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Abstract

Background

Pneumocytis jiroveciiinfection in preterm newborns has recently been associated with neo-
natal respiratory distress syndrome and bronchopulmonary dysplasia. Changes in the bac-
terial microbiota of the airways have also been described in infants with bronchopulmonary
dysplasia. However, until now there has been no information on the airway mycobiota in
newborns. The purpose of this study was to describe the airway mycobiota in term and pre-
term newborns and its possible association with respiratory distress syndrome.

Methods

Twenty-six matched preterm newborns with and without respiratory distress syndrome were
studied, as well as 13 term babies. The identification of the fungal microbiota was carried
out using molecular procedures in aspirated nasal samples at birth.

Results

The ascomycota phylum was identified in 89.7% of newborns, while the basidiomycota phy-
lum was found in 33.3%. Cladosporium was the predominant genus in both term and pre-
term infants 38.4% vs. 73% without statistical differences. Candida sake and Pneumocystis
Jiroveciiwere only found in preterm infants, suggesting a potential relationship with the risk
of prematurity.

Conclusions

This is the first report to describe the fungal microbiota of the airways in term and preterm
infants with and without respiratory distress syndrome. Although no differences have been
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observed, the number of cases analyzed could be small to obtain conclusive results, and
more studies are needed to understand the role of the fungal microbiota of the airways in
neonatal respiratory pathology.

Introduction

The World Health Organization considers as premature birth all that occurs before 37 weeks
of gestation. Data based on records from 184 countries estimate preterm birth rates of 11% (5-
18%) and approximately 15 million preterm births per year [1, 2]. Complications related to
preterm birth cause death in the first month of 6-7 out of every 1000 newborns alive and are
responsible for 14% of fatalities in children under 5 years of age, so more than a million babies
die yearly due to complications of preterm birth [3].

Prematurity results in hugely changed antigen exposure. This is caused by the precipitate
contact with microorganisms, nutritional antigens, and other environmental factors. In the
course of pregnancy, during the last trimester, the immune system of the fetus adapts to toler-
ate motherly and self-antigens, whereas also making for postnatal immune defense by acquir-
ing passive immunity from the mother. Preterm birth interrupts the influences of the
intrauterine environment on the fetus that increase or decrease the risk of later disease, but
also lead to premature exposure to protective or harmful extrauterine factors such as the
microbiota and nutritional antigens [4].

Preterm babies are at high risk for developing respiratory diseases, mainly respiratory dis-
tress syndrome (RDS) [5]. RDS is the principal cause of morbidity and mortality in children
born prematurely. The frequency and severity of RDS are inversely related to gestational age.
RDS is caused by a deficiency of alveolar surfactant and an immature structure of the fetal
lung [6, 7].

Recently, the complex interaction between the development of the gastrointestinal and
respiratory bacterial microbiota and the regulation of immune function in newborns is begin-
ning to be studied [8, 9]. In this line, we have described an association between RDS and pri-
mary Pneumocystis jirovecii infection in preterm infants [10].

However, until now, the fungal microbiome of the airways has not been studied in preterm
infants, and the potential role of the mycobiota and its contribution to respiratory disease in
preterm infants is unknown.

The aim of this study was to describe the fungal microbiota at birth in term and preterm
infants with and without respiratory distress syndrome.

Population and methods

A case-control study was carried out in preterm newborns (gestational age < 32 weeks and/or
birth weight <1500g) admitted to the Neonatal Intensive Care Unit of the Virgen del Rocio
University Hospital. We included 26 gestational age-birth and weight at birth matched infants,
13 with RDS at birth, and 13 without it. Newborns were diagnosed with RDS when they had
clinical signs of respiratory distress with additional oxygen requirements and radiographic
signs indicative of RDS (diffuse, fine granular opacification in both lung fields) [6]. In addi-
tion, we included 13 newborns birth at term as controls. Newborns whose mothers had HIV
infection or other causes of immunosuppression were excluded.

In all cases, informed consent was obtained from the legal representatives of the newborns
prior to their inclusion in the study. The study protocol was approved by the hospital’s ethics
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committee (protocol code 0288-N-21) and the study was developed between May 1, 2021 and
April 30, 2023.

Each newborn was evaluated clinically using a standardized procedure and biological sam-
ples were collected from each one for analysis in the neonatal intensive care unit where for our
protocol all premature newborns with < 32 weeks and/or birth weight <1500g are transferred
from the delivery room approximately 10-15 minutes after delivery. Nasopharyngeal aspirate
samples were taken in all premature newborns, just before the placement of a gastric tube used
for enteral nutrition of these babies. Briefly, under sterile conditions, sterile saline was instilled
by introducing a tube attached to a syringe through the nose and directed toward the naso-
pharynx. After a few seconds, the nasopharyngeal fluid was removed by means of an aspiration
system with a commercially available suction catheter connected to the sterile recipient where
secretions were collected. Samples were kept frozen at -20°C into aliquots of 250 pl until DNA
was extracted, usually less than 1-2 days.

