce the abundance of
Lactic acid bacteria, Clostridium butyricum and Prausnitzii (27),
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which affect the synthesis of short-chain fatty acids (6).
We need to analyze the changes of intestinal flora in
combination with many environmental factors.

Based on microbial function prediction using the
PICRUSt analysis, we focused on glutamate metabolism, as
we predicted that it would be decreased in the PKU group.
Glutamate metabolism involves enterocyte proliferation,
suppresses proinflammatory signaling pathways, confers
protection against apoptosis and cellular stresses during
normal and pathological conditions, including autism and
other conditions or diseases related to the central nervous
system (28,29). During the follow-up of our PKU cohort,
we found that 27% of the children exhibited cognitive
impairment and developmental delay even under strict Phe-
restricted diets. Further, our data were consistent with those
of a systematic review (25-33%) (30). In relation to the role
of glutamate in the gut, future studies of neurotransmitter
metabolomics need to be conducted to confirm the status of
glutamate metabolism in the intestine of children with PKU.

Limitations

We found evidence of a strong negative correlation between
the genus Bacteroides and blood Phe levels in our PKU group,
which corresponds to the low abundance of this bacteria
described earlier. As bacterial abundance is readily affected
by environmental factors, we were unable to determine
whether the low abundance of this bacteria is a cause or a
consequence of blood Phe level in our cohort. In addition,
this study comprised patients with a specific ethnic and
genetic background. Future studies should increase the
sample size and add different races and a mild hyperphemia
group as control groups to verify the level of genus Bacteroides
in different groups. In addition, we can better explain the
relationship between gut microbiome and diet habits, genetic
background, diet treatment and the disease itself.

Conclusions

Through high-throughput sequencing of the 16S rRNA
gene, we discovered that the genus Bacteroides were not only
in extremely low abundance in Uygur patients with PKU,
but were also negatively correlated with blood Phe level.
Our findings predicted a decreased ability of glutamate
metabolism in the PKU group. Additionally, in PKU,
because the treatment interventions are based on long-
term or lifelong customized dietary plans. According to
the only study on adult with PKU, the impact of the PKU

© Translational Pediatrics. All rights reserved.
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diet and treatment over the course of a patient’s lifetime
remains an unknown. Interestingly, these studies (include
ours) all indicated significant differences between the PKU
and the control group in glucose metabolism or synthesis,
which could be the direction of follow-up studies. In future
studies, and as part of efforts to increase the sample size, we
will refine the blood and diet indicators related to glucose
metabolism to better understand the underlying causes of
and confirm the reasons for abnormal glucose metabolism.
We will also perform microbiota metabolomic research
to investigate glutamate levels in the gut microbiota of
children with PKU who have developmental delays.
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Figure S1 The bacterial composition of each sample in phylum and genus. (A) At the level of phylum, the proportion of bacterias in each
sample. (B) At the level of genus, the proportion of bacterias in each sample. The two asterisks in (B) indicated that the proportion of
Bifidobacteria were dominant in these two cases, which were feed with breast milk everyday.
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