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Editorial on Research Topic

Women in microbiome in health and disease 2021
Currently, less than 30% of researchers worldwide are women. Long-standing biases

and gender stereotypes are discouraging girls and women from moving away from

science-related fields, and STEM research in particular. Science and gender equality are,

however, essential to ensure sustainable development, as highlighted by UNESCO and

the United Nations. To change traditional mindsets, gender equality must be promoted,

stereotypes defeated, and girls and women should be encouraged to pursue

STEM careers.

This Research Topic of Frontiers in Cellular and Infection Microbiology celebrates

the achievements of women in science and highlights the diversity of research performed

across the entire breadth of the microbiome in health and disease research, and presents

advances in theory, experimental, and methodology with applications to compelling

problems. A total of 14 articles authored by women were published and 97 researchers

participated in this Research Topic. Figure 1 summarizes the main findings of the articles

in relation to associations between microbiomes and women health.

Emerging findings from animal models and human pregnancy studies have shown

that different factors affect maternal and fetal complications, including intrauterine or

extrauterine infections, oral or intestinal dysbiosis, and dysregulated immune responses

(Romero et al., 2014; MacIntyre et al., 2015; Piler et al., 2017; Fettweis et al., 2019; Serrano

et al., 2019; Jehan et al., 2020; Pansieri et al., 2020; Kumar et al., 2021). Two mechanisms

have been proposed to explain how gut microbes move into the uterus: 1) gram-negative

microbes induce mediators of inflammation, such as prostaglandins that facilitate the

ascent of microbes through the vagina; 2) intestinal hyperpermeability during pregnancy

promotes bacterial translocation to the uterus or placenta (Edwards et al., 2017). Kumar

et al. revised and discussed how pathogens can cross the placental barrier and promote

undesirable outcomes in the pregnancy, in the childbirth and the newborn. Also, they
frontiersin.org
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suggest that vaginal dysbiosis can induce an abnormal immune

response in pregnant women and function as predictor marker

for adverse outcomes from congenital infections.

Regarding dysbiosis, some studies have suggested the

connection between alterations in the diversity and function of

the oral, gut and vaginal microbiota and pregnancy

complications (Borgo et al., 2014; Cobb et al., 2017; Fujiwara

et al., 2017; Goltsman et al., 2018). For example, oral dysbiosis

with decreased Lactobacillus and increased Porphyromonas

gingivalis, Neisseria, and Treponema may contribute to

preeclampsia, miscarriage, preterm labor and low birth weight

(Cobb et al., 2017; Fujiwara et al., 2017; Goltsman et al., 2018;

Jang et al., 2021). Interestingly, the presence of Fusobacterium

nucleatum in the amniotic fluid of preterm labor pregnant

women indicates oral microbes translocation to the placenta

(Nuriel-Ohayon et al., 2019; Amir et al., 2020). The gut

microbiota of pregnant women with or without complications

differs significantly, with a greater abundance of opportunistic

pathogens in the first group, impacting maternal metabolism

and fetal development (Koren et al., 2012; DiGiulio et al., 2015;

Edwards et al., 2017; Jiang et al., 2021).

The composition of the vaginal microbiota during

pregnancy changes significantly and the decrease in

Lactobacillus in this environment is associated with preterm

birth (Aagaard et al., 2012; Di Simone et al., 2020; Marangoni

et al., 2021). Zakaria et al. revised several physiological changes

in the intestinal, oral and vaginal microbiomes during

pregnancy, relating these alterations to mother and fetal

health. In addition, researchers finalized by discussing the

effect of probiotics to manage the microbiome during
Frontiers in Cellular and Infection Microbiology
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pregnancy. Similarly, Dreisbach et al. provided us an updated

overview of the impact of obesity on maternal gut microbiota

and metabolism thought animal model studies. Researchers also

discussed reports on probiotic applications in these settings.

The gestational anemia (GA) is associated with adverse

maternal and fetal outcomes, including preterm birth, low

birth weight, neonatal and maternal mortality (Guignard et al.,

2021; Shi et al., 2022). In a prospective study, Wei et al. evaluated

the gut microbiota in GA (n = 156) and in healthy pregnant

women (n = 402). Alpha and beta diversities were calculated and

researchers showed significant differences between microbial

communities in the third trimester, compared to the second

trimester, in addition to the differential relative abundance of

Megamonas, Veillonella, and Haemophilus when compared to

healthy controls. A microbial co-abundance group network

predicted upcoming anemia in healthy pregnant women with

an area under the ROC curve of 0.7738 (95%CI: 0.7171, 0.8306),

suggesting the possibility of identifying women at high-risk for

the GA development, and the gut microbiota as a target for

therapeutic modulation, through the use of functional foods

and probiotics.

In a single-center prospective observational study, Wu et al.

evaluated the fecal microbiota and metabolic functions

in pregnant women with subclinical hypothyroidism, with

(n = 75) or without (n = 90) positivity for anti-thyroid

peroxidase antibodies (TPO). The group was also subdivided

according to the levothyroxine (LT4) therapy (no treatment vs.

low-dose LT4 vs. high-dose LT4). Researchers did not find

significant differences in microbiota richness and evenness

when comparing TPO positive and TPO negative women,
FIGURE 1

The association between microbiomes and women health.
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however, they observe significant microbial diversity between

TPO+ and TPO- in the high-dose LT4 group.

Using LEfSe analysis, authors detected a microbial signature

related to the LT4 replacement, such as decreased species of

Ruminococcus and Bacteroides massiliensis in low-and high-dose

LT4 groups, respectively, as well as nineteen differential

metabolic functions involved in lipid and amino acid

metabolism discriminating TPO+ and TPO- pregnant women

in the second trimester. The subclinical hypothyroidism in TPO

+ pregnant women was normally associated with miscarriage,

preterm birth, pre-eclampsia and gestational diabetes. Since the

intestinal microbiota can affect the synthesis and functions of

thyroid hormones (Knezevic et al., 2020; Fenneman et al., 2020;

Bargiel et al., 2021), the study suggests microbiota modulation as

a therapeutic option to treat TPO+ pregnant women.

In a very interesting longitudinal descriptive study, Yang

et al. evaluated the subgingival microbiota in 59 pregnant

women, from 8 to 14 weeks and from 24 to 30 weeks,

correlating this data with gestational age and birth outcomes.

No significant differences were observed in the richness,

evenness and diversity of microbiota between 8 to 14 and 24

to 30 weeks of gestation; however, in the latter group, alpha and

beta diversities were different between women who had early

term births and those who had delivered at term.

Interestingly, the top twenty taxa represented in the

subgingival microbiota of participants throughout pregnancy

include bacteria involved in the progression to periodontal

disease, including Porphyromonas gingivalis, Tannerella

forsythia, Prevotella, and Campylobacter species. The oral

dysbiosis is associated with periodontitis in pregnant women,

and this disease is an important risk factor for preterm births

(Jang et al., 2021; Saadaoui et al., 2021). In the present study,

researchers identified that a decrease in Lautropia mirabilis at 8

to 14 weeks and an increase in Prevotella melaninogenica at 24 to

30 weeks of pregnancy were both associated with spontaneous

early term birth and represent an important target for

future studies.

The dietary habits during intrauterine life and after birth

have an important impact on the health of the newborn´s

microbiota and on the establishment of the adulthood

microbiota later in life (Cadenas-Sanchez et al., 2017; Singh

and Mittal, 2020). The gut microbiota colonization begins in the

uterus and at birth, acquiring microbes from the mother and the

environment. The main factors for the microbiota composition

in early life are delivery type (normal or C-section),

breastfeeding, time of introduction of solid foods, antibiotic

use, and hygiene conditions (Martin et al., 2016; Le Doare

et al., 2018). In a cross-sectional study in Brazil, Freitas et al.

examined early-life data, body mass index (BMI), and collected

fecal samples from 114 women with a mean age of 28 years and a

mean BMI of 24.5 kg/m2. Beta diversity analysis of the

microbiota showed two microbiota profiles, one driven by

the Blautia genus (n = 56) and another driven by Prevotella
Frontiers in Cellular and Infection Microbiology
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(n = 58). The breastfeeding and adequate nutritional status

were positively correlated with increased abundance

of Blautia, Anaerostipes, and Lachnoclostridium. The exclusive

breastfeeding (≥ 6 months) is associated with Blautia-driven

profile of healthy women, showing the importance of early-life

events and exclusive breastfeeding for infant gut colonization

and health later in life.

The human milk oligosaccharides (HMO) are indigestible

glycans that acts in the microbiota establishment and immunity

maturation in the infant gut, and HMO are known to have

bifidogenic effects (Bode, 2012; Wiciński et al., 2020). Kijner

et al. investigated the mechanisms of HMO utilization by infant

gut microbes by isolating Bacteroides strains from fecal samples,

and testing them with the six most common HMO, 2′-
fucosyllactose (2’-FL), difucosyllactose (DFL), 3′-sialyllactose
(3’-SL), 6′-sialyllactose (6’-SL), lacto-N-tetraose (LNT), and

lacto-N-neotetraose (LNnT). Differential RNA sequencing

analysis showed that Bacteroides dorei presents an important

glycoside hydrolase (GH) activity in break carbon bonds from

HMO in vitro. Seventeen GH families were upregulated when

cultivated with 2’-FL, 21 in DFL, 19 in 3’-SL, 23 in 6’-SL, 15 in

LNT, and 18 in LNnT (log2 fold change > 1, p adj < 0.05),

expanding our knowledge on the microorganisms involved in

the HMO digestion, in addition to the already known

Bifidobacterium species.

Regarding women’s health, in a multicenter, randomized,

blinded clinical trial, Li et al. evaluated women with mixed

aerobic vaginitis with bacterial vaginosis who received an

effervescent suppository (n = 39) or clindamycin (n = 41).

Women aged 20 to 55 years were randomized to receive either

the suppository or clindamycin, vaginal swabs were collected at

three time points (V1: -2~0 days; V2: 15-17 days; V3: 40 ± 3

days), and the DNA sequenced by Accurate 16S absolute

quantification. Before treatment (V1), the pathogenic species

Gardnerella vaginalis, Atopobium vaginae, Sneathia amnii,

and Prevotella bivia were found in both groups.

After treatment, according to Shannon and Simpson

indexes, the microbiota diversity significantly decreased in V2

in both groups (p < 0.001), and slightly increased in V3 in the

suppository group. The absolute abundance of Lactobacillus

increased in the suppository group compared to untreated

pat ients , and the genera Gardnere l la , Prevote l la ,

and Atopobium were enriched in V3 in the clindamycin and

suppository groups. Authors concluded that the effervescent

suppository is effective to treat women with mixed aerobic

vaginit is with bacterial vaginosis by restoring the

vaginal microbiota.

Recent studies have investigated the relationship between the

vaginal microbiota and cervical cancer (CC) to better

understand the involvement of dysbiosis in the establishment,

progression, or remission of the disease (Bray et al., 2018;

Baezconde-Garbanati et al., 2019; Martıńez-Rodrıǵuez et al.,

2021). In an observational cross-sectional study in Mexico,
frontiersin.org
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Manzanares-Leal et al. included 120 women aged between 21 to

71 years, 60 with advanced CC and 60 without the disease.

Cervicovaginal swabs were collected to obtain culturable aerobic

microbes, strains were evaluated by PCR-RFLP and identified by

16S sequencing. Researchers detected a specific microbiota

associated with advanced stages of CC, including Streptococcus

urinalis, Escherichia coli, Bacillus safensis, Bacillus malikii,

Corynebacterium jeikeium, Corynebacterium striatum ,

and Lactobacillus rhamnosus. They concluded that there is no

causal association between the aerobic vaginitis and

cervicovaginal neoplasia, but proposed that vaginitis is

fundamental for the progression of preneoplastic lesions to

cancer (Vieira-Baptista et al., 2016; Plisko et al., 2021). Dong

et al. contributed to a research article that aimed to assess the

effects of acute endometritis on intestinal microbes and their

metabolites. Endometritis is generally caused by bacterial

infections, and accumulating evidence has shown that the

occurrence of disease may be related to the gut microbiota

(Plottel and Blaser, 2011; Borella et al., 2021). Moreover, the

progression of diseases has previously been shown to change the

composition and diversity of the intestinal microbiota and

associated metabolites. The authors used a mouse model of

endometritis that involves an intrauterine administration of

lipopolysaccharide (LPS). Using 16S rRNA gene sequencing

and liquid chromatogram-mass spectrometry, they found that

the relative abundance of some members of the microbiome was

changed and resulted in the reduction of beneficial

microorganisms in the intestinal tract.

At the same time, acute endometritis increased the relative

abundance of pathogenic bacteria, altered the concentration of

intestinal metabolites, and affected biological oxidation, energy

metabolism, and biosynthesis of primary bile acids. Thus, the

findings of this study have the potential to provide new strategies

for the diagnosis of acute endometritis.

Amyotrophic lateral sclerosis (ALS) is a heterogeneous

neuromuscular disorder with progressive degeneration of the

upper and lower motor neurons (Hardiman, 2021). A

combination of genetic and environmental factors, as well as

age‐related dysfunctions, are hypothesized to be involved in the

ALS development (Masrori and Van Damme, 2020). Women are

more affected by the disease with an estimation risk of 1:400

compared to 1:350 in men (Ryan et al., 2019; Masrori and Van

Damme, 2020). Martin et al. contributed a review article that

provides a comprehensive overview of the role that the

microbiome may play in the ALS pathogenesis of. The authors

explore existing evidence of gastrointestinal symptoms and

microbial alterations in ALS pathogenesis from human and

animal studies and discuss the possible therapeutic approaches

to target specific diets, metabolites, and intestinal microbiome in

ALS patients. They highlight innovative strategies for accurate

diagnosis and better treatment for this challenging disease.

The last two articles discussed important aspects of fecal

microbiota transplantation (FMT) in sepsis and bioinformatics
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tools for use in predictive models. Gai et al. reported that the

FMT in sepsis model induced by cecal ligation and puncture is

able to reestablish the gut microbiota diversity and decrease

mortality by modulating the inflammatory response, restoring

the epithelial barrier and function by upregulating the

expression of tight junction proteins. Dahan et al. presented

the EasyMap, an interactive online tool allowing for (1) running

multiple multivariate linear regression models, with the same

features and metadata; (2) visualizing the associations between

microbial features and clinical metadata found in each model;

and (3) comparing between the various models to identify

critical metadata variables and select the optimal model. The

EasyMap provides a side-by-side visualization of association

results across the various models, each with additional

metadata variables, enabling us to evaluate the impact of each

metadata variable on the associated feature.

Collectively, the articles in this Research Topic demonstrated

important aspects of the role played by the microbiomes from

different sites (oral, gut and vagina) for women´s health,

for a succeed pregnancy and fetal development, and for the

prevention and treatment of diseases by using strategic

approaches to modulate the microbiota, including nutritional

interventions, probiotics and fecal microbiota transplantation.

Furthermore, studies aimed at developing software for more

accurate analyzes and prediction models are also necessary for

the evolution of the microbiome field.
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The gut microbiota alternations are associated with gestational anemia (GA); however,
limited predictive value for the subsequent incidence of anemia in normal gestational
women has been obtained. We sought to rigorously characterise gut dysbiosis in subjects
with GA and explored the potential predictive value of novel microbial signatures for the
risk of developing GA. A prospective cohort of subjects with GA (n = 156) and healthy
control (n = 402), all of whom were free of GA in the second trimester, by 16S rRNA gene
sequencing was conducted. Microbial signatures altered dramatically in GA compared
with healthy control in the second trimester. Megamonas, Veillonella, and Haemophilus
were confirmed to show differential abundances in GA after adjusting for covariates. On
the contrary, Lachnospiraceae and Blautia were enriched in control. Microbial co-
abundance group (CAG) network was constructed. Prospectively, CAG network
relatively accurately predicted upcoming GA in normal pregnant women with an AUC of
0.7738 (95%CI: 0.7171, 0.8306) and the performance was further validated in Validation
set (0.8223, 95%CI: 0.7573, 0.8874). Overall, our study demonstrated that alterations in
the gut microbial community were associated with anemia in pregnancy and microbial
signatures could accurately predict the subsequent incidence of anemia in normal
pregnant women. Our findings provided new insights into understanding the role of gut
microbiota in GA, identifying high-risk individuals, and modulating gut microbiota as a
therapeutic target, thus improving quality of life and well-being of women and children.

Keywords: 16S rRNA gene sequencing, gut microbiota, co-abundance group, prediction, the risk of developing
gestational anemia
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Wei et al. Microbial Signatures Predict Gestational Anemia
INTRODUCTION

Anemia is a serious public health problem affecting people all
over the world, and is one of the most frequent complications
involved in pregnancy, imposing a tremendous toll on well-being
of approximately 40% of pregnant women in China (Li et al.,
2018). Gestational anemia, according to the World Health
Organizat ion (WHO), i s defined as a hemoglobin
concentration (Hb) < 110 g L-1. Gestational anemia mostly
occurred in the second and third trimester (Zhao et al., 2018).
Multiple factors account for gestational anemia, nutritional iron
deficiency anemia (IDA) (approximately 75%) and folate
megaloblastic deficiency anemia being the commonest (Sifakis
and Pharmakides, 2000; Goonewardene et al., 2012).

Anemia in pregnancy has adverse effects on maternal and
neonatal health. Weakness, fatigue, being vulnerable to infection,
reduced work capacity, and productivity are typical symptoms
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 212
during pregnancy (Prema et al., 1982; Hunt, 2002). Current
evidence suggests severe gestational anemia could be associated
with an increased risk of preterm birth, low birth weight, and even
neonatal and maternal mortality (Khan et al., 2006; Rahman et al.,
2016; Figueiredo et al., 2018; Guignard et al., 2021). Furthermore,
it has been reported that babies born to anemic mothers are prone
to exhibit future poor cognitive performance and delayed mental
and motor development in adolescence and adulthood (Anker
et al., 2009; Camaschella, 2015).

The current clinical method is generally applied to cross-
sectional diagnosis rather than prediction in the long term.
Although Hb concentration serves as a golden standard for the
diagnosis of anemia in pregnancy, it has limitations in precise
prediction of potential impending anemia in normal pregnant
women. Additionally, it remains controversial to use Hb
concentration to distinguish true or absolute anemia from
relative anemia, ascribed to a normal physiologic increase of
August 2021 | Volume 11 | Article 734561
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plasma volume (Sifakis and Pharmakides, 2000). Thus, an
accurate determination of gestational anemia is essential and of
enormous clinical importance for prevention and management
of anemia in pregnancy.

The human gut hosts an immense number of resident
microorganisms, collectively termed as the microbiota
(Structure, Function and Diversity of the Healthy Human
Microbiome, 2012; Bäckhed et al., 2004). There has been
accumulating evidence that the gut microbiota is implicated in
enteric, metabolic, and psychiatric diseases (Imhann et al., 2018;
Vich Vila et al., 2018; Thomas et al., 2019; Wirbel et al., 2019).
Previous studies have documented that gut microbial
dysfunction (e.g., deficiency in lactobacillus) is related to IDA
and gut microbiota could promote hematopoiesis, underlying the
close relationship between gut microbiota and anemia
(Balamurugan et al., 2010; Khosravi et al., 2014). During
pregnancy, host profoundly remodeling of the gut microbiota
could cause symptoms of metabolic syndrome, which might be
related to transportation and storage of host Fe, and ultimately
lead to the occurrence of gestational anemia (Koren et al., 2012).
Microbial signatures have been elucidated to function as novel
biomarkers to discriminate patients suffering from illness and
healthy individuals (Liu et al., 2019; Wei et al., 2020). To date, an
anemia classifier in pregnancy has been constructed (Long et al.,
2021); however, no efforts have been made to predict the
subsequent incidence of anemia in normal gestational women.

To reach a better understanding of how gestational anemia is
developing and regulated, herein, we conducted a prospective
study to rigorously evaluate dynamic landscape of gut microbiota
varying from healthy status to identified anemic status in
pregnant women. Leveraging the discriminative microbial
signatures in the early stage of pregnancy when anemia did not
occur yet, we prospectively built an accurate prediction model for
the subsequent incidence of gestational anemia. Our findings
help identify pregnant women with high risk of anemia in
general population and ultimately improve quality of life and
well-being of women and children.
MATERIALS AND METHODS

Study Design and Participants
This study used data from the Mother and Child Microbiome
Cohort (MCMC) Study, a prospective birth cohort study
initiated and maintained in Nanjing Maternity and Child
Health Care Hospital. The recruitment of eligible study
pregnant women was from 2017 to 2018 (n = 1527), when
they were all in the second trimester. This cohort aimed to
explore the relationship between gut microbiota and maternal
and children’s health.

Among 1527 eligible women who were enrolled, 781 subjects
have provided fecal samples both in the second and third
trimester. Then, those with assisted conception (n = 19) or
twin pregnancy (n = 8) were excluded. Additionally, women
with pregnant complications containing diabetes mellitus and
pathological anemia (e.g., aplastic anemia and hemolytic anemia)
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were excluded (n = 142). Women with diagnosed anemia in the
second trimester were excluded (n = 54). In the final analysis, 558
participants were included (Supplementary Figure 1).

Though Hb < 110 g L-1 has been the accepted criterion for the
diagnosis of gestational anemia, we reduced the diagnostic level
to Hb < 100 g L-1 considering the increasing plasma volume
during pregnancy, to reduce bias (Lund and Donovan, 1967). All
subjects accepted treatment after they were diagnosed with
anemia in our cohort.

Ethics
We obtained signed informed consent from all participants. The
study was approved by the Ethics Committee of Nanjing Medical
University [FWA00001501 No. (2017) 003].
TABLE 1 | Characteristics of the study cohort.

Characteristics Healthy control
(n = 402)

GA*
(n = 156)

P

Age (years) 28.89 ± 3.19 29.39 ± 3.30 0.76
Pre pregnant BMI(kg/m2) 22.44 ± 5.91 21.85 ± 4.85 0.23
Fetal gender
Boy 204 (50.75) 79 (50.64) 0.98
Girl 198 (49.25) 77 (49.36)
Fetal BMI(kg/m2) 13.41 ± 1.26 13.79 ± 1.19 0.71

Gravidity
1 238 (59.20) 90 (57.69) 0.75
≥2 164 (40.80) 66 (42.31)

Parity
0 303 (75.37) 122 (78.21) 0.48
≥1 99 (24.63) 34 (21.79)

Family income (Chinese Yuan/year)
<100,000 27 (6.72) 6 (3.85) 0.21
100,000–200,000 164 (40.80) 53 (33.97)
>200,000 30 (7.46) 16 (10.26)

Maternal education level
College and below 86 (21.39) 36 (23.08) 0.81
University 156 (38.81) 57 (36.54)
Graduate school and above 47 (11.69) 20 (12.82)

Passive smoking
Never 123 (30.60) 54 (34.62) 0.06
Seldom 159 (39.55) 64 (41.03)
Always 32 (7.96) 4 (2.56)

Antibiotic use before in the early stage
No 167 (41.54) 55 (35.26) 0.10
Yes 205 (51.00) 94 (60.26)

Folic acid and iron supplement use in the early stage
No 28 (6.97) 4 (2.56) 0.09
Yes 374 (93.03) 152 (97.44)

Alcohol use pre pregnancy
No 246 (61.19) 94 (60.26) 0.97
Yes 18 (4.48) 7 (4.49)

Caffeine use pre pregnancy
No 158 (39.30) 64 (41.03) 0.42
Yes 125 (31.09) 42 (26.92)

Alcohol use during pregnancy
No 270 (67.16) 99 (63.46)
Yes 0 (0.00) 0 (0.00)

Caffeine use during pregnancy
No 238 (59.20) 91 (58.33) 0.23
Yes 44 (10.95) 11 (7.05)
August 2021 | Volu
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Data presented by mean ± SD or n (%).
*GA (gestational anemia), based on the diagnosis of objects in the third trimester.
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Sample Collection and Sequencing Data
All samples were collected prior to anemia treatment. Fecal
samples were obtained from each participant for measuring gut
microbiota during the second (at 24 weeks of pregnancy) and third
trimester (at 32 weeks of pregnancy), respectively, and were stored
at -80°C until DNA extraction. Serum samples were obtained
during the second trimester and were frozen in -20°C freezers.
Serum ferritin levels were measured by electrochemiluminescence
immunoassay on the immunoassay analyzer (Beckman Coulter
Inc., Fullerton CA, USA) with the same batch of reagents.

16S rRNA sequencing was performed using primers (338F: 5’-
ACTCCTACGGGAGGCAGCAG-3’ and 806R: 5’-GGACTA
CHVGGGTWTCTAAT-3’). Each sample genomic DNA was
extracted using QIAamp Fast DNA Stool Mini Kit (Qiagen,
Germany). From extracted DNA, we sequenced the hypervariable
region 16S rRNA gene V3 to V4 regions by HiSeq2500 PE250
platform in Meiji Bioinformatics Technology Co. Ltd (Nanjing,
China). Blinded positive quality control (QC) specimens were used
across all sequencing batches for quality control.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 414
The 16S rRNA sequencing data were analyzed using
Quantitative Insights Into Microbial Ecology (QIIME2 V.2020.6).
The dada2 plugin was used to denoise sequences, and this quality
control process will additionally filter any phiX reads (commonly
present in marker gene Illumina sequence data) that were identified
in the sequencing data, and will filter chimeric sequences. Amplicon
sequence variants (ASVs) were obtained at 100% sequence
homology; the taxonomy was assigned against the Silva database
(Silva 138 release). To minimize the effect of spurious sequences,
one case with too low sequence number was excluded.
Representative sequences for each ASV were built into a
phylogenetic tree with FastTree plugin. Alpha and beta diversity
analyzes were conducted at a rarefied sampling depth of 31291.

Statistical Analysis
To compare maternal anemia information by characteristics, t-test
for continuous variables and c² test for categorical variables were
used. Multivariate linear regression model was applied to multiple-
factor analysis. Model 1 was crude model; Model 2 was adjusted for
A B

D E

C

FIGURE 1 | Comparisons of alpha-diversity, beta-diversity, and variations of gut microbiota composition between T2 and T3. (A) Box plots based on Shannon
diversity index in GA group. (B) Box plots based on Shannon diversity index in healthy control group. (C) PCoA based on unweighted UniFrac matrix of GA group. (D)
PCoA based on unweighted UniFrac matrix of healthy control group. (E) The cladogram showed differently enriched taxa in the second trimester and the third trimester
(FDR < 0.05). FDR, false discovery rate; PCoA, principal coordinate analysis; GA, gestational anemia; T2, the second trimester; T3, the third trimester; ***P < 0.001.
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maternal age, pre pregnant body mass index (BMI), parity,
gravidity, family income, maternal education level, passive
smoking, antibiotic use during pregnancy, folic acid and iron
supplement use during pregnancy, alcohol and caffeine use pre
pregnancy, and alcohol and caffeine use during pregnancy.
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Wilcoxon rank-sum test was used to compare a-diversity, and
permutational multivariate analysis of variance (PERMANOVA)
using 9999 permutations was used to test for statistical significance
between two groups. Given a false discovery rate (FDR) of 5%, linear
discriminant analysis effect size (LEfSe) was used to identify bacteria
A B

D E

F

C

FIGURE 2 | Comparisons of alpha-diversity, beta-diversity, and variations of gut microbiota composition between GA and healthy control. (A) Box plots based on
Shannon diversity index in the second trimester. (B) Box plots based on Shannon diversity index in the third trimester. (C) PCoA based on unweighted UniFrac
matrix of T2 group. (D) PCoA based on unweighted UniFrac matrix of T3 group. (E) Relative proportions of bacterial phyla in GA and healthy control in the second
trimester. (F) Histogram of the LDA scores computed for differentially abundant taxa between GA and healthy control in the second trimester (FDR < 0.05). FDR,
false discovery rate; PCoA, principal coordinate analysis; GA, gestational anemia; T2, the second trimester; T3, the third trimester; LDA, linear discriminant analysis;
*Genera remained significantly associated with GA after adjusting for covariates using multivariate association with linear models algorithm (MaAsLin). *P < 0.05.
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differentially abundant between anemic women and normal women
(Segata et al., 2011). To further validate the results, after adjusting
for maternal age, pre pregnant BMI, parity, gravidity, family
income, maternal education level, passive smoking, antibiotic use
during pregnancy, folic acid and iron supplement use during
pregnancy, alcohol and caffeine use pre pregnancy, and alcohol
and caffeine use during pregnancy, multivariate association with
linear models algorithm (MaAsLin) analysis was performed
(Morgan et al., 2012; Wei et al., 2020).

The top 99 most abundant genera were used to construct co-
abundance group (CAG) network. Kendall correlation was
calculated by the function “cor”. CAG was defined with a
Spearman correlation distance metric using the “Made4” R
package. The appropriate number of clustering was selected based
on significance testing among each group of the original Kendall
correlation matrix using “adonis” function in “Vegan” R package.
The sum of relative abundance of ASVs which belonged to the same
CAG was calculated to represent the abundance of this CAG
(Zhang et al., 2021). Subsequently, we used “qgraph” R package
to construct the regularized partial correlation network based on
least absolute shrinkage and selection operator (lasso) (Epskamp
and Fried, 2018; Liang et al., 2020).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 616
Spearman correlation was used to investigate relationships
among continuous variables, and point biserial correlation was
used to examine relationships between binary variable and
continuous variables. Finally, we constructed receiving operational
curve (ROC) and calculated area under curve (AUC) to assess the
predictive performance of the model with the “pROC” R package.
RESULTS

Characteristics of the Study Population
Totally, 156 (27.96%) women diagnosed with gestational anemia
(GA) and 402 healthy control in the third trimester, all of whom
were non-anemic in the second trimester, constituted the study
population for final analysis. Detailed demographic features of
the cohort were summarized in Table 1.

Fecal Microbiota Altered Dramatically
During Pregnancy
Shannon index indicated progression of pregnancy from the
second trimester (T2) to the third trimester (T3) was
accompanied by an increment in a-diversity (GA: P < 0.001,
A

B

FIGURE 3 | Heatmap of microbial co-abundance group. (A) Kendall correlations coefficients between the top 99 most abundant genera in the second trimester
were calculated, and eight CAGs were clustered based on Kendall correlation matrix. (B) CAG differently enriched in GA and healthy control in the second trimester.
GA, gestational anemia; CAG, co-abundance group.
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Control: P < 0.001, Figures 1A, B) and the observed ASVs
suggested the same trend (Supplementary Table 1). Principal
coordinate analysis (PCoA) based on unweighted UniFrac
distance was conducted to elaborate the overall structure of
microbial composition. PERMANOVA manifested significant
differences in structure and composition of the microbiota
between T2 and T3 (GA: P = 0.001, Control: P = 0.001,
Figures 1C, D). Such significant difference was also observed
based on weighted UniFrac distance (Supplementary Table 1).
LEfSe analysis revealed that remarkable differences were
observed between T2 and T3 in pooled group (LDA > 2,
FDR < 0.05, Figure 1E and Supplementary Table 2).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 717
Changes in the Gut Microbiota Between
GA and Healthy Control
Both Shannon index (T2: P = 0.75, T3: P = 0.06, Figures 2A, B)
and the observed ASVs (Supplementary Table 1) in different
trimesters showed that there was no difference in richness and
diversity of the gut microbiota between GA and healthy control.
No significant difference was observed between GA and healthy
control based on unweighted or weighted UniFrac distance in
both T2 and T3 (T2: P = 0.80, T3: P = 0.15, Figures 2C, D and
Supplementary Table 1).

