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Abstract

Background: Prenatal adverse exposures have been associated with increased risks of 

development of respiratory diseases in children. The infant nasal microbiome is an important 

mechanism and indicator.

Objective: Our aim was to characterize and compare the nasal microbiome of infants who were 

in utero and exposed to Hurricane Maria in Puerto Rico during 2017 with that of infants who were 

conceived at least 5 months after the hurricane as controls.

Methods: We recruited 63 vaginally born infants, 29 of whom were in the exposure group and 34 

of whom were in the control group. Nasal swab samples were collected and analyzed by using 16S 

ribosomal RNA gene sequencing at the community and taxon levels, respectively.

Results: Infants in the exposure group were more likely to harbor a Staphylococcus-
Streptococcus–dominant microbial community in their nose. The richness and diversity of the 

microbiome was significantly higher in the exposure group than in the control group. In 

the exposure group, the bacterial genera Rhodocista, Azospirillum, Massilia, Herbaspirillum, 
Aquabacterium, and Pseudomonas were enriched, whereas Corynebacterium and Ralstonia were 

depleted. Food insecurity due to Hurricane Maria was associated with an increase in Pseudomonas 
in the infant nasal microbiome.
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Conclusion: Infants who were exposed to Hurricane Maria during gestation had an altered 

nasal microbiome, with a higher prevalence of environmental bacteria. More research is needed 

to evaluate the long-term impacts of extreme weather events occurring in the prenatal stage on a 

child’s nasal microbiome and respiratory health.
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Prenatal maternal exposures to environmental or psychological stressors increase the risk of 

development of respiratory diseases, including wheezing and asthma, in children.1,2 With the 

worldwide increases in the frequency and intensity of extreme weather events, which pose 

major environmental and psychological burdens in affected regions, it is essential to evaluate 

the risks of development of respiratory diseases among children who are exposed in utero to 

devastating climate events.

Extreme weather events, such as hurricanes and tropical storms, often increase the amount 

of pollutants, chemicals, and pathogens found in the atmosphere and environment.3 Strong 

floods are also associated with high levels of inhalable particles, bacteria, allergens, and 

mold.4 For example, after Hurricane Katrina struck New Orleans in 2005, there were 

large concentrations of airborne endotoxins, mold, and fungal glucans.5–7 Before, during, 

and after the Okinawa typhoon season in Japan from June to October 2018, influxes of 

potentially pathogenic bacteria from the orders Flavobacteriales, Campylobacterales, and 

Vibrionales were identified in soil samples.3 These powerful incidents also tend to cause 

widespread damage and devastation, such as power outages, disruptions in food and water 

access, and financial struggles, all of which may have negative health impacts directly or 

through psychological distress.8–10

The infant nasal microbiota (ie, a collection of all of the bacteria residing in the nasal 

passage) play a major role in priming the immune system in the respiratory tract and 

have been associated with respiratory disease risks in early childhood as a result of 

environmental exposures.11,12 Having a balanced microbiome in the upper airways can be 

protective by controlling allergic airway inflammation and improving respiratory health.13 

On the other hand, dysbiosis in the infant nasal microbiota has been linked with severe 

outcomes of respiratory tract infections and pulmonary disorders, such as the development 

of rhinitis, wheezing, and childhood asthma.14,15 Studies have shown that microbiota 

profiles dominated by Corynebacterium and Dolosigranulum in early infancy exhibited more 

stable compositions during the first 2 years of life and appeared to be protective, whereas 

the dominance of Staphylococcus and Streptococcus in the early nasal microbiome was 

associated with unstable microbial communities and pathogenic bacterial colonization.16–18

The infant microbiome may be influenced as early as at the prenatal stage.19 Maternal 

inflammatory and metabolic dysregulation in response to adverse events, such as infections, 

dietary changes, and stress, during pregnancy may disrupt maternal microbial balance. 

Altered microbial metabolites can subsequently translocate into the placenta and affect 

the fetal immune profile, which can then influence the selection of the founding infant 
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microbiome.20–22 Emerging evidence has also shown that bacteria, especially certain 

pathogenic bacteria, may directly penetrate the human placenta during gestation.23,24 

Although still being debated, several studies have reported a detection of microbial traces in 

human placenta and fetal tissues.25–29 Live bacterial strains have also been extracted from 

fetal tissues during the second trimester and activated memory T cells in vitro.30 Therefore, 

the infant nasal microbiome may likely be a major mechanism underlying prenatal adverse 

exposures and increased respiratory risks.

To evaluate the nasal microbiome of infants who were exposed prenatally to a devastating 

weather event, we conducted a study named Hurricane as the Origin of Later Alterations 

in Microbiome (HOLA) by recruiting a cohort in San Juan, Puerto Rico, that consisted of 

infants who were exposed in utero to Hurricane Maria and a control group of infants who 

were conceived at least 5 months after the hurricane. As one of the deadliest natural disasters 

in the United States, Hurricane Maria struck Puerto Rico on September 20, 2017, resulting 

in more than 4645 excess deaths and more than $90 billion of prolonged damages.31,32 

Many Puerto Ricans experienced posttraumatic stress due to a combination of physical and 

economic challenges.33 Studies have also reported environmental changes after Hurricane 

Maria, with higher concentrations of debris, fuels, pesticides, sediments, bacteria, and 

chlorinated volatile organic matter in water samples.34,35 In our HOLA study, we were 

among the first to characterize the nasal microbiome of infants who were exposed in utero to 

a devastating hurricane and compare it with that of infants who were not.

