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Abstract. Phototherapy is the most commonly used treat-
ment for neonatal hyperbilirubinemia (NH). Gut microbiota
is involved in bilirubin metabolism; however, it is uncer-
tain whether this is affected by phototherapy. The present
study included 43 newborns with hyperbilirubinemia and
collected fecal samples for high-throughput sequencing
before and after phototherapy. Selection o diversity analysis
was used to determine the differences in diversity and
abundance between the two groups, whereas similarity was
determined using [ diversity analysis. Linear discriminant
analysis effect size analysis was used to screen for mark-
edly different bacteria. The structure of the gut microbiota
in newborns with hyperbilirubinemia changed after
phototherapy, with a significant decrease in abundance
and diversity. The changes in the key bacterial species
were characterized by an increase in the abundance of
Streptococcus salivarius and a decrease in the abundance of
Escherichia, Klebsiella pneumoniae, Rothia mucilaginosa
and Streptococcus oralis. These changes mainly mani-
fested as an increase in beneficial bacteria and a decrease
in opportunistic bacteria, which may not be related to the
side effects of phototherapy. These results can provide theo-
retical assistance for microbiological research on the later
stages of NH.
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Introduction

Neonatal hyperbilirubinemia (NH) is one of the most
common neonatal diseases and may lead to permanent
neurological sequelae in severe cases (1). Phototherapy has
become a necessary treatment option to quickly and effec-
tively reduce unconjugated bilirubin and prevent bilirubin
encephalopathy (2). Phototherapy causes photoisomerization
of unconjugated bilirubin in superficial skin tissues to form
configurational and structural isomers, both of which are
water-soluble and can be directly excreted through bile and
urine without liver metabolism, thereby reducing the concen-
tration of bilirubin in the body (3). However, with the increasing
popularity of phototherapy in clinical practice, there have been
an increasing number of reports on its related side effects such
as fever, diarrhea, rash and bronzed skin, which have gradually
attracted the attention of doctors (4). Although it is well known
that gut microbiota plays an important role in hyperbilirubin
metabolism (5), its correlation with phototherapy has rarely
been reported.

The present study used 16S rDNA amplicon sequencing
technology to detect and analyze the gut microbiota of
newborns with NH before and after phototherapy and screened
for markedly altered bacterial species, which may provide some
theoretical assistance for further microbiological research on
the later stages of NH.

Materials and methods

Participants. Clinical data and fresh feces of newborns diag-
nosed with NH requiring phototherapy were collected from
Suqian Hospital Affiliated to Xuzhou Medical University
(Jiangsu, China) between December 2022 and June 2023. The
present study included a total of 43 newborns (28 males and 15
females) diagnosed with NH who received phototherapy, with
an age range of 1-13 days and a male to female ratio of 1.86:1.
Their gestational age, age and birth weight were 270.53+7.34 d,
3.93+2.32 d and 3367.93+413.92 g, respectively. The inclusion
criteria were as follows: i) The diagnostic and phototherapy
indications for NH complied with the guidelines established
by the American Academy of Pediatrics (2); ii) pregnancy
was >35 weeks and age was <14 days; and iii) natural birth of
the participants in the Suqgian Hospital Affiliated to Xuzhou
Medical University and breastfeeding after birth. Exclusion
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criteria were as follows: i) Previous use of antibiotics, probi-
otics, prebiotics, or synbiotics; ii) concomitant infectious,
gastrointestinal, or congenital diseases; and iii) birth weight
<2,500 g.

Phototherapy was performed in the neonatal jaundice
treatment box (Ningbo David Medical Equipment Co., Ltd.),
with a wavelength of 450-480 nm, temperature of 30-34°C
and humidity of 55-65%. The light source in the box was a
double-sided LED and the distance between the lamp and
skin was 33-50 cm. The duration of phototherapy was set to
24 h, during which the newborn's skin was exposed, except
for their eyes and perineum. These newborns were assigned to
the control group (before phototherapy) and observation group
(after phototherapy).

Ethical approval. The parents or guardians of the children
provided informed consent and the study design was approved
by the Ethics Committee of Suqian Hospital Affiliated to
Xuzhou Medical University (approval no. 2021022). All
experiments were performed in accordance with guidelines of
the declaration of Helsinki 2013.