In both T2 and T3, overall microbiota composition of maternal
fecal microbiota at phylum level showed that the maternal fecal
FIGURE 4 | Co-abundance group network reflecting microbial changes in GA and healthy control. Regularized partial correlation network of top altered taxa in GA in
the second trimester. Each node represented a taxon, and each edge represented the strength of partial correlation between two taxa. Edge weights represented
the partial correlation coefficients. Blue edge represented positive correlation, and red edge represented negative correlation. GA, gestational anemia.
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https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wei et al. Microbial Signatures Predict Gestational Anemia
microbiota was dominated by Firmicutes and Bacteroidetes,
implying there was no significant change between GA and
healthy control at the phylum level (Figure 2E and
Supplementary Figure 2). In the second trimester, 10 bacterial
taxa, including Megamonas, Veillonella, Paraprevotellaceae,
Gemellales, Cetobacterium, Gemellaceae, Haemophilus,
Pasteurellales, Pasteurellaceae, and Kluyvera were observed
enriched in GA versus control (LDA > 2, FDR < 0.05,
Supplementary Table 3). Megamonas, Veillonella, and
Haemophilus were confirmed to show differential abundances
between GA and healthy control after validated by MaAsLin
analysis. On the contrary, Lachnospiraceae and Blautia were
enriched in control (Figure 2F). Detailed information was shown
in Supplementary Table 4. In the third trimester, after adjusting for
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 818
covariates, increased abundance in Veillonella and decreased
abundance in Lachnospiraceae and Blautia were observed in GA
(Supplementary Figure 2).

Microbial Co-abundance Group Network
Since bacteria work as functional groups (Zhang et al., 2015), in
the second trimester, the top 99 most abundant genera were
clustered into 8 CAGs according to their co-abundance
correlations (Figures 3A, B), and the regularized partial
correlation network based on lasso regression was constructed
(Figure 4). CAG1, CAG2, CAG3, and CAG4, accounting for
86.36% of ASVs, were consistently abundant both in GA and
healthy control. Intriguingly, the significantly enriched taxa in GA
belonged to CAG6 and the significantly enriched taxa in healthy
A B

D

C

FIGURE 5 | Correlations among the gut microbiota, clinical indices, and GA. (A) The box plot showed that the clinical indices significantly changed between two
groups. (B) The difference of levels of serum iron in the second trimester between the two groups. (C) The heatmap of the partial Spearman correlations between
gut microbiota and clinical indices in the second trimester (FDR < 0.05). (D) Relationships among gut microbiota composition, clinical indices, and GA (only significant
correlations were presented, FDR < 0.05). The width of lines represented the partial correlation coefficients. Red line represented negative correlation and blue line
represented positive correlation. GA, gestational anemia; FDR, false discovery rate; *P < 0.05, **P < 0.01, ***P < 0.001; †Adjusted for potential covariates.
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control were specific to CAG2. These findings suggested a highly
coordinated microbial regulatory network might underlie the
occurrence of gestational anemia. Detailed information on CAG
clusters was shown in Supplementary Table 5.

Interrelationship Between Gut Microbiota
Composition, Clinical Indices, and GA
The abundance comparison adjusted for potential confounders
showed decreased albumin (ALB), direct bilirubin (DB), free
thyroxine (FT4), Hb, red blood cell (RBC), and total bilirubin
(TB) were significantly associated with GA in the second
trimester (Figure 5A and Supplementary Table 6).
Intriguingly, no significant association was observed between
GA and serum iron after adjusting for covariates (Figure 5B and
Supplementary Table 7). Considering an FDR of 5%, the partial
Spearman correlation delineated that 13 differentially abundant
bacterial taxa were significantly correlated with clinical indices
(Figure 5C and Supplementary Tables 8, 9). As the Sankey plots
demonstrated, in the second trimester, Megamonas was
negatively correlated with FT4 and further negatively
correlated with GA, and Blautia was positively correlated with
Hb and further negatively correlated with GA, indicating that gut
microbiota could be involved in occurrence of anemia by
interacting with clinical indices (Figure 5D).

Potential Predictive Value of Gut Microbial
Signatures for GA
The cohort was further randomly divided into a Discovery set
(GA: 91; Control: 244) and a Validation set (GA: 65; Control:
158). As shown in Figure 6, clinical indices alone had a poor
performance in predicting upcoming anemia (Discovery AUC:
0.5112, 95%CI: 0.4421, 0.5802; Validation AUC: 0.5014, 95%CI:
0.4169, 0.5859). Further on, the potential value of gut microbiota
acting as predictor was assessed. Using five genera adjusted by
MaAsLin generated an AUC of 0.5701 (95%CI: 0.5033, 0.6368)
in Discovery set and 0.5993 (95%CI: 0.5181, 0.6805) in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 919
Validation set. Using 13 genera based on LEfSe yielded an
AUC of 0.6958 (95%CI: 0.6351, 0.7565) in Discovery set and
0.6820 (95%CI: 0.5939, 0.7702) in Validation set. Of note, CAG
accurately predicted an upcoming GA with an AUC of 0.7738
(95%CI: 0.7171, 0.8306) and the classifying ability was further
validated in Validation set (0.8223, 95%CI: 0.7573, 0.8874). No
significant improved predictive performance was observed when
including the combination of CAG and clinical indices into the
prediction model (Discovery AUC: 0.7607, 95%CI: 0.7019,
0.8196; Validation AUC: 0.8382, 95%CI: 0.7770, 0.8994).
DISCUSSION

In the current study, we delineated that GA microbial dysbiosis
was characterized by several bacterial genera and structured
CAG. A cross-sectional anemia classifier in the first trimester
and second trimester has been constructed (Long et al., 2021);
however, limited efforts have been made to prospectively predict
future anemic women. The greatest advantage was that for the
first time, a prediction model for upcoming anemia in normal
pregnant women with relatively high discriminatory power was
established based on novel gut microbial signatures.

It was challenging to determine the etiology of anemia and
confirm IDA in pregnancy. Apart from Hb, more laboratory
examinations (e.g., serum iron, transferrin receptor, transferrin
saturation, and bone marrow iron) should be taken into
consideration. The most common true anemia in pregnancy
was IDA. In addition, there were no other types of pathological
anemia (e.g., aplastic anemia and hemolytic anemia) remaining
in our study. Thus, anemic women were basically postulated to
suffer from IDA.

Clinical indices serve as generally accepted diagnostic criteria
for GA cross-sectionally; however, they were confirmed to have
very limited predictive value for potential impending anemia in
normal pregnant women according to our study. Gut microbial
A B

FIGURE 6 | Prediction model of GA based on microbial signatures. (A) Discovery set (GA: 91; control: 244). (B) Validation set (GA: 65, control: 158). GA, gestational
anemia; AUC, area under curve.
August 2021 | Volume 11 | Article 734561

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wei et al. Microbial Signatures Predict Gestational Anemia
signatures exhibited impressive performance in the prediction
model. Bacteria were significantly differently abundant in GA
and healthy control in the second trimester. Of note, 93.03% of
healthy control and 97.44% of anemic women took folic acid and
iron supplement from conception to the second trimester,
implying the sufficient iron storage. From the perspective of
potential mechanism, the altered gut microbiota in the early
stage was conjectured to be subsequently associated with the
altered health condition (i.e., from iron sufficiency to iron
deficiency or malnutrition) and further accounted for the
upcoming anemia.

Megamonas, Veillonella, and Haemophilus were enriched in
GA. Megamonas could act as a beneficial bacterium, and it has
been reported that compared to healthy microbiota, canine anal
furunculosis (CAF) microbiota showed a decreased abundance
ofMegamonas (Maldonado-Contreras et al., 2020). Nevertheless,
another study illustrated infant vitamin D supplementation was
associated with a lower abundance of Megamonas in gut
microbiota, implying the potential competitive relationship
between vitamin D and Megamonas (Drall et al., 2020).
Veillonella species, documented as the Fe (III)-reducing genera,
were capable of supplying Fe (II) to combine with oxygen in Hb
(Jin et al., 2019). We hypothesized there might be a negative
feedback regulation, host generating more Veillonella species
when detecting less Hb combined with Fe (II). Haemophilus is a
genus of Gram-negative, containing several markedly pathogenic
bacteria, such as Haemophilus influenzae causing septicemia.
Indigenous bacteria might inhibit host Fe transport and storage
via producing metabolites that suppress hypoxia-inducible factor
2a (HIF-2a), assumed as a master transcription factor of
intestinal Fe absorption and increasing the Fe-storage protein
ferritin (Das et al., 2020). Decreased incidence of Blautia has
been detected in the gut microbiota of obese children and Blautia
genera might help to reduce inflammation causally linked to
obesity-related complications (Benıt́ez-Páez et al., 2020).

Microbial network has been an increasingly popular tool to
explore microbial community structure (Röttjers and Faust,
2018). Ecologically, gut microbiota exists in functional groups
named “guilds” rather than isolation and thrives in communities
with large numbers and develops close interactions, which are
critical evolutionary pressures for natural selection in microbial
evolution (Faust and Raes, 2012; Ma et al., 2020). We sought to
reduce the dimensionality of microbial datasets to identify GA
more effectively based on CAG, and interestingly, the prediction
model exhibited a much higher discriminatory power.

It is noticeable that normal physiologic changes in pregnancy
lead to a relative or absolute reduction in Hb concentration.
However, it is still an open question that this “anemia” is
physiologic or pathologic. Given gut microbial signatures were
free from influence of hydremia, a better diagnostic or predictive
performance using gut microbial signatures could be achieved
when it comes to either true anemia or physiologic anemia.

There were some advantages of our study. Firstly, samples were
collected prior to treatment initiation in a large and well-
characterized cohort. Secondly, antibiotics use was controlled in
analysis. On the other hand, most of pregnant women enrolled in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1020
the study claimed antibiotics were used very early in pregnancy at
a low dose and once they were discovered to be pregnant,
antibiotics use was avoided as much as possible, which meant a
possible lesser impact of antibiotics on gut microbiota. Thirdly, we
constituted the first exploration to prospectively predict the risk of
anemia in healthy subjects based on gut microbiota. Lastly, a much
more accurate prediction model was built based on CAG network.

There were several limitations. Firstly, as we have discussed
above, diagnostic evidence of IDA was not sufficient enough.
Secondly, we did not construct a GA classifier using gut
microbiota in the third trimester since that Hb was supposed to
be a better alternative, quicker and costing lower. There was no
information on vitamin D levels or supplementation in women,
which was supposed to be a factor associated to gut dysbiosis and
consequently GA. In addition, lack of metagenomics sequencing
limited data interpretation from the angle of species level and
bacterial function. Finally, there was not an independent cohort
to verify the prediction model; our study merely provided evidence
of association rather than causality and further studies are supposed
to be conducted to validate the association.
CONCLUSIONS

Our results showed that alterations in the gut microbial
community were associated with anemia in pregnancy.
Moreover, microbial signatures relatively accurately predicted
the subsequent incidence of anemia in normal pregnant women.
Our findings could provide new insights into understanding the
role of gut microbiota in GA, identifying high-risk individuals,
and modulating gut microbiota as a therapeutic target, thus
improving quality of life and well-being of women and children.
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Supplementary Figure 1 | Flow chart of the inclusion of subjects.
Supplementary Figure 2 | (A) Relative proportions of bacterial phyla in GA and
healthy control in the third trimester. (B) Histogram of the LDA scores computed for
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significantly associated with GA after adjusting for covariates using multivariate
association with linear models algorithm (MaAsLin).
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The gastrointestinal (GI) tract has long been hypothesized to play an integral role in the
pathophysiology of sepsis, and gut microbiota (GM) dysbiosis may be the key factor.
Previous studies have shown that the gut flora was significantly altered in critically ill
patients. This study aimed to observe what kind of GM dysbiosis is in the early stage of
sepsis and whether the application of fecal microbiota transplantation (FMT) can
reconstruct the GM of septic mice and restore its protective function on the intestinal
mucosal barrier. The study investigated the effect of FMT on gut microbiota, mucosal
barrier function, inflammatory response, and survival in a murine model of sepsis
established by cecal ligation and puncture (CLP). It is found that FMT can not only
reduce morbidity and mortality and restore the abundance and diversity of the gut flora in
septic mice, but can also improve the intestinal barrier function by reducing epithelial cell
apoptosis, improving the composition of the mucus layer, upregulating the expression of
tight junction proteins, and reducing intestinal permeability and the inflammatory
response. After FMT, Lachnospiraceae contributed the most to intestinal protection
through enhancement of the L-lysine fermentation pathway. FMT offers a microbe-
mediated survival advantage in a murine model of sepsis. Therefore, an improved
understanding of the connection between microbiota, and systemic illness may yield
new therapeutic strategies for patients with sepsis.
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INTRODUCTION

Sepsis continues to be the leading cause of mortality in the
intensive care unit (Fay et al., 2017; Haak and Wiersinga, 2017).
The World Health Organization has recognized sepsis as a global
health priority (Fay et al., 2019). Despite significant advancement
in our understanding of the pathophysiology of sepsis, treatment
of sepsis is still limited to antibiotics, aggressive fluid resuscitation,
vasopressor administration, and supportive care, and no targeted
therapeutics for sepsis are approved for usage in patients (Ames
et al., 2018).

Sepsis is defined as a life-threatening organ dysfunction caused
by a dysregulated host response to infection (Ames et al., 2018; Fay
et al., 2019; Gong et al., 2019). The syndrome can be induced by a
wide variety of microbes by definition and the gastrointestinal
tract is the largest pool of bacteria (Fay et al., 2019). It is known
that the human gastrointestinal tract contains trillions of bacteria
that comprise a complex ecosystem known as the intestinal
microbiota that has relevant implications in human health and
disease (Bassetti et al., 2020). The symbiotic relationship between
microbiota and the host is mutually beneficial (Ekmekciu et al.,
2017). The host provides an important habitat and nutrients for
the microbiome, and the gut microbiota supports the development
of the metabolic system and the maturation of the intestinal
immune system by providing beneficial nutrients, for example,
by the synthesis of vitamins and short-chain fatty acids (SCFAs)
(Shi et al., 2017). Resident microbiota can out-compete pathogens
for space, metabolites, and nutrients, and inhibit pathogens by
calibrating the host immune response (Bassetti et al., 2020).
However, the microbiome is markedly altered in critical illness.
Studies have shown that the microbial diversity is diminished
within 6 hours of admission to the intensive care unit, and this lack
of diversity has been associated with poor outcomes in critically ill
patients (Fay et al., 2019).

Considering GM dysbiosis is one of the most important factors
that can lead to pathological bacterial translocation and systemic
infection, it may be feasible to develop novel therapeutic strategies
against gut-derived sepsis by modulating the microbiota (Wang
et al., 2019). More than 90% of the commensal organisms may be
lost during the early stage of critical illness, making it nearly
impossible that a single or several probiotic species would be able
to completely replenish the diversity of the GM without
intervention. Transfer of healthy donor feces containing
thousands of microbial species, termed FMT, facilitates the
replenishment of diminished commensal bacteria and may guide
the patient’s microbiota toward a healthy state (Wang et al., 2019).
Fecal microbiota transplantation has been successfully applied to a
series of diseases (Otani and Coopersmith, 2019; Zeng et al., 2019).
Even though the evidence is limited to some case reports on the
treatment of septic patients, the improved clinical outcomes
following FMT are promising (Schmidt et al., 2018; Limketkai
et al., 2019; Wang et al., 2019). However, during sepsis, the exact
mechanism of action for the use of FMT on the intestine is still
unknown (Haussner et al., 2019). Considering the important role
of microbiota in sepsis, we wonder whether the use of fecal
microbiota transplantation in the early stage of sepsis can inhibit
or even reverse the clinical outcome.
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MATERIALS AND METHODS

Animals Experiments
All experimental procedures were performed by the Guide for
the Care and Use of Laboratory Animals (U.S. National Institutes
of Health) and were approved by the Animal Ethics Committee
of Hebei Medical University (identification number: 202152).
Male C57BL/6 mice, approximately 6–8-weeks old and weighing
20 –25 g, were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (license number: SCXK(京)2016-
0006). The animals were housed in a temperature-controlled
environment (20°C-23°C and 45%-55% humidity) with a 12 h
light-dark cycle. The mice were allowed to acclimate to the
housing conditions for one week before the experiments
started. The experiment was divided into two parts: an acute
experiment and a 7-day mortality observation experiment. All
experimental animals were randomly divided into four groups:
the sham operation group, the sepsis model group, the fecal
microbiota transplantation group, and the normal group
(healthy donor mice). The ten normal mice were only used to
collect feces and make fecal bacteria liquid. The mice were
euthanized at 12, 24, and 48 hours following cecal ligation and
puncture for acute studies, respectively (Sham: n=6 per time
point; CLP: n= 10/11 per time point; FMT: n=10/11 per time
point). Ten mice in each group of the sham group, the CLP
group, and the FMT group were used for a 7-day mortality
observation experiment. All animals had free access to food and
water. All surgery was performed under anesthesia, and every
effort was made to minimize suffering.

Sepsis Model
Sepsis was induced by cecal ligation and puncture as previously
described (Rittirsch et al., 2009; Khailova et al., 2013). Mice were
anesthetized using an intraperitoneal injection at 50 mg/kg of 2%
sodium pentobarbital. To perform the surgery, the cecum was
exposed by a 1.5 cmmidline incision in the abdomen. The cecum
was ligated at 1cm from the cecal tip using a single suture,
punctured with a squeeze to extrude a small amount (droplet) of
feces from the perforation sites, and returned to the peritoneal
cavity. The location of the cecal ligation and the size of the
puncture or hole was determined in each mouse. The amount of
extruded cecal content was kept the same to ensure the
consistency of the model. The laparotomy was closed with silk
sutures. Sham controls were subjected to the same procedures,
except that there was no ligation or puncture of the cecum.
Animals were resuscitated by subcutaneously injecting pre-
warmed normal saline (37°C; 5 mL per 100 g body weight).
Recovery of these mice was assessed and recorded 2 hours after
surgery, and their survival was recorded daily, including diet, fur,
bloating, defecation, mobility, abnormal behavior, and response
to stimuli. Tissue, blood, and feces samples of all mice were
collected when they were euthanized.

Fecal Microbiota Transplantation
Fresh feces were collected from ten healthy C57BL/6 mice,
homogenized in 10 mL of sterile phosphate-buffered saline
(PBS), and centrifuged for 30 sec at 800 ×g, 4°C, to pellet the
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particulate matter. The optical density (OD) value of the
supernatant slurry was checked to calculate the concentration of
total bacteria (OD = 0.5 represents 108 cells). For each mouse,
1×109.8 bacterial cells (sum of the total bacterial population within
2 g cecal contents) were centrifuged for 5 min at 13,000 ×g, 4°C,
and then bacterial pellets were resuspended in 0.2 mL PBS
(Li et al., 2015; Li et al., 2017). Mice in the FMT group received
a single dose of fecal microbiota just prior to cecal ligation and
puncture and were treated for three consecutive days (Khailova
et al., 2013). The mice in the CLP group and the Sham group were
gavaged with 0.2 mL PBS once a day as a control.

Serum IL-6, IL-10, and TNF-a Analysis
Enzyme-linked immunosorbent assay was used to determine the
concentrations of TNF-a (Lot: RXQJYSXLD4, Elabscience,
China), IL-6 (Lot: 449268JEI6, Elabscience, China), and IL-10
(Lot: C8QEY2KAVE, Elabscience, China) in serum according to
the manufacturer’s instructions. Serum was collected after
centrifuging blood for 10 min at 4°C and 800 ×g and stored at
-80°C until the assay was performed.

Sample Processing for Animal Experiments
After the mice were euthanized, their GI tracts were quickly
removed. The colons were gently separated, by cutting at the
cecum-colon junction and rectum and divided into two parts.
One-half of each colon was immediately frozen in liquid nitrogen
and then stored at -80°C until further use. The other part ones
were preserved in Carnoy’s fixative (dry methanol: chloroform:
glacial acetic acid in the ratio 60:30:10) (Johansson et al., 2011;
Desai et al., 2016). The Carnoy’s fixative was made fresh with
anhydrous methanol, chloroform, and glacial acetic acid. The
colons were fixed in Carnoy’s solution for 3 h followed by
transfer to fresh Carnoy’s solution for 2-3 h. The colons were
then washed in dry methanol for 2 h, placed in cassettes, and
stored in fresh dry methanol at 4°C. Samples were then
embedded in paraffin, and cut into sections (5mm thick). Cecal
contents from each animal were divided into replicates, and they
were all instantly flash-frozen in liquid nitrogen and then stored
at -80°C until the use for microbiome evaluation.

Immunohistochemistry and
Immunofluorescence
The colonic sections were mounted onto polylysine-coated
slides, deparaffinized, rehydrated, and placed in a 3% citrate
buffer to repair antigens. After being pretreated with 3% H2O2
for 30 min, the sections were blocked with goat serum for 20 min.
Sections were incubated overnight at 4°C with a rabbit polyclonal
to MUC2 blocking antibody (MUC2, ab90007, Abcam Ltd.;
Occludin, ab168986, Abcam Ltd; caspase 3, ab44976, Abcam
Ltd.). The sections were washed with PBS and incubated with a
secondary antibody for 30 min, rewashed, and incubated with
peroxidase-conjugated streptavidin for 30 min. DAB developed,
hematoxylin counterstained, dehydrated, and mounted. The
secondary antibody of MUC 2 was prepared in 0.5% Triton X-
100 PBS buffer, and the Alexa Fluor™ 488 donkey anti-rabbit
antibody was diluted 1:1000. The specimen was incubated in this
solution at 37°C for 1 h. We aspirated the secondary antibody
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and rinsed the specimen three times in PBS for 5 min each and
covered the specimen with a DAPI coverslip.

Transmission Electron Microscopy (TEM)
For TEM, two 0.5×0.5 cm mini-segments of intestinal tissue
from each group were excised and placed in a fixative for TEM at
4°C for 2-4 h. The segments were washed in 0.1 M PBS three
times for 15 min each time, postfixed in 1% osmium tetroxide in
PBS, dehydrated in a graduated series of ethanol solution, and
embedded by baking in an oven at 60°C for 48 h. Samples were
cut into 60-80 nm sections and stained with uranyl acetate and
lead citrate. The sections were analyzed by electronic microscopy
(HT7700 TEM; Hitachi Inc., Tokyo, Japan).

Western Blot
The snap-frozen tissues were subjected to homogenization in 250mL
of lysis buffer as previously described. Samples (30 mg of protein for
each condition) were transferred onto PVDF membranes and then
incubatedwith antibodies (Li et al., 2017). The followingwere used as
primary antibodies: caspase 3 (ab323519, Abcam), myeloid
differentiation factor 88 (MyD88) (SC74532, Santa Cruz), toll-like
receptor 4 (TLR4) (AF7017, Affinity), ZO-1 (AF 5145, Affinity),
occludin (DF7504, Affinity), and NF-kB(ab16502, Abcam).
Immunoreactive bands were revealed using a 1:10,000 dilution of
secondary antibody conjugated to horseradish peroxidase (goat anti-
rabbit IgG, BE0101, Bioeasy; goat anti-mice IgG, BE0102, Bioeasy).
The blotswere re-probedwith antibodies againstb-actin (EASYBIO)
and GAPDH (Bioworld) to ensure equal loading and transfer of
proteins. All critical blots and immunoprecipitation experiments
were repeated at least three times.

Real-Time PCR
Total RNA was isolated from colonic tissue using the RNA simple
Total RNAKit (TiangenBiotech, Beijing,China) as described in the
manufacturer’s protocol. The RNA concentrations were quantified
at 260 nm, and their purity and integrity were determined using a
NanoDrop. Reverse transcription and real-time PCR assays were
performed to quantify steady-state messenger RNA levels of TLR4,
MyD88, and NF-kB at 48 h following CLP. Complementary DNA
was synthesized from 0.1 mg of total RNA. The following cycling
protocol was used: denaturation at 95°C (15 min) and 40 cycles of
95°C (10 s), 60°C (32 s). The reporter dye emission (SYBR green)
was detected by an automated sequence detector combined with
ABI Prism 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA).

Microbiome Evaluation
Fecal samples were collected at the time mice were euthanized and
frozen until DNA extraction samples were sent to the Shanghai
Personal Biotechnology Co., Ltd., where bacterial DNA was
extracted. PCR amplification of the bacterial 16S rRNA genes V3-
V4 region was performed using the forward primer 338F (5’-
ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 806R
(5’-GGACTACHVGGGTWTCTAAT-3’). The Illumina MiSeq
sequencing platform was amplified (Illumina, San Diego, CA,
USA) using the NovaSeq-PE250 sequencing strategy. Sequence
denoising or OTU clustering was performed according to the
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QIIME2 dada 2 analysis process or the Vsearch software analysis
process. The resulting sequences were clustered with 100%
similarity against the GreenGenes to the database (v. 13.8; https://
greengenes.secondgenome.com/) (Fay et al., 2019) to assign
bacterial operational taxonomic units. Alpha and beta diversity
comparisons were performed using QIIME2 and taxonomic
summaries were generated with QIIME2. Comparison of sample
compositions and identification of statistically significant
differences were performed with LEfSe using the correction for
independent comparisons. Microbial functions were predicted
by using PICRUSt (Phylogenetic investigation of communities
by reconstruction of unobserved states) based on high-
quality sequences.
Statistical Analysis
The Kaplan-Meier estimator was used to draw the survival curve
of the mice, and the log-rank method was used to compare the
survival rates between different groups. The measurement data
had a normal distribution, the variance was uniform, and the one-
way ANOVA and LSD tests were used for comparison between
multiple groups. The Student’s t-test was used to compare the two
independent groups, and the measurement result was expressed as
the mean ± standard deviation (mean ± sd). The Kruskal-Wallis
H test was used for data with non-normal distribution and/or
uneven variance. The results were expressed in medians
(interquartile range). SPSS 21.0, GraphPad Prism 8.0, Photoshop
CS5, Image-Pro Plus, and ImageJ were used for data analysis, and
P < 0.05 was considered statistically significant.
RESULTS

Mortality Among Three Groups
The survival rates of the Sham group, CLP group, and FMT
group were compared 7 days following sepsis modeling. The CLP
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group had a mortality rate of 30% at 24 h and a 50% survival rate
at 7 days. There were no deaths at 24 h in the FMT group, and a
90% survival at 7 days, and no deaths in the Sham group.
Compared with the Sham group and the FMT group, the
mortality of the CLP group was significantly higher, P <
0.05 (Figure 1A).

Apoptosis
The expression of caspase 3 in the CLP group was significantly
higher than that of the other two groups at 12 and 24 h, but the
average integral optical density (IOD) of caspase 3 in the FMT
group was close to that of the CLP group at 48 h (Figure 1B).
Therefore, we performed a quantitative analysis of caspase 3
protein. The results of the western blot showed that the
expression of caspase 3 in the CLP group at 24 and 48 h was
higher than that in the FMT group, P < 0.001 (Figure 1C).

Mouse Serum Inflammatory Factors
TNF-a, IL-6, and IL-10
The expression of IL-6 in the CLP group was the highest at 24 h
after modeling, and then decreased, but it was still higher than
that in the Sham group at 48 h. Expression of IL-6 in the FMT
group was slightly higher than that in the CLP group at 12 h, but
there was no significant difference, to the contrary, IL-6 levels
were markedly lower than the CLP group at 24 and 48 h. The
TNF-a level in the CLP group continued to increase, and it was
the highest among the three groups at 48 h, however, the IL-10
level was lowest at 24 h after modeling (Figure 2).

The Thickness of the Mucus Layer (nm)
and MUC2 Expression
The AB-PAS method was used to detect the colonic mucus layer
thickness at 12, 24, and 48 h after sepsis modeling in the three
groups. The mucus layer thickness of mice in the CLP group was
significantly lower than that of the Sham group during the same
timepoint (P < 0.0001). The thickness of the mucus layer in the
A B C

FIGURE 1 | Survival analysis, and caspase 3 expressions among the Sham, CLP, and FMT groups. (A) Seven-day mortality observations in the Sham (red), CLP
(black), and FMT groups (blue). There were significant differences between the CLP group and the other two groups, P < 0.05, but there was no significant difference
between the FMT group and the Sham group; (B) Immunohistochemistry of the colon [under a digital microscope (20 × 10)]. The average integral optical density of
caspase 3 between the Sham, CLP, and FMT groups at 12, 24, and 48 h are shown on the right side. (C) Relative expression of caspase 3 compared with GAPDH
between the CLP and FMT groups at 24 and 48 h. *P < 0.05, ***P < 0.001, ****P < 0.0001, ns, no statistical difference, respectively.
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FMT group was significantly greater than that in the CLP group
(P < 0.01). Compared with the Sham group, the thickness of the
mucus layer in the FMT group had no difference at 24 h (P =
0.4473) but had a significant difference at 12 and 48 h (P <
0.0001, and P < 0.05, respectively) (Figure 3A). The fluorescence
expressions of MUC2 at 12, 24, and 48 h in the three groups were
observed by digital microscope and recorded, and the gray value
of the green channel was calculated and statistically analyzed.
Except that the expression levels of MUC2 in the Sham group
and the FMT group were not statistically different at 12 h, there
was a significant difference between each pair at 24 and 48 h (P <
0.0001). The expression of MUC2 in the CLP group at 12, 24, and
48 h was lower than that of the other two groups (Figure 3B).

Transmission Electron Microscope
Intestinal epithelial cells and intracytoplasmic organelles in the
CLP group were significantly swollen, and the microvilli were
arranged neatly, with uniform thickness and partial shedding. The
tight junctions and the structure of the intermediate junctions
were blurred, and the gap between junctions was slightly widened
in the CLP group. Portions of the desmosomes and tension wires
had disappeared. The intercellular space was widened and the
mitochondria had swelled. Intestinal epithelial cells and
intracytoplasmic organelles in the FMT group were slightly
swollen. The microvilli were arranged neatly and uniformly in
thickness, and the local area was slightly detached. The tight
junctions between epithelial cells and the structure of the
intermediate junctions were fuzzy, and the gap was slightly
widened in the FMT group. The number of desmosomes was
slightly reduced, the surrounding tension filaments were
abundant, and the mitochondria were slightly swollen (Figure 4).

Tight Junction Proteins
We compared the average integral OD of occludin between the
CLP and the FMT groups at 12, 24, and 48 h. The results showed
that occludin expression in the CLP group at 12, 24, and 48 h was
significantly lower than expression in the FMT group
(Figure 5A). We further verified occludin and ZO-1 protein
expression by western blot test. The results showed the relative
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expression of these two proteins in the CLP group was
significantly lower than that in the other two groups at 24 or
48 h, (P < 0.001). The relative expression of the two proteins was
highest in the Sham group, intermediate in the FMT group and
lowest in the CLP group (Figure 5B).

TLR4, MyD88, and NF-kB Protein Levels
and mRNA Levels
We analyzed and compared the expression of TLR4, MyD88, and
NF-kB relative to GAPDH at 24 and 48 h in the three groups.
Except that there was no difference in the expression of TLR4
protein between the Sham and FMT groups, expression levels of
the other two proteins in the three groups were significantly
different compared with each other. Expression of the three
proteins in the CLP group at 24 and 48 h was significantly higher
than those in both the Sham and the FMT groups at the same
time points (P < 0.05) (Figure 6A). Coincidently, mRNA
expression trends in the three groups were similar to the
trends in protein expression. The relative expressions of TLR4,
MyD88, and NF-kB, in the CLP group, were significantly higher
than those in the Sham and FMT groups. Expression of MyD88,
and NF-kB had a significant difference in the CLP group
compared with the Sham and FMT groups(P < 0.05). There
was no difference in the expression of the three indicators
between the Sham group and the FMT group (Figure 6B).