METHODS

Study participants

The HOLA study was approved by the institutional review board of San Juan City Hospital 

(identifier EPDC-Microbiome); it did not meet the federal definition of being engaged 

in human subject research per the Washington University in St Louis institutional review 

board, as only coded data and samples were used for analysis. The inclusion criteria for 

both groups were (1) full-term birth (≥36 weeks of gestational age), (2) birth by vaginal 

delivery, (3) age between 2 to 6 months, (4) residence in Puerto Rico throughout the 

mother’s pregnancy, and (5) not currently taking any medications. The exclusion criteria 

for both groups were (1) delivery by cesarean section, (2) premature birth (<36 weeks of 

gestational age), (3) admission to a neonatal intensive care unit, (4) acute illness at the 

time of acquisition of the samples, (5) airway or pulmonary malformations, (6) identified 

chromosomal or genetic abnormalities, and (7) low birthweight (<2500 g).

Sampling and questionnaires

At the San Juan City Hospital Clinical Research Unit, each of the infants’ mothers provided 

written informed consent and completed a Spanish questionnaire on her personal history 

and adverse exposures as a result of Hurricane Maria. The questions were adapted from 

various sources, including instruments used by psychology researchers in Puerto Rico 

during that time and personal experiences of the research team members. The Edinburgh 

Postnatal Depression Scale (EPDS) was used as a standard psychological instrument to 
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detect depressive symptoms, in which an EPDS score was calculated and agreed on by 2 

researchers.36

During this visit, a clinical research coordinator also collected nasal swab samples from 

the infants by inserting a sterile swab into both nostrils of the infants against the nasal 

mucosa. The swab was immediately placed into a DNA/RNA Shield collection tube (Zymo 

Research, Irvine, Calif) with DNA and RNA stabilization solutions that preserved the 

nucleic acid integrity of the samples. All collection tubes were shipped within 2 weeks 

to Washington University in St Louis and immediately stored in a freezer at −80°C until they 

were processed.

Microbial DNA extraction, 16S recombinant RNA gene sequencing, and data processing

After all of the samples were received, microbial DNA was extracted from each of them by 

using a ZymoBIOMICS DNA Miniprep Kit (Zymo Research). A Quick-16S NGS Library 

Prep Kit (Zymo Research) was used to amplify and barcode the V3 to V4 regions of the 16S 

ribosomal RNA gene. The samples were then pooled and sequenced based on the Illumina 

MiSeq platform (2 × 250 standard runs; Washington University DNA Sequencing Innovation 

Lab, St Louis, Mo). The amplicon sequencing variances (ASVs) were inferred by using 

the merged forward and reverse reads from demultiplexed fastq files and the DADA2 R 

package.37 Taxonomy assignments were based on the Ribosomal Database Project’s training 

set 16.38 The negative control samples yielded very low sequencing reads (<40 reads per 

sample) and were removed for further analysis. The ASV counts, taxonomy assignments, 

phylogeny, and sample metadata were combined to generate a PhyloSeq object.39 The 

DADA2 pipeline calculated bacterial richness, Shannon index, weighted UniFrac distance 

and unweighted UniFrac distance between each pair of samples, and principal coordinates in 

RStudio (R version 4.1.1). The 16S ribosomal RNA sequencing files have been deposited in 

the European Nucleotide Archive (accession code PRJEB49831).

Statistical analysis

Demographics, maternal information, and feeding methods were compared between the 

exposure and control groups by using the nonparametric Wilcoxon rank sum test for 

continuous variables and chi-square test for categoric variables. The Wilcoxon rank sum 

test was used to compare the Shannon diversity and richness between groups. β-Diversity 

was based on the weighted or unweighted UniFrac distance matrix, and significance was 

evaluated by using the analysis of similarities test. α-Values less than 0.05 were considered 

statistically significant. Community typing was based on the Dirichlet multinomial mixture 

model by using the core bacterial genera (present in ≥10% of the samples with a 

relative abundance of ≥0.1%).40 Differential bacteria genera were detected by using the 

generalized linear regression model with a logarithmic link that followed a negative 

binomial distribution in the R package DESeq2.41 RStudio (R version 4.1.1) was used for 

statistical analyses, and ggplot2 was used for visualization. ASVs not assigned to any genus 

were removed in the DESeq2 analysis.
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RESULTS

Characterization of the participants

This study included 63 infants, of whom 29 were in the exposure group, as they were in 
utero during the course and sequelae of Hurricane Maria, and 34 were in the control group, 

as they were conceived ≥5 months after Hurricane Maria occurred. All of the participants 

resided in the San Juan metropolitan area. Fig 1 shows the municipalities in which the 

infants from the exposure and control groups were located.