Fecal DNA extraction. Fecal samples were collected by
medical staff in the hospital within 1 h before and after photo-
therapy (using glycerin, if necessary). Prior to sampling, both
hands were cleansed and no soap or hand sanitizer containing
antibacterial ingredients was used. A stool sample (~3-5 g)
was scooped with a sampling spoon and placed in a sterile
freezer tube for storage at -80°C. After all the samples were
collected, DNA was extracted using the QIAamp PowerFecal
Pro DNA Kit (Qiagen GmbH) according to the manufacturer's
instructions. The extracted DNA was tested using a Qubit 3
(Thermo Fisher Scientific, Inc.) for concentration, Thermo
NanoDrop 2000 (Thermo Fisher Scientific, Inc.) for purity
and 1% agarose gel electrophoresis for integrity. Only DNA
samples with ¢ =100 ng/ul, 1.8<A260/280<2.0 and obvious
master bands were considered qualified.

16S rDNA amplicon sequencing. The highly variable V4
region was selected as the segment for 16S rDNA amplifica-
tion. A total of 30 ng of qualified genomic DNA samples
and the corresponding primers were configured using the
PCR system and amplified. The following primers were
used: 515F (5'-GTGCCAGCMGCCGCGGTAA-3'") and
806R (5'-GGACTACHVGGGTWTCTAAT-3"). Reactions
were performed in a volume of 50 ul using Dream Taq
Green PCR Master Mix (Thermo Fisher Scientific, Inc.).
The PCR program included denaturation at 95°C for 2 min,
followed by 27 cycles at 98°C for 10 sec, annealing at 62°C
for 30 sec, and extension at 68°C for 30 sec, and a final
extension for 10 min at 68°C. The amplification products
were electrophoresed on 2% agarose gels with ethidium
bromide staining and purified using Agencourt AMPure
XP Beads (A&D Technology), dissolved in Elution Buffer
(Thermo Fisher Scientific, Inc.) and labeled to complete
library construction. Fragment length and concentra-
tion of the library were measured using an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc.). Qualified libraries
were sequenced using the HiSeq X Ten (Illumina, Inc.)
according to the size of the inserted fragment. All raw

reads were deposited in the NCBI Sequence Read Archive
database (accession no. PRINA1096251; https://www.ncbi.
nlm.nih.gov/sra/?term=PRINA1096251).

Bioinformatic data collection. The raw data obtained after
sequencing was processed to obtain clean data as follows: i) A
window of 25 bp was set and if the average quality value of the
window was <20, the backend base was intercepted from the
window; if the read length after truncation was <75% of the
raw read length, the entire sequence was removed; ii) contami-
nated reads were removed from the connector (default adapter
sequence had a 15 bp overlap with the read sequence, was
set to 15 bp and three mismatches were allowed); iii) reads
containing N were removed; and iv) low complexity reads
were removed (default reads with continuous base length
=10 were considered low complexity reads). Duplicate reads
were removed with Picard Tools 3.1.1 (http://picard.source-
forge.net). Trimmomatic (version 0.32; http:/www.usadellab.
org/cms/index.php?page=trimmomatic) was used to remove
adaptor sequences and trim bases with quality <20 (Phred 33
quality scores). The allowed number of mismatches between
barcode sequences and sequencing reads was 0O bp.

Sequence stitching was performed using FLASH software
(version 1.2.11; www.cbcb.umd.edu/software/flash). Based
on the overlapping relationship, pairs of reads obtained by
double-terminal sequencing were assembled into a sequence to
obtain tags in the highly variable region. The stitching require-
ments were as follows: i) the minimum matching length was
15 bp and ii) the allowable mismatch rate of the overlapping
area was 0.1.

USEARCH software (version 7.0.1090; http://www.
driveS.com/usearch/) was used to cluster the assembled tags
into operational taxonomic unit (OTUs). The main process
was as follows: i) the representative sequence of OTUs was
obtained by clustering with 97% similarity using UPARSE
(version 7.0.1001; http://drive5.com/uparse/) and ii) the
chimera generated by PCR amplification was removed
from the OTU representative sequence using UCHIME
(version 4.2.40; https://www.drive5.com/uchime/uchime_
download.html). The usearch_global method was used to
compare all tags back to the OTU representative sequence
to obtain the OTU abundance statistics table for each
sample.

OTU abundance was normalized to the lowest number of
sequences obtained from a single sample and assessed for a
diversity (ACE and Shannon indices) and 3 diversity (unifrac
distances weighted by principal component analysis) in quanti-
tative insights into microbial ecology (QIIME) software (version
1.9.1; http://www.wernerlab.org/software/macqiime) (6-8).
Linear discriminant analysis (LDA), followed by LDA effect
size (LEfSe) analysis, was also conducted.