16SrRNA Sequence Analysis
Krona Species Composition
Firmicutes and Bacteroidetes were the main bacteria, accounting
for 55% and 33% of the abundance found in the normal mice,
respectively. The Sham group was dominated by Firmicutes, at
66%. Proteobacteria was the dominant bacteria in the CLP
group. The relative abundance of Proteobacteria observed in
the mortality observation of the CLP groups following sepsis
modeling at 12 h, 24 h, and 7-day were 48%, 66%, and 42%,
respectively. The relative abundance of unclassified bacteria in
the CLP group at 48 h and the 7-day mortality observation in the
FMT group was 70% and 41%. The FMT group at 24 and 48 h
were dominated by Firmicutes and Bacteroidetes, accounting for
FIGURE 2 | The serum IL-6, TNF-a, and IL-10 among the Sham, CLP, and FMT groups at 12, 24, and 48 h. The concentration of serum IL-6 (pg/mL) and IL-10 (pg/
mL) in the FMT group at 12 h after sepsis modeling were significantly higher than in the Sham group (P < 0.05), and there was no significant difference in TNF-a levels
(pg/mL) among the three groups. The serum IL-6 level in the CLP group was significantly higher than in the Sham group and the FMT group (P < 0.001) at 24 h. The
TNF-a levels in both the CLP and FMT groups were higher than in the Sham group (P < 0.001 and P < 0.01, respectively). The IL-10 level in the CLP group was lower
than in the Sham group and the FMT group (P < 0.001). The serum IL-6 level in the CLP group was higher than in the Sham group at 48 h (P < 0.01). The TNF-a level in
the CLP group was higher than in the Sham group and FMT group (P < 0.001). The TNF-a level in the FMT group was higher than in the Sham group (P < 0.05). There
was no significant difference among the three groups in the IL-10 level at 48 h.
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48%, 27%, and 37%, 26%, and the composition closely resembled
the composition found in mice. The main bacteria in the FMT
group at 12 h were Proteobacteria and Verrucomicrobiae, with a
relativeabundanceof33%and39%, respectively.Verrucomicrobiae
accounted for 22% in the CLP group at 24 h (Figure 7A).

Alpha Diversity Analysis
The 12 h Sham group had a similar fecal richness and diversity
compared with normal mice. The fecal richness and diversity were
significantly lower in the CLP group at 12, 24, and 48 h and 7-day
mortality than those of normal mice. We observed that the fecal
richness and diversity were lowest at 48 h in the CLP group, but
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 628
there was a slight recovery in the 7-day still alive mice in the CLP
group, a significant difference compared with the normal mice.
The richness and diversity of the flora in the FMT group were
higher than that observed in the CLP group at all time points, and
there was more fecal diversity than the normal mice at 24 h in the
FMT group. There was no significant difference in fecal richness
and diversity in the 7-day mortality FMT mice compared with the
CLP group at the same timepoint (Figure 7B).

Beta Diversity Analysis
The dimensionality reduction of multi-dimensional microbial
data was performed through NMDS analysis, and the main
A

B

FIGURE 3 | The mucus layer thickness and MUC2 expression in the Sham, CLP, and FMT groups at 12, 24, and 48 h. (A) The AB-PAS method was used to
measure the thickness of the mucus layer in the Sham, CLP, and FMT groups at 12, 24, and 48 h under a digital microscope (20 × 10). The blue color indicates
goblet cell secretion and a mucus layer. The histogram on the right shows the statistical results of the comparison of the three groups. There was no significant
difference between the Sham group and the FMT group in mucus layer thickness at 24 h. (B) MUC2 expression (green fluorescence) was observed in the three
groups at 12, 24, and 48 h. The histogram shows the statistical results of all three groups. There was no significant difference between the Sham group and the FMT
group at 12 h. *P < 0.05, **P < 0.01, ****P < 0.0001, ns, no significant difference.
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trends of data changes were displayed through the distribution of
samples on a continuous sorting axis. The data were also
classified by cluster analysis. In the NMDS analysis, the
clusters within the group were well and the difference between
the groups was large (Figure 7C).

LefSe (LDA Effect Size) Analysis
LEfSe analysis can directly perform simultaneous difference analysis
on all classification levels, and at the same time, it emphasizes finding
robust differences between groups, that is, marker species. The main
species found in normal mice were Firmicutes and Bacteroides. The
species with high levels in the Sham group were Firmicutes and
Lactobacillus, while the differential species in the CLP group were
Bacillales and Staphylococcaceae at 12 h, Enterobacteriales and
Proteobacteria at 24 h, Planococcaceae at 48 h, and
Deltaproteobacteria, Desulfovibrionales, and Erysipelatoclostridium
at 7-day mortality. The FMT group was modeled with high levels of
bacteria, including Verrucomicrobiae, Akkermansia, and
Ruminococcus at 12 h, Lachnospiraceae group, Bifidobacteriales,
Actinobacteria at 24 h, and Burkholderiaceae, Bacteroides, and
Butyricimonas at 48 h (Figure 7D).

Functional Analysis
The core of the KEGG database is a biological metabolic pathway
analysis database, in which metabolic pathways are classified into
six categories, including metabolism, genetic information
processing, environmental information processing, cellular
processes, organismal systems, and human diseases. We found
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that infectious diseases had the highest relative abundance
among human diseases in the KEGG secondary functional
pathway (Figure 7E).

Metabolite Analysis
We further analyzed the species composition of the differential
pathways, and found that the Lachnospiraceae contributed themost
to L-lysine fermentation to acetate and butanoate (Figure 7F).
DISCUSSION

The commensal microbiome has been shown to play a key role in
intestinal immunity because microbes regulate the maturation of
the mucosal immune system, support local mucosal immunity,
regulate cell growth, and maintain the epithelial barrier function
(Haussner et al., 2019). Sepsis alters the composition of the flora
and disrupts the balance between the host and the gut (Schmidt
et al., 2018; Liu et al., 2019). Striking abnormalities have been
reported in the intestinal microbiota of critically ill patients with
sepsis, with a wide inter-individual variation and a low bacterial
diversity (Avila et al., 2020; Bassetti et al., 2020). In this context,
FMT is an effective strategy for adjusting the dysbiosis and
restoring the normal gut microflora in patients with sepsis
(Avila et al., 2020).

Fecal microbiota transplantation refers to the transplantation
of functional bacteria from the feces of healthy donors into the
patient’s GI tract to restore the intestinal micro ecological
FIGURE 4 | Intestinal epithelial cell junctions. Intestinal epithelial cell junctions in the CLP group and FMT group at 48 h. The images on the left were enlarged 4K, and
those on the right were enlarged 10K. ▲ Tight junction and the intermediate junction between intestinal epithelial cells. ■ The space between intestinal epithelial cells.
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balance and subsequently to treat diseases related to microbial
imbalances (Wang et al., 2019; Zeng et al., 2019). This study was
an attempt to explore whether FMT can maintain the integrity of
the intestinal flora and protect the intestinal barrier function in
mice with sepsis. We found that there was a flora imbalance 12-h
after the modeling of sepsis. Proteobacteria had an absolute
advantage, but Firmicutes and Bacteroidetes decreased, which
was consistent with previous studies (Otani and Coopersmith,
2019). The relative abundance of Firmicutes and Bacteroidetes
recovered slightly over time, but the amount of Proteobacteria in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 830
the intestinal flora of the 7-day mortality CLP group still
accounted for 42%, which was significantly higher than that of
normal mice. The analysis of the bacterial flora in the FMT group
revealed that Firmicutes and Bacteroidetes were the most
prevalent and the relative abundance of Proteobacteria was
low, meaning that the bacterial composition is similar to that
of normal mice. Besides, the Alphaproteobacterial load increased
and the Betaproteobacterial load decreased in the FMT group.
All of these observations indicate that the intestinal flora of septic
mice had been replenished after FMT. It is believed that FMT can
A

B

FIGURE 5 | Comparison of tight junction protein expression. (A) Comparison of occluding expression in the CLP and FMT groups at 12, 24 add 48 h, respectively,
and observed under a digital microscope (20 × 10). Significant results are shown in the box plot on the right, ****P < 0.0001; (B) Relative expression of occludin and
ZO-1 compared with b-actin expression in the Sham, CLP, and FMT groups at 24 or 48 h. SB, CB, TB, SD, CD, and TD represent the 24 h Sham, CLP, and FMT
groups and 48 h Sham, CLP, and FMT groups, respectively.
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maintain the intestinal bacterial balance by increasing the
diversity of the flora and restoring and protecting intestinal
flora from external interference (Jeon et al., 2018). However, in
the observation of the 7-day mortality CLP group, the richness
and the diversity of bacterial flora were both lower than those of
the FMT group at 24 -h and 48 -h. As aforementioned, the dose
and the number of infusions of FMT may have contributed to
this result (Jeon et al., 2018). This experiment confirmed that the
7-day mortality rate of septic mice was significantly higher than
that of the FMT group. Early application of FMT can effectively
reduce the mortality of septic mice, most likely due to the
reconstruction of intestinal flora.

The GM supports the development of the metabolic system
and the maturation of the intestinal immune system by providing
beneficial nutrients, such as synthesizing vitamins and short-chain
fatty acids (SCFAs) (Shi et al., 2017). Butyrate, especially, can
promote the release of the mucoprotein so as to maintain the
mucus barrier (Johansson and Hansson, 2016; Wang et al., 2019).
Studies have shown that SCFAs have anti-inflammatory and
immunoregulatory activities and may reduce butyrate-producing
bacteria such as Ruminococcaceae, Faecalibacterium, and
Roseburia (Cammarota et al., 2015). Therefore, we compared
the relative abundance of Ruminococcaceae in each group, and
the results suggest that fecal bacteria significantly reduced in the
sepsis model group, while in the FMT group, the bacterial counts
were similar to or even slightly higher than those found in the
normal mice. (In our study, the relative abundance of the normal
mice was 0.07%, 0.0025% in the CLP group, and 0.067% in
the FMT group in 48-h). It appears that Ruminococcaceae plays
a role in the inflammatory response, and fecal microbiota
transplantation can effectively improve the intestinal bacteria
composition, thereby improving the inflammatory state. We
found through the functional prediction that the relative
abundance of intestinal flora was significantly different in
infectious diseases. Further analysis of the species composition
of the different pathways revealed that Lachnospiraceae
contributed the most to L-lysine fermentation to acetate and
butanoate, consistent with previous studies (Shen et al., 2018).
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This indicated that Lachnospiraceae may be the key bacteria for
the effectiveness of FMT.

Tight junctions play an important role in maintaining the
integrity of the mucosal epithelium (Zihni et al., 2016; Xu et al.,
2018), and it is generallydefinedasa life-threateningorgan failure in
the setting of critical illness (Guttman and Finlay, 2009; Vermette
et al., 2018). Critical illness induces hyper-permeability of the gut
barrier which begins as early as 1 hour after the onset of sepsis and
lasts at least 48 hours (Yoseph et al., 2016; Otani and Coopersmith,
2019). We compared transmission electron microscopy results in
48-h between the CLP and the FMT groups. The TJs of the septic
mice were blurred more than those of the FMT mice. The cell gap
was significantly wider, and both cells and organelles were swollen.
We suppose that the mice had not only intestinal barrier
dysfunction but also cellular dysfunction. The main functions of
occludin are regulating and sealing the TJs (Shawki and McCole,
2017;Wang et al., 2017).ThatZO-1outperformedotherTJmarkers
may reflect the concomitant organ epithelial injury which occurs in
MODS (Vermette et al., 2018). Therefore, we observed the
expression of the above two proteins in 24-h and 48-h in the
three groups, and the results showed that occludin and ZO-1 in the
CLP group were significantly lower than those in the Sham group
and the FMT group. Levels of the two indicators in the FMT group
were higher than those in the CLP group, or they were similar to
those in the Sham group.

Research has shown that the thickness of the mucus layer is
dependent on commensal bacteria (Otani and Coopersmith, 2019).
Weperformedblinded thicknessmeasurementsof the colonicmucus
layer in each mouse using Alcian blue-stained sections. We further
validated the thickness of the mucus layer by immunofluorescence
staining of the MUC2 mucins using a-MUC2 antibody (Desai et al.,
2016) and observed that the thickness of the mucus layer in septic
mice significantly reduced, and the thickness in the FMT group was
significantly increased. This change was consistent with the changes
in the flora of the two groups.

TLR4 is the best-characterized pathogen-recognition
receptor. Its downstream effects are varied, and the TLR/
MyD88/p38 MAPK/NF-kB pathway is popularly believed to
A B

FIGURE 6 | TLR4, MyD88, and NF-kB expression and mRNA levels. (A) Expression of TLR4, MyD88, and NF-kB compared to GAPDH protein among Sham, CLP,
and FMT groups at 24 and 48 h. SB, CB, TB, SD, CD, and TD represent 24 h Sham, CLP, and FMT groups and 48 h Sham, CLP, and FMT groups, respectively.
(B) Relative TLR4, MyD88, and NF-kB levels in the colon. *P < 0.05, **P < 0.01.
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play a critical role in the inflammatory response (Piton and
Capellier, 2016; Tian et al., 2016). In this study, the TLR4/
MyD88/NF-kB pathway in septic mice increased significantly
at both the protein level and the gene level, and the inflammatory
factors TNF-a and IL-6 increased at different levels in 24-h and
48-h after modeling, while IL-10 decreased in 24-h and 48-h after
modeling. FMT treatment decreased the inflammatory response.
This is consistent with the pathological score of bowel injury in
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the three groups. It was observed that the amount of apoptosis
protein caspase 3 was different between the CLP group and the
FMT group, and the amount of apoptosis in the CLP group was
significantly higher than that of the FMT group.

This study has certain limitations: First, we selected the C57BL/
6 mouse as our animal model. It is of common knowledge that the
human gut microbiota varies greatly, and it is affected by many
factors, including host-intrinsic, host-extrinsic, and
A B
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FIGURE 7 | Microbiota analysis. (A) Krona species at phylum among the Normal, Sham, CLP, and FMT groups. (B) Alpha diversity. *P < 0.05, **P < 0.01 ****P <
0.001. (C) NMDS two-dimensional sorting diagram. The closer the distance between the two points in the figure, the smaller the difference between the microbial
communities in the two samples. (D) LEfSe (LAD Effect Size). A longer bar denotes a more significant difference in the taxon. The color of the bar graph indicates the
most abundant sample group corresponding to the taxon. (E) Predicted abundance map of KEGG secondary functional pathways. (F) Species composition map of
differential MetaCys metabolic pathways. The abscissa shows different groups. The order of the samples in the groups was sorted according to the similarity of the
data; the ordinate was the relative abundance of the metabolic pathways, and the species different levels of contribution to the metabolic pathways were displayed in
different colors at different levels. (In order to show the results better, we used abbreviations to represent each group: N = normal mice, 7C = CLP group mortality
observation, 7T = FMT group mortality observation, SA = Sham group 12 h; CA, CB, and CD = CLP group at 12, 24, and 48 h time points, respectively, and TA,
TB, and TD = FMT group at 12, 24, and 48 h time points, respectively).
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environmental. Precise microbiome modulation, therefore, is still
in its infancy (Schmidt et al., 2018). Second, FMT has been shown
to be highly efficient in the treatment of recurrent C. difficile
infection (Jeon et al., 2018; Schmidt et al., 2018), but its application
in sepsis has only been rarely reported. FMT is often preceded by
preparatory antibiotic treatment in clinical practice, which makes
it difficult to disentangle its effects (Schmidt et al., 2018). While
antimicrobials are one of the fundamental and often life-saving
modalities in septic patients, they can also pave the way for
subsequent harm because of the resulting damage to the gut
microbiome (Bhalodi et al., 2019). It has been reported that the
association between antibiotic exposure and subsequent sepsis is
related to microbiome depletion, rather than the severity of illness
(Haak et al., 2018). Therefore, our initial experiment did not
involve the use of antibiotics, but its combined application with
FMT was included in subsequent studies. Third, it has been
reported that the biological activity of the fresh fecal microbiota
liquid is not affected by two hours of storage on ice (Hamilton
et al., 2012). In our experiment, the fresh fecal bacteria liquid was
kept on ice and was transplanted within 1 hour. It is speculated
that its biological activity is not affected, but this needs to be
confirmed in further research. Fourth, We did not attempt to
discern the complete reconstruction time of intestinal flora after
initiating FMT, nor did we compare the frequency and the
number of transplantation, but it appears that early application
of FMT has a protective effect on the intestinal function of septic
mice. Finally, in view of the limited predictive function of
PICRUSt, we will further use the full RNA transcriptome from
both stool and mucosa-adherent microbiota for verification.
CONCLUSION

GM imbalance exists early in sepsis. Fecal microbiota
transplantation can not only improve morbidity and effectively
reduce mortality in septic mice, but can also effectively reduce
epithelial cell apoptosis, improve the composition of the mucus
layer, upregulate the expression of TJ proteins, and reduce
intestinal permeability and the inflammatory response, thus
protecting the intestinal barrier function. In our study, after
FMT, the abundance and diversity of the gut flora were restored,
and the microbial characteristics of the donors changed.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1133
Lachnospiraceae contributes the most to intestinal protection
through enhancement of the L-lysine fermentation pathway,
resulting in the production of acetate and butanoate, and
maybe the key bacteria in short-chain fatty acid metabolism
that promotes the success of fecal microbiota transplantation.
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Endometritis is generally caused by bacterial infections, including both acute and chronic
infections. In the past few decades, accumulated evidence showed that the occurrence of
diseases might be related to gut microbiota. The progression of diseases is previously
known to change the composition and diversity of intestinal microbiota. Additionally, it also
causes corresponding changes in metabolites, primarily by affecting the physiological
processes of microbiota. However, the effects of acute endometritis on intestinal
microbiota and its metabolism remain unknown. Thus, the present study aimed to
assess the effects of acute endometritis on intestinal microbes and their metabolites.
Briefly, endometritis was induced in 30 specific pathogen-free (SPF) BALB/c female mice
via intrauterine administration of lipopolysaccharide (LPS) after anesthesia. Following this,
16S rRNA gene sequencing and liquid chromatogram-mass spectrometry (LC-MS) were
performed. At the genus level, the relative abundance of Klebsiella, Lachnoclostridium_5,
and Citrobacter was found to be greater in the LPS group than in the control group.
Importantly, the control group exhibited a higher ratio of Christensenellaceae_R−7_group
and Parasutterella. Furthermore, intestinal metabolomics analysis in mice showed that
acute endometritis altered the concentration of intestinal metabolites and affected
biological oxidation, energy metabolism, and biosynthesis of primary bile acids. The
correlation analysis between microbial diversity and metabolome provided a basis for a
comprehensive understanding of the composition and function of the microbial
community. Altogether, the findings of this study would be helpful in the prevention and
treatment of acute endometritis in the future.

Keywords: acute endometritis, intestinal microbiota, metabolomics, lipopolysaccharide, mice
INTRODUCTION

Endometritis is a disease caused by bacterial pathogens, such as Chlamydia trachomatis,
Enterococcus, Escherichia coli, Gardnerella vaginalis, Klebsiella pneumoniae, Mycoplasma
hominis, Neisseria gonorrhoeae, Staphylococcus, and Streptococcus (Moreno et al., 2018). These
bacterial pathogens are known to cause persistent inflammation of the uterus, which could further
gy | www.frontiersin.org December 2021 | Volume 11 | Article 791373135
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result in infertility in severe cases (Wallach and Czernobilsky,
1978; Kitaya et al., 2018). Among these, E. coli and
Staphylococcus aureus are particularly recognized as important
factors in the infection of endometritis (Andrews et al., 2006;
Kitaya et al., 2017). Importantly, lipopolysaccharide (LPS)
produced by E. coli is considered to be the triggering factor for
various inflammatory reactions, which play a vital role in the
establishment of inflammatory models (Chen et al., 2010; Wu
et al., 2016; Wang and Zhang, 2018).

Throughout long-term evolution, the mammalian intestines
have evolved into a complex environment. The intestines usually
consist of a dense microbiome that is strongly associated with
host health and disease status (Marchesi et al., 2016). Intestinal
microbiota not only affects normal metabolism (Sharon et al.,
2014) but also regulates host immunity (Rooks and Garrett,
2016), nervous system (Tan et al., 2020), and even cancer
development (Yachida et al., 2019). In particular, it acts as a
barrier against pathogen invasion, protects the intestinal
structure, and maintains normal physiological function. In fact,
any imbalance in the gut microbiome can cause corresponding
physiological effects. Previous studies have shown that
imbalances in the gut microbiota could lead to an increase in
estrogen secretion (Plottel and Blaser, 2011), which was
associated with endometriosis, endometrial cancer, and other
uterine diseases (Borella et al., 2021). However, its role in
endometritis remains poorly understood.

The microbiome represents a dynamic community, whose
composition is mainly influenced by age, disease status, eating
habits, and other factors. These factors influence the composition
and diversity of microorganisms. Additionally, these also affect
the physiological processes of microorganisms, such that the
distribution of their metabolites also changes. Variations in the
microbial metabolic spectrum could further cause physiological
changes in both host and pathogenic microorganisms, thereby
affecting the progression of the disease (Cameron and Sperandio,
2015). Consequently, metabolism studies and metabolic profiling
are used as markers for the diagnosis of diseases (Ursell et al.,
2014). In particular, plasma trimethylamine nitrogen oxide
(TMAO) has been previously identified as a marker for
cardiovascular disease (CVD) (Koeth et al., 2013), whereas 3-
carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF) was
identified in the plasma of patients with gestational diabetes,
impaired glucose tolerance, and type 2 diabetes (Prentice et al.,
2014). However, no previous studies reported the identification
of metabolites associated with endometritis.

The present study aimed to assess the effects of acute
endometritis on intestinal microbes and their metabolites. In
particular, it was hypothesized that administration of
lipopolysaccharide (LPS) would induce endometritis and affect
the intestinal microbiota and metabolites in the mice model.
Herein, the intestinal tissues of acute endometritis mice were
subjected to 16S rRNA high-throughput sequencing technology
and liquid chromatogram-mass spectrometry (LC-MS) non-
targeted metabolism technology, to assess the distribution of
intestinal metabolites and unravel the composition of microbiota
present in the mice with acute endometritis. Altogether, the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 236
results of the study would provide possible molecular markers for
the diagnosis of acute endometritis.
MATERIALS AND METHODS

Animals
All experimental procedures, including animal handling, welfare
monitoring, and euthanasia, were performed following the
ARRIVE guidelines and regulations and were approved by the
Animal Care Office of Chengdu Normal University, Chengdu,
China. Specific pathogen-free (SPF) BALB/c female mice aged 6–
8 weeks were purchased from the Chengdu Dossy Experimental
Animals Co., Ltd.

Experimental Processing
A total of 30 mice were placed at a temperature of 25 ± 3°C,
under 75 ± 5% humidity, fixed with 12-h light/12-h dark
treatment daily, and provided adequate food and water. The
mice were randomly categorized into five groups: the LPS group
(3, 6, 12, and 24 h) and the control group. The murine model of
endometritis was established as previously described (Wu et al.,
2016; Wu et al., 2018). Briefly, each side of the mouse uterus was
perfused with 20 ml of LPS (3 mg/ml) under anesthesia. The LPS
was brought from Sigma-Aldrich (USA). The control group mice
were intraperitoneally injected with the same amount of
phosphate-buffered saline (PBS; Beijing Labgic Technology Co.,
Beijing, China). The uterine and intestinal tissues were collected
at 3, 6, 12, and 24 h. The samples were frozen under liquid
nitrogen immediately after collection at −80°C.

Inflammation Analysis
The uterine tissues were fixed with paraformaldehyde and then
pruned, dehydrated, and paraffin-embedded. Five sections were
stained with hematoxylin and eosin (H&E) before microscopic
observation (Nikon, Eclipse Ci-L, Japan). The expressions of
interleukin (IL)-6, IL-1b, and tumor-necrosis factor-alpha (TNF-
a) were detected by quantitative real-time polymerase chain
reaction (PCR). Total RNA was extracted from the uterine
tissues by using the MiniBEST Universal RNA Extraction Kit
(Takara, Japan) and reverse transcribed into cDNA. The cDNA
product was diluted with the Fast qPCR Master Mix (High Rox,
BBI, ABI) on the StepOne Plus Fluorescent Quantitative PCR
instrument (ABI, Foster, CA, USA). Primers (listed in
Supplementary Table 1) were designed using the Primer
Premier 5.0 software, and the relative quantification of the
target gene expression was performed using the 2−DDCt method.
Statistical analyses were performed using the GraphPad Prism 8
(GraphPad InStat Software, USA). Comparison between the
groups was performed using t-test, and the data were
expressed as mean ± SD. p < 0.05 was considered to indicate
statistical significance.

DNA Extraction and Library Construction
Total genomic DNA was extracted according to the instructions
for the QIAamp 9 PowerFecalQIAcube HT Kit (Qiagen, 51531).
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The concentration of DNA was verified by the Nano Drop system
(Thermo Fisher, 2000) and agarose gel. Using the genomic DNA
as a template, according to the selection of sequencing V3–V4
variable regions [primers 343F: 5′-TACGGRAGGCAGCAG-3′,
798R: 5′-AGGGTATCTAATCCT-3′ (Nossa et al., 2010)],
TksGflex DNA polymerase (Takara, R060B) and specific
primers with barcode were used for PCR. The quality of
amplifiers was confirmed by gel electrophoresis, purified by the
AMPoule XP Bead (Agencourt), followed by another round of
PCR amplification. The Qubit dsDNA Analysis Kit (Life
Technologies, Q32854) was used to quantify the final amplifier
after purification of the ampoule XP bead. An equal number of
purified amplifiers were assembled for subsequent sequencing.

Analysis of Intestinal Microbiota
The Trimmomatic software was used to preprocess the paired-
end reads (Bolger et al., 2014), pruned, and assembled by the
FLASH software after trimming (Reyon et al., 2012). The
assembly parameters were as follows: minimum overlap, 10 bp;
maximum overlap, 200 bp; and maximum error ratio, 20%.
Abandoned homologous sequences are those <200 bp; 75% of
the base readings above Q20 were retained. The chimera
readings were detected and removed by using the UCHIME
(Caporaso et al., 2010). Vsearch software was used to generate
operational taxonomic units (OTU) by removing the primer
sequences and clustering with a cutoff value of 97% similarity
(Rognes et al., 2016). The representative reading of each OTU
was selected using the QIIME package. The RDP classifier was
used to annotate the species of all representative reads according
to the Silva database (version 123) (confidence threshold 70%)
(Wang et al., 2007).

Metabolomics Processing
We accurately weighed 15 mg of the tissue samples into 1.5-ml of
the EP tube and added the inner standard (FMOC-L-2-Chlorophe,
0.3 mg/ml; Lyso PC17: 0, 0.01 mg/ml, all configured with
methanol) of 20 ml and added 400 ml of methanol–water (v/v =
4:1). After grinding, centrifugation, supernatant absorption,
filtration, and transfer to the LC sample vial, the solution was
stored at −80°C until LC-MS analysis.

For data processing, the metabolic profiling in positive and
negative electrospray ionization (ESI) modes was analyzed by
using the liquid-mass spectrometry system consisting of the
Dionex U3000 UHPLC High-Resolution Mass Spectrometer and
the QE plus (Thermo Fisher Scientific, Waltham, MA, USA). The
determination was performed on the ACQUITY UPLC HSS T3
(100 × 2.1 mm, 1.8 mm) with a mobile phase consisting of A-water
(containing 0.1% formic acid, v/v) and B-acetonitrile (containing
0.1% formic acid, v/v). The flowrate was set to 0.35 ml/min, and
the column temperature was 45°C. The injection volume was 2 μl.
Data acquisition was performed in the full-scan mode (m/z ranges
from 70 to 1,000) combined with the IDA mode.

Metabolomics Data Analysis
The Progenesis Qi V2.3 software (Nonlinear Dynamics,
Newcastle, UK) was used to process the metabolic raw data
after collection by Unifi 1.8.1. The compounds were identified
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based on the accurate mass number, secondary fragments, and
isotope distribution using The Human Metabolome Database
(HMDB), Lipidmaps (V2.3), METLIN databases, and self-built
databases. The qualitative compounds were screened according
to the qualitative results score of the compounds. The screening
standard was 36 points (full score = 60 points), and the
qualitative results <36 points were considered to be inaccurate
and deleted.

Principle component analysis (PCA) and (orthogonal) partial
least-square-discriminant analysis (O) PLS-DA were performed
to observe the overall metabolic differences among the groups.
The Hotelling’s T2 region demonstrated an ellipse in the model
score, which was defined at a 95% confidence interval for model
variation. In the OPLS-DA analysis, variable importance in the
projection (VIP) was employed to measure the influence and
explanatory ability of the samples in each group; VIP >1 was
regarded as the screening criteria. We selected differential
metabolites according to the threshold of statistically
significant variables obtained from the OPLS-DA model on
(VIP) values and p-values obtained from two-tailed Student’s
t-test of normalized peak areas. Metabolites with VIP values >1.0
and p < 0.05 were considered to indicate differential metabolites.
RESULTS

Effect of LPS on Inflammation of
Mouse Uterus
The effect of LPS on uterine inflammation in mice was assessed
by evaluating histopathological conditions. As shown in
Figures 1A–E, the histopathological assessment showed that
the morphology of uterine tissue was normal in the control
group. An increase in LPS treatment time resulted in a gradual
enhancement of the pathological manifestations, and the
pathological situation was reported to be most serious at 12 h.
After 12 h, the pathological condition of uterine tissue weakened.
In addition to this, changes in cytokine-related expression levels
were also observed (Figure 1F). In fact, LPS treatment for 12 h
significantly increased the levels of IL-6, IL-1b, and TNF‐a.

Effects of LPS on Diversity, Richness, and
Composition of Intestinal Microorganisms
in Mice
Following quality controlled processing of the original
sequencing results obtained from 16S rRNA sequencing, the
data volume obtained for clean tags was distributed between
89734–93578. After removing chimeras, the valid tags obtained
for analysis were allocated between 80742 and 85484. Valid tags
were divided into OTU according to 97% similarity, and a total of
4,373 OTUs were obtained. According to the results of the
Shannon index and Chao1 index (Figure 2), no significant
differences were recorded between the diversity of gut
microbiome in mice treated with LPS and normal mice.

In particular, a total of 27 bacterial phyla were detected for the
classification of the resulting OTUs. Among these, Bacteroidetes and
Firmicutes were found to be the dominant ones, which accounted
December 2021 | Volume 11 | Article 791373

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Dong et al. Intestinal Metabolomics and Microbiota Analysis
for 59.56% and 29.86%, respectively. At the genus level, a total of
529 bacterial genera were detected. Among these, the dominant
species were Bacteroides (51.25%), Faecalibacterium (9.05%),
Lachnospiraceae_NK4A136_group (4.07%), Lachnoclostridium
(2.99%), Helicobacter (2.66%), and Paraprevotella (2.02%)
(Figure 3). In addition to this, the study also analyzed different
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 438
species present in each group using theWilcoxon test (Figure 4). At
the phylum level, Elusimicrobia was identified as a distinct phylum.
Furthermore, at the generic level, Klebsiella, Lachnoclostridium_5,
Citrobacter, Enterobacter, Treponema_2, Christensenellaceae_
R−7_group, and Parasutterella were found to be different in the
two groups.
A B

FIGURE 2 | Effects of LPS on the diversity and richness of intestinal microbiota in mice. (A) Chao1 index. (B) Shannon index. ns means no significant difference.
FIGURE 1 | Effect of LPS on inflammation of the mouse uterus. (A) Control group. (B) LPS group (3 h). A small amount of endometrial epithelial cells seems
swollen, and the cytoplasm is loose and light-stained (black arrow). (C) LPS group (6 h). Bits of endometrial epithelial cells are shed (black arrow), and a small
number of uterine glands are slightly dilated (green arrow). (D) LPS group (12 h). The endometrial epithelium and glandular epithelium are swollen, the cytoplasm has
loosened and lightly stained (red arrow), and a large number of capillaries in the lamina propriety are congested and dilated (yellow arrow). (E) LPS group (24 h). A
spot of blood stasis in the lamina propria (red arrow). (Hematoxylin and eosin staining; magnification, 200×). (F) The expression of inflammatory cytokines IL-6, IL-1b,
and TNF-a. Mean ± SD was employed for data processing. Three replicates were processed in each group. *p < 0.05, **p < 0.01 vs. control group.
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Effects of LPS on Intestinal Metabolomics
in Mice
LC-MS non-targeted metabolomics analysis was conducted for
the intestinal samples of the control group and LPS group. The
principal component analysis showed a separation between the
samples obtained from these two groups (Figure 5A). OPLS-DA
was utilized to verify differential metabolites between the two
groups, and multivariate analysis was supervised. Furthermore,
the score plot showed/revealed significant differences in OPLS-
DA score for the two groups of samples (Figure 5B). As shown
in Figure 5C, the OPLS-DA fitting model did not show
overfitting of the model. Meanwhile, for the displacement test,
the values for R2Y (0.867) and Q2Y (−0.222 < 0) also indicated
the validity of the model.
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The study also compared the metabolites (Supplementary
Table 2) between the two groups, by t-test and multivariate
analysis combined with variable influence on projection (VIP). A
total of 187 different metabolites were identified (Supplementary
Table 3). Among the 76 positive ion metabolites, two were
identified as benzenoids, 23 were lipids and function‐like
molecules, and one belonged to nucleosides, nucleotides, and
analogs. Additionally, these positive ion metabolites included
nine kinds of organic acids and derivatives, four types of organic
oxygen compounds, four types of organoheterocyclic
compounds, one organosulfur compound, and two
phenylpropanoids and polyketides. In the case of negative‐ion
metabolites, a total of 111 such metabolites were identified,
which were divided into alkaloids and derivatives, benzenoids,
A B

FIGURE 3 | Effect of LPS on the composition of intestinal microbiota in mice. (A) Phylum level. (B) Genus level.
A B

FIGURE 4 | Differential species of the intestinal microbiota of mice in the LPS group and control group. (A) The phylum level is evident from the box drawing. (B) The
genus level is represented by a heat map. Orange indicates relatively high species abundance, while blue indicates relatively low species abundance.
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lipids, and lipid‐like molecules, nucleosides, nucleotides, and
their analogs, organic acids and derivatives, organic compounds,
organic oxygen compounds, organoheterocyclic compounds,
phenylpropanoids and polyketides, and others.