DNA was extracted using the nucleospin tissue kit (Macherey-Nagel). For digestion 5 ul of
EDTA 0.5M pH 8 and 15 ul SDS 10% (w/v) were added to each sample. Proteinase K digestion
at 56°C for a minimum of four hours and subsequent DNA purification were carried out
according to the manufacturer’s instructions.

For fungal detection, we amplified the nuclear ribosomal internal transcribed spacer (ITS)
region by seminested PCR using primers ITS-1 (5’ - TCCGTAGGTGAAC-CTGCGG-3") and
ITS-4 (5’ -TCCTCCGCTTATTGATATGC-3") in the first PCR run and ITS-3 (5’ - GCATCG
ATGAAGAACGCAGC-3") and ITS-4 in the second PCR run. The reaction mixture of the first
PCR (25uL) contain 3pl of DNA, 1X NH4 reaction buffer, 2 mM MgCI2, 200 pM of each deox-
ynucleotide triphosphate, 0.5 uM of each primer, and 1U of Biotaq DNApolymerase (Bioline,
London, UK). It was performed under the following thermal cycling conditions: a first dena-
turing step at 95°C for 5 min followed by 35 cycles of 95°C for 30 sec, 55°C for 45 sec, 72°C for
30 sec and the final elongation step was extended 7 min at 72°C. The second run was carried
out un-der similar conditions in a final volume of 40 pl, containing 4ul of the primary PCR
reaction mixture, with 2U Biotaq DNApolymerase throughout 40 cycles. As Pneumocystis jiro-
vecii is an atypical fungus with a different 18S/ITS1/5.85/ITS2/28S complex and only one copy
of the ITS2 locus in its genome, a specific nested PCR protocol was performed for the gene
that encodes mitochondrial large-subunit ribosomal RNA (mtLSU rRNA) [11-13]. For the
first round of amplification we used the external primers pAZ102-E and pAZ102-H that
yielded a 346-base pair (bp) fragment. For the second round of amplification, we used the
internal primers pAZ102-X and pAZ102-Y that produced a 260-bp product. Both rounds of
PCR comprised 35 amplification cycles.

All PCRs were conducted on a T1 Thermocycler (Biometra, Gottingen, Germany). To
avoid false positive reactions caused by contamination, filter-filled pipettes were used for all
stages of the detection procedure. DNA extraction, preparation of the reaction mixture, PCR
amplification, and detection were performed in separate rooms. A positive control was
included in each reaction and all PCRs included molecular grade water as a negative control to
detect any possible cross-contamination.

Amplicons were analyzed by electrophoresis on a 2% (w/v) agarose gel containing RedSafe
nucleic acid staining solution and the bands were visualized by ultraviolet light. For fungal
identification, the ITS2 region was directly sequenced when it was possible to slice the bands
after repeating electrophoretically all the PCR volume and when it was not possible to clone
the PCR products using the pPGEM-T Easy Vector System (Promega, Madison, Wisconsin) in
JM109 High Efficiency Competent Cells and 5 clones of every PCR selected on plates LB /
ampicillin / IPTG / X-Gal were purified with NucleoSpin Plasmid (Macherey-Nagel) and
sequenced. For genotype mtLSU rRNA Prneumocystis gene, positive PCR products were
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purified using Sephacryl S-400 columns (Amersham Pharmacia Biotech, Upsala, Sweden) and
direct sequencing to detect polymorphisms at nucleotide positions 85 and 248.

All sequencing was performed with the BigDye Terminator v3.1 cycle sequencer kit follow-
ing the standard protocol, purified by precipitation with EDTA / ethanol to remove excess dye
terminators and resuspended in 12 pl of Hi-Di Formamide (Thermo Fisher Scientific) and
performed in an Applied Biosystems AB3500 genetic analyzer. The quality control sequence
was tested with SeqScanner_2 software (Thermo Fisher Scientific) and analyzed using
MEGA?7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. For geno-
type characterization at the P. jirovecii mtLSU rRNA gene a reference sequence was utilized
and for fungal identification the ITS2 sequence was compared using BLASTn with those stored
in the GenBank nucleotide database and, when necessary, it was confirmed in the UNITE
community unified base for DNA of fungal species: full UNITE + INSD database. Previously
unknown sequences generated in this study have been deposited in the GenBank public repos-
itory database. ID: PP297122, PP297123, PP297124, PP297125, PP297126, PP297127.