Statistical analysis. Data analysis was conducted using the
SPSS software (version 26.0; IBM Corp.). Measurement
data are reported as mean =+ standard deviation unless other-
wise stated. The normality of the data was tested using the
Kolmogorov-Smirnova method. A paired t-test was used
if the data conformed to a normal distribution; otherwise, a
rank-sum test was used. P<0.05 was considered to indicate a
statistically significant difference.
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Figure 1. Comparison of OTUs between control and observation groups. The
number in the overlapping part is the number of OTUs shared between the
two groups. OTUs, operational taxonomic units.
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Figure 2. a diversity of gut microbiota within newborns with neonatal hyper-
bilirubinemia before (control group) and after phototherapy (observation
group): (A) Shannon index and (B) ACE index.

Results

a and f diversity analysis. The total number of clustered
OTUs in the observation and control groups was 354, with 139
in the observation group and 215 in the control group, of which
81 were shared (Fig. 1). a diversity analysis showed that the
diversity (Shannon index, P<0.001; Fig. 2A) and abundance
(ACE index, P=0.016; Fig. 2B) of the observation group were
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Figure 3. p diversity test between two groups based on unweighted (A) and
weighted (B) unifrac distance.

significantly lower compared to the control group. § diversity
analysis showed a statistically significant difference in the
similarity between the two groups based on unweighted and
weighted unifrac distance (both P<0.001; Fig. 3A and B).

Proportion of gut microbiota abundance. At the phylum level
(Fig. 4A), the control group was composed mainly of Firmicutes
(53.58%), Proteobacteria (35.33%), Actinobacteria (7.33%) and
Bacteroidetes (3.73%), whereas the observation group was
composed of Firmicutes (87.44%), Proteobacteria (10.40%) and
Actinobacteria (2.07%). At the genus level (Fig. 4B), the key
bacterial genera and their abundance ratios in the control group
were Streptococcus (30.89%), Escherichia (19.58%), Klebsiella
(13.56%), Enterococcus (13.30%), Veillonella (4.22%),
Bacteroides (3.12%), Rothia (3.03%), Clostridium (1.77%),
Salmonella (1.51%) and Bifidobacterium (4.24%). Whereas,
in the observation group, the key bacterial genera and their
abundance ratios were Streptococcus (74.81%) Enterococcus
(9.89%), Escherichia (6.21%), Klebsiella (4.08%), Veillonella
(2.05%), Bifidobacterium (1.31%), Rothia (0.76%), Clostridium
(0.47%), Lactobacillus (0.10%) and Bacteroides (0.05%).

Keydifferential species selection (biomarkers). The default (LDA)
value was 2.0 and those with scores greater than this value were
considered microbial communities with statistical differences.
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Figure 4. Bacterial composition of gut microbiota in patients with neonatal
hyperbilirubinemia before (control group) and after phototherapy (observa-
tion group). Distribution of the predominant bacteria at the (A) phylum and
(B) levels are shown.

The results revealed significant differences in the microbial
communities between the two groups at the phylum, class, order,
family and genus levels (Fig. 5). In addition, the key species
between the two groups were compared. The results showed that
at the species level, the abundance of Streptococcus salivarius
(P<0.001) significantly increased, whereas the abundance of
Escherichia (P=0.002), Klebsiella pneumoniae (P<0.001),
Rothia mucilaginosa (P=0.012) and Streptococcus oralis
(P<0.001) significantly decreased (Fig. 6) in the observation
group compared to the control group.

Discussion

The present study used 16S rDNA amplicon sequencing
technology to detect the gut microbiota in newborns with
hyperbilirubinemia who received phototherapy. It was
observed that phototherapy markedly altered the structure of
the gut microbiota, leading to a significant decrease in both
diversity and abundance. The changes in the key bacterial
species were characterized by an increase in the abundance of
S. salivarius and a decrease in the abundance of Escherichia,
K. pneumoniae, R. mucilaginosa and S. oralis.