The characteristics of the participants from both groups are compared in Table I. The 

infants in the exposure group were enrolled between March and August 2018, and those 

in the control group were enrolled between February and September 2019. There were 

no significant differences in infant age at the time of sampling, gestational age, presence 

of siblings living in the same household, breast-feeding status, or mothers’ EPDS score 

between both groups. However, there were significantly more male infants in the control 

group than in the exposure group (P = .05). The infants were all Latino and born vaginally.

In the exposure group, 72.41% of the infants’ mothers were in their second trimester in 

pregnancy when Hurricane Maria occurred, whereas 27.59% were in their first trimester. 

During their pregnancy, all of the mothers experienced power outages and were exposed 

to fumes, mold, or debris due to Hurricane Maria. Some of the mothers also experienced 

displacement (27.59%), food insecurity (27.59%), and drinking water insecurity (34.38%) 

for at least 1 month after the hurricane.

Sequencing reads and community types

We had a total of 1,357,087 raw sequencing reads. After quality control procedures in 

the DATA 2 pipeline, 909,647 high-quality reads were retained for downstream analysis. 

The exposure group had 423,428 high-quality reads for 29 of the samples, and the mean 

read number was 14,601. The control group had 486,219 high-quality reads for 34 of the 

samples, and the mean read number was 14,301. The read numbers of each sample and 

rarefaction curve are listed in Fig E1, A and B (see the Online Repository at www.jaci-

global.org).

A total of 971 ASVs were detected in all 63 nasal swab samples. Of the 971 ASVs, 

189 appeared in both the exposure and control groups, 589 appeared only in the exposure 

group, and 193 appeared only in the control group. The 189 ASVs that appeared in both 

groups accounted for most of the taxa in the samples (89.7% across all samples). The 

top 4 most abundant bacterial phyla, which corresponded to 99% of the reads, included 

Firmicutes (44.6%), Actinobacteria (36.2%), Proteobacteria (17.9%), and Bacteroidetes 

(0.9%). A comparison of the top 5 phyla is presented in Table E1 (see the Online 

Repository at www.jaci-global.org); there were no remarkable differences regarding their 

relative abundances between the 2 groups. The top 10 most abundant bacterial families 

were Corynebacteriaceae (35.1%), Carnobacteriaceae (22.6%), Staphylococcaceae (12.2%), 

Streptococcaceae (8.5%), Moraxellaceae (7.8%), Neisseriaceae (5.4%), Pasteurellaceae 

(2.3%), Veillonellaceae (0.8%), Prevotellaceae (0.6%), and Enterobacteriaceae (0.5%). Of 

these, Staphylococcaceae (P = .04), Moraxellaceae (P = .008), Streptococcaceae (P < .001), 
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and Veillonellaceae (P = .002) were significantly more abundant in the exposure group than 

in the control group (see Fig E2 in the Online Repository at www.jaci-global.org).

We then partitioned the microbial data into community types by using the Dirichlet 

multinomial mixture model. Four different microbial community types were identified 

(Fig 2, A). Interestingly, community type A was enriched with samples from infants in 

the control group (72%), whereas community type B was enriched with samples from 

infants in the exposure group (73%). Community types C and D both had relatively 

similar numbers of infants from both groups. As shown in Fig 2, B, community type 

A was codominated by Dolosigranulum and Corynebacterium, community type B was 

codominated by Staphylococcus and Streptococcus, community type C was dominated by 

Corynebacterium, and community type D was dominated by Moraxella. Community type 

B had significantly higher numbers of observed ASVs and a higher Shannon index value 

(an indicator of community richness) than the other 3 community types did (Fig 2, C). In 

addition, the bacterial compositions represented by the principal coordinate analysis (PCoA) 

among the 4 community types were significantly different (P = .001 for both weighted 

UniFrac and unweighted UniFrac distances [Fig 2, D]).

Comparison of the 2 groups at the community level

As shown in Fig 3, A, the number of observed ASVs in the nasal swab samples was 

significantly higher in the exposure group than in the control group (P < .001), which 

was also confirmed by Shannon index value (P = .002). These α-diversity differences 

were largely attributable to the phyla Proteobacteria and Firmicutes (Fig 3, B). Fig 3, 

C displays the PCoA based on the weighted and unweighted UniFrac distance matrixes, 

respectively. The bacterial compositions between the exposure and control groups were 

significantly different (P = .04 for the weighted UniFrac and P = .001 for the unweighted 

UniFrac). The unweighted UniFrac distances determine similarities based solely on the 

presence or absence of a taxon in the 2 groups, whereas the weighted UniFrac distances 

also consider the differences in the abundance of a taxon. The more significant results from 

the unweighted UniFrac distance–based PCoA analysis than from those from the weighted 

UniFrac distance–based analysis indicate that the major microbial compositional differences 

may be due to the presence of a unique taxon in each group, in which their relative 

abundances were relatively small.