The volcano diagram showed dramatic up- and
downregulation of metabolites in the endometritis group and
normal group (Figure 6A). To display the relationship between
samples and differences in the expression of metabolites among
different samples, hierarchical clustering analysis (HCA) was
performed on the expression levels of top 50 significantly
different metabolites, and the clustering results were shown in
terms of a heat map (Figure 6B). In the positive ion mode, LPS
treatment increased the expression of metabolites, such as
cholesterol, 11‐deoxycortisol, and N‐phenylacetylphenylalanine,
and reduced the expression of Darunavir, PE (19:1(9Z)/0:0), and
LysoPE (24:1(15Z)/0:0). However, in the negative ion mode, LPS
treatment resulted in an increase in metabolites, like trans-piceid
and Psilocybin, and decreased the levels of NAD, MET‐
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enkephalin, and Isokobusone. In addition to this, KEGG ID for
differential metabolites was used for pathway enrichment analysis
(Figure 7). In particular, the metabolic pathways for cholesterol
metabolism, primary bile acids biosynthesis, and vitamin digestion
and absorption were markedly affected by LPS.

Importantly, changes in the metabolic spectrum of the
microbiome reflect changes in the dynamics of the microbiome.
Therefore, the present study analyzed the correlation between
microbial diversity and metabolomics to understand the
composition and function of microorganisms in a better way.
As shown in Figure 8, Treponema_2 positively correlated
with the levels of cholesterol in the microbial community, with
higher genera expression abundance in the LPS group, and
negatively correlated with NAD. In the normal control group,
Parasutterella was found to be positively correlated with NAD and
Isokobusone and negatively correlated with 8-Epiiridotrial
glucoside in the microbial community, with superior generic-
level expression abundance.
A B C

FIGURE 5 | Multivariate statistical analyses of intestinal metabolites in mice. (A) Principal component analysis (PCA). (B) Orthogonal partial least-squares-discriminant
analysis (OPLS-DA) diagram. (C) Validation diagram obtained from the permutation test.
A B

FIGURE 6 | Effects of LPS on the intestinal metabolites in mice. (A) Significantly different metabolites, in which the red dots represent significantly upregulated
differential metabolites in the LPS group, the blue dots represent significantly downregulated differential metabolites, and the gray dots represent insignificant
differential metabolites. (B) HCA. The abscissa expresses the sample name, and the ordinate represents the differential metabolites. The color ranges from blue to
red, indicating the expression abundance of metabolites from minimal to high, that is, the greater the intensity of the red color, the higher is the expression
abundance of differential metabolites.
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DISCUSSION

As a bacterial infectious disease, endometritis is known to
primarily affect the life of women and modern agricultural
production, which is detrimental to human health and economic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 741
development (Zhao et al., 2017). Lipopolysaccharide (LPS)
obtained from the cell wall of Gram-negative bacteria has been
previously shown to play an important role in the pathogenesis of
endometritis (Li et al., 2019; Zhou et al., 2019). Thus, it is used to
induce endometritis in mice. Currently, the gold standard used for
FIGURE 7 | Metabolic pathway enrichment diagram. The red line indicates p = 0.01, while the blue line indicates p = 0.05. When the top of the bar is higher than
that of the blue line, the signal pathway represented is significant.
FIGURE 8 | Analysis of the effects of LPS on the microbial genus and metabolite concentration. For each species with distinct behaviors and the corresponding
metabolites in each column, the orange color indicates a positive correlation, while blue indicates a negative correlation. The darker the color, the greater is the
correlation. The closer the color is to white, the closer is the correlation to zero. ***p < 0.001, **p < 0.01, and *p < 0.05 (i.e., significance of correlation).
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endometritis is histopathological examination (Kiviat et al., 1990;
Kitaya and Yasuo, 2011). In the present study, H&E staining of the
tissue samples and assessment of tissue morphology were used for
the evaluation of the tissue samples. Briefly, after 12 h of LPS
treatment, endometrium and uterine glandular epithelial cells were
found to be swollen, the cytoplasm was loose and lightly stained,
and a large number of capillaries in lamina propriety stasis and
dilation were recorded as the most serious pathological conditions.
Consequently, the tissues treated with LPS for 12 h were used for
subsequent analysis. Since LPS can induce the production of
cytokines, such as IL-6, IL-1b, and TNF‐a (Ahmad et al., 2019),
the present study also assessed the related expression levels of
cytokines in uterine tissues at 12 h, after LPS induction. The results
showed that LPS treatment for 12 h significantly increased the
levels of IL-6, IL-1b, and TNF‐a, indicating the successful
establishment of the LPS-induced endometritis model in mice.

The occurrence of diseases has been previously shown to cause
changes in the gut microbiota and its metabolism (Rooks and
Garrett, 2016). No previous studies investigated the relation
between acute endometritis and gut microbiota. The present
study reported changes in intestinal microbiome and
metabolism of mice with acute endometritis, using 16SrRNA
high-throughput sequencing and LC-MS technology. The study
also reported differences in the composition andmetabolites of the
microbiome structure and metabolites present in the intestines of
mice with acute endometritis, induced by LPS. Elusimicrobia is
known to exert a potential negative impact on health, and it is
often used as a biomarker for intestinal damage (Carbonero et al.,
2019). At the genus level, a decrease in beneficial bacteria, such as
Christensenellaceae_R.7_group and Parasutterella, was recorded
in the LPS group in the present case. An increase in the relative
abundance of Treponema_2, Klebsiella, Lachnoclostridium_5, and
Citrobacter was also recorded. In general, Christensenellaceae_
R.7_Group is a microorganism that is widely present in humans
and animals. It is primarily associated with obesity and
inflammatory bowel disease (Waters and Ley, 2019). The
relative abundance of Christensenellaceae_R.7_group has been
reported to be comparatively low in obese patients (Valdes
et al., 2018). However, obese people generally exhibit a higher
risk of endometritis as compared to the general population
(Kalkanbaeva et al., 2017). Parasutterella is an important
microorganism that maintains the health of the human
gastrointestinal tract. It is associated with many diseases
(Blasco-Baque et al., 2017; Ju et al., 2019). In comparison to
this, Klebsiella is a pathogen that primarily causes severe
suppurative community-acquired pneumonia, which can infect
almost any part of the body and is extremely lethal (Sahly et al.,
2002). Lachnoclostridium_5 is usually associated with digestive
diseases (Wang et al., 2018). Citrobacter is an extracellular
intestinal pathogen that is specifically designed to mimic human
pathogenic E. coli and inflammatory bowel disease infections
(Mullineaux-Sanders et al., 2019). In the present study, these
bacteria genera exhibited differential expression in the LPS group,
which indicated that after acute endometritis, the abundance of
intestinal pathogenic bacteria increased, while the beneficial
bacteria decreased, and the protection provided by intestinal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 842
barrier also reduced. Consequently, the possibility of the
disease increased.

In addition to this, the amount of intestinal metabolite
cholesterol was recorded to be higher in the LPS group.
Cholesterol is known to be an essential molecule in the animal
body, which participates in various biochemical processes, such as
cell membrane synthesis and cell growth and differentiation
(Russell, 1992). However, the inadequate ability of animals to
decompose cholesterol can lead to an increase in the level of
cholesterol that can further result in diseases, such as
atherosclerosis (Schade et al., 2020). Besides this, acute
endometritis also resulted in reduced levels of NAD and
Isokobusone. Nicotinamide adenine dinucleotide (NAD) is
known for its role in redox reactions, particularly as a hydrogen
carrier for cellular oxidoreductases. It also acts as a signaling
molecule that regulates hundreds of key processes, including
energy metabolism and cell survival, via regulation of NAD+

sensing enzymes. NAD+ levels usually decline with age, resulting
in metabolic changes and increased susceptibility to disease
(Rajman et al., 2018). A previous study reported that Isokobusone
could activate pregnane X receptor (PXR) and constitutive
androstane receptor (CAR) and thus induced the expression of
drug metabolism enzymes and inhibited the expression of LPS‐
induced inflammatory mediators (Kittayaruksakul et al., 2013).
Therefore, acute endometritis altered the levels of metabolites in
the body, which further affected normal biological redox responses,
decreased the inhibition of inflammatory response, and increased
susceptibility to the disease.

The combination of microbiology and metabolomics revealed
the changes in the composition of the intestinal microbiome in
acute endometritis, which suggested that the activity of the gut
microbiome might be related to intestinal metabolism. It was
found that the abnormal expression of Treponema_2 in the LPS
group positively correlated with cholesterol, wherein Treponema
cells could obtain cholesterol from the erythrocytic membranes
of eukaryotes (Stanton and Cornell, 1987) and produced
exogenous cholesterols during growth. Cholesterol depletion or
incorporation of cholesterol molecules might harm the intestinal
epithelial membrane. In addition to this, acute endometritis also
decreased the relative abundance of Parasutterella. Parasutterella
has been previously shown to be associated with bile acid
homeostasis (Ju et al., 2019). Biosynthesis of primary bile acids
is generally involved in the pathogenesis of cervicitis. Cervicitis is
known to provoke/induce a variety of diseases, including
endometritis (Zhang et al., 2018). In addition to this,
enrichment analysis of metabolic pathways revealed that LPS
could alter the biosynthesis of primary bile acids, indicating an
important role in bile acid metabolism. However, the specific
mechanism of action remains to be explored in the future. In
addition to this, it needs to be explored whether the altered gut
microbiota and its metabolites also affected the internal
environment of the uterus.

Altogether, the present study reported the induction of acute
endometritis in mice upon LPS treatment, and changes were
reported in intestinal microbiota and metabolites by 16S rRNA
high-throughput sequencing and LC-MS untargeted
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metabolism. At the generic level, acute endometritis resulted in
the reduction in beneficial microorganisms in the intestinal tract.
At the same time, it increased the relative abundance of
pathogenic bacteria, altered the metabolic levels of cholesterol
and NAD, and affected the corresponding biological REDOX
reactions and other biochemical processes. Thus, the findings of
this study would provide new strategies for the diagnosis of
acute endometritis.
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The intestinal microbiota changes throughout pregnancy and influences maternal
metabolic adaptations to support fetal growth. Obesity induces alterations to the
microbiota that include decreased microbial diversity and shifts in microbial
composition, though specific species changes are inconsistent between published
studies. In animal models, probiotics and exercise moderate maternal weight gain and
partially correct the maternal microbiota. Supplemental Escherichia coli, however,
exacerbate maternal obesity during the perinatal period, lending weight to the theory
that inflammation-induced gut epithelial barrier leak influences metabolic dysregulation.
Although birth weight is not always altered when offspring are exposed to an obesogenic
diet during gestation, insulin resistance and lipid metabolism are impacted through
adulthood in association with this exposure and can lead to increased body weight in
adulthood. Postnatal offspring growth is accelerated in response to maternal overnutrition
during lactation. Offspring microbiota, metabolism, and behavior are altered in response to
early exposure to high fat and high sucrose diets. Consequences to this exposure include
impaired glucose and insulin homeostasis, fatty liver, and neurobehavioral deficits that can
be ameliorated by improving the microbial environment. In this mini review, we provide an
overview of the use of translational animal models to understand the mechanisms
associated with changes to the gastrointestinal microbiota due to maternal obesity and
the microbial impact on the metabolic changes of pregnancy.

Keywords: obesity, microbiota, pregnancy, metabolism, diet
INTRODUCTION

Worldwide obesity rates have almost tripled in the last 35 years (World Health Organization (WHO),
2021). Nearly two billion adults over the age of 18 are overweight (B.M.I. 24-29 kg/m2), and 650million
are obese (B.M.I.> 30 kg/m2) (World Health Organization (WHO), 2021). Additionally, over 340
million children and adolescents aged 5-18 are overweight or obese (World Health Organization
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(WHO), 2021). These statistics contribute to the 2.6 million people
who die each year due, in part, to having an overweight or obese
BMI (World Health Organization (WHO), 2021). More
specifically, maternal obesity, or obesity directly before or during
pregnancy, is associated with an increased risk of complications
duringgestation,obesity, andneurodevelopmental abnormalities in
offspring (Kim et al., 2017). The composition of the maternal
intestinal microbiota changes throughout pregnancy and
lactation as maternal metabolism adjusts to support the needs of
themother and thedeveloping infant (Edwardset al., 2017).Obesity
leads to alteredmicrobial colonization, which may impact not only
fecundity and pregnancy outcomes but the metabolic and
developmental programming of offspring (Zhou and Xiao, 2018).
While many studies focus on either human subjects or animal
models, little work has been done to integrate the translational
nature of these research questions.

Understanding the changes in the maternal microbiota because
of obesity and overnutritionmay elucidate the relationship between
the microbiota and obesity-related adverse metabolic outcomes.
Animalmodels have long been used to understand themechanisms
that may be involved in human pathophysiology as they 1) allow
rigorous experimental control; 2) permit environmental, genetic,
and experimental manipulation that is intolerable, unethical, or
unsafe to humans, particularly when in vulnerable conditions such
as pregnancy; and 3) facilitate molecular study at the tissue level of
biologic phenomenon. Therefore, the purpose of thismini review is
to synthesize recent research on the importance of the maternal
microbiota to metabolic functioning during pregnancy, examine
the influence of maternal obesity on offspring microbiota, and
evaluate the potential of translational animal models to inform
human clinical studies.
OBESITY AND MATERNAL MICROBIOTA
DURING GESTATION

Not surprisingly, because of its role in energy extraction,metabolism,
hormone regulation, and inflammatory crosstalk, the maternal
intestinal microbial community is altered soon after pregnancy
begins and continues to change throughout gestation (Nuriel-
Ohayon et al., 2016). The gut microbiome typically consists of
several phyla including Bacteroidetes, Firmicutes, Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia (Rinninella
et al., 2019). Of these, Firmicutes and Bacteroidetes make up
approximately 90% of the microbial environment within the gut
(Rinninella et al., 2019). The relative abundance of specific microbes
is often stable in individuals, barring changes as a result of disease
processes and antibiotic use, and is influenced by an individual’s
dietary habits, cultural lifestyles, physical environment, exercise
habits, and age (Rinninella et al., 2019). During pregnancy,
maternal fecal within-sample bacterial diversity (alpha diversity)
decreases significantly throughout gestation. Maternal obesity
reduces alpha diversity further, though species affected are different
across studies. Notably, as women progress through pregnancy, they
have dramatically expanded intestinal beta diversity (high levels of
between-individual variation), which is globally distinct from early
gestation or nonpregnant controls (Rinninella et al., 2019). This
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increase in intestinal beta diversity during the third trimester of
pregnancy is largely independent of maternal health status,
suggesting that it is driven by pregnancy itself (Rinninella et al.,
2019). Proteobacteria and Actinobacteria are enriched in the third
trimester and induce inflammation at the intestinalmucosal interface
leading to increases in inflammatory cytokines, including TNFa
(Rinninella et al., 2019). In a study examining the human maternal
microbiome across pregnancy and into the postpartum period,
researchers transferred third-trimester microbiota to germ-free
mice, which resulted in increased inflammation, decreased glucose
tolerance, and increased adiposity compared to germ-free mice
colonized with first-trimester microbiota (Rinninella et al., 2019).
High intestinal beta diversity persists into the postpartum period,
which may impact infant colonizat ion and energy
harvesting capabilities.

During the gestational period, the high fat/high fat high sugar
(HF/HFHS) diet has a temporal effect onmicrobial composition in
animal studies. A study comparing mice on a HF diet to mice
genetically predisposed to obesity (ob/ob) on a regular diet found a
trend toward increased Firmicutes in the ob/ob mice, but a
significant proportional increase in Firmicutes from baseline to
4-weeks in the HF diet group (p <.05) (Murphy et al., 2010). A
significant proportional increase in Actinobacteria was seen in
both the ob/ob and HF diet groups after the first four weeks
(compared to baseline) but did not significantly increase in the
following 4-week period (Murphy et al., 2010). Therefore, it
appears that microbiota associated with genetically induced
obesity flourish in the gastrointestinal tracts of wild type mice in
the presence of HF diet, and these microbes persist or increase
over time. While animal studies cannot be directly interpreted as
relevant to humans because of different diets, habitats, and species
adaptations, all the animals in the studies included in this review
share similar microbial profiles to humans at the higher taxonomic
levels except Felis catus, which are colonized almost entirely by
Firmicutes on the lower fat, dry food diet and have a 25% relative
abundance of Fusobacteria in the higher fat, higher carbohydrate,
wet diet. Like humans, obese mouse, rat, and monkey dams have
altered gut microbiota composition uniquely across studies
compared to lean dams (Kirwan et al., 2002). Furthermore,
humans, rats, mice, and sows have distinct microbial and
metabolic signatures between pre-pregnancy, gestation, and
lactation, strengthening translation of animal studies to human
clinical practice (Zhou et al., 2019; Kimura et al., 2020; Zhou et al.,
2020). Though most studies concentrate on the effects of maternal
obesity and the obesogenic diet on the offspring microbiota and
outcomes, several studies focus on the microbiota during gestation
and lactation and the associated changes to the maternal
metabolism in response to a HFHS diet, obesity, prebiotic
supplementation, exercise, and non-caloric sweetener use.
OBESITY AND METABOLISM
DURING GESTATION

The basal metabolic rate in healthy pregnant women increases by
4%, 10%, and 24% during the first, second, and third trimesters,
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respectively, because of increases in tissue synthesis and body
mass and increased cardiovascular, renal, and respiratory work
effort (Butte, 2005). Glucose metabolism changes significantly
throughout gestation. Fasting blood glucose levels and insulin
sensitivity decrease as pregnancy progresses, even as hepatic
glucose and insulin production increases, thus allowing
euglycemia in the mother and glucose transport across the
placenta to support fetal growth (Lain and Catalano, 2007). In
late gestation, maternal insulin insensitivity is profound,
allowing enhanced glucose availability and clearance by the
placenta and the fetus (Sivan et al., 1999). In obese women, the
basal glucose and insulin levels are further increased while
hepatic glucose production remains unchanged, indicating an
inability to regulate glucose production via insulin-dependent
pathways in the liver. The physiologic mechanisms leading to
insulin insensitivity during pregnancy are not well understood, but
potential contributing pathways have been identified. Tumor
necrosis factor alpha (TNFa), a cytokine and adipokine, is
secreted from the placenta and is a candidate regulatory molecule
in muscle and adipose tissue. TNFa promotes the phosphorylation
of insulin receptor substrate 1, which interferes with insulin
binding, leading to insulin insensitivity in muscle and adipose
tissue (Kirwan et al., 2002). Maternal plasma-free fatty acid
concentrations also play a role in reduced hepatic insulin
sensitivity by downregulating insulin receptor signaling in
hepatocytes, which allows gluconeogenesis and glycolysis to
continue in the setting of elevated blood glucose (Hadden and
McLaughlin, 2009). Increased insulin resistance and elevated free
fatty acid concentrations lead to increased adipose tissue stores in
healthy pregnant women providing an accessible calorie source for
both mother and fetus and a reservoir of cytokines and
inflammatory markers that contribute to dynamic maternal
metabolism (Lain and Catalano, 2007).

Also noted is the length of high fat/high fat high sugar (HF/
HFHS) nutritional exposure and its effect on metabolic processes
over time. HF diet has been shown to induce marked glucose
intolerance and compromised insulin response in mouse models
after only one week (Winzell and Ahren, 2004). The longer the
mouse is exposed to a HF diet, the more pronounced the effect on
their metabolic function—increased weight, adiposity, and
sustained hyperglycemia are typically seen within four weeks of
the HF diet regimen, with further progression into obesity and
related sequelae by 16 weeks (Wang and Liao, 2012). While the
transition to pregnancy (first trimester) is marked by increases in
ketone bodies, myo-inositol, butyrate, tryptophan, and
phenylalanine, the transition from gestation to lactation is
marked by decreases in branched-chain amino acids (BCAA)
and urea cycle metabolites. Obese dams have decreased
microbial abundance and poorer transitions between the
different metabolic states. Physiologic insulin resistance seen in
late gestation appears in early gestation in obese dams,
contributing to increased maternal adiposity and insulin
resistance at an earlier fetal developmental period (Paul et al.,
2016; Paul et al., 2018). Obese metabolic profiles have altered
fatty acid oxidation, amino acid metabolism, gut microbial
metabolites, and phospholipid metabolism (Paul et al., 2016).
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Metabolites involved in glucose and fatty acid metabolism,
methionine, and tryptophan metabolism to serotonin are
altered in obese dams (Paul et al., 2018). However, while obese
rat dams have higher weight gain during gestation and higher
energy intake than lean rat dams on a standard diet (SD), both
groups retained similar blood glucose and blood insulin levels
during gestation (Paul et al., 2018). Maternal HF diet, however,
also influences the methylation of genomic regions proximal to
PPARG and FGF-21 genes, pathways involved in fatty acid and
glucose regulation (Ge et al., 2012; Wankhade et al., 2017). These
changes in maternal metabolism may influence fetal
metabolic programming.

Animal studies have examined the effect of prebiotics on
microbial composition and metabolic functioning in obese dams.
Compared to rat dams on an ad libitum HFHS diet, weight-
managed or oligofructose (OFS)-supplemented dams have lower
blood glucose and plasma insulin concentrations in response to
an oral glucose tolerance test, lower fasting plasma leptin, and
higher peptide-YY (PYY), a satiety hormone. Insulin sensitivity
is improved during lactation across groups. Altering the
microbiota by adding the prebiotic oligofructose (OFS) to the
diet increases the relative abundance of the Actinobacteria,
Bifidobacterium, which corrects some metabolic functions by
increasing PYY and glucagon-like peptide-1 (GLP-1), satiety
hormones which lead to normalized weight gain during
gestation. Although there was no SD control group in this
study, maternal HFHS diet dams without OFS have increased
levels of precursors to ketone bodies, elevated metabolites
involved in lipid metabolism, elevated branch chain amino
acids, and elevated glucogenic amino acids compared to
weight-managed dams also receiving the HFHS diet or those
not weight-managed but supplemented with OFS (Paul et al.,
2016). The ability to manipulate maternal metabolism, and
possible fetal metabolic programming by means of altering the
microbiota is a positive indication that such manipulations may
be a possible avenue for human translational study.
OFFSPRINGMICROBIOTAANDMETABOLISM

Maternal obesity, HF, or HFHS diets during pregnancy do not
appear to consistently impact the initial birth weight of offspring,
even though fatty acids and sugars pass freely to the fetus
through the placenta, but typically do influence the weight of
offspring over their lifetime (Smith et al., 1992). Metabolic
programming of the offspring is also impacted, as offspring
exposed to HF/HFHS diets during gestation display insulin
resistance, glucose intolerance, and altered lipid profiles (Zhou
et al., 2019; Kimura et al., 2020; Zhou et al., 2020). In a study
examining the effects of germ-free (GF) and specific pathogen-
free (SPF) environments on pregnant mice and their progeny,
offspring from both GF and low-fiber fed dams expressed
obesogenic phenotypes (increased weight gain and glucose
intolerance) when exposed to HF diets during adulthood
(Kimura et al., 2020). Interestingly, when dams in these
conditions were treated with short-chain fatty acids (SCFA)
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during pregnancy, offspring were resistant to obesity via SCFA-
specific axes when exposed to the same HF diet after weaning.
SCFAs are essential to the normal development of metabolic and
neural systems in the pre-and postnatal period, affecting the
metabolic programming of offspring in the embryonic stage
(Kimura et al., 2020). This supports the notion that a decrease
in microbial organisms related to diet- or antibiotic-induced gut
dysbiosis that produce these essential metabolites can promote
susceptibility to metabolic dysfunction and obesity in offspring
through disruption of normal postnatal metabolism.

Research examining the effect of maternal exercise during
pregnancy has shown similar ameliorative effects related to SCFA
production (Zhou et al., 2020). Compared to SD and HF non-
exercise groups, pregnant mice fed HF diets with voluntary
access to exercise wheel activity prior to and during pregnancy
had improved insulin sensitivity and reduced metabolic
dysfunction in offspring as they transitioned into adulthood
(Zhou et al., 2020). This metabolic improvement was
associated with the protection of SCFA-producing bacteria in
the HF exercise group. These diets during lactation and initial
microbial colonization impact growth as differences in body
weight or body fat content are observed before weaning, in
some instances, before the offspring are of age to trial solid
foods (Fåk et al., 2012; Paul et al., 2016; Bruce-Keller et al., 2017;
Paul et al., 2018). Offspring weaned to the HF/HFHS diet
typically become obese over time, though there are potential
sex differences noted in the literature. Germ-free mice colonized
with the cecal microbiota from donor mice on a HF diet had
significantly heavier female offspring than SD dam’s offspring
before weaning and had higher body fat by nine weeks of age
even though all offspring were weaned to a SD (Bruce-Keller
et al., 2017). Offspring exposed to overnutrition during gestation
and then weaned to a SD do not always weigh significantly more
than offspring maintained on a SD but exhibit more adiposity,
insulin resistance, glucose intolerance, and lipid profile disorders
in adulthood (Ma et al., 2014; Buffington et al., 2016; Wankhade
et al., 2017). Offspring exposed to SD during gestation then
weaned to the HF diet do surpass the weights of those
maintained on the SD, though it took more time to match the
weights of those fed the HF diet throughout gestation, lactation,
and after weaning (Wankhade et al., 2017).

Overnutrition during pregnancy leads to decreased alpha
diversity in offspring and distinct clustering in principal
coordinate analyses of beta diversity, though drivers of
diversity are different between studies. Most of the differences
in relative abundance in the microbiota of offspring in the special
diet groups occur at the lower levels of taxonomic classification
within the Firmicutes phylum. This is perhaps not surprising as
this phylum, along with the phylum Bacteroidetes, usually
dominates the intestines of mammals (Jandhyala et al., 2015).
Firmicutes populations are expanded while populations from
Proteobacteria, Actinobacteria, and Bacteroidetes are reduced in
over-nourished offspring. Sex differences exist in both the
microbiota composition and the obesity phenotype of offspring
but were inconsistent between studies (Bruce-Keller et al., 2017;
Dennison et al., 2017). A HF diet is also associated with physical
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changes in the gastrointestinal tracts of offspring. For example,
the pH of the stomach is increased, the protein concentration of
the duodenum is decreased, sucrase and maltase enzymatic
activity is decreased, and there is increased intestinal
permeability in over-nourished offspring (Fåk et al., 2012).
Dams that receive the prebiotic OFS have increased abundance
of the Actinobacteria : Bifidobacterium and the Firmicutes :
Clostridium, with altered SCFA production; and they have
offspring with increased satiety hormones, PYY and GLP,
leading to reductions in body fat (Paul et al., 2016). Offspring
on the HFHS diet have higher glucose but similar insulin levels,
higher leptin levels, and lower ghrelin levels compared to those
on the HF diet alone. Offspring on the HF diet have normal
glucose and triglyceride levels but higher cholesterol and non-
esterified fatty acid levels leading to increased liver steatosis and
fibrosis (Paul et al., 2016; Dennison et al., 2017; Wankhade et al.,
2017). Offspring exposed to the HF diet have increased
inflammation and inflammatory markers haptoglobin in serum
and LY6D in the liver (Fåk et al., 2012; Wankhade et al., 2017).

Mechanisms by which changes in the microbiota influence the
offspring’s growth and development are investigated though the
changes in microbial populations induced by gestational
overnutrition are not the same between studies. Structural
(intestinal hyperpermeability) and chemical (decreased stomach
pH) changes occur in the gastrointestinal tract because of exposure
to the HF diet, which may allow bacterial components or products
to bypass the body’s normal defenses (Fåk et al., 2012). Increases
in the bacterial components and metabolites promote
upregulation of inflammatory signaling pathways leading to liver
steatosis and fibrosis (Wankhade et al., 2017). Changes in glucose,
insulin, and fatty acid metabolism during gestation and lactation
alter placental energy transactions and the availability of substrates
for neurotransmitter formation (Wankhade et al., 2017; Dennison
et al., 2017). Thus, alterations in normal colonization result in
increased obesity and metabolic dysfunction by many different
mechanisms (Ma et al., 2014; Bermingham et al., 2018).
DISCUSSION

The information presented in this review reaffirms the
importance of considering animal studies in translational
research for obese pregnant individuals. Diversity changes
associated with adaptations to normal pregnancy are
intensified in the setting of maternal obesity and overnutrition
(Paul et al., 2018; Zhou and Xiao, 2018). Differences in microbial
colonization patterns during gestation because of diet are more
visible in animals than in human studies, perhaps because of the
controls on genetics, environment, sample collection, and diet
consumption. Metabolic profiles shift throughout normal
gestation and lactation because of shifts in the hormonal,
inflammatory, and nutritional environment, resulting in
increased weight gain, blood glucose and blood insulin levels,
and free fatty acids. In the context of maternal obesity and
overnutrition, metabolic profiles shift more erratically, exposing
developing offspring to increased levels of glucose, insulin, leptin,
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and BCAA leading to altered placental energy transfer. Obesity-
induced methionine deficiency may interfere with methylation
pathways involved in normal fetal development. Additionally,
decreased tryptophan to serotonin metabolism may impact
neurodevelopment and behavior in offspring (Paul et al., 2018).