Statistical analyses

Categorial variables were shown as the number of cases with frequencies and compared apply-
ing the X2 or Fisher exact test when the data set was small and the expected frequency of any
cell of the contingency table was below 5. Continuous variables were showed as medians with
ranges and compared using Student’s t test or the Mann-Whitney U test for normal and non-
normally distributed variables, respectively. Spearman’s correlation analysis was used to
describe the correlation between quantitative variables without normal distribution. Statistics
were performed using IBM SPSS version 26.0 software (IBM Corp, Armont, New York). A p
value of < .05 was considered significant in all cases.

Results

The clinical characteristics of 39 newborns included in the study are summarized in Table 1.
Among babies without RDS, it was more common that their mothers did not have previ-
ous delivery, but these did not reach statistical significance. Predictably, the need for

Table 1. Clinical characteristics of newborns and their mothers.

Characteristics Infants with RDS | Infants without RDS | p-value Preterm newborns | Newborns a term | p-value

Mothers No.=13 No.=13 No. =26 No.=13
Age years, median (IQR) 32.7 (38-31.2) 33.8 (36.5-28.5) 0.169* 33.3 (37.5-31) 29.6 (33.5-27) 0.097*
Nulliparous 4 (30.7%) 9 (69.2%) 0.116%7 13 (50%) 5 (38.4%) 0.733¢
Antibiotics in labor 8 (61.5%) 6 (46.1%) 0.431% 14 (53.8%) 1(7.6%) 0.014%7
Chorioamnionitis 4(30.7%) 4(30.7%) 1% 8 (30.7%) 1(7,6%) 0.226%*
Cesarean delivery 7 (53.4%) 7 (53.4%) 1% 14(53.8%) 0 (0%) 0.001%*

Newborns
Gestational age birth, weeks, median (IQR) | 29.2 (31.5-28.5) 30 (31.5-29) 0.357* 29.6 31.2-28.7) 39.5 (40-39) <0.001**
Birth weight, g, mean (SD) 1305.8 (257.9) 1366.9 (124.2) 0.099* 1336.3 (200.8) 3514,1 (430.6) <0.0001**
Male sex 7 (53.4%) 7 (53.4%) 17 14 (53.8%) 9 (69.2%) 0.495%¢
Intubated at birth 12 (92.3%) 3(23%) <0.001% | 15 (57.6%) 0 (0%) <0.001%¢

*Student’s t test

**Mann-Whitney U test

IChi-square test

99 Fisher’s exact test

https://doi.org/10.1371/journal.pone.0302027.t001
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intubation at birth was statistically significantly longer in newborns with RDS than in
infants without RDS. None of the babies born at term needed intubation. For the rest of the
characteristics, there were no significant differences between babies with and without RDS,
nor between the maternal obstetric history of their mothers, including the use of prenatal
corticosteroids. Naturally, gestational age and weight at birth were different with statistical
significance.

There were no differences in the fungal taxa present in the airways between term and pre-
term babies. No differences in fungal taxa were related to intubation. There were no differ-
ences in fungal taxa between babies born by cesarean section and those born by vaginal
delivery. The use of antibiotics in labor was associated with the presence of candida, but not
other fungi, in the respiratory tract of newborns when we analyzed both term and premature
newborns together. Candida was identified in 22.2% of babies when antibiotics were not used
and in 63.6% when they were used (Rho = 0.14, p = 0.02). However, this relationship was not
observed when we analyzed term and premature babies separately.

In total, we found 87 sequences that belong to 46 different fungal taxa considering term and
preterm babies. Focus on preterm newborns, there were 37 identifications belonging to 21
taxa in the respiratory distress group and 29 identifications for 17 taxa in the non-distress
group (Table 2).

The phylum ascomycota was identified in 96.1% (25/26) of preterm infants and 76.9% (10/
13) of term babies (p = 0.119), while the phylum basidiomycota was found in 38.4% (10/26) of
preterm infants and 23% (3/13) of term babies (p = 0.548).

Cladosporium was the predominant genus in both term 38.4% (5/13) and preterm infants
73% (19/26), without statistical differences between them (p = 0.08). Among preterm infantas,
it was more frequent in the respiratory distress group (84.4%, 11 of 13 vs. 61.5%, 8 of 13;

p =0.378). Candida was the second genus in frequency being identified in 15.4%, 2 of 13 of
term infants and in 46.1%, 12 of 26 of preterm newborns (p = 0.12). The most frequently iden-
tified species was Candida sake, all in 10 preterm newborns, five in each group. There was a
case of Candida parapsilosis in a preterm newborn with respiratory distress syndrome. P. jiro-
vecii was only identified among preterm infants with a frequency of 26.7% (7 of 26) with no
significant differences between babies with and without RDS.