We then performed subgroup analyses to examine whether the community differences 

between the exposure and control groups appeared only under certain circumstances. As 

shown in Fig 4, A, similar significant trends in both the number of observed ASVs and 

Shannon index values were seen in most of the subgroups that were stratified by exclusive 

breast-feeding status, infant age, infant sex, or presence of siblings at home. Fig 4, B shows 

the β-diversity of these subgroup analyses. Similarly, PCoA analyses based on unweighted 

UniFrac distances were still significant in all subgroups. For PCoA analysis based on 

weighted UniFrac distance, significant compositional differences between these 2 groups 

were observed among infants aged 16 weeks or older (P = .01) and infants who did not have 

siblings present in the same household (P = .002).
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Comparison of the 2 groups at the genus level

Next, we applied a generalized linear regression model using DESeq2. The model included 

all 207 genera to identify bacterial genera with significantly differential abundances between 

the exposure and control groups. After adjustment for multiple comparisons, 8 bacterial 

genera, namely, Aquabacterium (adjusted P = 1.06 × 10−8), Pseudomonas (adjusted P = 

1.41 × 10−6), Corynebacterium (adjusted P = .023), Herbaspirillum (adjusted P = .013), 

Azospirillum (adjusted P = .026), Massilia (adjusted P = .023), Rhodocista (adjusted P = 

.020), and Ralstonia (adjusted P = .023), showed significantly differential abundances (Fig 5, 

A). Of those 8 genera, Rhodocista spp, Azospirillum spp, Massilia spp, Herbaspirillum spp, 

Aquabacterium spp, and Pseudomonas spp were enriched, whereas Corynebacterium spp 

and Ralstonia spp were depleted in the exposure group versus in the control group. The log2 

fold change and SE of each genus are shown in Fig 5, B. Comparisons of the species within 

each identified genus are shown in Fig E3 (in the Online Repository at www.jaci-global.org).

We further examined whether the identified bacterial genera were associated with 

maternal prenatal adverse experiences due to Hurricane Maria, including displacement 

during gestation, food insecurity, and drinking water insecurity. As shown in Fig 5, C, 

Pseudomonas was increased in the nasal microbiome of infants who were exposed to 

food insecurity in utero. However, these adverse exposures were not associated with other 

identified genera (see Fig E4 in the Online Repository at www.jaci-global.org).

DISCUSSION

The infant nasal microbiome may be a sensitive indicator of respiratory disease risks 

during childhood.13 Although accumulating evidence has shown that hurricanes and other 

extreme weather events lead to a series of adverse changes in the environmental and 

socioeconomic status of affected regions, only a few studies have evaluated the infant 

microbiome in postdisaster settings.19 This cohort study characterized for the first time the 

nasal microbiome of infants who were exposed in utero to a devastating hurricane. The 

HOLA cohort comprised an exposure group of 29 infants whose mothers were in their first 

or second trimester when Hurricane Maria struck Puerto Rico and a control group of 34 

infants who were conceived at least 5 months after the hurricane. Our results show that 

infants in the exposure group harbored more species abundance and diverse bacteria in 

their nasal passages than did those in the control group. The compositions of the microbial 

communities also differed significantly between the exposure and control groups, indicating 

that an alteration of the nasal microbiome may exist among infants who were exposed in 
utero to Hurricane Maria.

On the basis of the major genera in the infant nasal microbiome, 4 different community 

types were identified in the 63 nasal swab samples. Among them, the samples from the 

exposure group were remarkably different from those in the control group in terms of 2 

community types. In the community codominated by Dolosigranulum and Corynebacterium, 

72% of the samples were from the control group, whereas in the community codominated 

by Staphylococcus and Streptococcus, 73% of the samples were from the exposure group. 

Many studies have demonstrated that infants with Dolosigranulum and Corynebacterium 
dominant in their nose have decreased risks of having severe respiratory infections, 
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wheezing, and asthma, compared with infants who have Staphylococcus and Streptococcus 
dominant in their nose.16 Our results indicated that infants who were exposed in utero 
to Hurricane Maria were more likely to be in the high-risk group, as they had a 

Staphylococcus- and Streptococcus-dominated microbiota in their nose. This may provide 

primary evidence that infants exposed to a devastating hurricane may have increased risks 

for development of respiratory diseases during childhood.

Previous studies have identified several factors that could influence the infant nasal 

microbiome, such as mode of delivery, feeding methods, and the presence of siblings at 

home.13,17,42 In this study, we restricted our inclusion criteria to only vaginally born infants 

to avoid this strong influencer on the nasal microbiome being a confounder. Regarding 

other potential factors, we performed subgroup analyses to examine whether the differences 

that we observed between the exposure and control groups existed only under certain 

conditions. Similar differences were seen in all of the subgroups stratified by feeding 

methods, infant age, infant sex, and having siblings at home, suggesting that alterations of 

the nasal microbiome in the exposure group were a relatively common phenomenon.

In addition to the differences identified at the community level, we found 8 bacterial 

genera with significantly differential abundance between the exposure and control groups. 