Some studies reported no significant differences in offspring
birthweight between dams fed HF or SD; instead, they
highlighted the more frequent presence of differences in
metabolic programming between these offspring and their
susceptibility to obesity in adulthood. This is interesting, given
previous associations between high maternal BMI and babies
born large for gestational age, and may reflect the importance of
the timing of maternal obesity and overnutrition to impact fetal
developmental programming, or the effects of maternal
microbial ecology (Jones et al., 2009). Although there is some
evidence that the fetus begins acquiring its microbiota even
before birth (Perez-Muñoz et al., 2017), the process of
acquiring a stable adult-like microbiota takes up to 3 years in
humans (Wankhade et al., 2017). Like germ-free mice, the nearly
sterile fetus may not have the microbiota necessary to respond to
HF diet exposure until after birth and colonization with a
microbiota skewed toward obesity. Perhaps the maternal
microbiota composition affects fetal metabolic programming
independent of nutrition. More research is needed on maternal
microbiota composition on fetal developmental programming.
The bacterial constituents important for inducing obesity are
challenging to determine as transplanted microbes from both
obese and lean mice can induce obesity in HF diet germ-free
mice (Rabot et al., 2016). Accordingly, offspring weaned to SD
maintain normal weights despite their pre-weaning diet while
offspring weaned to HF diet have increased weights even if they
had been exposed to SD before weaning and during gestation
(Buffington et al., 2016; Wankhade et al., 2017). Mice never
exposed to the HF diet, and only to the microbiota of HF-fed
mice, have increased body weight and fat content in a sex-
dependent manner (Bruce-Keller et al., 2017). Several studies
report that there are responders and non-responders to HF diet
feeding among genetically identical test subjects, indicating that
not all bacterial communities interact with host genetics to
produce the obese phenotype (Ma et al., 2014).

Diet changes elicit rapid shifts in gut microbial communities
(David et al., 2014). As the fetus does not always respond to the
maternal HF diet with increased body weight before birth but
does respond before consuming food other than breastmilk, it
appears that the diet induces changes to the maternal microbiota,
which then shifts and induces metabolic alterations in the
mother and the fetus. The lack of obesity when HF-exposed
offspring are weaned to a standard diet, but continued glucose
intolerance, insulin resistance, and serum fatty acid elevation
point to the influence of the microbiota in fetal metabolic
programming. Delayed onset of obesity when SD-exposed
offspring are weaned to the HF diet and increased growth rates
of offspring of germ-free mice when the pregnant dams are
exposed to microbiota transplant indicate that the diet-induced
changes to the microbiota during development have lasting
metabolic impact on offspring. Exposure to the HF diet in
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utero may alter the offspring’s metabolic programming as
changes in glucose tolerance, insulin resistance, lipid profiles,
and satiety hormones are observed in adult offspring even
though increased body weight may not be observed (Zhou
et al., 2019; Zhou et al., 2020). The proposed mechanism by
which the microbiota regulate offspring metabolic programming
includes SCFA production and free fatty acid receptor signaling
in the murine fetal sympathetic nervous system, adipose tissue,
and pancreas that disrupts energy homeostasis (Kimura et al.,
2020). Changes to the maternal microbiome through exercise,
non-nutritive sweeteners, or fiber supplementation result in
changes to the maternal microbial milieu and maternal and
offspring metabolism (Zhou et al., 2019; Zhou et al., 2020). The
occurrence of HF diet non-responders seems to indicate that
there is also an interaction between host genetics and microbial
inhabitants that influence the metabolic changes that lead to
obesity. Fåk et al. (2012) explored this hypothesis by inducing
increased obesity over HF-induced obesity by adding
Proteobacteria and Escherichia coli to the drinking water of
dams and offspring receiving a HF diet (Fåk et al., 2012).

Synthesis of results is challenging because of the different diets
used, experimental species and conditions tested, taxonomic
levels reported, and time points evaluated. However, variations
between animal studies are fewer than those that occur between
human studies because of the ability to exert stringent controls.
There are important limitations to be considered when
translating research in animal models to humans, including
overarching biological differences between human and rodent
subjects, housing and environmental conditions, and the ability
to strictly control the diet in animal models to the degree that is
irreplicable in human samples. Additionally, certain
neuroendocrinological developmental processes occur at
different times in the developing rodent versus human. The
HPA axis and appetite regulatory network in rodents develops
during the postnatal period, in contrast to developing during the
third trimester in humans hindering comparisons between the
stress response and eating behaviors (Rinaudo and Wang, 2012).
Human pancreatic cells continue to go through remodeling until
around age 4; in rats, the pancreas is developed later in
pregnancy and experiences important remodeling around the
time that offspring are weaned (Rinaudo and Wang, 2012). Data
regarding comparisons in insulin production in the context of
offspring of obese mothers should be evaluated with this fact in
mind. As mentioned previously, in many animal studies, the
methodology utilized would be unethical to replicate in human
subjects, especially those who are pregnant. However, the ability
to manipulate the nutrients, environment, genetics, and
microbiota of animals, in addition to the ability to study the
effects of changes in vivo and in vitro, is an important adjunct to
human research to fully understand the mechanisms by which
the microbiota interacts with the host to support the developing
fetus and neonate for optimal health. Animal studies are also
invaluable in closely evaluating the impact of obesity and
overnutrition during gestation, lactation, and microbial
colonization. The microbiota is an exciting target for
influencing maternal and fetal metabolism, particularly as it is
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easily manipulated and may provide an option for therapy that
confers a life-long benefit. Future studies should examine the
moderating effect of probiotic supplementations and physical
exercise in obese, pregnant dams and the microbial colonization,
metabolic and neural outcomes in offspring over their lifetime.
CONCLUSION

Studies across species reveal how changes in the maternal
microbiota during pregnancy are necessary to support the
normal physiologic changes during pregnancy and metabolic
programming of offspring. Changes in maternal microbiota
induced by various methods can lead to long-lasting changes
in maternal and offspring metabolic health, with mechanisms
such as molecular signaling by metabolites and inflammatory
cytokines or the alteration in gut epithelium allowing bacterial
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 650
invasion. More research is required to determine the
mechanisms by which the intestinal microbes participate in or
respond to changes in the gastrointestinal tract that result from
maternal overnutrition in humans, but that they have a role in
the outcomes associated with maternal overnutrition by altering
the substrates available for maternal, placental, and fetal
metabolic processes are evident.
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Cervical cancer (CC) is considered a public health problem. Recent studies have evaluated
the possible relationship between the cervicovaginal microbiome and gynecologic cancer
but have not studied the relationship between aerobic bacterial communities and neoplasia.
The study aimed to identify the cultivable aerobic bacterial microbiota in womenwith cervical
cancer as a preliminary approach to the metagenomic study of the cervicovaginal
microbiome associated with cervical cancer in Mexican women. An observational cross-
sectional study was conducted, including 120 women aged 21-71 years, divided into two
study groups, women with locally advanced CC (n=60) and women without CC (n=60).
Sociodemographic, gynecological-obstetric, sexual, and habit data were collected.
Cervicovaginal samples were collected by swabbing, from which standard
microbiological methods obtained culturable bacteria. The strains were genetically
characterized by PCR-RFLP of the 16S rRNA gene and subsequently identified by
sequencing the same gene. Variables regularly reported as risk factors for the disease
were found in women with CC. Differences were found in the prevalence and number of
species isolated in each study group. Bacteria commonly reported in women with aerobic
vaginitis were identified. There were 12 species in women with CC, mainlyCorynebacterium
spp. and Staphylococcus spp.; we found 13 bacterial species in the group without cancer,
mainly Enterococcus spp. and Escherichia spp. The advanced stages presented a more
significant number of isolates and species. This study provided a preliminary test for
cervicovaginal metagenomic analysis, demonstrating the presence of aerobic
cervicovaginal dysbiosis in women with CC and the need for more in-depth studies.
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INTRODUCTION

Cervical cancer (CC) is one of the significant public health
problems in the world. Globally, it represents the seventh most
common cancer in humans and the fourthmost common cancer in
women, but it reaches second place in incidence and mortality in
settings with a low human development index (Bray et al., 2018).
In Mexico, this condition is aggravated because the diagnosis
mainly occurs in locally advanced stages (IB-2 to IV-A), placing
the pathology as the second leading cause of cancer death in
women (Baezconde-Garbanati et al., 2019; Martıńez-Rodrıǵuez
et al., 2021).

Recent studies have evaluated the relationship between the
cervicovaginal microbiome and gynecological cancer to
elucidate the involvement of bacterial communities in the
establishment, progression, or cure of the disease. Dysbiosis
due to the presence of bacterial vaginosis is the most studied
entity, found to have a possible association with the induction
of local inflammation and lactic acid depletion (Anahtar et al.,
2015; Łaniewski et al., 2018), persistent high-risk Human
Papillomavirus (HPV-Hr) infection (Jørgensen et al., 2009;
Gao et al., 2013; Piyathilake et al., 2016; Ilhan et al., 2019;
Norenhag et al., 2020; Wei et al., 2020), Cervical Intraepithelial
Neoplasia (CIN) (Gillet et al., 2012; Huang et al., 2020) and the
establishment of cervical cancer (Kwasniewski et al., 2018;
Huang et al., 2020; Kang et al., 2021).

Among the main bacterial genera reported so far
concerning CC are Gardnerella, Prevotella, Dialister, Slackia,
Actinomyces, Porphyromonas, Peptoniphilus, Anaerococcus,
Peptostreptococcus, Streptococcus, Ureaplasma, Megasphaera,
Mycoplasma, Sneathia, Mobiluncus, Fusobacterium, and
Atopobium (Anahtar et al., 2015; Di Paola et al., 2017; Wei
et al., 2020), all of which are facultative anaerobic or strict
anaerobic bacteria.

In 2002, Donders et al. (2002) reported the existence of a
pathological entity called aerobic vaginitis, characterized by a
high abundance and diversity of aerobic, enteric bacteria and
inflammatory symptoms. In 2019, Wang et al. (2020) evaluated
the bacterial profiles of aerobic vaginitis by both culture-
dependent and molecular methods. They found no single
profile to describe the vaginal bacteriome in patients with
aerobic vaginitis. In 2021, Plisko et al. (2021) published a
paper whose objective was to analyze the association between
the vaginal microbiota of women with aerobic vaginitis and the
presence of cervical intraepithelial neoplasia. In this study,
aerobic microbiota was detected by wet-mount microscopy.
The authors concluded that there might be a relationship
between aerobic dysbiotic cervicovaginal microbiota and the
development of cervical intraepithelial lesions.

Currently, to our knowledge, the aerobic microbiota present
in women with established cervical cancer has not been
evaluated. Therefore, this study aimed to identify the
culturable aerobic bacterial microbiota in women with locally
advanced cervical cancer as an approach before the metagenomic
study of the cervicovaginal microbiome associated with cervical
cancer in Mexican women.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 253
METHOD

Study Design and Ethical Aspects
A cross-sectional, descriptive, observational study was carried
out. Cervicovaginal fluid samples were collected by swabbing.
Sample collection was developed from February 2016 to
February 2018. The study protocol was approved by the
National Cancer Institute of Mexico (INCan) with the code
016/11/ICI-ICI-CEI/1016. All procedures were carried out
under proper bioethical standards. All women who decided to
participate in the study signed the corresponding informed
consent form.

Study Groups
Two study groups were included, according to the following
characteristics: Study group 1 (CC): women older than 18 years,
newly diagnosed with locally advanced cervical cancer, according
to the International Federation of Gynecology and Obstetrics
(FIGO) staging system for cervical cancer (Saleh et al., 2020), and
histologically confirmed (n=60); Study group 2 (Non-CC):
women older than 18 years, without cervical cancer, confirmed
with negative cervical cytology, companions (family members or
neighbors) of women in study group 1 or who attended screening
appointments (n=60).

The following exclusion criteria were applied: pregnant
women, women who used systemic and local antimicrobials
and antifungals 30 days before sampling, women who had
sexual intercourse 48 hours before sampling, women who used
vaginal douching, and who were menstruating on the day
of sampling.

Study Population Characteristics
A questionnaire was applied to all participants to obtain
sociodemographic data (age, education level, and marital
status); gynecological-obstetric data (number of vaginal
deliveries); sexual data (start of active sexual life, number of
sexual partners, and use of hormonal contraceptive methods);
habits (smoking); and disease data collected from clinical
histories (clinical stage of the disease, histological type of tumor).

Sample Processing
Cervicovaginal fluid samples were inoculated in Petri dishes with
Brain Heart Infusion (BHI) agar (Becton Dickinson, Cat. No.
214700) and in Petri dishes with blood agar (Becton Dickinson,
Cat. No. 220150). The Petri dishes were incubated at 37°C for 48
hr under aerobic conditions. Once the incubation time had
elapsed, the predominant colonies were isolated and purified.

DNA Extraction
The isolated and purified colonies were inoculated in BHI broth
to obtain biomass, incubated at 37°C for 48 hr. Biomass recovery
was performed by centrifugation at 10000 rpm for 10 minutes.
Subsequently, the manufacturer’s instructions performed DNA
extraction using the Promega Wizard® Genomic kit (Cat.
No. A1120).
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Amplification of the 16S rRNA Gene
The 16S rRNA gene was amplified with the DNA obtained by
Polymerase Chain Reaction (PCR). Taq DNA Polymerase (My
Taq, Bioline. Cat. No. BIO-21105) was used and the following
nucleotide sequences were used as universal primers: 27f: 5’-
AGAGTTTGATCMTGGCTCAG-3’; 1492r: 5’- TACGGYTACC
TTGTTACGACTT-3’; 1492r: 5’- TACGGYTACCTTGTTA
CGACTT-3’. The conditions used in thermal cycling for gene
amplification were as follows: Initial denaturation, a 5-minute
cycle at 94°C, followed by 29 cycles of denaturation for 1 minute
at 94°C, annealing 30 seconds at 59°C, extension 1minute at
72°C. The final extension was 10 minutes at 72°C.

The amplified fragments were observed by 1% agarose gel
electrophoresis (Conda Pronadisa, cat. no. 8100.10), stained with
ethidium bromide (SIGMA cat. no. E7637-1G). The
electrophoresis conditions were: 120 V for 40 min, in TAE
buffer (TAE buffer 1X Invitrogen, Cat. No. 24710-030) as a
running buffer.
Genomic Characterization
The amplicons of the 16S rRNA gene of the isolated strains were
used to type the strains obtained to determine the genotypic
differences of the isolates. For this purpose, PCR-RFLP
ribotyping of the 16S rRNA gene with MSPI (Promega, Cat.
No. R6401) and RSAI (Promega, Cat. No. R6371) enzymes were
used. For both enzymes, the restriction reaction was carried out
for 1 h at 37°C, inactivated by heating 15 min at 72°C, according
to the manufacturer’s instructions.

Restriction products were observed by 1.5% agarose gel
electrophoresis (Conda Pronadisa, Cat. No. 8100.10), stained
with ethidium bromide (SIGMA Cat. No. E7637-1G), under the
following conditions: 120V for 80 minutes with TAE buffer (TAE
buffer 1X Invitrogen, Cat. No. 24710-030) and 1 kb DNA
molecular weight marker (Thermo Scientific, Cat. No. 5M0311).

The restriction patterns generated were analyzed according to
the number of bands and size concerning the molecular weight
marker used. A “ribotype” was defined as a group of strains with
identical enzymatic restriction profiles
Genetic Identification
For genetic identification, between 15% and 50% of the strains
from the ribotypes formed were selected. Once the representative
strains were chosen, a second amplification of the 16S rRNA
gene was performed by PCR, following the methodology
described above. The amplification products were purified with
the Amicon Ultra filter® kit (Millipore, Cat. No. UFC500308)
and sent to the Macrogen USA sequencing service (Macrogen
Sequenciation Service, Maryland, USA).

The sequences were analyzed and corrected with the
following programs: ChromasPro version 2.6.4 (Technelysium
Pty Ltd, South Brisbane, Australia) and BioEdit version 5.0.9
(Hall, 1999). Consensus sequences were constructed and
compared with sequences deposited in the GenBank of the
National Center for Biotechnology Information (NCBI) using
the BLAST (Basic Local Alignment Search Tool) program
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 354
(Altschul et al., 1990) as well as in the EzBiocloud public
database (Yoon et al., 2017).

Statistical Analysis
Sociodemographic, gynecological-obstetric, sexual, habit, and
disease characteristics and the number of isolated strains were
analyzed using descriptive statistics. The Student’s t-test
compared the mean age of the participants. The Chi2 test was
used to compare the proportions of the remaining variables and
the number of isolates per culture medium. The Cochran-
Mantel-Haenszel test was applied to rule out the possibility of
sociodemographic variables acting as confounding variables in
the presence or absence of isolated bacteria. For women with CC,
analysis of the proportion of strains obtained by subgroup,
stratified by parametrial and non-parametrial invasion, and
tumor type was performed using Fisher’s exact test. A
significance level of p<0.05 was considered. Stata version 15
was used for the analysis of all data evaluated.
RESULTS

Sociodemographic, Gyneco-Obstetric,
Sexual, and Habit Characteristics
Regarding the characteristics of the study population, the groups
did not differ in age. Still, statistically significant differences were
found in the level of education (p=0.01), vaginal deliveries
(p<0.01), beginning of active sexual life (p<0.01), and use of
contraceptive methods (p=0.02) (Table 1). For the women with
CC, the clinical stage of the disease most frequently was IIB
(50%), and squamous cell carcinoma accounted for 85% of the
cases (Table 1). Statistically, no variable in this item acted as
a confounder.

Strains Isolated
From study group 1 (CC), 116 strains were isolated; 52 on BHI
agar (44.8%) and 64 on blood agar (55.2%). In group 2 (Non-
CC), 67 strains were isolated; 21 on BHI agar (31.3%) and 46 on
blood agar (68.7%). It can be observed that the group of women
with CC presented a superior number of isolated strains;
however, when comparing the proportions by type of culture
medium, this result was not statistically significant (p=0.07).

Genomic Characterization
The 16S rRNA gene of the isolated strains was characterized
using restriction enzymes. The gene fragments generated by the
enzymes could be visualized and adequately separated by agarose
gel electrophoresis; this generated bands that varied in number,
size, and arrangement, which showed that the strains were
genetically distinct and allowed their classification by grouping
patterns of similar bands or ribotypes. Thus, 12 ribotypes were
found in the group of women with CC, and 13 ribotypes were
found in Study Group 2 (Non-CC) (Table 2). Using two
restriction enzymes (MSPI and RSAI), we corroborated that
the strains clustered as described, and the groups were
genetically distinct.
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Genetic Identification
Identification by 16S rRNA gene sequencing was performed on
40 strains representative of the 12 ribotypes of study group 1
(CC). Consensus sequences between 1311bp and 1472bp were
obtained, with similarity percentages between 97% and 100%.
Seven genera and 12 bacterial species were identified. The species
corresponded to each of the ribotypes established in this study
group (Table 2).

From Study Group 2 (Non-CC), 30 strains of 13 ribotypes
were chosen. Consensus sequences between 1391bp and 1436bp
were obtained with 97% and 100% similarity percentages. 10
genera and 13 bacterial species were identified. The species
correspond to the ribotypes established in this group (Table 2).
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The obtained sequences were deposited in the GenBank of the
National Center for Biotechnology Information with access
numbers MH108987−MH109026 (Group 1) and MH158254-
MH158283 (Group 2).

Both women with CC and those without the disease presented
mostly facultative aerobic and enteric bacteria. Staphylococcus
epidermidis, Streptococcus agalactiae, Enterococcus faecalis,
Escherichia fergusonii, and Corynebacterium amycolatum
species were identified in both study groups, with percentages
between 5% and 30% of presence in the group of women with CC
and between 6% and 25% in women without CC.

The women with CC presented a specific bacterial
community, which could not be isolated in women without
TABLE 1 | Characteristics of the study population.

Characteristic Study group 1 (CC) (n=60) Study group 2 (Non-CC) (n=60) Significance

Sociodemographic characteristics

Age Mean (range, S.D.) Mean (range, S.D.)
46 (22-68, 11.9) 45 (21-71, 11.7) 0.57

Education level Frequency (%) Frequency (%)
None 12 (20.0) 5 (8.3) 0.01*
Elementary 20 (33.3) 13 (21.6)
Secondary 19 (31.6) 19 (31.6)
High school 8 (13.3) 15 (25.0)
University and postgraduate 3 (5.0) 8 (13.3)

Marital Status
Married/free union 31 (51.6) 36 (60.0) 0.16
Widowed 6 (10.0) 3 (5.0)
Single 23 (38.3) 21 (35.0)

Obstetrical and gynecological characteristics

Deliveries Frequency (%) Frequency (%)
≤ 3 38 (63.3) 56 (93.3) <0.01*
>3 22 (36.6) 4 (6.6)

Sexual characteristics

Beginning of active sexual life Frequency (%) Frequency (%)
≤ 18 years 38 (63.3) 27 (45.0) <0.01*
>18 years 22 (36.6) 33 (55.0)

Number of sexual partners
≤ 3 53 (88.3) 49 (81.6) 0.44
>3 7 (11.6) 11 (18.3)

Contraceptive method use
None 31 (51.6) 28 (46.6) 0.02*
Hormonal 19 (31.6) 10 (16.6)
Non- hormonal 10 (16.6) 22 (36.6)

Habits

Smoking habit Frequency (%) Frequency (%)
Yes 11 (18.3) 18 (30.0) 0.66
No 49 (81.6) 42 (70.0)

Disease

Clinical stage Frequency (%) Frequency (%)
IB2 9 (15.0) N/A N/A
IIA 3 (5.0) N/A N/A
IIA1 1 (1.6) N/A N/A
IIA2 2 (3.3) N/A N/A
IIB 30 (50.0) N/A N/A
IIIA 2 (3.3) N/A N/A
IIIB 8 (13.3) N/A N/A
IVA 5 (8.3) N/A N/A

Tumor histological type
Squamous cell carcinoma 51 (85.0) N/A N/A
Adenocarcinoma 9 (15.0) N/A N/A
February 2022 | Volume 12 |
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CC, consisting of seven species, Streptococcus urinalis,
Escherichia col i , Baci l lus safensis , Baci l lus maliki i ,
Corynebacterium jeikeium, Corynebacterium striatum, and
Lactobacillus rhamnosus. Likewise, the group of women
without CC presented eight species not found in those with
CC, consisting of Staphylococcus pasteuri, Staphylococcus
auricularis, Staphylococcus capitis subsp. capitis, Facklamia
hominis, Paenibacillus urinalis, Pseudocitrobacter faecalis,
Brevibacterium masiliense and Klebsiella oxytoca.

Clinical stages of the disease were divided for analysis
according to the presence or absence of parametrial invasion.
Stages IB2 to IIA2 (without parametrial invasion) presented 8
bacterial species. The women with parametrial invasion (stages
IIB to IVA) presented the 12 species identified. The species with
the highest predominance was Staphylococcus epidermidis, as it
was present in 100% of the patients without parametrial
invasion, compared to 44.4% found in women with
parametrial invasion; this result is statistically significant
(p<0.01) (Table 3).

Regarding the species found according to the histological type
of tumor, women with squamous cell carcinoma presented 11 of
the 12 species identified (91.6%), except for Corynebacterium
striatum. Women with adenocarcinoma presented 9 of the 12
species (75%). The difference in proportions between both
groups for all bacteria only showed statistically significant
differences in the presence of C. amycolatum (p<0.01), with a
higher proportion in women with adenocarcinoma (Table 3).
DISCUSSION

Cervical cancer is one of the leading health problems in the
world; there are multiple reports about the risk factors associated
with HPV infection, its persistence, and cancer development. We
have detected four risk factors in the Mexican population
analyzed in this study. Education level, which can be related to
socioeconomic status, was lower in the group of women with
cervical cancer, coinciding with previous studies showing that
detection of the disease is later as schooling level decreases (Chen
et al., 2012; Thulaseedharan et al., 2012; Akinlotan et al., 2017;
Nessa et al., 2020). The onset of active sexual life was at an earlier
age in women with CC, and it has been reported that early age at
first intercourse may predispose women to HPV infection
(Creatsas and Deligeoroglou, 2012; Dahiya et al., 2017). Parity,
which was higher in women with CC. This risk factor may be
related to hormonal changes and epithelial modifications caused
by repeated cervical trauma (Thulaseedharan et al., 2012; Nessa
et al., 2020). And finally, the use of contraceptive methods, in
which the higher use of hormonal methods by women with CC
is observed.

It has been commonly reported that the composition of
“healthy” or “normal” cervicovaginal bacterial communities is
based on the presence or absence of lactobacilli. Ravel
et al. (2011) have classified it into multiple categories or
“clusters” (I-V) based on the dominant Lactobacillus species
and the ethnic group in which they are found. Bacterial
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communities I, II III and V, are dominated by Lactobacillus
crispatus, L. gasseri, L. iners, and L. jensenii, respectively, and
were found more frequently in Asian and white women. Bacterial
community IV is not dominated by any lactobacillus species and
has a high presence of anaerobic bacteria. This group was
overrepresented in Hispanic and black women, concluding that
vaginal bacterial communities not dominated by Lactobacillus
species are common and appear normal in these ethnic groups
(Ravel et al., 2011; Kroon et al., 2018). However, according to
Martıńez-Peña et al. (Martıńez-Peña et al., 2013), the healthy
cervicovaginal microbiota of Mexican women is mainly
composed of L. acidophilus group lactobacilli, namely L.
gasseri, L. fermentum, L. rhamnosus, L. jensenii, L. crispatus
and L. brevis, which is in contrast to that described by Ravel et al.
(Ravel et al., 2011). Likewise, our results also show the presence
of critical aerobic bacteria in women without CC. We believe that
further studies are needed to establish the normal parameters of
this bacterial community and to determine with greater certainty
the variation according to population, genotype, or the presence
of disease.

Several studies have already exposed the link of cervicovaginal
bacterial microbiota and CC during the natural history of the
disease, where it is shown that from HPV infection and up to the
presence of a cervical intraepithelial lesion, there is an association
between cervical dysbiosis and disease (Mitra et al., 2015; Usyk
et al., 2020; Onywera et al., 2021). The most studied entity is
bacterial vaginosis, in which a higher diversity of strict anaerobic
species and a considerable decrease in lactobacilli are observed
(Sodhani et al., 2017; Brusselaers et al., 2019; Kovachev, 2020).
However, current reports suggest that aerobic bacteria may also
play an essential role in this pathology (Vieira-Baptista et al.,
2016; Plisko et al., 2021).

This study aimed to detect aerobic bacteria related to the
presence of CC. Our findings show that most isolates
corresponded with facultative aerobic bacteria, which may
demonstrate their high prevalence both in the bacterial
communities present in women with CC and those without the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 657
pathology. According to Donders et al. (2017), one of the
essential elements in aerobic vaginitis is colonization for
Escherichia coli, Staphylococcus aureus, S. epidermidis,
Streptococcus agalactiae, and Enterococcus faecalis. In our
study, both groups presented bacteria typical of aerobic
vaginitis. However, there were more strains isolated in women
with cancer. This finding could contribute to the observation of
Plisko et al. (Plisko et al., 2021), who concluded that changes in
the microbiota associated with aerobic vaginitis are related to
pre-invasive lesions. With our results, we can consider that these
changes may also be related to cancer establishment.

Regarding the presence of this same group of bacteria in
women without CC, although with lower strains isolated and
fewer species, we can elucidate that this may represent infection
or dysbiosis, but HPV infection is probably necessary for
neoplastic changes to develop. According to Vieira-Baptista
et al. (Vieira-Baptista et al., 2016), aerobic vaginitis is not
associated with an increased risk of acquiring HPV, but it has
been associated with the persistence of infection. It can therefore
be considered a risk factor. The consequences of this and why it
may or may not be related to the development of neoplasia
should be studied under future designs and should also be
studied considering the presence or not of HPV infection.
These are two aspects that we did not consider in our study,
representing points for improvement in subsequent projects.

Concerning the clinical stage of the disease, we found that
more advanced stages presented a higher number of isolates and
a more significant number of species coincident with aerobic
vaginitis. On the contrary, less extended clinical stages showed a
lower number of species and a more consistent bacterial
community, with a better local ecology; this is consistent with
previous studies (Audirac-Chalifour et al., 2016; Garcıá-Garcıá
et al., 2017).

About the presence of these species and the severity of the
disease, we know that aerobic vaginitis is an entity that by itself
generates discomfort by producing a variable amount of
inflammation and thinning of the vaginal epithelium
TABLE 3 | Difference in proportions of bacterial species found according to the clinical stage of the disease and histological type of tumor.

Identified species Clinical stage Significance Tumor histological type Significance

IB2, IIA, IIA1, IIA2 (Without
parametrial invasion) n = 15

IIB, IIIA, IIIB, IVA (With
parametrial invasion)

n = 45

Squamous cell
carcinoma = 51

Adenocarcinoma
n = 9

% (Frequency) % (Frequency) % (Frequency) % (Frequency)

Staphylococcus epidermidis 100 (15) 44.4 (20) <0.01* 56.8 (29) 66.6 (6) 0.72
Corynebacterium amycolatum 40.0 (6) 40.0 (18) 1.00 31.3 (16) 88.8 (8) <0.01*
Enterococcus faecalis 26.0 (4) 22.2 (10) 0.73 21.5 (11) 33.3 (3) 0.18
Escherichia fergusonii 6.6 (1) 15.5 (7) 0.66 15.6 (8) 0.0 (0) 0.33
Corynebacterium jeikeium 6.6 (1) 11.1 (5) 1.00 11.7 (6) 0.0 (0) 0.57
Streptococcus agalactiae 0.0 (0) 13.3 (6) 0.32 9.8 (5) 11.1 (1) 1.00
Bacillus safensis 13.3 (2) 8.8 (4) 0.63 9.8 (5) 0.0 (0) 1.00
Lactobacillus rhamnosus 13.3 (2) 6.6 (3) 0.59 7.8 (4) 11.1 (1) 0.57
Streptococcus urinalis 0.0 (0) 8.8 (4) 0.56 3.9 (2) 11.1 (1) 0.39
Bacillus malikii 6.6 (1) 6.6 (3) 1.00 3.9 (2) 22.2 (2) 0.10
Escherichia coli 0.0 (0) 6.6 (3) 0.56 3.9 (2) 11.1 (1) 0.39
Corynebacterium striatum 0.0 (0) 2.2 (1) 1.00 0.0 (0) 11.1 (1) 0.15
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(Oerlemans et al., 2020). We can elucidate that this dysbiotic
microbiota could drive the pathology by promoting immune
evasion, favoring tumor cell survival. It could also act by
producing an inflammatory environment that in the long term
promotes tissue damage resulting in an ecosystem more
conducive to disease aggravation. These two aspects have been
previously addressed to relate carcinogenesis to aerobic
vaginosis, but not to explain the severity of the disease (Vieira-
Baptista et al., 2016; Donders et al., 2017; Plisko et al., 2021). We
suggest studies whose aim is directed to the analysis of
these variables.

No marked differences were observed in histological type for
the microbiota associated with either of the two carcinomas
found in this study group. In general, squamous cell carcinoma
was related to a more significant bacterial presence, both in
quantity and species number; this could be influenced by the
anatomical characteristics of the tumor, which could provide a
more favorable habitat for the installation of these species. A
larger sample size regarding adenocarcinoma is likely to be
necessary to obtain conclusive results.

Our study does not provide fundamentals to determine a
causal association between the bacteria characteristic of aerobic
vaginitis and cervicovaginal neoplasia; we do not have elements
to clarify if aerobic vaginitis promotes carcinogenesis or if it is
established as a consequence of cancer development due to the
deprivation of the immune system when trying to counteract the
neoplasia. But considering previous studies that have
demonstrated a link between an altered vaginal microbiome
and pre-invasive cervical disease, we propose that aerobic
vaginitis and the inflammation with which it is accompanied
are probably crucial for the progression of preneoplastic lesions
to cancer (Vieira-Baptista et al., 2016; Plisko et al., 2021).

This cross-sectional study, developed as a preliminary
experiment for further research, made it possible to explore the
essential characteristics of the cervicovaginal microbiota associated
with cervical cancer, the differences between women with and
without the pathology, and the need for more in-depth studies. It
also allowed us to establish variables for future analyses, funding
needs, and sample collection and treatment methods.

