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Abstract

Evidence abounds that gut microbiome components are associated with sex disparities in the immune system. However, it
remains unclear whether the observed sex disparity in asthma incidence is associated with sex-dependent differences in
immune-modulating gut microbiota, and/or its influence on allergic airway inflammatory processes. Using a mouse model of
house dust mite (HDM)-induced allergic inflammation and the four core genotypes (FCGs) model, we have previously reported
sex differences in lung inflammatory phenotypes. Here, we investigated associations of gut microbiomes with these phenotypes
by challenging FCG mice [mouse with female sex chromosome and male gonad (XXM), mouse with female sex chromosome
and female gonad (XXF), mouse with male sex chromosome and male gonad (XYM), and mouse with male sex chromosome and
female gonad (XYF); n = 7/group] with HDM (25 pg) or PBS intranasally for 5 wk and collecting fecal samples. We extracted fecal
DNA and analyzed the 16S microbiome via Targeted Metagenomic Sequencing. We compared o and f diversity across geno-
types and assessed the Firmicutes/Bacteroidetes (F/B) ratio. When comparing baseline and after exposure for the FCG, we
found that the gut F/B ratio was only increased in the XXM genotype. We also found that o diversity was significantly increased
in all FCG mice upon HDM challenge, with the highest increase in the XXF, and the lowest in the XXM genotypes. Similarly, B di-
versity of the microbial community was also affected by challenge in a gonad- and chromosome-dependent manner. In summary,
our results indicated that HDM treatment, gonads, and sex chromosomes significantly influence the gut microbial community
composition. We concluded that allergic lung inflammation may be affected by the gut microbiome in a sex-dependent manner
involving both hormonal and genetic influences.

NEW & NOTEWORTHY Recently, the gut microbiome and its role in chronic respiratory disease have been the subject of exten-
sive research and the establishment of its involvement in immune functions. Using the FCG mouse model, our findings revealed
the influence of gonads and sex chromosomes on the microbial community structure before and after exposure to HDM. Our
data provide a potential new avenue to better understand mediators of sex disparities associated with allergic airway
inflammation.

allergic inflammation; four core genotypes; gonadal hormones; gut microbiome; sex chromosomes

INTRODUCTION

Most of the microorganisms that exist in the human body
are in the gut. Over a thousand species of bacteria are located
in the human intestine and each of them has at least hun-
dreds of subspecies (1). The gut microbiota is being investi-
gated in multiple diseases and conditions and has been
implicated as one of the factors that contribute to the risk of
developing asthma (2, 3). Firmicutes and Bacteroidetes are
some of the most abundant phyla present in the human gut,
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and their ratio has been associated with asthma outcomes (4).
Within the first 100 days of life, the relative abundance of
some bacteria including the Lachnospira and Veillonella has
been found to decrease in infants who are at risk of developing
asthma (2). In addition, early life exposure to allergens disrupts
the gut microbiome and is associated with an increased risk of
developing asthma in childhood (5, 6). Moreover, the relation-
ship between Lachnospira and immune cell counts in the
bronchoalveolar lavage fluid was negatively correlated, show-
ing that this group of bacteria may reduce lung inflammation
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(2). Importantly, distinct bacteria are associated with the
different phenotypes of allergic asthma (7), indicating that
bacterial taxa present in the gut may be associated with
susceptibility and risk of developing asthma (2, 8). Other
common phyla include Proteobacteria, Verrucomicrobia,
Actinobacteria, Cyanobacteria, and Fusobacteria (9, 10).

Researchers have suggested that gut microbiota plays a
vital role in the pathophysiology of inflammatory diseases
(11). The gut microbiome contributes to the development of
the immune system and the maintenance of health, but can
also be disrupted by external factors (12) including exposure
to environmental stressors such as allergens (13, 14), admin-
istration of antibiotics (15), temperature (16), and diet (17).
These factors contribute to microbial imbalance which could
be loss or gain in microbial communities or relative abun-
dance. An increase in diversity and richness of gut microbial
components is of great health benefit to the host and reflects
microbial community stability (18-20). On the other hand,
disruption of the microbial community can lead to the deple-
tion or deletion of the normal beneficial roles it plays. The
microbiota effect has been seen both in innate and adaptive
immunity (21) and has been implicated in inflammatory dis-
eases (22, 23).