Overall, Malassezia was the predominant genus in the Basidiomycota phylum, but only
present among preterm infants (3 out 26; 11.5%). There was a case of Cryptococcus neoformans
in a preterm newborn with respiratory distress syndrome. Ten unknown fungi were detected
from eight patients and a protozoan of the genus Epistylis in a term newborn.

The airway mycobiota in preterm infants with and without RDS are shown in Table 2 and
Figs 1 and 2.

Discussion

This study describes, for the first time, the presence of multiple fungal genus in the airways of
newborns and compares between term and premature infants at birth. The fungi of the Asco-
mycota phylum as a whole represent the main taxa present in preterm newborns. They are pre-
dominant in both newborns with and without RDS. Compared with this, the Basidiomycota
phylum, although as a whole less frequent in both groups of infants than Ascomycota, was
more frequent among newborns without RDS.

Curiously, C. sake and P. jirovecii were only found in preterm newborns. C. sake has been
associated with early caries in children and occasionally with severe infections including fungal
endocarditis, peritonitis, and candidaemia [14, 15]. P. jirovecii has been associated with RDS
and bronchopulmonary dysplasia (BPD) in preterm infants [10, 16]. The lack of association in

PLOS ONE | https://doi.org/10.1371/journal.pone.0302027  April 10, 2024 5/11


https://doi.org/10.1371/journal.pone.0302027

PLOS ONE

Airway mycobiota of newborn infants

Table 2. Sequences and percentage of phylum and genus grouped by newborn groups.

RDS (n=13) No_RDS (n=13) Term (n = 13) Preterm (n = 26) All cases (n = 39)
Identities: Sequences (Taxa) 37 (21) 29 (17) 21 (19) 66 (31) 87 (46)
Ascomycota 26/37 (70.2%) 19/29 (65.5%) 13/21 (61.9%) 45/66 (68.1%) 58/87 (66.6%)
Pezizomycotina
Capnodiales
Cladosporium 13/37 (35.1%) 8/29 (27.5%) 5/21 (23.8%) 20/66 (30%) 25/87 (28.4%)
Hortaea 1/37(2.7%) 1/66 (1.5%) 1/87 (1.1%)
Hypocreales
Acremonium 1/37(2.7%) 1/66 (1.5%) 1/87 (1.1%)
Eurotiales
Aspergillus 1/37(2.7%) 2/21(9.5%) 1/66 (1.5%) 3/87 (3.4%)
Mycosphaerellale
Eupenidiella 1/21 (4.7%) 1/87 (1.1%)
Chaetothyriales
Trichomeriaceae spp. 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Pleosporales
Epicoccum 1/21 (4.7%) 1/87 (1.1%)
Saccharomycotina
Saccharomycetales
Candida 6/37 (16.2%) 5/29 (17.2%) 2/21 (9.5%) 11/66 (16.6%) 13/87 (14.9%)
Debaryomices 1/37(2.7%) 1/29 (3.4%) 2/66 (3%) 2/87 (2.2%)
Meyerozyma 1/21 (4.7%) 1/87 (1.1%)
Geotrichum 1/29 (3.4%) 1/21 (4.7%) 1/66 (1.5%) 1/87 (1.1%) 1/87 (1.1%)
Unclassified
Taphrinomycotina
Pneumocystidales
P. jirovecii 4/37 (10.8%) 3/29 (10.3%) 7/66 (10.6%) 7/87 (8%)
Basidiomycota 4/37 (10.8%) 7/29 (24.1%) 4/21 (19%) 11/66 (16.6%) 15/87 (17.2%)
Agaricomycotina
Cantharellales
Ceratobasidium. 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Corticiales
Lyomyces 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Hymenochaetales
Tubulicrinis 1/21 (4.7%) 1/87 (1.1%)
Polyporales
Perenniporia 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Ganoderma 1/21 (4.7%) 1/87 (1.1%)
Tremellales
Bullera 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Cryptococcus 1/37 (2.7%) 1/21 (4.7%) 1/66 (1.5%) 2/87 (2.2%)
Ustilaginomycotina
Malasseziales
Malassezia 137 (2.7%) 2/29 (6.8%) 3/66 (4.5%) 3/87 (3.4%)
Pucciniomycotina
Sporidiobolales
Rhodotorula 1/37 (2.7%) 1/21 (4.7%) 1/66 (1.5%) 2/87 (2.2%)
Wallemiomycotina