Although the “omics” era has accelerated all aspects of
biological research, it is advisable to integrate traditional
microbiology methods to formulate optimal study designs.
Conducting a research project depends primarily on the
scientific objective and the availability of samples, the quality
of the samples, and the cost of the experiment. Massive
sequencing of 16S rRNA gene amplicons and metagenomic
sequencing is used to obtain a broader view of bacterial
communities and determine potential functions and genome
recovery. However, it generally involves the development of
large-scale research projects with sufficient funding. In
developing countries, where financial resources in science and
technology are scarce, it is essential to perform detailed designs
that properly manage samples, variables, and financial resources,
minimizing losses. Our preliminary identification of the
microbiota as a preliminary approach to metagenomic studies
can contribute to establishing this type of design.
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We can conclude that we were able to establish the presence
of bacteria typical of the entity known as aerobic vaginitis in
women with CC and that it is crucial to carry out more in-depth
studies. There is little information about this dysbiosis and its
association with cervical cancer, so the reported findings are
helpful to corroborate that there are bacterial communities that,
although they may be abundant, so far have been little studied
and whose influence on the establishment, development, or cure
of CC are unknown. Our report shows that cross-sectional study
designs and traditional microbiological methodology are helpful
to determine whether there is a need for more complex studies
and to know whether it is necessary to optimize the management
of variables, samples, and financial resources.

Among the limitations of this study, we consider it necessary
to report that we did not manage to extend the participants’ last
use of antimicrobials and antifungals, so we limited ourselves to
30 days as exclusion criteria. We know that this period is short
for the microbiota to recover satisfactorily and return to
“normal”. However, we tried to lessen its impact by choosing a
large sample size that balanced some of the participants’
confounding results. Subsequent studies should address this
issue. Likewise, we could not diagnose aerobic vaginitis or
identify HPV; however, this is a precedent for future work to
determine the association between aerobic vaginitis and HPV
infection or persistence. Finally, we consider it a limitation to
have performed a cross-sectional study. However, this is an
antecedent for future studies to address longitudinal designs in
which the relationship between aerobic vaginitis and cervical
cancer can be evaluated more effectively.
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In recent years, it has become clear that microbiome play a variety of essential roles in
human metabolism, immunity, and overall health and that the composition of these
microbiome is influenced by our environment, diet, weight, hormones, and other factors.
Indeed, numerous physiological and pathological conditions, including obesity and
metabolic syndrome, are associated with changes in our microbiome, referred to as
dysbiosis. As a result, it is not surprising that such changes occur during pregnancy,
which includes substantial weight gain and significant changes in metabolism and immune
defenses. The present review relates physiological changes during pregnancy to
alterations in the microbial composition at various sites, including the gut, oral cavity,
and vagina. Pregnancy has been linked to such microbial changes, and we believe that, in
contrast to certain disease states, these microbial changes are vital for a healthy
pregnancy, probably through their influence on the mother’s immunological,
endocrinological, and metabolic status.

Keywords: microbiome, pregnancy, oral microbiota, gut microbiota, vaginal microbiota, probiotics,
physiological changes
INTRODUCTION

To ensure a healthy environment for fetal development, pregnancy is associated with pronounced
changes in metabolism, hormonal status and immunological defenses, all of which may be
influenced by microbiota resident in the gut, vagina, placenta and oral cavity (Nuriel-Ohayon
et al., 2016). For example, changes in the endocrine system in response to maternal factors such as
diet and usage of antibiotics influence the compositions of the gut and oral microbiome (Nuriel-
Ohayon et al., 2019, Amir et al., 2020). Moreover, progesterone can increase the abundance of
bifidobacterium in the gut (Nuriel-Ohayon et al., 2019; Amir et al., 2020).

Dysbiosis of the gut microbiome during pregnancy is associated with gestational diabetes,
preeclampsia and restricted fetal growth. In addition, certain oral bacteria are pathogenic and can
exert deleterious effects on the health and maturation of the fetus. Periodontal infections that are
transmitted to other locations can lead to premature birth, low birth weight, and preeclampsia
(Figuero et al., 2020) so that virtually all pregnant women require periodontal care (Rapone
et al., 2020).
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Here, we summarize recent research findings regarding
alterations in microbiome during pregnancy.
PHYSIOLOGICAL CHANGES
DURING PREGNANCY

To support the healthy growth and development of the fetus,
pregnant women undergo changes in their endocrine,
cardiovascular, respiratory, renal, and digestive systems.

Changes in the Endocrine System
Already upon conception, the levels of certain hormones in a
woman increase. Upon successful implantation of a fertilized egg
into the uterine wall, placental trophoblasts begin to produce
human chronic gonadotrophin (hCG) (Miller et al., 2020), the
level of which rises during the first few weeks of pregnancy until
it reaches its peak level of approximately 20000 mIU/mL during
weeks 10-12, and thereafter, and at the end of the first trimester,
falls steadily (Hendriks et al., 2019). hCG stimulates cells in the
corpus luteum to start producing progesterone and estrogen, the
levels of which increase as pregnancy progresses and the placenta
grows, reaching their peaks during the third trimester (Sykes and
Bennett, 2018). In addition, the hCG hormone is involved in the
formation of vessels and the placenta, the differentiation of fetal
cells and growth of fetal organs and preventing premature
contractions of the uterus musculature (Barjaktarovic
et al., 2017).

The many processes mediated by progesterone include the
adaptation of the cervix for implantation of the fetus and
differentiation of stromal cells into decidual cells. Furthermore,
increasing progesterone levels prevent uterine contractions both
by diminishing the levels of receptors for prostaglandin and
oxytocin and directly inhibiting the contraction of resident
smooth muscle cells (Sykes and Bennett, 2018). Rising estrogen
levels are responsible for neoangiogenesis and the formation of
tissues that become the placenta and support lactation (Noyola-
Martıńez et al., 2019). These hormonal changes cause the typical
fatigue, nausea, constipation, and headaches associated with
early pregnancy (Fuhler, 2020). Moreover, the growing
placenta also produces hormones, including human placental
lactogen (HPL), relaxin and human chronic gonadotrophin.

In addition, the thyroid gland of pregnant women may
become more active, leading to hyperthyroidism (Kobaly and
Mandel, 2019). Placental hormones such as lactogen promote
insulin resistance, which is often accompanied by elevated
production of insulin. Therefore, to avoid excessive plasma
concentrations of glucose, pregnant women are often advised
to pay attention to regulating their intake of carbohydrates
(Mockridge and Maclennan, 2019)

Circulatory and Cardiovascular Changes
A major cause of the cardiovascular changes associated with
pregnancy is relaxation of the vascular smooth muscle in
response to the increased circulating levels of estrogens,
progesterone, and prostaglandins (Morton, 2021). Moreover,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 262
these hormonal changes lower the resistance of the pulmonary
and systemic vessels and, thereby, blood pressure, which in most
cases eventually returns to the non-pregnant value by the third
trimester. Furthermore, the diastolic and stroke volumes and
heart rate are elevated during pregnancy (Chen and Basso, 2007),
resulting in a continuous increase in cardiac output, especially
during the second and third trimesters (Morton, 2020). This
increase, which can be as much as 50% during the third
trimester, is targeted primarily to the placenta and uterus to
nourish the growing fetus and the breasts in preparation for
breastfeeding the newborn infant (Elkus and Popovich, 1992).

Furthermore, during the early phase of pregnancy, activation
of the renin-angiotensin-aldosterone system causes sodium and
water retention. Ultimately, this could expand the plasma
volume and dilute the number of red blood cells (Claros et al.,
2020), leading to anemia. In this context, the requirement for
iron increases two- to three-fold, and many women experience
iron deficiency during the second trimester of their pregnancy
(Scholl and Reilly, 2000). The fetus requires this additional iron
to synthesize hemoglobin and certain other enzymatic functions.
In addition, capillary wedge and oncotic pressure reductions
make pregnant women susceptible to pulmonary edema (Jarvis
and Nelson-Piercy, 2020).

Respiratory Changes
To fulfill the requirement of the developing fetus for oxygen, the
respiratory system undergoes several physiological and
anatomical changes, including elevated tidal volume,
ventilation, and respiratory rate (Lemos et al., 2010; Hegewald
and Crapo, 2011). At the same time, the expiratory reserve
volume, total pulmonary capacity, and functional residual
capacity all decline during gestation (Lemos et al., 2010),
mainly due to alterations in the flexibility of ligaments in
response to the higher levels of progesterone. In addition, the
rise in intra-abdominal pressure as the uterus grows contributes
considerably to these respiratory effects (Lee et al., 2017).

Moreover, this increase in ventilation causes the partial
pressures of oxygen (paO2) and carbon dioxide (paO2) to be
augmented and attenuated, respectively. These changes should,
in turn, facilitate gas exchange across the placenta.

Changes in the Renal System
During pregnancy, the renal system undergoes several
physiological and anatomical adaptations designed to support
the development of the fetus. One major change of this sort is
enlargement and increased weight of the kidneys due to a larger
interstitial volume and more extensive vasculature (Cheung and
Lafayette, 2013). Moreover, due to the tremendous pressure
exerted by the growing fetus (Cheung and Lafayette, 2013), the
capacity of the mother’s bladder decreases, causing more
frequent urination, one of the most common symptoms
associated with pregnancy. In addition, renal blood flow may
be elevated, increasing the glomerular filtration rate by as much
as 50% and thereby reducing serum levels of creatinine (Park
et al., 2017). Finally, both relaxation of smooth muscles in
response to elevated progesterone levels and mechanical
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compression by the enlarging uterus can lead to retention of
urine and hydronephrosis (Suarez et al., 2019).

As a result of the changes in the renal system during pregnancy
this can also lead to deficiencies and raised levels of certain solutes.
One change is hyponatremia which is caused by the high levels of
hCG in pregnancy (Abbassi-Ghanavati et al., 2009). Another
change is proteinuria due to protein excretion in urine being
higher than normal. This is believed to be a result of multiple
factors such as the increased Glomerular filtration rate (GFR),
increased protein transport across the glomerular barrier as well
as the decreased reabsorptionoffilteredprotein (Kattah et al., 2017).
Glucosuria is also another possible outcome, seen in around 50% of
pregnant patients. It is mainly caused by decreased absorption of
glucose in the proximal tubule (Alto, 2005).
Changes in the Gastrointestinal System
Nausea, vomiting, heartburn, and constipation, the most
common symptoms associated with pregnancy, are caused by
changes in the gastrointestinal tract as the uterus enlarges
(Herrero et al., 2001; Body and Christie, 2016). In addition,
rising progesterone levels relax the lower esophageal sphincter,
promoting reflux into the gastro-esophagus and, ultimately,
heartburn (Jarvis and Nelson-Piercy, 2020). At the same time,
pregnancy leads to constipation by slowing down gastric
emptying. Furthermore, pregnant women are more prone to
develop gallstones due to their elevated progesterone levels,
which relaxes muscles, inhibits the release of cholecystokinin,
and may thereby result in biliary stasis (Mockridge and
Maclennan, 2019).
Changes in the Hematologic System
As with every other system in the body, the hematologic system
also experiences changes during pregnancy. The most significant
changes include expanded plasma volume accompanied with a
higher red blood cell mass that leads to physiologic anemia as
mentioned earlier (Bernstein et al., 2001). Additionally, during
the first trimester white blood cells increase due to the
physiological stress that pregnancy places on the body. This is
especially evident with neutrophils. The most likely reason for
this is the lack of neutrophilic apoptosis ability during pregnancy
as a result of an increase in inhibitory factors in the serum. In
addition, there is an increase in the number of myelocytes and
metamyelocytes which indicate the increased level of activity in
the bone marrow and erythropoiesis during pregnancy. In the
first and second trimesters there is also a decrease in the
lymphocyte count, compared to an increase in the third
trimester (Chandra et al., 2012; Al-Shafei et al., 2020). Studies
have also shown that platelet counts decrease in pregnancy,
mainly in the third trimester. This is known as gestational
thrombocytopenia, which occurs as a result of the
hemodilution present in pregnancy accompanied with
increased platelet activation and clearance. Pregnancy is also
associated with an increase in the levels of coagulation factors
due to the increase in estrogen levels during this time, resulting
in a prothrombotic state, especially in the third trimester (Patel
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and Balanchivadze, 2021). Table 1 and Figure 1 summarize the
physiological changes associated with pregnancy.
CHANGES IN MICROBIOME
ASSOCIATED WITH PREGNANCY

The Gut Microbiome
The gastrointestinal tract is colonized by various microorganisms,
including bacteria, protozoa, viruses and archaean and the
composition of this microbiome varies with age. In adult humans,
approximately 80%of thismicrobiome consists of bacteria belonging
to the phyla Actinobacteria, Firmicutes and Bacteroidetes
(Baldassarre et al., 2018). In the case of the neonate, colonization of
the gut, which occurs during and after birth, is affected by mode of
delivery and breastfeeding. The neonatal gut is colonized
immediately for the most part by Enterococci, Staphylococci, and
Enterobacteria; during the first days of post-natal life, Lactobacillus,
Clostridium,Bifidobacterium, and Bacteroides take up residence; and
thegut compositionof bacteria becomesimilar to that of adults at one
year of age (Baldassarre et al., 2018).

Most pregnancies progress without incident. But
approximately 8 percent of all pregnancies involves deleterious
fetal and maternal health complications, the most common being
preterm birth, diminished intrauterine growth, preeclampsia,
and eclampsia (Maresh, 1990). The gut microbiota associated
with normal and complicated pregnancies differ and the
physiological changes, including the rise in the progesterone
level, affect the composition of the maternal microbiome. More
specifically, the microbiome in pregnant women contains a
larger proportion of, in particular, Bifidobacterium, but also of
Proteobacteria and Actinobacteria (Koren et al., 2012). During
the third trimester alpha diversity is reduced, while both beta
diversity and the abundance of opportunistic pathogens
are elevated.

Some researchers have concluded that these changes are
temporary and of no significance (DiGiulio et al., 2015; Yang
et al., 2020), whereas others have found that insertion of human
gut microbes from the third trimester into mice leads to weight
gain and more pronounced low-grade inflammation (Turjeman
et al., 2021). Furthermore, all alterations in the gut microbiome
directly influence maternal metabolism (Paul et al., 2018), which,
in turn, impacts the development and growth of fetal organs
(Jiang et al., 2021).

In addition, the composition of the gut microbiome may be
altered by poor dental health or inflammatory bowel disease in a
manner linked to an increased risk for spontaneous premature
delivery. In one investigation, the beta diversity of the maternal gut
microbiota was found to differ between those who delivered
preterm and normal deliveries (Hiltunen et al., 2021). In another
case, mothers who underwent spontaneous preterm delivery
exhibited lower diversity in their gut microbiome, particularly
with respect to Bifidobacterium and Streptococcus (Dahl
et al., 2017).

Moreover, gut microbes can give rise to intrauterine infection,
as reflected in the presence of these microbes in the amniotic
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fluid of women who experienced premature rupture of
membranes (Edwards et al., 2017). The mechanism by which
gut microbes move to the uterus is not yet known, but two
possible mechanisms have been proposed: the first is that gram-
negative bacteria, which express lipopolysaccharide that elicits
the production of prostaglandins and other mediators of
inflammation, ascend via the vagina; and the second, that the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 464
content of the gut leaks into the uterus or placenta (Edwards
et al., 2017).
The Oral Microbiome
The healthy human oral cavity contains approximately 50-100
million bacteria belonging to 700 species (Kilian et al., 2016),
TABLE 1 | Physiological changes during pregnancy.

Cardiovascular
system

• Decrease peripheral vascular resistance
• Increased heart rate
• Decreased arterial pressure
• Increased cardiac output
• Increase in total body water, capillary hydrostatic pressure, and blood volume

(Sanghavi and Rutherford, 2014;
Furfaro et al., 2018)

Respiratory
system

• Mucosal changes in the upper airway include edema, hyperemia, leakage of plasma into the stroma,
glandular hypersecretion, increased mucopolysaccharide content and increased phagocytic activity

• Increased tidal volume
• Decreased residual volume
• Increased minute-ventilation by 30-40% increased respiratory center simulation ! increased respiratory

rate
• Decreased PaCO2

(Hegewald and Crapo, 2011;
Cordioli et al., 2013)

Gastrointestinal
system

• Decreased muscle tone across the digestive tract
• Delayed gastric emptying and diaphragm elevation by the pregnant womb
• Increase in gastric PH and reduced gastrointestinal motility
• Increased production of pro-inflammatory cytokines by Kupffer cells
• Changes in bile composition

(Cordioli et al., 2013; Furfaro
et al., 2018; Gomes et al., 2018)

Renal system • The glomerular filtration rate increases by 50%
• Decrease in serum urea, creatinine, and uric acid values
• Ureteropelvic dilation and decreased ureteral pressure due to smooth muscle relaxation
• Increased intravesical pressure due to the pregnant uterus weight
• Increased renal plasma flow and vesicoureteral reflux
• Asymptomatic bacteriuria
• Flaccid bladder

(Cordioli et al., 2013; Cheung
and Lafayette, 2013)

Genital system • Decreased vaginal Ph
• Increased glycogen in vaginal epithelium
• Increased uterine blood flow and the vascular bed proliferates
• Uterus increases in size to contain the growing fetus

(Parry and Vodstrcil, 2007;
Cordioli et al., 2013)

Hematologic
system

• Increases factors VII, VIII, IX, X, XII, Von Willebrand and fibrinogen
• Decreased fibrinolytic activity
• Decreased protein S
• Increased plasma and red cell volume
• Anemia

(Cordioli et al., 2013)
February 2
FIGURE 1 | Physiological changes associated with pregnancy.
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including Lactobacilli, Staphylococci, Streptococcus (Dewhirst
et al., 2010; Kumar et al., 2013; Saadaoui et al., 2021). The
composition of this complex community is affected by several
factors, such as nutrition, oxygen levels, and pH (Saadaoui et al.,
2021). Imbalances in the oral microbiome have been found to be
associated with certain diseases, as well as with pregnancy.
Imbalances in the oral microbiota, particularly during
pregnancy, have been linked to a variety of disorders (Farrell
et al., 2012). In fact, the oral microbiome of a healthy pregnant
woman and a pregnant woman with certain diseases, e.g.,
gestational diabetes, differ (Li et al., 2021).

The changes in microbiome that occur in connection with
pregnancy include the microbiome in the oral cavity (Saadaoui
et al., 2021; Turjeman et al., 2021). For instance, the microbiome
detected in saliva differs between pregnant and non-pregnant
women, with the former showing an abundance of, e.g.,
Porphyromonas, Treponema and Neisseria, while in the latter,
Veillonella and Streptococcus were overrepresented (Lin et al.,
2018). The oral microbiome of pregnant women contain high
numbers of bacteria, mainly during the first trimester (Fujiwara
et al., 2017) including Porphyromonas, Neisseria, and Treponema
(Lin et al., 2018) and certain pathogenic bacteria (Chong et al.,
2018). Moreover, certain specific species of bacteria, such as
Staphylococci, Streptococci, Aggregatibacter actinomycetemcomitans,
and Porphyromonas gingivalis, are more abundant in the oral
microbiome during the first and second trimesters of pregnancy.
During pregnancy, the proliferation and growth of Streptococcus,
Lactobacillus, Escherichia coli, and Bifidobacterium species vary
(Pelzer et al., 2012).

Furthermore, the hormonal changes that pregnant women
undergo promote the formation of bacterial plaque, thereby
resulting in gingivitis, especially during the second to third
trimesters (de Souza Massoni et al., 2019), which causes
complications of pregnancy such as preeclampsia, preterm birth
(PTB), low birth weight, and miscarriage (Cobb et al., 2017). The
amniotic fluid of a woman who went into preterm labor contained
Fusobacterium nucleatum, suggesting that oral bacteria can
translocate to the placenta (Nuriel-Ohayon et al., 2019; Amir
et al., 2020). In another woman who suffered from gingivitis and
gave an unusual full-term stillbirth, Fusobacterium nucleatum was
detected in both the placenta and newborn infant, indicating that
this bacterium originated from the maternal subgingival plaque
(Nuriel-Ohayon et al., 2019; Amir et al., 2020). It appears possible
that the environments in the oral cavity and placenta contain similar
factors that promote colonization and growth of Fusobacterium
nucleatum (Nuriel-Ohayon et al., 2019; Amir et al., 2020).

In addition, a positive correlation between the presence of
a periodontopathogen (Porphyromonas gingivalis) and
progesterone levels in the first trimester of pregnancy was
observed (de Souza Massoni et al., 2019). Other studies confirmed
the growth of certain gram-negative anaerobic bacteria, including
Prevotella nigrescens, Campylobacter rectus (Yokoyama et al., 2008;
Gürsoy et al., 2009), and Prevotella intermedia (Muramatsu and
Takaesu, 1994), which is promoted by the hormonal changes that
occur during pregnancy. Moreover, high estrogen levels promote
infection by Candida (Kumar et al., 2013; Fujiwara et al., 2017).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 565
Willmott and co-workers (2020) demonstrated that the
composition of the oral microbiome accurately reflects the
dietary content of nitrate and the healthy regulation of blood
pressure (Willmott et al., 2020). Bacteria in the oral cavity,
located primarily on the tongue’s surface, reduce nitrate
enzymatically, resulting in the presence of nitrite in the
saliva, which is subsequently transformed in the stomach
into nitric acid and then reduced to nitric oxide (NO). This
process is related to blood pressure in two different ways: the
plasma level of nitrate is related inversely to blood pressure,
and, at the same time, NO is a key signal molecule in
connection with processes that regulate the circulatory
system (Willmott et al., 2020).

Nitric Oxide (NO) is one of the reaction products produced
by nitric oxide synthase (NOS) enzymes that catalyze NADPH
and tetrahydrobiopterin (BH4)-dependent oxidation of L-
arginine to L-citrulline (Ghimire et al., 2017). Nitric oxide
serves in a wide aspect of human physiology and it takes part
in vasodilation, endothelial function, mitochondrial function,
prevention of platelets aggregation, neurotransmission, immune
defense, and metabolism (Hezel and Weitzberg, 2015). In
research from Walker et al., (2018) it was indicated that The
oral microbiome play an important role in the production of the
nitric oxide (NO) through nitrate-nitrite-NO pathway. The oral
microbiota is deficient in the NO enzymes responsible for
yielding the catalyzed NO from L-arginine (Qu et al., 2016;
Willmott et al., 2020). According to Walker et al., (2018), the
production of nitric oxide occurs in the human body by two
methods: dependent and independent. Furthermore, the
microbiome in the human body produces NO in an
independent way through fermentation depending on food
intake by the consumption of nitrate (NO3-) and nitrite (NO2-

). In addition, oral microbiota has a major role in cardiovascular
system wellbeing and in the regulation of blood pressure,
including in pregnancy (Willmott et al., 2020). A case-control
study in a tertiary facility in Ghana (Darkwa et al., 2018) found
that the level of serum nitric oxide rises rapidly during pregnancy
and peaks during the third trimester of a healthy pregnancy.
However, other research found that the progressive rise in serum
nitric oxide levels during pregnancy is not significant. According
to (Zullino et al., 2018), nitric oxide is the principal vasodilator in
the placenta, making it crucial to several physiological functions
of an uncomplicated pregnancy. Placental perfusion, platelet
adhesion and aggregation in the intervillous space, and
fetoplacental vascular response are all regulated by NO during
implantation, early embryonic development, and feto-placental
vascular reaction (Zullino et al., 2018).

The Vaginal Microbiome
The composition of the vaginalmicrobiome,which plays an essential
role in both maternal and fetal health (Nelson et al., 2016), can be
altered by many different factors, including hormones, sexual
practices, pregnancy, hygiene, urogenital infections and
pharmacological treatments (Kroon et al., 2018; Noyes et al., 2018;
Parolin et al., 2018).Typically,Lactobacillipredominate and, together
with other bacterial species, maintain a pH of 3.8-4.5
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(Mendling, 2016). The vaginal environment changes dramatically
during pregnancy, resulting in an even greater abundance of
Lactobacillus spp. and pronounced changes in the metabolic
profiles of the bacteria present (Marangoni et al., 2021).
Complicated pregnancies and preterm birth are associated with less
Lactobacilli and a greater variety of bacteria (Di Simone et al., 2020).

Several investigations into a potential link between the
composition of the vaginal microbiome and miscarriage have
revealed that miscarriages during the first trimester appear to
associate with lower levels of Lactobacillus spp. and more
pronounced alpha diversity. The presence of pathogenic
microorganisms raises the risk for infections such as bacterial
vaginosis, which has been linked to premature rupture of
membranes and preterm birth. A meta-analysis concluded that,
even after controlling for other major risk factors, the risk of
preterm delivery in women with bacterial vaginosis caused by, e.g.,
Prevotella bivia, Peptostreptococcus, and/or G. vaginalis increased
more than two-fold (Leitich et al., 2003). Moreover, a higher risk for
pretermbirth ratewas correlatedwith the presence of specific vaginal
fungi such as Candida albicans (Neuman and Koren, 2017) and
variations in the vaginal pH caused by changes in the microbiome
(Mysorekar and Cao, 2014).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 666
Inaddition to the factorsmentionedabove, the compositionof the
vaginal microbiota is influenced by ethnic background and genetic
polymorphisms that affect the ability to produce anti- or pro-
microbial substances. Such polymorphisms are present in the genes
that encode the antagonist of the interleukin 1 (IL-1) receptor and the
Toll-like receptor (TLR) 4, which acts in the innate recognition of
Gram-negative bacteria and can influence individual susceptibility to
complications during pregnancy (Mendling, 2016). Furthermore,
women who have embryonic miscarriages exhibit higher vaginal
levels of interleukin 2 (IL-2) and lower levels of interleukin 10 (IL-10)
than control subjects (Xu et al., 2020).Table 2 summarize the change
in the maternal microbiome during pregnancy. And Figure 2 shows
the potential mechanisms of crosstalk between maternal microbiota
and offspring immunity.
THE EFFECT OF PROBIOTICS ON
MICROBIOME DURING PREGNANCY

The World Health Organization (WHO) defines probiotics as live
microorganisms that, upon administration through the diet or as a
TABLE 2 | List of organisms and their associated effects during pregnancy.

Causative microbiome Effects on pregnancy Reference

The gut microbiome
Bifidobacteria Atopic eczema and asthma (Baldassarre et al., 2018)
Enterobacteriaceae Preterm newborns (Baldassarre et al., 2018)
Enterococcaceae
Proteobacteria Metabolic syndrome such as weight gain, hyperglycemia,

insulin resistance.
(Koren et al., 2012)

Actinobacteria
Prevotella Protection against food allergies and Gestational diabetes (Koren et al., 2012; Turjeman et al., 2021)
Staphylococcus spp, Weight gain (Turjeman et al., 2021)
Escherichia coli
Ruminococcaceae, and Collinsella Gestational diabetes (Turjeman et al., 2021)
Enterobacteriaceae, DesulfovibrioParabacteroides
distasonis
Bulleidia moorei, Risk of Preeclampsia (Turjeman et al., 2021)
Clostridium perfringens,
Fusobacterium and Veillonella
Planococcaceae, Lactobacillaceae and
Enterobacteriaceae

Preterm neonates (Hiltunen et al., 2021)

Bifidobacterium Preterm neonates (Dahl et al., 2018)
Streptococcus
Listeria monocytogenes Still birth (Edwards et al., 2017)
The oral microbiome
Pg and intrauterine Bergeyella Delivered prematurely (Saadaoui et al., 2021)
Lautropia and Neisseria Saliva and dental plaque (Li et al., 2021)
Porphyromonas gingivalis Periodontal inflammation, placentas of patients with

preeclampsia
(Cobb et al., 2017; Lin et al., 2018)

Filifactor alocis Placentas of patients with preeclampsia (Cobb et al., 2017)
Fusobacterium nucleatum Preterm birth, periodontal disease and adverse pregnancy

complications
(Cobb et al., 2017; Amir et al., 2020; Saadaoui
et al., 2021)

Prevotella nigrescens Pregnancy gingivitis (Gürsoy et al., 2009)
Genera Rothia and Staphylococcus Oral nitrate reduction (Willmott et al., 2020)
Prevotella Oral nitrate reduction (Willmott et al., 2020)
The vaginal microbiome
Lactobacilli Pregnancy-related complications and preterm birth (Di Simone et al., 2020)
Prevotella bivia, Peptostreptococcus, and/or G.
vaginalis

Preterm delivery (Leitich et al., 2003)

Candida albicans Preterm delivery (Neuman and Koren, 2017)
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supplement, have beneficial effects on the host (Buggio et al.,
2019). A variety of studies indicate that by regulating the gut and
vaginal microflora, the right combination of probiotics
(Baldassarre et al., 2018) can lessen the risk of pregnancy
complications such as preterm birth (Arango et al., 2015). It was
proposed recently that probiotics prevent preterm birth by altering
the composition and function of the gut microbiome to improve
maternal glucose metabolism (Buggio et al., 2019).

However, findings in this area are controversial. For instance,
one study that included 4098 women found that probiotics can
either decrease or increase the risk for birth betweenweeks 34-37 of
pregnancy (Buggio et al., 2019), supporting the proposal that more
detailed investigations on the types of probiotic, the characteristics
of individual women and length of administration are required
(Jarde et al., 2018). In another case, probiotics provided no
protection and were shown to be capable of initiating the
inflammatory cascade associated with preterm birth (Othman
et al., 2007; Arango et al., 2015). In contrast, dietary
supplementation with probiotics has been reported to reduce the
abundance of Bifidobacterium and attenuate the increase in
Atopobium vaginae that is linked with more than 70% of cases of
bacterial vaginosis, which causes preterm birth (Baldassarre et al.,
2019). At the same time, it appears that following antibiotic
treatment, supplementary probiotics can lower the vaginal pH to
an optimal value hence promoting the restoration of vaginal
microbiota, thereby preventing the reduction in levels of anti-
inflammatory cytokines (Baldassarre et al., 2019).

Moreover, the administration of probiotics during pregnancy
has been shown to raise the levels of anti-inflammatory molecules
such as IL-10 and TGF-B in breast milk, which aids in the
maturation of the infant’s gut by stimulating the secretion of IgA
and oral tolerance (Baldassarre et al., 2018). Furthermore, probiotics
can effectively prevent allergic reactions. The lymphoid system of
the newborn is not fully developed, with a limited Th1 response, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 767
the microbiota plays an essential role in bridging this gap between
Th1 and Th2 responses. Accordingly, alteration of the gut
microbiota that results in loss of this modulation of inflammatory
cytokines can augment the risk for development of atopic eczema
(Baldassarre et al., 2018).

More than 15% of young infants suffer from gestational
disorders such as infantile colic. Probiotics can influence the
pathogenesis of such disorders by altering the composition of the
gut microbiome, which is involved in direct bidirectional
relationships with the brain. The three mechanisms proposed as
explanations for this influence by probiotics include alterations in
the secretion of cytokines and chemokines, involvement of
microbiota in neural pathways, and stimulation of the intestinal
neuroendocrine pathway. Interestingly, the usage of a mixture of
probiotics has been found to reduce crying by infants with colic
during breastfeeding (Baldassarre et al., 2018), and probiotics
appear to significantly impact the composition of the neonatal
microbiota. It has been suggested that probiotics such as
Lactobacillus can interact directly with the host via pattern
recognition receptors (PRR), for which the peptidoglycan in the
wall of gram-positive bacteria and lipopolysaccharide of gram-
negative bacteria serve as ligands (Devi et al., 2021). The direct
interaction involves the binding of probiotic bacteria to these
receptors on the host’s dendritic and intestinal epithelial cells,
thereby preventing cytokine-induced apoptosis and production of
defensins and mucus (Devi et al., 2021).

Another proposed mechanism involves the generation of toxic
or antimicrobial compounds such as bacteriocin by probiotics
(Oktaviyani et al., 2021). For example, Lactobacillus crispatus
F177 and Lactobacillus paracasei F2 and F28 produce hydrogen
peroxide, which suppresses the growth of Staphylococcus aureus. In
addition, probiotics compete with pathogenic species for adhesion
to the surface of intestinal epithelial cells. Adhesion molecules such
as a mucus-binding protein on the surface of probiotics facilitate
FIGURE 2 | Potential mechanisms of crosstalk between maternal microbiota and the fetus.
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their interaction with host dendritic cells, thus enhancing the
phagocytic capacity of these cells (Devi et al., 2021).
CONCLUSIONS

In this review, we describe the changes in the compositions of the
gut, oral and vaginal microbiome that occur in connection with
pregnancy. The hormonal, immunological and metabolic
changes that pregnant women undergo influence these
compositions and vice-versa, appropriate adaptation is
required to support optimal fetal growth and development.