As Corynebacterium has been repeatedly verified as a beneficial bacteria genus in the 

infant nasal microbiota in many studies, the significant decrease in Corynebacterium in the 

exposure group versus in the control group in our study further alerts us that infants who 

were prenatally exposed to a devastating hurricane may harbor fewer beneficial bacteria 

in their nose during early life, which can increase their risks of developing respiratory 

diseases.16,43 In our study, 6 bacterial genera, namely, Pseudomonas, Aquabacterium, 
Herbaspirillum, Azospirillum, Massilia, and Rhodocista, were also significantly increased 

or uniquely present in the samples from the exposure group. These genera have been found 

primarily in soil, water, and detritus, but some have also been previously detected in human 

respiratory samples, indicating that the nasal passage can be a niche for them.44–47 A 

study reported that Pseudomonas was the dominant genus discovered in the beach sand 

at the land point during and after a strong typhoon event.48 However, after 3 months, the 

presence of Pseudomonas significantly decreased to undetectable levels.48 Taken together, 

the data indicate that because Pseudomonas and several other environmental bacteria were 

more prevalent and abundant in the exposed infants than in the control infants, maternal 

exposure to high concentrations of bacteria in a posthurricane setting during gestation may 

cause those bacteria to be transmitted to the offspring. Interestingly, we also found that food 

insecurity during pregnancy was significantly associated with the increase in Pseudomonas 
in the infant nasal microbiome. It is possible that food insecurity experienced after a 

hurricane is a way of selecting for those most exposed to environmental consequences. 

This may also be related to prenatal maternal distress. Depression and stress can pose 

great risks for development of impaired immunity, and this may subsequently disrupt the 

stability of a developing microbiome and allow the capacity of environmental bacteria to 

become persistent and cause dysbiosis.49,50 Hurricane Maria caused devastating mental 

health outcomes for many years, especially in urban areas, but very few studies have 

addressed the impact of environmental microbes (bacteria as well as fungi) in causing 

perturbations to a normal microbiome development.8
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The observed alterations in the nasal microbiome of infants who were exposed in utero to 

Hurricane Maria indicate an increased risk of development of respiratory diseases. Our study 

highlighted the importance of monitoring the respiratory health of children in postdisaster 

settings. Further, our results provide a potentially promising method in using the nasal 

microbiome to predict the risks of respiratory diseases in children who were exposed in 
utero to a devastating hurricane. Predicting and detecting respiratory outcomes early in 

life is beneficial to identify appropriate treatment and interventions that can prevent the 

progression of disease and reduce morbidity and mortality. This may also improve quality of 

life and lung function.

This was a preliminary study with several limitations. The main limitation was the relatively 

small number of participants in our cohort, owing to the many difficulties in recruiting 

participants in a postdisaster setting. However, given that research on the associations 

between devastating climate events and the infant nasal microbiome are currently limited, 

we believe that our study highlights important results that may help us better evaluate 

the impacts of disasters on development of respiratory diseases among children. Another 

limitation was the inability to collect environmental samples. Indoor and outdoor samples of 

the water and air in the aftermath of Hurricane Maria would have allowed us to better 

understand the increased diversity of the nasal microbiome in the exposure group. In 

addition, some other variables, such as exposure to secondhand smoke, maternal diet, and 

obesity, as well as parental medical history and socioeconomic status, were not evaluated, 

but they may have been potential moderators of the association between prenatal exposures 

and the nasal microbiome.

In conclusion, this study compared the nasal microbiome of infants who were in utero 
when Hurricane Maria struck Puerto Rico with that of infants who were conceived at least 

5 months afterward. Our results show that the exposure group’s bacterial composition at 

the community and genus levels differed significantly from that of the control group and 

that the environmental bacteria persisted longer in those who had in utero exposure to the 

event. Infants who were exposed to Hurricane Maria during gestation had an altered nasal 

microbiome, with a higher diversity and prevalence of environmental bacteria. Extreme 

weather events, such as devastating hurricanes, may be associated with increased risks of 

development of childhood respiratory diseases in the unborn. These findings can be used 

to strengthen strategies preventing the development of respiratory diseases in children in 

postdisaster settings. Follow-up studies are clearly needed to assess the long-term impacts 

of prenatal maternal exposures to Hurricane Maria on the offspring nasal microbiome and 

respiratory health.
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Acknowledgments

We thank all of the children and their families who participated in the study for their commitment and contribution. 
We appreciate the support of William Winston (Washington University Olin Library Data Services) in making the 
map of the study area by using a geographic information system.

Lee et al. Page 9

J Allergy Clin Immunol Glob. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supported by the National Institutes of Health (NIH)/National Institute of Allergy and Infectious Diseases (grant 
1R21AI139649–01A1 [to L.W.]) and the Washington University Institute of Clinical and Translational Sciences, 
which is in part supported by the NIH/National Center for Advancing Translational Sciences (Clinical and 
Translational Science Awards grant UL1TR002345).