(Continued)
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Table 2. (Continued)

RDS (n=13) No_RDS (n=13) Term (n=13) Preterm (n = 26) All cases (n =39)
Wallemiales

Wallemia 1/37 (2.7%) 1/29 (3.4%) 2/66 (3%) 2/87 (2.2%)

Unknown 7/37 (18.9%) 3/29 (10.3%) 3/21 (14.2%) 10/66 (15.1%) 13/87 (14.9%)
MS502 1/37 (2.7%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 1 1/37 (2.7%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 2 1/37 (2.7%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 3 3/37 (8.1%) 3/66 (4.5%) 3/87 (3.4%)
Unknown 4 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 5 1/37 (2.7%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 6 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 7 1/29 (3.4%) 1/66 (1.5%) 1/87 (1.1%)
Unknown 8 1/21 (4.7%) 1/87 (1.1%)
Unknown 9 1/21 (4.7%) 1/87 (1.1%)
Unknown 10 1/21 (4.7%) 1/87 (1.1%)

Protozoan
Ciliophora

Epistylis 1/21 (4.7%) 1/87 (1.1%)

https://doi.org/10.1371/journal.pone.0302027.t1002

this study could be related to the sample size. However, the potential relationship between C.
sake or P. jirovecii and the risk of prematurity deserves further studies.

Until now, the possible relationship between the fungal microbiota of the airways and respi-
ratory disease in preterm infants has not been studied. However, different studies have evalu-
ated the relationship between the bacterial microbiota and respiratory disease in preterm
infants. Stressmann et al. speculated that the presence in the airways of eight intubated preterm
infants of Staphylococcus aureus, Enterobacter sp, Moraxella catarrhalis, Pseudomona aerugi-
nosa or Streptococcus sp could be related to the subsequent development of respiratory compli-
cations in premature newborns [17]. Mourani et al. found early bacterial colonization after the
first 72 hours of life in the airways of ten intubated preterm infants, most frequently Staphylo-
cocus spp or Ureaplasma spp, which could be involved in the subsequent development of respi-
ratory complications [18]. In fact, several microorganisms have been involved in the
development of BPD such as Chlamydia, Ureaplasma, Mycoplasma, citomegalovirus, and ade-
novirus, but not with RDS [19-26].

Using Next-generation sequencing-based detection in the gastric fluid of neonates with
respiratory distress, Ureoplasma was detected in two of the ten cases and Streotococcus in three
of the seven cases, but only an association with chorioamnionitis could be established for Uro-
plasma [27].

Recently, in a study carried out in Mexico in newborns with respiratory distress, the pres-
ence of Chlamydia DNA was identified in 34.1% of the bronchial lavages studied, while the
prevalence of C. trachomatis infection in pregnant Mexican women is 6.73% [28, 29].

Several studies observed findings suggesting that a diverse microbiota is related to healthier
states [30-32]. However, in our study, we found a greater number of fungal species in preterm
infants with RDS. Fungal infection has been hypothesized to contribute to creating an inflam-
matory state that can interfere with bacterial colonization or increase its alveolar clearance. In
this sense, a metagenomic study of the respiratory track microbiota of patients with idiopathic
interstitial pneumonia showed a clearly negative relationship between the presence of P. jirove-
cii and the bacterial microbiota, suggesting an antagonistic relationship [33]. In the same way,
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Fig 1. Distribution of the airway mycobiota among preterm infants with respiratory distress syndrome.

https://doi.org/10.1371/journal.pone.0302027.9001

a higher frequency of fungi in preterm infants could induce a decrease in bacterial community
and thus play a role in RDS.

There are several limitations to our study. First, due to the small sample size, we cannot
conclude significant differences in the fungal microbiota in preterm infants with and without
RDS. Furthermore, we analyzed nasopharyngeal aspirate samples so that we could not know
the lower airways in infants who did not require mechanical ventilation.

In conclusion, this is the first report to describe the fungal microbiota of the airways in
term and preterm infants. Although no differences have been observed, the number of cases
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Fig 2. Distribution of the airway mycobiota among preterm infants without respiratory distress syndrome.

https://doi.org/10.1371/journal.pone.0302027.g002

analyzed has been small to obtain conclusive results. Therefore, more studies are needed to
examine and understand the role that the fungal microbiota of the airways plays in neonatal
respiratory pathology.

On the other hand, the presence of C. sake and P. jirovecii only in preterm newborns, but
not in term infants, suggests a potential relationship with the risk of prematurity. This finding
might have clinical relevance that warrants further investigation.
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