Imbalances in the microbiota can lead to complications of
pregnancy such gestational diabetes, preterm delivery and
preeclampsia. Manipulating microbiome composition during
pregnancy through probiotics could result in improved maternal
health and pregnancy outcomes. Maternal micorbioem and fetal
interaction during pregancy is critical for fetal developemt.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 868
The mechanisms by which these microbiome and the host
interact during pregnancy and regulation of these interactions
require elucidation.
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Miotto, M., et al. (2019). Correlation of Periodontal and Microbiological
Evaluations, With Serum Levels of Estradiol and Progesterone, During Different
Trimesters of Gestation. Sci. Rep. 9 (1), 1–9. doi: 10.1038/s41598-019-48288-w

Devi, P., Nanaji, Y., Khanna, N., Yadav, A. K., and Pawar, S. V.. (2021). Animal
Models for Probiotic Interventions Under Gut Inflammatory Conditions. In
Kaur I. P., Pawar S. V and Rishi P. (eds) Probiotic Research in Therapeutics.
Springer, Singapore 85–121. doi: 10.1007/978-981-33-6236-9_4

Dewhirst, F. E., Chen, T., Izard, J., Paster, B. J., Tanner, A. C., Yu, W.-H., et al.
(2010). The Human Oral Microbiome. J. Bacteriol. 192 (19), 5002–5017. doi:
10.1128/JB.00542-10
February 2022 | Volume 12 | Article 824925

https://doi.org/10.1097/AOG.0b013e3181c2bde8
https://doi.org/10.1002/jcla.23250
https://doi.org/10.3390/microorganisms8121996
https://doi.org/10.1007/s11892-014-0567-0
https://doi.org/10.1007/s11892-014-0567-0
http://www.hopkinsmedicine.org
https://www.hopkinsmedicine.org/health/conditions-and-diseases/staying-healthy-during-pregnancy/4-common-pregnancy-complications
https://www.hopkinsmedicine.org/health/conditions-and-diseases/staying-healthy-during-pregnancy/4-common-pregnancy-complications
https://www.hopkinsmedicine.org/health/conditions-and-diseases/staying-healthy-during-pregnancy/4-common-pregnancy-complications
https://doi.org/10.3390/nu10111693
https://doi.org/10.3390/nu11061273
https://doi.org/10.1007/s10654-016-0201-3
https://doi.org/10.1016/s0029-7844(00)01222-9
https://doi.org/10.1016/s0029-7844(00)01222-9
https://doi.org/10.1016/j.gtc.2016.02.005
https://doi.org/10.1186/s12905-019-0723-4
https://doi.org/10.1007/s12288-012-0175-6
https://doi.org/10.1007/s12288-012-0175-6
https://doi.org/10.1097/ede.0b013e31812713e6
https://doi.org/10.1053/j.ackd.2013.01.012
https://doi.org/10.3390/nu10030274
https://doi.org/10.1016/j.hipert.2020.02.003
https://doi.org/10.1016/j.hipert.2020.02.003
https://doi.org/10.2147/IJWH.S142730
https://doi.org/10.5935/0103-507X.20130056
https://doi.org/10.1371/journal.pone.0184336
https://doi.org/10.1093/ije/dyy064
https://doi.org/10.1186/s40748-017-0072-y
https://doi.org/10.1038/s41598-019-48288-w
https://doi.org/10.1007/978-981-33-6236-9_4
https://doi.org/10.1128/JB.00542-10
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zakaria et al. Microbiome and Pregnancy
DiGiulio, D. B., and Callahan, B. J.. (2015). Temporal and Spatial Variation of the
Human Microbiota During Pregnancy. Proc. Natl. Acad. Sci. U. S. A. 112 (35),
11060–11065. doi: 10.1073/pnas.1502875112

Di Simone, N., Santamaria Ortiz, A., Specchia, M., Tersigni, C., Villa, P.,
Gasbarrini, A., et al. (2020). Recent Insights on the Maternal Microbiota:
Impact on Pregnancy Outcomes. Front. Immunol. 11, 2372. doi: 10.3389/
fimmu.2020.528202

Edwards, S. M., Cunningham, S. A., Dunlop, A. L., and Corwin, E. J.. (2017). The
Maternal Gut Microbiome During Pregnancy. MCN. Am. J. Matern Child
Nurs. 42 (6), 310. doi: 10.1097/NMC.0000000000000372

Elkus, R., and Popovich, J.Jr (1992). Respiratory Physiology in Pregnancy. Clin
Chest. Med. 13 (4), 555–565. doi: 10.1016/S0272-5231(21)01125-4

Farrell, J. J., Zhang, L., Zhou, H., Chia, D., Elashoff, D., Akin, D., et al. (2012).
Variations of Oral Microbiota Are Associated With Pancreatic Diseases
Including Pancreatic Cancer. Gut 61 (4), 582–588. doi: 10.1136/gutjnl-2011-
300784

Figuero, E., Han, Y. W., and Furuichi, Y. (2020). Periodontal Diseases and Adverse
Pregnancy Outcomes: Mechanisms. Periodontol. 2000. 83 (1), 175–188. doi:
10.1111/prd.12295

Fuhler, G. M. (2020). The Immune System and Microbiome in Pregnancy. Best
Pract. Res. Clin. Gastroenterol. 44-45, 101671. doi: 10.1016/j.bpg.2020.101671

Fujiwara, N., Tsuruda, K., Iwamoto, Y., Kato, F., Odaki, T., Yamane, N., et al.
(2017). Significant Increase of Oral Bacteria in the Early Pregnancy Period in
Japanese Women. J. Invest. Clin. Dentist 8 (1), e12189. doi: 10.1111/jicd.12189

Furfaro, L. L., Chang, B. J., and Payne, M. S. (2018). Applications for
Bacteriophage Therapy During Pregnancy and the Perinatal Period. Front.
Microbiol. 8. doi: 10.3389/fmicb.2017.02660

Ghimire, K., Altmann, H. M., Straub, A. C., and Isenberg, J. S.. (2017). Nitric
Oxide: What’s New to NO? Am. J. Physiol. Cell Physiol. 312 (3), C254–c262.
doi: 10.1152/ajpcell.00315

Gomes, C. F., Sousa, M., Lourenço, I., Martins, D., and Torres, J.. (2018).
Gastrointestinal Diseases During Pregnancy: What Does the Gastroenterologist
Need to Know?Ann. Gastroenterol. 31 (4), 385–394. doi: 10.20524/aog.2018.0264

Gürsoy, M., Haraldsson, G., Hyvönen, M., Sorsa, T., Pajukanta, R., and Könönen,
E.. (2009). Does the Frequency of Prevotella Intermedia Increase During
Pregnancy? Oral. Microbiol. Immunol. 24 (4), 299–303.doi: 10.1111/j.1399-
302X.2009.00509.x.

Hegewald, M. J., and Crapo, R. O. (2011). Respiratory Physiology in Pregnancy.
Clinics Chest. Med. 32 (1), 1–13. doi: 10.1016/j.ccm.2010.11.001

Hendriks, E., MacNaughton, H., and MacKenzie, M. C. (2019). First Trimester
Bleeding: Evaluation and Management. Am. Fam. Phys. 99 (3), 166–174.
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Amyotrophic lateral sclerosis (ALS) is a severely debilitating disease characterized by
progressive degeneration of motor neurons. ALS etiology and pathophysiology are not
well understood. It could be the consequences of complex interactions among host
factors, microbiome, and the environmental factors. Recent data suggest the novel roles
of intestinal dysfunction and microbiota in ALS etiology and progression. Although
microbiome may indeed play a critical role in ALS pathogenesis, studies implicating
innate immunity and intestinal changes in early disease pathology are limited. The
gastrointestinal symptoms in the ALS patients before their diagnosis are largely ignored
in the current medical practice. This review aims to explore existing evidence of
gastrointestinal symptoms and progress of microbiome in ALS pathogenesis from
human and animal studies. We discuss dietary, metabolites, and possible therapeutic
approaches by targeting intestinal function and microbiome. Finally, we evaluate existing
evidence and identify gaps in the knowledge for future directions in ALS. It is essential to
understanding the microbiome and intestinal pathogenesis that determine when, where,
and whether microbiome and metabolites critical to ALS progression. These studies will
help us to develop more accurate diagnosis and better treatment not only for this
challenging disease, but also for other neurodegenerative diseases.

Keywords: amyotrophic lateral sclerosis (ALS), gastrointestinal digestion, enteric neuron, metabolite, microbiome,
bacteria, CNS - central nervous system, motor neurodegeneration
INTRODUCTION

ALS is a highly fatal neuromuscular disease currently with no cure. ALS has a median incidence of
about 2.8 cases per 100,000 persons per year and a median prevalence about 5.4 cases per 100,000
persons for a median age at 61.8 ± 3.8 years (Chio et al., 2013). Although relatively rare, this public
health impact of ALS is significant due to its morbidity and mortality.

The causes of ALS are largely unknown, only 10–15% of ALS cases are familial amyotrophic
lateral sclerosis (fALS), with the remainder considered sporadic ALS (sALS) (Turner et al., 2017).
Monogenic mutations in over 30 genes are associated with about ALS cases, including C9orf72,
SOD1, FUS, and TARDBP/TDP43 (Nicolas et al., 2018; Volk et al., 2018). However, these monogenic
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forms explain only 15% of sporadic cases and 66% of familial
cases (Turner et al., 2017). ALS pathogenesis is multifactorial and
involves complex host-environment interactions. The risk factors
include nutritional status, lower body mass index (BMI),
smoking, high level of physical fitness, and military service
(Wang et al., 2017). Environmental neurotoxins might
contribute to ALS, e.g. b-Methylamino-L-alanine (BMAA) in
people in Guam (Banack and Cox, 2003; Murch et al., 2004)
and formaldehyde in factory workers (Weisskopf et al., 2009;
Roberts et al., 2016).

Although ALS is a neurodegenerative disorder, progressive
loss of motor neurons. Little is known about the gastrointestinal
(GI) changes in ALS patients before and after the diagnosis,
although autonomic dysfunction is reported in ALS. On one
hand, in the literature, we see the comments that ALS patients do
not complain of gastrointestinal symptoms and there is no GI
symptom in ALS. On the other hand, there are cases that celiac
disease with neurologic manifestations was misdiagnosed as ALS
(Turner et al., 2007; Brown et al., 2010; Ham et al., 2017). There
is report that gastrointestinal motor dysfunction occurred in ALS
with delayed gastric emptying and delayed colonic transit times
in patients (Wingate, 1999). Pancreatic and parotid deficiencies
were observed in ALS patients (Charchaflie et al., 1974). There is
a possible link between ALS and sensitivity to gluten based on an
Israel study (Gadoth et al., 2015). In certain cases, an ALS
syndrome might be associated with autoimmunity and gluten
sensitivity. These reports suggest that ALS patients show GI
symptoms, maybe at the early stage of their disease or before
their diagnoses.

Growing evidence indicates that gut microbiome may actively
contribute to ALS pathogenesis. ‘Microbiome’ includes all the
microorganisms living (e.g., bacteria, virus, fungi) in the body.
The definition of microbiome proposed by Whipps et al. is a
broad one which describes microbiome as a “characteristic
microbial community” in a “reasonably well-defined habitat
which has distinct physio-chemical properties” as their “theatre
of activity” (Whipps et al., 1988). Microbes inhabit the human
body mediating key metabolic, physiological, and immune
functions (Baquero and Nombela, 2012) and can be considered
as another human organ. The last decade has witnessed a rebirth
in interest in the microbes because of their novel and potential
roles in disease pathogenesis and treatment. We are the first to
report the elevated intestinal inflammation, reduced beneficial
bacteria, and shift of microbiome profile in ALS (Wu et al., 2015;
Rowin et al., 2017; Zhang et al., 2017; Zhang et al., 2021). Later,
studies in human ALS and experimental animal models also
reported the altered microbiome in the ALS (Fang, 2016; Labarre
et al., 2017; Blacher et al., 2019; Figueroa-Romero et al., 2019;
Burberry et al., 2020). Antibiotic usage, especially repeated use of
antibiotics, are reported to be associated with a higher
subsequent risk of ALS (Sun et al., 2019). The novel impact of
gut microbiota on ALS development could explain some of the
disease features beyond the influence of the genetic factor.
However, microbiome studies in ALS are still very limited.

In the current review, we summarize the altered GI functions
and roles of the gut microbiota in ALS, based on human data and
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experimental models. We discuss possible therapeutic
approaches by targeting intestinal function and microbiome.
Our goal is to evaluate existing evidence and identify gaps in
the knowledge for future directions in ALS and other
neurodegenerative diseases.
GASTROINTESTINAL (GI) DISORDERS
IN HUMAN ALS

Pancreatic function was studied in ALS patients. In a 1967 study
(Quick and Greer, 1967) that examined the pancreatic function
of 5 ALS patients and 5 patients with non-ALS neurological
diseases, they found that all 5 ALS patients displayed elevations
in leucine aminopeptidase. 4 of the 5 ALS patients had abnormal
results to tolbutamide testing. In the 4 ALS patients that
underwent secretin testing, there were abnormalities in the
response the secretin. The results of this study suggested that
there is a disturbance of the function of the exocrine gland in
patients with ALS, a finding that was consistent across patients.
This is believed to be the first study that observed changes with
this gland, as previous studies had only observed alterations of
the endocrine gland. This study raised the question if there is a
direct relationship between ALS and the pancreas or if alterations
of the pancreas are due to secondary complications.

Utterback et al. (1970) analyzed the pancreatic function of 10
ALS patients and 1 patient with chronic pancreatitis. They found
that the patients experienced a variety of intestinal symptoms.
One patient experienced small bowel abnormalities which
consisted of segmentation and small bowel coarsening.
Another patient underwent rapid transit time of the small
bowel. A third patient experienced small sliding hernia while
another had a potential duodenal ulcer. Yet another patient had
varices and a traction diverticulum of the esophagus. The authors
determined that the only system with abnormalities was
endocrine function. They concluded that abnormalities with
glucose function resulted in malnutrition, diminished physical
activity, and decreased muscle mass. In another study looking at
the pancreatic function of ALS patients, Charchaflie et al. (1974),
found that ALS patients experienced an insufficient pancreatic
exocrine response. Additionally, there was no pathological
structural changes observed, specifically organic lesions. The
ALS patients experienced a marked decrease in amylase
concentration. Post stimulation with citric acid, the parotid
secretory response was significantly lower in the ALS patients,
compared to the control group (Charchaflie et al., 1974).
Additionally, the bicarbonate concentration in the saliva was
significantly lower in the ALS patients. There was no difference
in plasma osmolarity between ALS patients and normal controls.
These results suggest a functional impairment of the exocrine
gland. The pancreatic deficiencies were potentially a result of
modifications of neuroendocrine mechanisms. They also raised
the question whether ALS pathogenesis could be a result of
digestive gland functional insufficiencies. However, there is a
report on no abnormal pancreatic, but abnormal in glucose
utilization in ALS. The authors believed host factors (e.g., age,
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malnutrition, diminished physical activity, and decreased muscle
mass) may explain the observed abnormal glucose utilization.

Wingate (1999) reported GI motor dysfunction with delayed
gastric emptying and colonic transit times in patients with ALS
(Wingate, 1999). Nubling et al. investigated disease severity,
intestinal dysfunction, and lower urinary tract symptoms
(LUTS) in 43 patients with ALS (Nubling et al., 2014). Urinary
incontinence was increased in patients with ALS aged ≥ 60 years
compared to the EPIC cohort. Intake of muscle relaxants and
anticholinergics was associated with both urinary incontinence
and severity of symptoms (Nubling et al., 2014). Furthermore, a
high prevalence of constipation (46%), but stool incontinence was
only reported in 9% of the group. Overall, the increased prevalence
of urge incontinence and high GI symptom burden imply in
patients with ALS. There are cases that celiac disease with
neurologic manifestations was misdiagnosed as ALS (Turner
et al., 2007; Brown et al., 2010; Ham et al., 2017). An ALS
syndrome may be associated with autoimmunity and gluten
sensitivity (Group, 2016).

In 1987, Nakano et al., found an increase in the size of pale
hepatocytes, mild fatty infiltration, and variability in the nuclear
size of these hepatocytes in ALS patients (Nakano et al., 1987).
Additionally, fibrosis around the hepatocytes was present, as well
as abnormalities of the hepatocellular mitochondria. This was
one of the first studies to observe this fibrosis and was found in
76.2% of ALS patients versus 42.3% of controls. However, there
was no relationship between these abnormal findings in the livers
of ALS patients with the progression of the disease. This study
suggest that abnormalities of the liver potentially occur in ALS
and that the presence of these abnormalities would not be
secondary to disease symptoms.

Jonsson et al., 2008 looked at the liver pathology from a single
ALS patient in a case report. They found granular mutant SOD1
inclusions in the hepatocytes and kidney tubular epithelium and
the absolute levels of G127X SOD1 were greater in the liver than
in the temporal lobe. Staining of the hepatocytes was more
widespread and uneven. The liver had inactive micronodular
cirrhosis with some steatosis. Blood plasma levels indicated a
moderate form of liver disease. From these results, the authors
asked the question whether G127X SOD1 could contribute to
these alterations to the liver.

The enteric nervous system (ENS) provides neural control in
the gastrointestinal tract. When analyzing human ALS patient
tissue, Luesma et al., 2014 (Luesma et al., 2014) found that there
was evidence of the presence of adult enteric neurons stained with
c-Ret (a RET kinase inhibitor) in the myenteric and submucosal
ganglia of the adult duodenum. It suggested that c-Ret was
necessary for the human mature ENS. Further studies would be
needed to look at this connection with neurodegenerative diseases
such as ALS.

Our study (Rowin et al., 2017) evaluated infection and
markers of intestinal inflammation and the human gut
microbiome in stool samples from ALS patients. A majority of
patients had signs of intestinal inflammation. This is the first
comprehensive examination of inflammatory markers in the
stool of ALS patients. A previous study (Zhang et al., 2009)
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reported that the level of plasma lipopolysaccharides (LPS), a
bacterial endotoxin, significant increased and had a positive
correlation with activation of blood monocyte/macrophage in
sALS groups, and LPS was most elevated in patients with
advanced sALS disease (Zhang et al., 2009). Circulating
endotoxin and systemic immune activation in sALS suggested
intestinal leakage and local inflammation in these sALS patients.

Clearly, there are GI disorders in patients with ALS. We
summarized the current literature in Table 1. These reports
suggest that ALS patients show GI symptoms, maybe at the early
stage of their disease or before their diagnoses. However, GI
symptoms for pre-diagnosis of ALS are largely ignored. It is
challenging to perform systemic studies before the diagnoses.
GUT PATHOPHYSIOLOGY IN ALS
MOUSE MODELS

Transgenic animals are expected to imitate the key features of
ALS. There are different ALS experimental models, with their
advantages and disadvantages (Philips and Rothstein, 2015). In
patients with ALS, there are spinal cord and muscle pathology.
About 10% of familial ALS cases are attributed to mutations in
Cu, Zn superoxide dismutase (SOD). Normal SOD catalyzes the
dismutation of superoxide radicals into hydrogen peroxide and
molecular oxygen. The ALS pathology can be modeled in
hSOD1G93A mice, which carry the human point mutant
SOD1 G93A.

Similar to patients with ALS, the hSOD1G93A mice showed
liver problems, e.g., hepatic abnormalities and lymphocytic
infiltration (Lee and Yang, 2018). Lee and Yang (2018)
investigated the liver of hSOD1G93A mice transgenic mice,
changes in liver protein expression over the course of disease
progression were found. This included a significant increase in
inflammatory cytokines (TNF-a, IL-1b, and CD11b), oxidative
stress-related proteins (NQ01 and ferritin), and regulators of cell
death (Bax and pJNK). For pre-symptomatic mice hSOD1G93A

mice, there was a significant increase in fibrosis-related proteins
(HDAC4, GADD45a, and PDGFb) in the liver. These findings
suggested that liver dysfunction may lead to liver fibrosis in
hSOD1G93A mice. Additionally, liver dysfunction in hSOD1G93A

mice could potentially be mediated by increased inflammation
and oxidative stress, in addition to the upregulation of fibrosis-
related proteins.

We found the damaged tight junctions (TJs) and increased
intestinal permeability in the hSOD1G93A mice (Wu et al., 2015).
TJs act as barriers in the intestinal epithelial cells to protect host
from pathogens, inflammation, and other injuries (Zhang et al.,
2013; Zhang et al., 2019). We studied hSOD1G93A and age
matched wild type mice and found that TJ ZO-1 protein
expression was significantly decreased in the intestine of G93A,
compared to WT mice at 2-month-old. The G93A mice do not
show ALS symptoms until 3 months old. The adherent junction
protein E-cadherin was significantly decreased in the intestines
of G93A mice, compared to the age-matched WT mice. ZO-1
was a tight junction protein restricted to cellular borders in a
March 2022 | Volume 12 | Article 839526
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smooth and organized pattern at the apical side of the healthy
colons. We identified abnormal and disrupted ZO-1 distribution
in the membrane of intestinal epithelial cells in ALS mice at the
age of 2 months. We also showed a significant increase in
abnormal Paneth cells and increased inflammatory cytokine
IL-17 in hSOD1G93A mice (Wu et al., 2015). As the changes in
intestine function occurs early, it suggests the possibility that
altered intestinal homeostasis may take place before the decline
of neuromuscular function in ALS mice. This study
demonstrated that impaired gut-neuromuscular crosstalk could
potentially contribute to the progression of ALS.

Intestinal mobility is a key physiologic parameter governing
digestion and absorption of nutrients affected by the ENS,
microbiome, and host genetics (Rao and Gershon, 2016;
Niesler et al., 2021). Few studies in general have been
conducted looking at the connection between the ENS in the
SOD1G39A ALS model. Our recent study (Zhang et al., 2021)
reported the dysfunction of ENS in SOD1G39A. Before ALS onset,
2-month-old G93Amice had significant lower intestinal motility,
decreased grip strength, and reduced time in the rotarod. We
observed increased GFAP, a marker for ENS, and decreased
SMMHC expression, a marker for smooth muscle (Zhang et al.,
2021). These ENS changes are significantly correlated with
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increased aggregation of hSOD1G93A in the spinal cord, small
intestine, and colon (Zhang et al., 2021).

In a 2011 study by Finkelstein et al, the authors discovered
that the liver parenchyma underwent significant atrophy and
lipid redistribution, while an increase in natural killer T cells in
both the lymphoid organs and spinal cord of the mSOD1 mice
compared to WT mice was also observed. While the liver itself
decreased in size as the disease progressed, the proportions of
natural killer T cells in the liver increased by 4-fold at the end-
stage of the disease. In mSOD1 mice with the C57B1
background, the natural killer T cells had a similar fate. T cells
were significantly enhanced in the spinal cord and spleen of
mSOD1 mice. Additionally, natural killer cells were significantly
enhanced in the spinal cord of mSOD1 mice, but not in the
spleen and liver. This study showed that changes to liver are
present during disease progression in transgenic mice and
therapeutic interventions that target these changes are needed.

Some animalmodelsmaynot always exhibit similar co-morbidity
phenotypes to human patients with ALS. The transgenic mice
overexpressing a mutant human TDP43 gene (Hatzipetros et al.,
2014), the Prp-TDP43A315T mice, exhibited decreased survival rates
that may be associated with neurodegeneration, occurring in the
myenteric plexus of the colon. In these Prp-TDP43A315T mice,
TABLE 1 | Involved organs of GI tract in patients with ALS.

Organs Symptoms Stage of
disease

Sample size References

Pancreas
and parotid
glands

Parotid flow rate and bicarbonate concentration from ALS patients were
found to be decreased by about 66% and 70% respectively, when
compared with controls.

17 patients https://pubmed.ncbi.nlm.
nih.gov/4852110/

Pancreas Symptomatic 5 patients with ALS and 5
additional patients with neurologic
disease other than ALS

https://pubmed.ncbi.nlm.
nih.gov/6066871/

Pancreas/
Small
Intestine

There were varices and a traction diverticulum of esophagus in one
patient, a small sliding hernia in another, and a possible duodenal ulcer.
There was some segmentation and coarsening of the small bowel in one
patient and a rapid transit time in another.

Symptomatic 10 patients with ALS and 1
patient with chronic pancreatitis

https://pubmed.ncbi.nlm.
nih.gov/5505684/

ENS c-Ret immunoreactivity in myenteric and submucosal ganglia, GFAP-ir
labeled cells appeared within myenteric ganglia while c-Kit labelled cells
appeared around myenteric ganglia. Propose the ENS marker for the ALS
patients

12 human sample
No direct data from ALS patients

https://pubmed.ncbi.nlm.
nih.gov/24868525/

Intestine Intestinal inflammatory markers in stool samples Symptomatic 5 patients with ALS (Rowin et al., 2017)
https://
pubmed.ncbi.nlm.nih.gov/
28947596/

GI motor
dysfunction

delayed gastric emptying and colonic transit times Symptomatic (Wingate, 1999)

GI motor
dysfunction/
urinary tract

investigated disease severity, lower urinary tract symptoms (LUTS) and
intestinal dysfunction.

Symptomatic 43 patients with ALS (Nubling et al., 2014)

Liver Granular G127X SOD1 inclusions were seen in hepatocytes in the liver,
and the staining was more widespread. Granular G127X SOD1 inclusions
were also found in kidney tubular epithelium. There was presence of
inactive micronodular cirrhosis with some steatosis of the liver. There were
some elevated liver disease markers.

Postmortem 1 patient suffered from rapidly
progressing ALS and died of
respiratory insufficiency and 5
age-matched patients who died of
non-neurological diseases

https://pubmed.ncbi.nlm.
nih.gov/18409196/

Liver Increased size of pale hepatocytes, mild fatty infiltration Symptomatic 21 patients with ALS and control
specimens randomly chosen from
215 patients with various liver
diseases

https://pubmed.ncbi.nlm.
nih.gov/3800708/

Systemic Increased LPS, Inflammation Symptomatic sALS (Zhang et al., 2009)
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death coincidedwith severeGI pathology. In the lowerGI tract, distal
to the cecum, there were pathological changes, such as swelling,
intraintestinal coagulated blood, andnecrotic tissue. It ismost likely a
result of overexpression of the transgene in the lower GI tract, as
opposed to theupperGIwhere there isno expressionof the transgene
and no neurodegeneration. The neurodegeneration of the lower GI
tract is a feature that is unique to the Prp-TDP43A315T mice. Similar
findingshavebeen reportedbyothers (Guoet al., 2012). TDP43A315T

mice exhibited not only a reduction in food ingestion and defecation,
but also a thinned colon and swollen small intestine. The swollen
small intestine and thinned large bowel also indicate peristaltic
malfunction in the TDP43 A315T mice. In the colon, the accumulated
TDP43 A315T in the myenteric nerve plexus and myenteric neuron
degeneration could result in phenotypes similar to hypoganglionosis.
Theseresults, inadditiontono limbparalysispresentat theendstageof
disease progression, suggested that intestinal dysfunction contributed
more to their death than severe muscle weakness in the TDP43 A315T

mice. The authors believed that while the TDP43 A315T model can be
used to analyze GI tract degeneration, it did not display a phenotype
that was acceptable to study ALS therapeutics.

Herdewyn et al. (2014) found a significant reduction in the
ability of the transgenic TDP43 A315T mice to generate propulsive
contractions. There was degeneration of nitric oxide synthase
(NOS) (Fleck et al., 2021) neurons in the enteric nervous system,
but no difference in choligeneric neurons. Because NOS and
excitatory neurons both regulate intestinal peristalsis, lack of
both excitation and inhibition would result in a failure to
generate contractile force and the prevention of peristalsis. The
degenerated NOS neurons suggested the loss of inhibitory
control that led to abnormal intestinal propulsion, dysmotility
and pseudo-obstruction, and sudden death (Herdewyn et al.,
2014). There was downregulation of endogenous TDP-43 in the
spinal cord and brain of the TDP43 A315T mice prior to the
observation of neurodegeneration. The feeding of jellified food
prevented intestinal obstruction, allowing the motor phenotype
to develop, and significantly extending survival. These results
suggested that the degeneration of NOS neurons in the myenteric
plexus resulted in intestinal dysmotility in the TDP43 A315T mice.
In yet another study using the TDP43 A315T model (Esmaeili
et al., 2013), the authors found intestinal dilation with the
caecum and lower ileum mildly to moderately dilated and
contained dry, firm fecal material. One animal had a fibrous
band at the ileocecocolic junction. The stomachs of the animals
were all empty. The authors concluded that the animals were
dying due to a reduction in motility that originates in the
ileocaecal area of the GI tract. A limitation of this study is a
general limit of the TDP43 A315T animal model itself –lacking
lower motor neuron degeneration in the ventral horn of the
spinal cord. Toxicity from TDP43 overexpression may lead to a
reduction in GI motility, though it is still not fully understood
how TDP-43 overexpression leads to GI tract abnormalities in
the TDP43 A315T mice. These studies suggest that gastrointestinal
complications may have been the cause of death for TDP43 A315T

mice and not spinal motor neuron loss.
Studies in the animal models have shown the GI

petrophysical changes before the motor neuron degeneration
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 575
was observed. We summarized these findings in Table 2.
Although the transgenic animal models cannot sufficiently
represent the development of human ALS, especially the sALS,
studies in these models still provide valuable data and
mechanisms during the disease progression.
ALTERED GUT MICROBIOME IN ALS
MOUSE MODELS

There are known active host-microbiome interactions in the GI
tract. Our 2015 study has demonstrated the altered bacterial
abundance, reduced levels of butyrate-producing bacteria in the
ALS SOD1G93A animals (Wu et al., 2015). The intestinal
microbiome was altered as butyrate producing bacteria (e.g.,
Butyrivibrio Fibrisolvens) were reduced in ALS mice at the age
of 2 months before the onset of disease. The cellular and
physiological changes mirror the population and function
changes in the gut microbiome of the SOD1G93A mice. With an
interventional study attempting to alleviate symptoms through
treatment with sodium butyrate (Zhang et al., 2017). SOD1G93A
mice chronically treated with sodium butyrate fared better than
those not given the compound, showing improved intestinal
barrier function and delays in both weight loss and death of 50
and 38 days respectively. Further longitudinal studies (Zhang et al.,
2021) demonstrated the early stage microbial changes in the mice
at 1-month old. The altered bacterial community is related to
autoimmunity (e.g., Clostridium sp. ASF502, Lachnospiraceae
bacterium A4), inflammation (e.g., Enterohabdus Muris), and
metabolism (e.g., Desulfovibrio fairfieldensis) at 1- and 2-month-
old SOD1G93A mice, suggesting the early microbial contribution to
the ALS pathological changes (Zhang et al., 2021).

A 2019 study (Blacher et al., 2019) confirmed the significant
differences in the fecal microbiome composition of the SOD1G93A

mice, compared with wild-type littermate controls. In the SOD1-
Tg mice (generally known as SOD1G93A mice), antibiotic
treatment was associated with a significant exacerbation of
motor abnormalities in the mice throughout the progression of
the disease. Motor neuron cell death increased after chronic
exposure to antibiotics. In antibiotic treated SOD1G93A mice, the
addition of P. distastonis and R. torques exacerbated disease
progression. Treatment with L. gasseri and P. melaninogenica
displayed disease promoting effects in a some but not all
behavioral tests. None of the 11 bacterial strains that were tested
affected motor abilities in the wild type mice. There was a slow
reduction in the levels of A. muciniphila in SOD1G93A mice with
progression of the disease, while its levels remained constant
across time in the wild-type mice. A. muciniphila treatment
significantly and substantially prolonged the lifespan of
SOD1G93A mice, compared to vehicle-treated mice or SOD1G93A

mice treated with other commensal microbiome species. A.
muciniphila favorably modulated the course and severity of the
disease in mice, whereas P. distastonis, R. torques, and possibly L.
gasseri, P. melaninogenica adversely modulated the course and
severity of ALS in mice. Overall, these results confirm the
involvement of the gut microbiome in SOD1G93A mice.
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Another study detected differences in the gut microbiome
between SOD1G93A mice and controls at multiple time points
(Figueroa-Romero et al., 2019). Interestingly, they noted that the
ALS phenotype in the mice, including survival, varied depending
on the animal facility used to house the mice; the authors
suggested this curious observation was a result of differences in
gut microbiota (Figueroa-Romero et al., 2019).