Sex is an essential player when studying the relationship
between gut microbiome and environmental factors (24-26).
Biological sex has been identified to play a role in the treat-
ments that disrupt the microbial community (22, 23, 27-30).
However, scientists have found it difficult to establish the
influence of sex in gut microbial composition. A few
researchers have reported sex-based differences in micro-
biota composition (31, 32). Recent studies using mouse mod-
els have also demonstrated that sex hormones influence
individual gut microbial composition by mediating sex-de-
pendent communication within the microbiota (31, 33-35).
For example, Org et al. (36) observed that the host genotype
and sex had an impact on microbial composition and that
the sex hormone effect was greatly felt in the gut micro-
biome of male gonadectomized rats than in the females. At
the same time, some investigators have reported that gender
has little or no effect on gut microbiota (9, 37), whereas
others reported associations (32).

Asthma is a chronic respiratory disease with a complex
etiology and sex disparities in its outcomes (38). Chronic ex-
posure to environmental allergens such as house dust mites
(HDM) is known to result in allergic responses (39). Evidence
abounds that gut microbiome components drive sex dispar-
ities in the immune system and an individual’s susceptibility
to diseases (40). However, it remains unclear if the sex dis-
parity in asthma results from sex-dependent differences in
the immune-modulating gut microbiota in allergic airway
inflammation disease. Therefore, to study the phenotypic
effect of sex chromosomes versus gonads on the gut micro-
biome following HDM exposure, we used the four core geno-
type (FCG) mouse model (41). This model comprises four
groups of mice that are genetically modified to have both
male and female gonads irrespective of their biological sex
producing “XX” or “XY” mice with male or female gonads
(hence, the four cores are XXM, XXF, XYM, and XYF).
Using this model, we evaluated changes in the gut micro-
biome in response to the HDM allergen challenge to deter-
mine the influence of sex chromosomes and gonads in the

previously observed sex differences in gut microbial
changes triggered by the allergen challenge. We hypothe-
size that gonads and chromosome complement influence
gut microbiome disruption following allergen exposure,
and thus may contribute to the sex disparity observed in
asthma incidence.

MATERIALS AND METHODS

Animal Model

The animal protocol (21-012) for this study was approved by
Bloomington’s Institutional Animal Care and Use Committee
before the commencement of the study. This study used an
inbred strain from the FCG mouse model (Strain No. 010905)
originally obtained from Jackson Laboratories (Bar Harbor,
ME). Mice were bred according to protocol and maintained in
Indiana University’s Laboratory Animal Resources facility.
The wild-type females (C57BL/6J) were bred with the XYM
(ArnoJ) male mice to produce pups belonging to one of the
FCG (XXM, XXF, XYM, and XYF). Tissues from these mice
were collected for genotyping to ascertain genotype. FCG
mice of 8 to 10 wk old of age were randomly assigned (n =7
animals/group) to the control and experimental groups.
The mice were treated following the guidelines of the
National Institutes of Health (NIH) for the care and use of
laboratory animals.

Intranasal Instillation of PBS or HDM Challenge

FCG mice assigned to the HDM-treated group were intra-
nasally administered 50 pL of HDM solution (25 pg of the
allergen extract from HDM, D. pteronyssinus, and D. farinae
mix) (Citeq biologics, Groningen, Netherlands) and sus-
pended in 50 uL of phosphate-buffered saline (PBS) daily (5
days/wk) for 5 total weeks to induce phenotypic airway
inflammation. Those assigned to the PBS-treated group had
50 uL of PBS daily through the same route, throughout the
study. The 50 uL. HDM or PBS was intranasally administered
to the FCG mice using 20-200 pL pipette tips after light anes-
thesia with 5% isoflurane using the SomnoSuite device (Kent
Scientific). The fecal samples of these mice were collected at
baseline before the commencement of the treatment and at
week 5 at the end of the study.