Homeostasis of the gut microbiota is the foundation of a
number of physiological activities in the human body, such
as food digestion, nutritional metabolism, body defense and
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Figure 5. The most differentially abundant taxa between control and observa-
tion groups (LDA score >2) which was generated from LEfSe analysis. LDA,
linear discriminant analysis; LEfSe, LDA effect size.

development and maturation of the immune system (9-11).
Therefore, several diseases are associated with gut microbiota
disorders, including NH (5). An increasing number of studies
have indicated that the gut microbiota regulates bilirubin
metabolism through enterohepatic circulation (12-14). Early
evidence from sterile animals suggests that the gut microbiota
is necessary for bilirubin metabolism in the intestine (15).
The results showed that average fecal urobilin production
in sterile rodents was 0 mmol, whereas that in wild rats was
3.4 mmol (15). In one study, when rats were fed clindamycin or
neomycin to combat anaerobic bacteria, urobilin disappeared,
whereas serum bilirubin continued to rise (16). These data indi-
cate that the gut microbiota are important participants in the
bilirubin metabolism. An increase in diversity and abundance
is a common manifestation of gut microbiota disorders in
NH (17,18). The present study found that 24 h of phototherapy
markedly reduced the diversity and abundance of intestinal
flora, suggesting that phototherapy may also partially reverse
the microflora changes caused by NH.

The increase in the abundance of S. salivarius after photo-
therapy was unexpected. S. salivarius is a well-known oral
probiotic and its formulations have been widely used in clin-
ical practice (19-22). Studies have shown that this bacterium
exerts beneficial effects on the gastrointestinal tract. S. sali-
varius can release bacteriocins (salivary AS and B) (23-25),
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Figure 6. The relative abundance of the top 10 species was compared between the control and observation groups. "P<0.05, “P<0.01 and ““P<0.001 vs. control

group. No mark of significance indicates P>0.05.

thereby antagonizing opportunistic or pathogenic bacteria. As
aforementioned, the diversity and abundance of the gut micro-
biota in newborns with hyperbilirubinemia are increased
and contain a number of opportunistic pathogens (17,18).
Therefore, the increase in the abundance of S. salivarius
after phototherapy may partially improve intestinal defense
function. In addition, S. salivarius can strengthen the tight
junctions of intestinal epithelial surface cells (26). NH often
has high levels of unbound bilirubin, which can not only
increase the permeability of the intestinal epithelium, but
also reduce the expression of epithelial tight junction proteins,
which leads to more bilirubin secretion into the enterohepatic
circulation (5,27). Therefore, an increase in the abundance of
S. salivarius after phototherapy is beneficial for decreasing the
bilirubin levels.

Escherichia, K. pneumoniae, R. mucilaginosa and
S. oralis are common opportunistic pathogens that can cause
infectious diseases, such as pneumonia, enteritis, peritonitis,
arthritis, encephalitis and sepsis (28-33). The abundance of
these species was markedly higher in the guts of neonates

with hyperbilirubinemia before phototherapy compared with
after phototherapy. The incidence of infection is relatively
high in newborns owing to their immature immune function.
Therefore, reducing the abundance of opportunistic pathogenic
bacteria through phototherapy may be beneficial for preventing
enterogenous infections in newborns with hyperbilirubinemia.
In addition to the risk of infection, opportunistic pathogenic
bacteria participate in the intestinal bilirubin metabolism. In
a prospective cohort study, Tang ef al (34) found a significant
decrease in Escherichia abundance in NH after treatment,
accompanied by a decrease in fecal 3-glucuronidase activity and
the two were positively correlated. B-glucosidase can promote
the conversion of conjugated bilirubin to unbound bilirubin,
which is then absorbed by the intestinal mucosa and returned
to the liver, delaying bilirubin excretion (35,36). Therefore, a
decrease in the abundance of Escherichia in the intestine after
phototherapy is beneficial for the excretion of bilirubin.

The mechanism by which beneficial changes in gut micro-
biota structure occur in newborns with NH after phototherapy
is still unclear. Previous studies have shown that phototherapy
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can not only directly stimulate the proliferation of a variety
of Gram-positive and Gram-negative bacteria, but also indi-
rectly affect the intestinal microbiota by regulating cytokines,
transcription factors and metabolites (37-39). However, the
light source used in these studies is laser or red light, which is
completely different from blue light used for NH. Therefore,
further research is needed to clarify whether blue light directly
affects the structure of gut microbiota or indirectly by reducing
bilirubin concentration.

In summary, the present study demonstrated that photo-
therapy can alter the structure, diversity and abundance of
intestinal flora using 16S rDNA amplicon sequencing. This
change mainly manifested as an increase in beneficial bacteria
and a decrease in opportunistic bacteria, which may not be
related to the side effects of phototherapy. However, the limita-
tion of the present study was that the duration of phototherapy
is 24 h, so the results cannot represent the effects of other
periods of phototherapy on gut microbiota. In addition, the
present study used the latest guidelines for NH developed by
the American Academy of Pediatrics as the inclusion criteria
and screened for biomarkers before and after phototherapy
at the species level (2). These results may provide theoretical
assistance for microbiological research on later stages of NH.
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