Abbreviations used

ASV Amplicon sequencing variance

EPDS Edinburgh Postnatal Depression Scale

HOLA Hurricane as the Origin of Later Alterations in Microbiome

PCoA Principal coordinate analysis

REFERENCES

1. Wright RJ, Hsu HL, Chiu YM, Coull BA, Simon MC, Hudda N, et al. Prenatal ambient ultrafine 
particle exposure and childhood asthma in the northeastern United States. Am J Respir Crit Care 
Med 2021;204:788–96. [PubMed: 34018915] 

2. Cookson H, Granell R, Joinson C, Ben-Shlomo Y, Henderson AJ. Mothers’ anxiety during 
pregnancy is associated with asthma in their children. J Allergy Clin Immunol 2009;123:847–
53.e11. [PubMed: 19348924] 

3. Ares A, Brisbin MM, Sato KN, Martin JP, Iinuma Y, Mitarai S. Extreme storms cause rapid but 
short-lived shifts in nearshore subtropical bacterial communities. Environ Microbiol 2020;22:4571–
88. [PubMed: 33448616] 

4. D’Amato G, Chong-Neto HJ, Monge Ortega OP, Vitale C, Ansotegui I, Rosario N, et al. The effects 
of climate change on respiratory allergy and asthma induced by pollen and mold allergens. Allergy 
2020;75:2219–28. [PubMed: 32589303] 

5. Solomon GM, Hjelmroos-Koski M, Rotkin-Ellman M, Hammond SK. Airborne mold and endotoxin 
concentrations in New Orleans, Louisiana, after flooding, October through November 2005. Environ 
Health Perspect 2006; 114:1381–6. [PubMed: 16966092] 

6. Rao CY, Riggs MA, Chew GL, Muilenberg ML, Thorne PS, Van Sickle D, et al. Characterization 
of airborne molds, endotoxins, and glucans in homes in New Orleans after Hurricanes Katrina and 
Rita. Appl Environ Microbiol 2007;73:1630–4. [PubMed: 17209066] 

7. Rabito FA, Iqbal S, Kiernan MP, Holt E, Chew GL. Children’s respiratory health and mold levels in 
New Orleans after Katrina: a preliminary look. J Allergy Clin Immunol 2008;121:622–5. [PubMed: 
18179814] 

8. Scaramutti C, Salas-Wright CP, Vos SR, Schwartz SJ. The mental health impact of Hurricane Maria 
on Puerto Ricans in Puerto Rico and Florida. Disaster Med Public Health Prep 2019;13:24–7. 
[PubMed: 30696508] 

9. Orengo-Aguayo R, Stewart RW, de Arellano MA, Suarez-Kindy JL, Young J. Disaster exposure 
and mental health among Puerto Rican youths after Hurricane Maria. JAMA Netw Open 
2019;2:e192619. [PubMed: 31026024] 

10. Saunders JM. Vulnerable populations in an American Red Cross shelter after Hurricane Katrina. 
Perspect Psychiatr Care 2007;43:30–7. [PubMed: 17295855] 

11. Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bonnelykke K, et al. Childhood 
asthma after bacterial colonization of the airway in neonates. N Engl J Med 2007;357:1487–95. 
[PubMed: 17928596] 

12. Teo SM, Mok D, Pham K, Kusel M, Serralha M, Troy N, et al. The infant nasopharyngeal 
microbiome impacts severity of lower respiratory infection and risk of asthma development. Cell 
Host Microbe 2015;17:704–15. [PubMed: 25865368] 

13. Mika M, Mack I, Korten I, Qi W, Aebi S, Frey U, et al. Dynamics of the nasal microbiota in 
infancy: a prospective cohort study. J Allergy Clin Immunol 2015;135:905–12.e11. [PubMed: 
25636948] 

Lee et al. Page 10

J Allergy Clin Immunol Glob. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Esposito S, Principi N. Impact of nasopharyngeal microbiota on the development of respiratory 
tract diseases. Eur J Clin Microbiol Infect Dis 2018;37:1–7. [PubMed: 28795339] 

15. Tang HHF, Lang A, Teo SM, Judd LM, Gangnon R, Evans MD, et al. Developmental patterns 
in the nasopharyngeal microbiome during infancy are associated with asthma risk. J Allergy Clin 
Immunol 2021;147:1683–91. [PubMed: 33091409] 

16. Biesbroek G, Tsivtsivadze E, Sanders EA, Montijn R, Veenhoven RH, Keijser BJ, et al. Early 
respiratory microbiota composition determines bacterial succession patterns and respiratory health 
in children. Am J Respir Crit Care Med 2014;190:1283–92. [PubMed: 25329446] 

17. Elgamal Z, Singh P, Geraghty P. The upper airway microbiota, environmental exposures, 
inflammation, and disease. Medicina (Kaunas) 2021;57:823. [PubMed: 34441029] 

18. Brugger SD, Eslami SM, Pettigrew MM, Escapa IF, Henke MT, Kong Y, et al. Dolosigranulum 
pigrum cooperation and competition in human nasal microbiota. mSphere 2020;5:e00852–20. 
[PubMed: 32907957] 

19. Wang L, de Angel Sola D, Acevedo Flores M, Schriefer A, Wang L, Geronimo Lopez K, et al. 
Prenatal food insecurity post Hurricane Maria is associated with decreased Veillonella in the infant 
gut. Pediatr Res 2020;88:917–24. [PubMed: 32172280] 

20. Su Y, Gan XP, Li FF, Zhang DY, Chen L, Cao YN, et al. Effect of exposure to antibiotics on 
the gut microbiome and biochemical indexes of pregnant women. BMJ Open Diabetes Res Care 
2021;9:e002321.