Fecal Pellet Collection and Processing

Fecal pellet samples were collected from individual ani-
mals by placing an animal in an empty autoclaved cage
with no bedding and allowing the mouse to defecate nor-
mally. Fecal pellets from individual animals were collected
into 1.5 mL Eppendorf tubes with sterile forceps and placed
at —80°C until analyzed. Samples were collected from each
mouse 1 to 3 days before the commencement of treatment
or control to measure preexposure bacterial composition.
Once treatment began, fecal pellet samples were collected
from each mouse immediately at the end of the 5-wk treat-
ment period. To account for cage variance, all animals of
the same genotype or in the same treatment group were
kept in different cages (two to three mice of the same litters
per cage) and arranged in different columns on the same
rack for the 5 wk of study. Researchers have demonstrated
that 2-5 wk of HDM exposure induced allergic airway
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inflammation in female mice evidenced by an increase in eo-
sinophils, the presence of perivascular and peribronchial
inflammation, and increased airway hyperresponsiveness (42,
43). These features have also been observed in our previous
study (44). Fecal pellet samples collected during week O (pre-
exposure) and week 5 (final exposure) were processed with
ZymoBIOMICS Service: Targeted Metagenomic Sequencing
(Zymo Research, Irvine, CA). DNA was extracted to a 50 pL
elution volume using ZymoBIOMICS-96 MagBead DNA Kit
with ZymoBIOMICS Microbial Community Standard as a posi-
tive control. Afterward, the sample was prepared for targeted
sequencing with Quick-16STM NGS Library Prep kit using
customized primers from the Quick-16STM Primer Set V3-V4.
Final products from polymerase chain reactions (PCRs) per-
formed in real-time PCR machines were quantified with gPCR
fluorescence readings and pooled together based on equal
molarity to prepare a sequencing library. ZymoBIOMICS
Microbial Community DNA Standard was used as a positive
control for each target and negative controls were included.
The final library was cleaned up using the Select a-Size DNA
Clean & Concentrator and then quantified with TapeStation
(Agilent Technologies, Santa Clara, CA) and Qubit (Thermo
Fisher Scientific, Waltham, WA). The library was sequenced
on Illumina MiSeq with a v3 reagent kit (600 cycles). The
sequencing was performed with a 10% PhiX spike-in.

Statistical Analysis and Plots

All analyses were conducted at the Indiana University
Bloomington Biostatistics Consulting Center. Taxonomy
assignment was performed using Uclust from Qiime v.1.9.1
with the internally designed and curated Zymo Research
Database used as a reference. Sequencing output from the
Illumina MiSeq PE250 platform was converted to fastq format
and demultiplexed using Illumina Bcl2Fastq 2.18.0.12. The
resulting reads were processed using Qiime v. 1.9.1. Firmicutes/
Bacteroidetes ratio (F: B) was calculated. The raw amplicon
sequence variant (ASV) output from QIIME 2 was used to
generate stacked taxa bar plots, permutational ANOVA
(PERMANOVA), Bray-Curtis Nonmetric Multidimensional
Scaling (NMDS) plots, and ANOVA-like differential expres-
sion (ALDEX) analyses in R. ALDEx was used to evaluate
the specific taxa that were differentially abundant among
samples based on the different variables. Linear discrimi-
nant analysis effect size (LEfSe) was used to find ASVs dif-
ferentially expressed at the threshold of 1.2-logFC among
sample groups (45). Chaol and Shannon’s indices were
used to analyze the o diversity among the groups and sig-
nificant differences were based on Tukey-adjusted pair-
wise t tests between estimated mean obtained from a
linear mode. Alpha diversity values were expressed in
means * standard deviation and only Chaol index was
reported. Data are represented as the mean and standard
deviation of both o diversity metrics for each of the levels
of the grouping variables. For each o diversity metric, we
determined the significant level using the Tukey-adjusted
pairwise ¢ tests between estimated means at P value <
0.05. NMDS plots were made using the Bray-Curtis dis-
tance among the samples based on the counts of different
microbial species called the ASVs (46). A P value of 0.05
was considered statistically significant for all analyses.
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RESULTS

Chronic HDM Exposure Alters the Gut Microbiome of
FCG Mice

Among the 17 common microbial amplicon sequence var-
iants (ASVs) that were selected as meeting a threshold of
5% abundance in at least one fecal pellet sample, phyla
Bacteroidetes occupied 47%, Firmicutes 35%, Actinobacteria
12%, and Verrucomicrobia 6% of the microbial population in
the gut as shown in Fig. 1. Interestingly, the microbial commu-
nity at baseline in all the genotypes had the lowest percentage
of microbial amplicon sequence variants that do not meet up
to at least 5% threshold, whereas the HDM-treated mice had
the most. Actinobacteria: Actinobacteria; Bifidobacterium
Pseudolongum increased in the animals treated with HDM or
PBS, but it was absent in the animals at baseline and PBS-
treated XYM genotype mice only. Firmicutes, Clostridia, and
Ruminococcaceae sp35380 appeared only in the guts of FCG
mice with male chromosomes, XYF and XYM, at baseline.
Firmicutes; Bacilli lactobacillus johnsonii was abundant at
baseline but declined in PBS-treated and HDM-treated mice in
all the genotypes. The relative abundance of Verrucomicrobia
was high in the gut of HDM-treated XXF genotype compared
with the baseline value.

The LEfSe analysis revealed ASVs that were differentially
expressed at the threshold of 1.2-logFC among the groups at
baseline and after treatment, as shown in Figure 2, A and B.
The PBS-treated XYF genotype had the highest number of
ASVs (11) that were significantly increased in relative abun-
dance at a threshold of 1.2 logFC. Interestingly, at baseline,
XXF, XYF, and XYM genotypes had significantly increased
relative abundance of ASVs in the gut microbiome, but not
XXM. In the PBS-treated group, all genotypes had a signifi-
cant relative abundance of more than one ASVs, except the
XYM genotype which had only one, g _Anaerosporobacter.
However, all the HDM-treated FCG except the XYM genotype
did not have any ASVs that were significantly increased in
relative abundance in their gut microbiome (Fig. 2B).

Firmicutes/Bacteroidetes Ratio in the Gut of PBS- and
HDM-Challenged FCG Mice

The pretreatment (baseline) and after-treatment (HDM or
PBS) Firmicutes/Bacteroidetes(F/B) ratio in the gut of the FCG
mice are shown in Fig. 3, A-C. At baseline, the gut F/B ratio
was higher in the XYF and XYM genotypes (2.769 and 2.633,
respectively) than in the other genotypes (XXM and XXF
which were 1.529 and 2.112, respectively) (Fig. 34). In HDM-
treated mice, the basal values decreased drastically in all the
genotypes except in the XXM, in which the ratio increased
from 1.529 to 1.747. The XYF mice, which had the highest F/B
ratio at baseline (2.769), had the lowest value after HDM treat-
ment (1.282). Interestingly, in the PBS-treated group, all the ge-
notypes had a decline in their F/B ratio compared with
baseline, except the XXM mice, which increased to 1.759,
almost the same value as that of the HDM-treated mice with
the same genotype. The PBS-treated XYF and XYM genotypes
showed more than two times decrease when compared with
the basal values of the gut F/B ratio.

When comparing the gut F/B ratio of FCG mice carrying the
same gonads (irrespective of the chromosomal complement)
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Differential gut bacterial abundance in FCG mice

Figure 1. Stacked taxa bar plot of FCG mice at base-
line and after 5 wk of PBS or HDM exposure. This plot
shows all the samples on the x-axis, grouped by
“Identity,” which are defined as unique combinations
of treatment, week, gonads, and sex chromosomes.
Each of these bars then shows the abundance of
named taxa (phylum; class; genus; species) found to
be present at, at least 5% relative abundance in at
least one sample. All other taxa falling below this
threshold were then aggregated into a single “rare”
category and placed at the top. n = 7-10/group. FCG,
four core genotype; HDM, house dust mite; PBS, phos-
phate-buffered saline.
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(Fig. 3B), we found that the average gut F/B ratio was 2.037
and 2.396 for mice with male or female gonads, respectively.
In mice with male gonads, the F/B ratio also decreased to 1.4
and 1.903, respectively, for HDM- and PBS-treated groups. In
females, the average gut F/B ratio was 1.232 in the PBS-treated
group and 1.425 in the HDM-treated group. Interestingly, the
F/B ratio was lower in the PBS-treated group than in the HDM-
treated one with either male or female gonads. Overall, the
F/B ratio was higher in males in the PBS-treated and HDM-
treated groups compared with the females in the same group.
When comparing the F/B ratio in the gut of the FCG mice
with the same sex chromosomes (Fig. 3C), we found that for
animals with male chromosomes, the gut F/B ratio was 2.698
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at baseline and decreased to 1.099 in the PBS-treated group
and 1.628 in the HDM-treated group, respectively. Mice with
female chromosomes had a gut F/B ratio of 1.826 at baseline,
which was decreased to 1.551 in the PBS-treated group and
1.656 in the HDM-treated one. Interestingly, the average
value of the F/B ratio in the animals with either male or
female chromosomes was almost the same in the HDM-
treated groups.