21. Ruebel ML, Gilley SP, Sims CR, Zhong Y, Turner D, Chintapalli SV, et al. Associations between 
maternal diet, body composition and gut microbial ecology in pregnancy. Nutrients 2021;13:3295. 
[PubMed: 34579172] 

22. Gao Y, Nanan R, Macia L, Tan J, Sominsky L, Quinn TP, et al. The maternal gut microbiome 
during pregnancy and offspring allergy and asthma. J Allergy Clin Immunol 2021;148:669–78. 
[PubMed: 34310928] 

23. de Goffau MC, Lager S, Sovio U, Gaccioli F, Cook E, Peacock SJ, et al. Human placenta has no 
microbiome but can contain potential pathogens. Nature 2019; 572:329–34. [PubMed: 31367035] 

24. Piedimonte G, Harford TJ. Effects of maternal-fetal transmission of viruses and other 
environmental agents on lung development. Pediatr Res 2020;87:420–6. [PubMed: 31698410] 

25. Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. The placenta harbors a unique 
microbiome. Sci Transl Med 2014;6:237ra65.

26. Al Alam D, Danopoulos S, Grubbs B, Ali N, MacAogain M, Chotirmall SH, et al. Human fetal 
lungs harbor a microbiome signature. Am J Respir Crit Care Med 2020;201:1002–6. [PubMed: 
31898918] 

27. Perez-Munoz ME, Arrieta MC, Ramer-Tait AE, Walter J. A critical assessment of the “sterile 
womb” and “in utero colonization” hypotheses: implications for research on the pioneer infant 
microbiome. Microbiome 2017;5:48. [PubMed: 28454555] 

28. Silverstein RB, Mysorekar IU. Group therapy on in utero colonization: seeking common truths and 
a way forward. Microbiome 2021;9:7. [PubMed: 33436100] 

29. Fricke WF, Ravel J. Microbiome or no microbiome: are we looking at the prenatal environment 
through the right lens? Microbiome 2021;9:9. [PubMed: 33436081] 

30. Mishra A, Lai GC, Yao LJ, Aung TT, Shental N, Rotter-Maskowitz A, et al. Microbial exposure 
during early human development primes fetal immune cells. Cell 2021;184:3394–409.e20. 
[PubMed: 34077752] 

31. Kishore N, Marques D, Mahmud A, Kiang MV, Rodriguez I, Fuller A, et al. Mortality in Puerto 
Rico after Hurricane Maria. N Engl J Med 2018;379:162–70. [PubMed: 29809109] 

32. Cruz-Cano R, Mead EL. Causes of excess deaths in Puerto Rico after Hurricane Maria: a time-
series estimation. Am J Public Health 2019;109:1050–2. [PubMed: 30998411] 

33. Willison CE, Singer PM, Creary MS, Greer SL. Quantifying inequities in US federal response 
to hurricane disaster in Texas and Florida compared with Puerto Rico. BMJ Glob Health 
2019;4:e001191.

34. Brown P, Velez Vega CM, Murphy CB, Welton M, Torres H, Rosario Z, et al. Hurricanes and 
the environmental justice island: Irma and Maria in Puerto Rico. Environ Justice 2018;11:148–53. 
[PubMed: 31131071] 

Lee et al. Page 11

J Allergy Clin Immunol Glob. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Lin Y, Sevillano-Rivera M, Jiang T, Li G, Cotto I, Vosloo S, et al. Impact of Hurricane Maria 
on drinking water quality in Puerto Rico. Environ Sci Technol 2020; 54:9495–509. [PubMed: 
32640159] 

36. Garcia-Esteve L, Ascaso C, Ojuel J, Navarro P. Validation of the Edinburgh Postnatal Depression 
Scale (EPDS) in Spanish mothers. J Affect Disord 2003;75:71–6. [PubMed: 12781353] 

37. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: high-resolution 
sample inference from Illumina amplicon data. Nat Methods 2016;13:581–3. [PubMed: 27214047] 

38. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal Database Project: data 
and tools for high throughput rRNA analysis. Nucleic Acids Res 2014;42:D633–42. [PubMed: 
24288368] 

39. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and 
graphics of microbiome census data. PLoS One 2013;8:e61217. [PubMed: 23630581] 

40. Holmes I, Harris K, Quince C. Dirichlet multinomial mixtures: generative models for microbial 
metagenomics. PLoS One 2012;7:e30126. [PubMed: 22319561] 

41. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq 
data with DESeq2. Genome Biol 2014;15:550. [PubMed: 25516281] 

42. Hasegawa K, Linnemann RW, Mansbach JM, Ajami NJ, Espinola JA, Fiechtner LG, et al. 
Household siblings and nasal and fecal microbiota in infants. Pediatr Int 2017;59:473–81. 
[PubMed: 27638139] 

43. Hasegawa K, Linnemann RW, Mansbach JM, Ajami NJ, Espinola JA, Petrosino JF, et al. Nasal 
airway microbiota profile and severe bronchiolitis in infants: a case-control study. Pediatr Infect 
Dis J 2017;36:1044–51. [PubMed: 28005692] 