o Diversity in the Gut Microbiome of PBS- and HDM-
Challenged FCG Mice

The o diversity for the different groupings of samples
is shown using both the Chaol and Shannon indices in
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Figure 2. Cladogram and linear discriminant analysis effect size (LEfSe) results in the FCG mouse model treated with HDM or PBS (control). A: diagram
showing the summary of treatment and duration of study in the FCG mouse model. B: cladogram of the FCG mouse model. The classification from the
phylum to the genus is represented by the circle radiating inside out. Each small circle at different classifications represented a taxon, and the circle di-
ameter was proportional to the relative abundance. Red, green, and blue dots represent the core bacterial populations in each respective group. C:
LEfSe diagram. The graph shows the linear discriminant analysis (LDA) scores obtained from linear regression analysis of the significant microbial com-
munity in the FCG mouse model, and the result corresponds to a differential species. These diagrams only showed the groups that were differentially
expressed at the threshold of 1.2 logFC, with NA representing samples that were unclassified or unassigned at a particular level of taxonomy in both dia-
grams. n = 7-10/group. FCG, four core genotype; HDM, house dust mite; PBS, phosphate-buffered saline.
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Firmicutes/Bacteroidetes ratio in FCG mice

F/B by treatment, gonads, and chromosomes
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Figure 3. Firmicutes/Bacteroidetes (F/B) ratio among the FCG mouse model. A: F/B ratio in the gut microbiome of all the FCG at baseline and after treat-
ment. B: effect of gonads and treatment on the F/B ratio in the gut microbiome among the groups. The ratio was greater than 1in all the groups with the
female (baseline) having the highest value and the female (PBS-treated) having the lowest value. C: effect of sex chromosomes and treatment on the F/

B ratio in the gut microbiome among the groups. n = 7-10/group. FCG, four core genotype; PBS, phosphate-buffered saline.

Fig. 4, A-C. We compared the effects of 1) sex chromosomes,
2) gonads, and 3) four core genotypes by treatment, as indi-
cated below.

Effect of sex chromosomes and treatment.

At baseline, the average o diversity value was 159.021+ 0.326
and 152.001+0.460 in mice with male and female chromo-
somes, respectively, and increased in the HDM-treated
group to 185.360 = 0.369 and 192.893 = 0.346 (Fig. 4A). These
values were also increased in the PBS-treated group reaching
155.480+0.250 and 184.829+0.333 in males and females,
respectively. The average value of o diversity increased after

treatment in both groups of mice with either the male or
female chromosome. Mice with the female chromosomes
(XX) irrespective of their gonads in the HDM-treated
group had a significant increase in the o diversity of their
gut microbiome compared with that of those with female
chromosomes at baseline (Chaol index: P value =
0.0078). Also, the baseline average o diversity of the gut
microbiome of mice with female chromosomes was sig-
nificantly lower than those in the PBS-treated group
(Chaol index: P value = 0.00019) and that of the male
chromosomes HDM-treated group (Shannon index: P
value = 0.00464) (Fig. 4A).

Alpha diversity in FCG mice
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Figure 4. Boxplots of the a diversity in the FCG mouse model before and after exposure to PBS or HDM using the Chao1 and Shannon indices Fig. 4, A—
C. Data were represented in the mean and standard deviation of both a diversity metrics for each of the levels of the grouping variables. For each a di-
versity metric, we determined the significant level using the Tukey-adjusted pairwise t tests between estimated means at P value < 0.05. A: sex chromo-
some has no effect (Chao: P value =0.3751) on the a diversity in gut microbiome if considered only except when considered with treatment (baseline,
HDM, and PBS). B: the value of o diversity of gut microbiome was significantly increased in the PBS-treated (Shannon index: 0.00057) or HDM-treated
(Chao index: P value =0.011; Shannon index: s < 0.0001) mice with female gonads compared with the baseline. C: effect of genotypes on the average
value of o diversity on the gut microbiome. n = 7-10/group. FCG, four core genotype; HDM, house dust mite; PBS, phosphate-buffered saline.
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Effect of male and female gonads by treatment.

The average o diversity value in mice with male gonads
(161.485+0.383) was higher than in the females (149.537 =
0.414) at baseline. These values increased both in the HDM-
treated and PBS-treated groups. In the HDM-treated group
with the male gonads, the average o diversity value was
189.046+0.371 and 189.206+0.342 in the females. In the
PBS-treated group, those with the male gonads had an aver-
age o diversity value of 177.168 + 0.305 and the females had
163.14 +0.0304 values. Interestingly, the value was not dif-
ferent in the mice with male or female gonads in the HDM-
treated group (Fig. 4B). The o diversity value in mice with
female gonads was increased in the HDM-treated group
(Chaol index: P value = 0.011) and PBS-treated group
(Shannon index P value = 000057), as it occurred in mice
with male gonads when compared with baseline (Fig. 4B).

Effect of genotypes.

The average baseline o diversity values in the XXF, XXM,
XYF, and XYM genotype mice were 149.165 = 0.511, 154.837 +
0.393, 149.909 * 0.263, and 168.134 +0.375, respectively
(Fig. 4C). These values increased after treatment in both
HDM and PBS groups. In the HDM-treated group, the values
increased to 210.144 = 0.42 for XXF; 175.641+ 0.207 for XXM;
167.948 = 0.353 for XYF; and 202.771+0.417 for XYM. On the
other hand, in the PBS-treated group, values were 175.631
0.370 for XXF; 194.027+0.318 for XXM; 150.651+0.083 for
XYF; and 160.309 + 0.298 for XYM. The o diversity values were
lowest in the XYF genotype in both the HDM-treated and
PBS-treated groups. Among the genotypes, the differences
between XXF (baseline) and XXF (HDM-treated) were signifi-
cant at P value = 0.0052; XXF (baseline) and XYM (HDM-
treated) were significant at P value = 0.023; XXM (baseline)
and XXF (HDM-treated) was significant at P value = 0.016;
XYF (baseline) and XXF (HDM-treated) were significant at
P value = 0.0051; XYF (baseline) and XYM (HDM-treated) was
significant at P value = 0.03; XXF (HDM-treated) and XYF
(PBS-treated) was significant at P value = 0.036. Howevet,
comparing the baseline and PBS or HDM-treated groups,
within each genotype, o diversity values increased signifi-
cantly in the XXF (HDM-treated and PBS-treatment) and
XXM PBS-treatment only (Fig. 4C).

Diversity in the Gut Microbiome of PBS- and
HDM-Challenged FCG Mice

Figure 5 shows the B diversity in the FCG mice as nonmetric
multidimensional caling plots, using the Bray-Curtis distance
sampling among groups. When comparing the effect of treat-
ment, gonads, and sex chromosomes using PERMANOVA
(Supplemental Table S1), we found that this interaction was sig-
nificant (P value = 0.001), indicating a significant explanatory
variable of differences in microbial community structure
among the groups. Interestingly, the three-way interaction
among treatment, gonads, and treatment versus sex chromo-
somes was not significant (P value = 0.653). However, when we
considered two-way interactions between treatment versus
gonads and treatment versus sex chromosomes, the interaction
was significant (Treatment and Gona,- P value = 0.009;
Treatment and Sex Chromosomes, P value = 0.046), indicating
that the B diversity of the microbial community in mice with
male or female gonads and those with male or female
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Figure 5. Nonmetric multidimensional scaling (NMDS) plots were made
using Bray—Curtis distances between samples. This was used to evaluate
the B diversity of the gut microbiome in the FCG mouse model of allergic
airway. The diagram is showing the ordination of all samples using the
Bray—Curtis distance and NMDS. n = 7-10/group. FCG, four core
genotype.

chromosomes responded differently to the treatment of either
PBS or HDM (Fig. 5).

DISCUSSION

In our previous study, we identified genes that were differ-
entially expressed in the FCG mouse model of allergic airway
inflammation (44), and the alterations of microRNA by
female gonadal hormones in the same group of mice (47).
We observed that sex chromosomes and gonadal hormones
contribute to the changes in gene expression and inflamma-
tion phenotypes. In the present study, we used the FCG
mouse model to show for the first time that there is an effect
of sex chromosomes and gonads on the gut microbiome fol-
lowing HDM exposure. All the genotypes (XXM, XXF, XYM,
and XYF) were treated intranasally to either HDM or PBS
challenge daily for over 5 wk (n = 7 animals/group). To our
knowledge, this study is the first to evaluate the role of sex
chromosomes and gonads in the disruption of gut micro-
biome in allergic airway inflammation.