44. Ullmann N, Porcaro F, Petreschi F, Cammerata M, Allegorico A, Negro V, et al. Noncystic 
fibrosis bronchiectasis in children and adolescents: follow-up over a decade. Pediatr Pulmonol 
2021;56:3026–34. [PubMed: 34265867] 

45. Yoon HY, Moon SJ, Song JW. Lung tissue microbiome is associated with clinical outcomes of 
idiopathic pulmonary fibrosis. Front Med (Lausanne) 2021;8:744523. [PubMed: 34733866] 

46. Spilker T, Uluer AZ, Marty FM, Yeh WW, Levison JH, Vandamme P, et al. Recovery of 
Herbaspirillum species from persons with cystic fibrosis. J Clin Microbiol 2008;46:2774–7. 
[PubMed: 18524958] 

47. Wang H, Dai W, Qiu C, Li S, Wang W, Xu J, et al. Mycoplasma pneumoniae and Streptococcus 
pneumoniae caused different microbial structure and correlation network in lung microbiota. J 
Thorac Dis 2016;8:1316–22. [PubMed: 27293852] 

48. Suzuki Y, Teranishi K, Matsuwaki T, Nukazawa K, Ogura Y. Effects of bacterial pollution caused 
by a strong typhoon event and the restoration of a recreational beach: transitions of fecal bacterial 
counts and bacterial flora in beach sand. Sci Total Environ 2018;640–641:52–61.

49. Butler MI, Long-Smith C, Moloney GM, Morkl S, O’Mahony SM, Cryan JF, et al. The immune-
kynurenine pathway in social anxiety disorder. Brain Behav Immun 2022;99:317–26. [PubMed: 
34758380] 

50. Martinez CA, Marteinsdottir I, Josefsson A, Sydsjo G, Theodorsson E, RodriguezMartinez 
H. Prenatal stress, anxiety and depression alter transcripts, proteins and pathways associated 
with immune responses at the maternal-fetal interface. Biol Reprod 2022;106:449–62. [PubMed: 
34935902] 

Lee et al. Page 12

J Allergy Clin Immunol Glob. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key messages

• Infants who were exposed in utero to Hurricane Maria had more 

environmental bacteria in their nasal microbiome and were more likely to 

harbor a Staphylococcus-Streptococcus–codominant community type than 

were infants conceived at least 5 months after the hurricane.

• The richness and diversity of the nasal microbiome was significantly higher 

in infants who were exposed to Hurricane Maria during gestation than in the 

control group.

• This study provides insights into the infant nasal microbiome in a postdisaster 

setting and characterizes the alterations in the infant nasal microbiome that 

are associated with prenatal maternal exposures to an extreme weather event.
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FIG 1. 
Location of the study area and municipalities in Puerto Rico in which the study participants 

resided.
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FIG 2. 
Characterization of the infant nasal microbiome by community type. A, Stacked plots 

showing the average relative abundances of the top 10 bacterial genera detected in 

each nasal swab sample grouped by the community types. Community type A is 

codominated by Corynebacterium and Dolosigranulum, community type B is codominated 

by Staphylococcus and Streptococcus, community type C is dominated by Corynebacterium, 
and community type D is dominated by Moraxella. B, The relative abundance of dominated 

genera in each community type. C, α-Diversity analyses (observed number of taxa and 
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Shannon index value) by community type. D, PCoA plot based on the weighted UniFrac 

distance matrix and unweighted UniFrac distance, (analysis of similarities; P = .001). 

Statistical significance in (B) and (C) was determined by using the pairwise Wilcoxon rank 

sum test; P values were adjusted by using the Benjamini and Hochberg method. Statistical 

significance in (D) was determined by using the analysis of similarities test. PC, Principal 

coordinate.
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FIG 3. 
Evaluation of the infant nasal microbiome at the community level by exposure status. 

A, α-Diversity analyses (observed number of taxa and Shannon index value) between 

the exposure and control groups. B, α-Diversity of the infant nasal microbiome for each 

phylum by exposure status. C, PCoA plot by exposure status based on the weighted 

UniFrac distances or unweighted UniFrac distances. Statistical significance in (A) and (B) 

was determined by using the Wilcoxon rank sum test. Statistical significance in (C) was 

determined by using the analysis of similarities test. PC, Principal coordinate.
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FIG 4. 
Subgroup analyses of the infant nasal microbiome at the community level. A, a-Diversity 

(observednumber of taxa and Shannon index value) in subgroup analyses between the 

exposure and control groups.B, PCoA plots in subgroup analyses between the exposure and 

control groups. Statistical significance in (A)was determined by using the Wilcoxon rank 

sum test. Statistical significance in (B) was determined by using the analysis of similarities 

test. PC, Principal coordinate.
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FIG 5. 
Differentially abundant bacterial genera identified in the nasal microbiome between infants 

whowere exposed to Hurricane Maria in utero with those who were not. A, Volcano plot 

showing the fold change(FC) and P values of all of the genera using the DESeq2 algorithm. 

The dots in red or blue represent significantgenera identified after adjustment for multiple 

comparisons using the Benjamini and Hochbergmethods. B, Bar plot showing the FC and 

SE of the significantly different genera. C, The relative abundance of Pseudomonas by 

maternal prenatal food access in the exposure group (n = 29).
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