Diversity of the gut microbial community is important for
the development of the immune system (48) and early exposure
aids the maturation of the immune system response (49-51).
Specifically, we found that the phyla Bacteroidetes and
Firmicutes predominate in the gut microbial community, which
was similar to what others have reported (52-54). However, we
found that the relative abundance of Verrucomicrobia was
increased in all the HDM-induced groups, except those with
XXF genotypes. Interestingly, Verrucomicrobia phylum species
such as Akkermansia muciniphila have been identified as ad-
vantageous microbes that are prominent in the gut of appa-
rently healthy individuals (55) and play a role in controlling
inflammatory processes (56). Reduction in the relative abun-
dance of Verrucomicrobia has suggested a disruption of micro-
bial community in the gut (57). In addition, its relative
abundance was reduced in mice from the XXF genotype, which
was associated with severe allergic airway inflammation com-
pared with mice from the other genotypes in our study. This
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microbe has also been investigated in other diseases such
as type 2 diabetes mellitus and was found to be reduced in
individuals diagnosed with the disease (58). Therefore, the
Verrucomicrobia phylum could represent a target for the
development of therapeutics for the management of aller-
gic airway inflammation, especially in women known to
have severe asthma symptoms. The Phylum Firmicutes
was lower in relative abundance in the HDM and PBS
groups after exposure, whereas a group reported an
increase in male asthmatic rats (59). We observed that the
relative abundance of Bifidobacterium species, specifically
pseudolongum, was absent in the gut microbiome of the
FCG mouse model at baseline and in the XYM genotype
(after PBS exposure). In this regard, Hevia et al. previously
reported that this phylum was lower in patients with
asthma than in healthy individuals (60). Waligora—Dupriet
et al. (61) also suggested that this species was not related to
allergic status, whereas other researchers reported other-
wise (62-64).

In our study, we observed that the o diversity was increased
in HDM and PBS-treated mice and was higher in males than
in females’ chromosomes or gonads. This was partially in
agreement with the work of Xiong et al. (59), which also
observed an increase in gut microbiome o diversity in rats
with asthma, although they used only male rats and did not
evaluate sex as a biological variable (59). It is important to
note that low levels of o diversity have been linked to chronic
diseases in humans (65, 66) and used as an indicator to
describe the gut microbial community. Thus, it is possible
that o diversity represents a potential biomarker for human
studies. Interestingly, recent clinical studies also reported
that o diversity was increased in biofluids from patients with
asthma, but without considering sex as a biological variable
(67, 68). However, this finding was inconsistent with another
report that showed that o diversity was lower in individuals
with asthma than in controls (69) and that this decrease was
associated with the development of asthma (66). Similarly,
Hua et al. (70) reported non-sex-specific similarities between
the diversity of o and P diversity in individuals with asthma
and healthy individuals. Beta diversity analysis showed that
the microbial community in the gut microbiome of the mice
with male or female gonads and those with male or female
chromosomes responded differently to the treatment of PBS
or HDM at different times (baseline and after exposure). Both
o and B diversity were influenced by the sex chromosomes
and gonads in the different groups.

Together, all the abovementioned analysis indicates that
there are consistently significant effects of gonads and sex
chromosomes on microbial community similarity, whereas
the interaction of treatments (HDM and PBS) with gonads is
significant at week 5 (posttreatment). Therefore, to our knowl-
edge, the current study demonstrates for the first time that
both the sex chromosomes and gonadal hormones influence
alterations of the gut microbiome after allergen exposure.

Perspectives and Significance

This current study investigated the contributions of sex
chromosomes and gonads in the microbial community
similarities in the gut microbiome of the FCG mouse
model following HDM exposure. We identified the effect of
treatment (HDM and PBS), gonads (male and female), sex
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chromosomes (male and female), and genotypes (XXF,
XXM, XYF, and XYM) on the gut microbiome. Most impor-
tantly, we revealed alterations in the o and B diversity,
Firmicutes/Bacteroidetes ratio, and alterations in the rela-
tive abundance of ASVs of the gut microbiome among the
FCGs. These results revealed the importance of the gut
microbiome in the pathogenesis of chronic respiratory dis-
ease and the consideration of sex as a biological variable in
asthma research.
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