Intestine acts as a barrier to harmful molecules. A range of
dietary toxins has been implicated in the cause of ALS, and
dysbiosis could facilitate their entry because dysbiosis leads to
increased intestinal permeability, as we observed in the previous
report (Wu et al., 2015).

The ALS C9orf72 mouse model harbors loss of function
mutations in the orthologous gene C9orf72 (Philips and
Rothstein, 2015). A 2020 study (Burberry et al., 2020) found that
themurine norovirus,Helicobacter spp.,Pasteurella pneumotropica
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 676
and Tritrichomonas muris were significantly more abundant in
C9orf72Harvard mice than in C9orf72Broad mice. The increase in
Helicobacter spp. levels suggested that gut microbiota changes may
be the underlying mechanism of increased rate of mortality and
inflammatory phenotypes in C9orf72Harvard mice. Treatment with
antibiotics significantly decreased both the abundance anddiversity
of bacterial species without affecting the levels ofmurine norovirus,
compared to vehicle treated controls. The bacterial species that
decreased included Helicobacter spp. Administering lifetime
antibiotics to the C9orf72Harvard -/- resulted in the complete
suppression of inflammatory or autoimmune phenotypes,
suggesting that when C9orf72 function is decreased, gut bacteria
signals and promote autoimmunity and inflammation. Acute
administration of broad-spectrum antibiotics reduced
inflammatory and autoimmune phenotypes and improved
rotarod performance in the mutant mice.
TABLE 2 | Involved organs of GI tract in ALS animal models.

Organs Symptoms Stage of
disease

Sample size References

Colon There was swelling, intraintestinal coagulated blood and necrotic tissue in
the lower GI tract, distal to the cecum, versus no pathology in age-matched
wild-type mice. The slowing down of gut motility was significantly different in
TDP43 mice compared to WT mice.

Presymptomatic
and
symptomatic

Over 650 transgenic C57BL/6J
Prp-TDP43A315T
male and female mice

https://pubmed.
ncbi.nlm.nih.gov/
24141148/

Colon Transgenic mice experienced gradually reduced food ingestion and
defecation compared to WT controls. They also found thinned colon and
swollen small intestine in the TDP-43 A315T mice.

Presymptomatic
and
symptomatic

12 transgenic mice with the
TDP43A315T mutation and 12
non-transgenic litter mates

https://pubmed.
ncbi.nlm.nih.gov/
22578468/

Intestine Intestinal dilation, mildly dilated cecum and lower ileum, contained dry firm
fecal material, jejunum and duodenum contained watery material, stomachs
were empty, compared to age-matched wild-type controls.

Prior to disease
development

15 male, 15 female,
TDP43A315T transgenic mice
15 non-transgenic control

https://pubmed.
ncbi.nlm.nih.gov/
23317354/

ENS/Colon/
Small Intestine/
Cecum

Degeneration of NOS neurons in the ENS and a high transgene expression
of human mutant TDP-43 in the nuclei of neurons of the myenteric plexus.
Mice had an extremely rigid abdomen (intestinal obstruction), a thinned
colon, enlarged cecum and distension of the small intestines. For the
degeneration of NOS neurons, the number of neurons was decreased and
the neurons that remained were enlarged. Nitric oxide synthase expressing
neurons were severely affected in terminal ileum and colon.

Presymptomatic
and
symptomatic

Numbers vary for each
comparison. TDP43A315T) mice
and NTG C57BL/6 J mice

https://pubmed.
ncbi.nlm.nih.gov/
24938805/

Colon/
Small Intestine

LPS, Inflammatory cytokines, leaky gut Presymptomatic
and
symptomatic

Wild-type and hSOD1 G93A mice,
from 3-15 mice per comparison

(Wu et al., 2015)

Colon/
Small Intestine

Butyrate treatment to reduce the GI symptoms Presymptomatic
and
symptomatic

Wild-type and hSOD1 G93A mice,
from 3-15 mice per comparison

(Zhang et al.,
2017)

ENS/Colon/
Small Intestine

Slower bowel movement, abnormal ENS Presymptomatic
and
symptomatic

Wild-type and mSOD1 G93A mice,
from 6-20 mice per comparison

(Zhang et al.,
2021)

Metabolites/
Inflammation/
inter-organ
communications

Changes in carbohydrate levels, amino acid metabolism, and formation of
gamma-glutamyl amino acids in the ALS mice. Shifts in several microbially-
contributed catabolites of aromatic amino acids agree with butyrate-
induced changes in composition of gut microbiome.
Butyrate treatment significantly suppressed the IBA1 level in the microglia of
SOD1G93A mice. The serum IL-17 and LPS were significantly reduced in the
butyrate treated SOD1G93A mice.

Presymptomatic
and
symptomatic

Wild-type and mSOD1 G93A mice
with or without butyrate
treatment, untargeted and target
metabolomic studies

https://biorxiv.
org/cgi/content/
short/2022.01.
15.476456v1

Liver The liver had the most prominent increase in the proportion of NKT cells
compared to WT mice. The liver decreased in size as the disease
progressed. T cell abundance was significantly lover in mSOD1 relative to
WT. There was also atrophy of hepatocytes and lipid aggregation in the
liver. Liver parenchyma also had significant atrophy.

Pre-
symptomatic
and
symptomatic

Wild-type and mSOD1 G93A mice,
anywhere from 3-14 mice per
comparison

https://pubmed.
ncbi.nlm.nih.gov/
21829620/

Liver Increase in inflammatory expression (TNF-alpha and IL-1B), increase in
oxidative stress-related protein (NQO1 and ferritin), fibrosis-related proteins
are upregulated (HDAC4, GADD45a and PDGFb)

Presymptomatic
and
symptomatic

non-transgenic, pre-
symptomatic (2-month-old)
transgenic mice, symptomatic (4-
month-old) transgenic mice

https://pubmed.
ncbi.nlm.nih.gov/
30130789/
March 2022 | Volume 1
2 | Article 839526

https://pubmed.ncbi.nlm.nih.gov/24141148/
https://pubmed.ncbi.nlm.nih.gov/24141148/
https://pubmed.ncbi.nlm.nih.gov/24141148/
https://pubmed.ncbi.nlm.nih.gov/22578468/
https://pubmed.ncbi.nlm.nih.gov/22578468/
https://pubmed.ncbi.nlm.nih.gov/22578468/
https://pubmed.ncbi.nlm.nih.gov/23317354/
https://pubmed.ncbi.nlm.nih.gov/23317354/
https://pubmed.ncbi.nlm.nih.gov/23317354/
https://pubmed.ncbi.nlm.nih.gov/24938805/
https://pubmed.ncbi.nlm.nih.gov/24938805/
https://pubmed.ncbi.nlm.nih.gov/24938805/
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbiorxiv.org%2Fcgi%2Fcontent%2Fshort%2F2022.01.15.476456v1&data=04%7C01%7Cjunsun7%40groute.uic.edu%7C3633667df51d45bd717e08d9daa37e24%7Ce202cd477a564baa99e3e3b71a7c77dd%7C0%7C0%7C637781218616665929%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=eX0ztR8UoU8W6ZneNJVMkPljEqlgLZpkfAz9TSJwcMQ%3D&amp;reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbiorxiv.org%2Fcgi%2Fcontent%2Fshort%2F2022.01.15.476456v1&data=04%7C01%7Cjunsun7%40groute.uic.edu%7C3633667df51d45bd717e08d9daa37e24%7Ce202cd477a564baa99e3e3b71a7c77dd%7C0%7C0%7C637781218616665929%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=eX0ztR8UoU8W6ZneNJVMkPljEqlgLZpkfAz9TSJwcMQ%3D&amp;reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbiorxiv.org%2Fcgi%2Fcontent%2Fshort%2F2022.01.15.476456v1&data=04%7C01%7Cjunsun7%40groute.uic.edu%7C3633667df51d45bd717e08d9daa37e24%7Ce202cd477a564baa99e3e3b71a7c77dd%7C0%7C0%7C637781218616665929%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=eX0ztR8UoU8W6ZneNJVMkPljEqlgLZpkfAz9TSJwcMQ%3D&amp;reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbiorxiv.org%2Fcgi%2Fcontent%2Fshort%2F2022.01.15.476456v1&data=04%7C01%7Cjunsun7%40groute.uic.edu%7C3633667df51d45bd717e08d9daa37e24%7Ce202cd477a564baa99e3e3b71a7c77dd%7C0%7C0%7C637781218616665929%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=eX0ztR8UoU8W6ZneNJVMkPljEqlgLZpkfAz9TSJwcMQ%3D&amp;reserved=0
https://pubmed.ncbi.nlm.nih.gov/21829620/
https://pubmed.ncbi.nlm.nih.gov/21829620/
https://pubmed.ncbi.nlm.nih.gov/21829620/
https://pubmed.ncbi.nlm.nih.gov/30130789/
https://pubmed.ncbi.nlm.nih.gov/30130789/
https://pubmed.ncbi.nlm.nih.gov/30130789/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Martin et al. Gastrointestinal Symptoms and Microbiome in ALS
We summarized the existing studies on gut microbiome in
ALS models in Table 3. Different ALS experimental models show
altered microbiome, and the pathophysiological changes could
by modulated by bacterial metabolites or antibiotic treatment.
These results suggested that gut microbiota and environment
modify immunity, neuroinflammation, and motor deficits in the
development of ALS.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 777
HUMAN STUDIES OF THE GUT
MICROBIOME IN ALS

When examining 6 ALS patients and 5 healthy people without
ALS, a 2016 study (Fang et al., 2016) found microbiomes of ALS
showed a significant difference in the global bacterial gene
content compared to healthy controls. Phylum Bacteroidetes,
TABLE 3 | Microbiome studies in ALS experimental models.

Study Key Bacterial changes Sample size Methods Reference

Leaky
intestine and
impaired
microbiome in
SOD1 G93A

Reduced butyrate-producing bacteria (Butyrivibrio Fibriosolvens), E. coli, and Fermicus in
ALS mice at the age of 2 months

SOD1 G93A mice
and age-
matched wild-
type mice

Western blot analysis,
immunofluorescence,
ELISA, real-time qPCR, fetal
microbiome sequencing

https://
pubmed.
ncbi.nlm.
nih.gov/
25847918/

Target
Intestinal
microbiota to
alleviate
disease
progression in
ALS

Butyrate treatment significantly increased Butyrivibrio species, also significantly increased
Bacteroide, Odoribacter, Eubacterium, significantly depleted Tannerella

SOD1 G93A and
age-matched
wild-type mice

Western blot analysis,
immunofluorescence, cell
transfection and live cell
imaging, real-time qPCR

https://
pubmed.
ncbi.nlm.
nih.gov/
28129947/

Effects of
Intraoperative
Vagal Nerve
Stimulation
(VNS) on the
microbiome in
SOD1 G93A

mice

In all mice, the most abundant bacteria were in the Bacteroidales group and the bacterial
families of Rikenellaceae and Lachnospiraceae. VNS did not change the microbiome in
the SOD1 G39A mice.

30 SOD1G93A

mice and 30
age-matched
WT controls

Vagal nerve surgical
stimulation, fecal collection,
DNA extraction, rRNA
sequencing

https://
pubmed.
ncbi.nlm.
nih.gov/
30424824/

Microbiome,
immune
system and
epigenome
with disease
progression in
SOD1 G93A

mice.

In the ileum, Firmicutes were more abundant than Bacteroidetes in SOD1G93A mice
versus WT mice. At 90 days, Firmicutes were less abundant than Bacteroidetes in SOD1
G93A mice versus WT mice. In feces, Firmicutes were more abundant in SOD1G93A mice
aged 37 and 60 days compared to WT mice. Bacteroidetes were more abundant in
colon from the SOD1G93A 60-day-old mice.

8 30-day-old
SOD1G93A mice
and WT control
littermates for
each
comparison

Motor function assessed
using rotarod, collected
fecal and intestinal content
samples, isolated bacterial
DNA for sequencing, blood,
brain, spleen, and spinal
cord leukocytes collected,
bone marrow collected, flow
cytometry

(Figueroa-
Romero
et al.,
2019)
https://
pubmed.
ncbi.nlm.
nih.gov/
31597644/

C9orf72
suppresses
systemic and
neural
inflammation
induced by
bacteria

Helicobacter, Pasteurella pneumotropica, Tritrichomonas muris were significantly more
common in C9orf72(Harvard) mice than in C9orf72(Broad) mice. Helicobacter were found
in both pro-inflammatory environments but were not found in pro-survival environments.

Range between
experiments
from 10 to 114;
C9orf72+/+,
C9orf72+/-,
C9orf72-/- mice

Motor behavior assessed
using rotarod, fecal pellets
and intestinal contents
collected,
immunofluorescence, flow
cytometry, PCR

https://
pubmed.
ncbi.nlm.
nih.gov/
32483373/

Longitudinal
studies of
ENS,
SOD1G93A

aggregation,
and
microbiome
modulation by
butyrate or
antibiotics

Butyrate or antibiotic treatment resulted in a significantly longer latency to fall in the
rotarod test, reduced SOD1G93A aggregation, and enhanced enteric neuromuscular
function. Feces from 2-month-old SOD1G93A mice significantly enhanced SOD1G93A

aggregation in human colonoids transfected with a SOD1G93A-GFP plasmid. Longitudinal
studies of microbiome data showed the altered bacterial community related to
autoimmunity (e.g., Clostridium sp. ASF502, Lachnospiraceae bacterium A4),
inflammation (e.g., Enterohabdus Muris), and metabolism (e.g., Desulfovibrio fairfieldensis)
at 1- and 2-month-old SOD1G93A mice, suggesting the early microbial contribution to the
pathological changes.

Presymptomatic
and
symptomatic

Wild-type and mSOD1 G93A

mice with butyrate or
antibiotic treatment, from 6-
20 mice per comparison
Human colonoids
transfected with a
SOD1G93A-GFP plasmid

(Zhang
et al.,
2021)

Gut
microbiome
and
metabolites in
modulating
ALS in mice

Addition of E.coli nadA-/- decreased hanging-wire grip test performance and worsened
neurological score in SOD1 mice compared to WT mice. Adding P. distasonis and R.
torques exacerbated progression of the disease.
A. muciniphila improves motor neuron degeneration and increases lifespan in SOD1
mice. Mice given A. muciniphila accumulate nicotinamide in the central nervous system.
Nicotinamide alone had a limited protective role to slow the disease progression.
Facility-dependent changes of microbiome were found, suggesting that genetic
susceptibility to ALS and a locally prevalent microbial signature drive early dysbiosis.

For mice, varies
with experiment.
Pooled results =
~10-30 mice

For mice, depleting the
microbiome and quantifying
motor abilities, DNA
sequencing, mono-
inoculating 11 strains of
bacteria into mice,
untargeted metabolomic
profiling.

https://
pubmed.
ncbi.nlm.
nih.gov/
31330533/
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class Bacteroidia), order Bacteriodales, and genus Dorea were
significantly higher in ALS patients than in the healthy controls.
Lachnospiraceae (at family level), Firmicutes (at phylum level)
and Clostridia (at class level), Oscillibacter (at genus level), Family
XII (at family level), Anaerostipes (at genus level), Lachnospiraceae
(at genus level), and Clostridiales (at order level) were significantly
higher in the healthy controls than in the ALS patients. In the
healthy controls, the 3 dominant phyla in 80% of the fecal
microbiomes was Bacteroidetes, Firmicutes, and Actinobacteria.
There was a significant decrease of Oscillibacter, Anaerostipes, and
Lachnospiraceae in ALS patients.

The gastrointestinal complaints of the ALS patients predated
neurological symptoms. In 2017 (Rowin et al., 2017), we studied
the medical tests of 5 patients with ALS. The GI symptoms
included gastroesophageal reflux, disease, chronic constipation,
intermittent diarrhea, and abdominal pain and bloating. All ALS
patients showed dysbiosis indicated by a decreased diversity of
the microbiome compared to the healthy individuals. Patients 1,
3, and 5 had reduced benefit bacteria at the phylum level. Three
patients (#1, 3 and 5) had a low Firmicutes/Bacteroidetes (F/B)
ratio. Low Ruminococcus spp. occurred in all three ALS patients
with a low F/B ratio, while Clostridium spp. and Roseburia spp.
were low in patient 1. Patient 5 had high Bacteroides- Prevotella,
Odoribacter spp., Barnesiella spp. and Bacteroides vulgatus.
Patient 3 had high Bacteroides vulgatus, which could be the
cause of a low F/B ratio. Patient 2 did not have a low F/B ratio,
but the patient was taking probiotic supplements at the time of
stool sample collection. All the ALS patients had a change to
their gut microbiome that was characterized by a low diversity of
the microbiome compared to the healthy individuals who had
intact abundance within their gut microbiome. Our results
suggested a potential role of intestinal inflammation and
microbiome in the development and/or progression of
human ALS.

In an observational study of 37 human ALS patients versus 29
healthy BMI- and aged- matched family members as controls
(Blacher et al., 2019), the microbiome composition of ALS
patients was significantly different from those of the healthy
controls. There was only a small significant difference in the
abundance of certain bacterial species in ALS patients. The
microbiomes of the ALS patients showed a significant
difference in the global bacterial gene content (Blacher et al.,
2019). Additionally, there was a significant reduction in the
abundance of several genes that map to the Akkermansia
muciniphila genome.

A 2017 study (Brenner et al., 2018) analyzed the microbiome
of 25 human patients with ALS and 32 healthy age- and gender-
matched controls. They primarily found different proportions of
uncultured Ruminococcaceae, However, aside from this finding
and a difference in the overall number of microbial species, there
was no significant differences in the quantity, diversity, and
relative abundance of the fecal microbiota of the ALS patients.
The range of different types of species of the intestinal microbiota
did not differ between the ALS patients and the healthy controls.
The F/B did not differ significantly between the ALS patients and
healthy controls. The authors raised the possibility that while the
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gut microbiota of ALS patients experienced a change in
metabolite production, ALS may not be associated with a
significantly altered gut microbiota composition. This
conclusion may be because the authors used a strict selection
of ALS patient that had a high revised ALS functional rating scale
without bulbar or respiratory symptoms, in order to avoid
confounding factors. They analyzed a larger group of patients
that were clinically well characterized. However, when ALS
patients are at late stages of the disease, they may suffer from a
variety of conditions that can affect the composition of the gut
microbiota, influencing results. Revisiting this study, we actually
know that F/B at the phylum level is a not realizable readout to
indicate the functional changes of microbiome and the changes
of microbiome should be investigated in-depth. The different
proportion of Ruminococcaceae was an indicator of altered
microbiome in these ALS patients. The authors only selected
patients that were at a high functional level and did not have any
overt bulbar or respiratory symptoms, therefore producing small
and possibly inconsequential significant results. To generate
more meaningful correlation, studies that involve all stages of
the disease would need to be conducted. A secondary limitation
is that altered metabolite production may be present in ALS
patients, further disrupting the gut microbiota.

A 2018 study (Mazzini et al., 2018) analyzed the microbiota in
50 ALS patients and 50 healthy controls that were matched for
sex, age, and origin. They found that there was a clear division
between the bacterial profiles of ALS patients and the healthy
controls. There was a lower DNA concentration in ALS patients
compared to the controls. There was a low abundance of
Clostridium and yeast, and there was a higher abundance of
E. coli and Enterobacteria. The results of this study confirmed the
ongoing hypothesis that the gut microbiota is altered in ALS
patients and could potentially play a role in the pathogenesis
of ALS.

In a 2020 study (Zeng et al., 2020) that examined the gut
microbiota associated with ALS in 20 human patients and 20
age-matched healthy controls, there was a significant increase in
the relative abundance of Bacteroidetes at the phylum level,
Kineothrix, Parabacteroides , Odoribacter, Sporobacter ,
Eisenbergiella, Mannheimia, Anaerotruncus, and unclassified
Porphyromonadaceae at the genus level and a significant
reduction in Firmicutes at the phylum level and Megamonas at
the genus level. Additionally, Bacteria at the domain level,
Bacteroidetes at the phylum level, Bacteroidia at the class level,
Bacteroidales at the order level, and Porphyromonadaceae at the
family level were higher in ALS patients compared to controls.
Microbes at the species level were significantly higher in ALS
patients, including Sulfuricurvum kujiense, Cyanothece sp. and
Haladaptatus paucihalophilus, while Enterococcus columbae was
significantly decreased. These results indicated that the
community diversity and species composition of the fecal
microbiota is changed in patients with ALS. Limitations of this
study include the fact that the authors could not determine
whether the correlation between the intestinal dysbacteriosis and
ALS occurred before or after the onset of ALS, so it still cannot be
determined whether a causal relationship exists.
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Another 2020 study (Di Gioia et al., 2020) examined 50
human patients with probable or defined sporadic and 50 age-
matched case controls. The longitudinal study addressed the
microbiota in patients with ALS and the impact of a probiotic
supplementation on the gut microbiota and ALS progression.
There was a significantly lower amount of Clostridium cluster I
and yeasts and a higher concentration of E. coli in the ALS
patients. A lower DNA concentration was present in the ALS
patients, while the number of total bacteria was not significantly
different between the ALS patients and the control group.
Enterobacteriaceae were higher in ALS patients. The more
representative phyla were Bacteroidetes and Firmicutes in both
groups, which showed an abundance of 40-45%. Cyanobacteria
phylum members were significantly higher in ALS patients
versus control patients. At the genus level, Lactobacillus,
Citrobacter, Coprococcus, and Ruminococcaceae were more
abundant in the ALS patient group. Veillonellaceae and
Lachnospiraceae families, Parasutterella, Ruminococcus and
Subdogranulum were reduced in ALS group, compared to the
controls. Overall, these results suggested the existence of
differences in the bacterial composition between healthy
controls and patients with ALS. This study demonstrated the
imbalance of intestinal bacteria that may play important roles in
modulating the central nervous system (CNS). Limitations of
this study include the restricted group size - 20 ALS patients were
not able to complete the study and 1 died. Additionally, intra-
individual variability was not incorporated into the study.

In a 2021 study (Niccolai et al., 2021), they looked at the gut
microbiota and its SCFA composition and the intestinal and
systemic inflammatory response in ALS patients compared to
their healthy controls. In 19 ALS patients and 9 healthy family
caregivers that were matched for sex and were close in age, there
were significant differences in cytokine levels. When looking at the
cytokine levels in the serum, they found that IL-8, IL-15, MCP-1
and VEGF-A levels were significantly lower in ALS patients
compared to controls. When looking at the cytokine levels in
the fecal samples, they found that IL-2 was higher in ALS patients
compared to controls, although the difference was not significant.
Additionally, IL-21 was lower in ALS patients that had a faster
progressing form of the disease, compared to patients that has
medium or slow progressions. Patients with a slower progression
of ALS had lower microbial diversity than other variations of
progression. Similar results were displayed for ALS patients with
the classical form of the disease compared to patients with various
clinical phenotypes. Control samples displayed a higher
Firmicutes/Bacteroides ratio than the ALS patients with the
Firmicutes and Bacteroides being the most represented phyla in
all samples. ALS patients that had a medium progression form of
the disease displayed a higher Firmicutes/Bacteroides ratio than
both ALS patients with other forms of progression and healthy
controls. However, these differences did not appear to be
statistically significant. At the genus level, the healthy controls
displayed an enrichment of Erysipelotrichaceae_UCG-003,
Fusicatenibacter, and Subdoligranulum compared to the ALS
patients. There appeared to be an increase of Streptococcus in
the samples from ALS patients with a slow progression of the
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disease. From this study, the difference in serum profile between
the ALS patients and healthy controls suggests that there may be
an intestinal inflammatory aspect to ALS. Since IL-21 was
expression more in patients with a slow form of ALS compared
to a fast progression, it could potentially be developed into a
prognostic biomarker. The study confirmed that there is
dysregulation occurring in both a systemic and intestinal
manner in ALS patients. Limitations of this study include small
sample sizes and the presence of various confounding factors that
can include diet and secondary disease effects.

A 2021 study (Niccolai et al., 2021) found the differences in 15
bacterial species between the ALS patients and healthy controls.
This included butyrate-prodiucing bacteria Roseburia intestinalis
and Eubacterium rectale. The total relative abundance of several
butyrate producers was significantly lower in ALS patients
compared to healthy controls. Bilophila (unclassified),
Clostridiaceae bacterium JC1118, Coprobacter fastidiosus,
Eubacterium eligens, and Ruminococcus sp 5 1 39 BFAA was
lower in ALS patients compared to controls, while the relative
abundance of Escherichia (unclassified) and Streptocossus
salivarius was higher in ALS patients. To avoid the potential
changes that occur in late term ALS, they compared the samples
from PALS that were collected within one year after diagnosis,
the relative abundance of both Roseburia intestinalis and
Eubacterium rectale were significantly lower in the ALS
patients compared to healthy controls. The levels of total
butyrate-producing bacteria were lower in the PALS patients
compared to healthy controls, but the difference was not
statistically significant. In patients that were not using Riluzole
at the time of sample collection, they found that the results were
similar – Roseburia intestinalis, Eubacterium rectale, and total
abundance of butyrate-producing bacteria were lower in these
ALS patients compared to healthy controls. The results were the
same when excluding ALS patients that were using a gastrostomy
tube. Overall, they found reduced levels of anti-inflammatory
SCFA-producing bacteria in patients with ALS. A limitation of
this study could be that patients unintentionally changed their
diet after developing ALS, therefore altering the gut microbiota
composition. Dietary differences were unfortunately not able to
be accounted for. This study further indicates that gut
microbiome could act as an integral component in the
pathophysiology of ALS.

A 2022 study (Zhang et al., 2022) investigated the connection
between the gut microbiota and ALS in a GWAS of ALS that
involved 20,806 patients and 59,804 control individuals. They found
that OTU10032 unclassified Enterobacteriaceae (2 independent
SNPs) and unclassified Acidaminococcaceae (4 uncorrelated SNPs)
were associated with a higher risk of ALS. Gamma-glutamyl amino
acids demonstrated possible negative effects of the risk of
developing ALS. Gamma-glutamylphenylalanine specifically
displayed an increased risk of developing ALS that was
significant. 1-arachidonoyl-GPI and 3-methyl-2-oxobutyrate, two
metabolites, were connected with an increased risk of developing
ALS. An increase in the levels of 4-acetamidobutanoate may lower
the risk of developing ALS. Additionally, an increase in the relative
abundance of OTU4607_Sutterella was associated with genetically
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predicted ALS. An increase in the relative abundance of
Lactobacillalesorder was associated with genetically predicted ALS.
This study showed that a bidirectional relationship between the gut
microbiota and ALS. Limitations of this study include weak
instrument bias and population stratification, though this bias
was somewhat reduced by restricting the dataset to individuals of
European ancestry.

A 2022 study (Hertzberg et al., 2022) analyzed the gut
microbiota of ALS patients while using the patients’ spouses as
the healthy controls. The authors found that the ALS patients did
not have any butanoate metabolic pathway enzymes. They also
displayed lower amounts of enzymes that are utilized in various
metabolic pathways. These include pathways involving response
regulators and carbon metabolism pathways. When comparing
the 25 stool and inflammatory markers, including IL-2, IL-4,
tumor necrosis factor, and interferon, there were no statistically
significant differences between the ALS patients and the healthy
controls. Additionally, ALS patients did not have amplicon
sequence variants of the genus Prevotella, specifically P.
timonensis, compared to the healthy controls. This specific
result was consistent with other studies that suggest that gut
microbiome dysbiosis is associated with neurodegenerative
diseases. The authors suggested that the difference in P.
timonensis in ALS patients versus the controls may have
contributed to the lack of differences in pro-inflammatory
cytokine levels. In contrast to previous studies, they did not
find a lack of butyrate-producing microbes. However, they found
a decrease in the enzymes associated with butyrate metabolism,
which is consistent with previous studies, suggesting an
association between gut butyrate availability and progression of
ALS. Further studies looking at this association would be needed.
Limitations of this study include the small sample size and the
lack of diet information. To overcome the small sample size,
larger scaled studies would need to be conducted.

In a 2019 study (Zhai et al., 2019) looking at 8 patients with
ALS and 8 healthy controls, they found that the richness and
evenness of bacterial and archaeal communities of healthy
individuals were healthier than those of the ALS patients. They
also found that the average relative abundance of Firmicutes in
ALS patients was 4.7% higher than the abundance in healthy
controls. On the class level, the relative abundance of
Negativicutes and Bacili were decreased compared to healthy
controls. The relative abundance of phylum Euryarchaeota, class
Methanobacteria, and genus Methanobrevibacter were all
significantly increased in ALS patients compared to the healthy
controls. While there were no significant differences in
metabolites between ALS patients and healthy controls, there
was an increase in SCFA, NO2-N/NO3N, and g-aminobutyric
acid in ALS patients compared to healthy controls. The results of
this study suggested that the biodiversity and composition of
intestinal microflora in ALS patients is of lower quality than that
of controls. The increase in the Firmicutes/Bacteroidetes ratio
and Methanobrevibacter indicates that there is a gut flora
composition imbalance in patients with ALS. One limitation of
this study was that metagenomic sequencing was not performed
in order to analyze microbial function variation. Another
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1080
limitation would be the need for microbial community
acclimation in order to better understand the composition of
the microbiota in ALS patients.

In a 2020 study (Ngo et al., 2020) that looked at the
relationship of the fecal microbiota and prognosis of ALS, they
found that ALS patients with a higher richness and evenness of
their fecal microbiome had a decreased survival from their onset
of symptoms than the patients who had less richness and
evenness. There was no significant difference in Proteobacteria
between ALS patients and controls. There were also no significant
differences in the proportional abundance in the two most
abundant phyla, Firmicutes and Bacteriodetes, between ALS
patients and controls. Overall, they found the fecal microbiota
in a group of ALS patients is not significantly different than those
of healthy controls. They believe that clinical and metabolic
features of ALS are not connected with the fecal microbiome
composition. However, the diversity and richness of the fecal
microbiome may be associated with an increased risk of an earlier
death. The results suggest that the fecal microbiota of ALS patients
does not differ from those of healthy individuals. One limitation of
this study is that they included both patients who were newly
diagnosed and patients who had already progressed and were
attending clinics. Other limitations would be a small sample size
and the amplifying of variability due to the patients’ dietary habits.

A potential proxy for the effect of the gut microbiome on
disease is the effect of oral antibiotics which significantly modify
the balance of gut microbial species. A 2019 study demonstrated
that any use of antibiotics, especially repeated use, was associated
with increased risk of ALS in the native Swedish population
(2006-2013 period) (Sun et al., 2019). Similarly, SOD1G93A mice
repeatedly exposed to antibiotics develop a more severe motor
phenotype and increased motor neuron loss (Blacher
et al., 2019),

We summarized the studies on gut microbiome in ALS
patients in Table 4. These results suggested novel roles of
intestinal microbiome in the development of ALS and the
potential benefits of decreasing the number of pathogens and
increasing probiotics. The challenge of early studies of
microbiome in ALS lies in the following aspects: 1) limited
sample size; 2) preliminary data analysis; and 3) reluctance
from neurologists to pay attention the intestinal changes in the
early stage of ALS. In the earlier time of microbiome research, a
F/B ratio was used. Although it indicated the evidence of
dysbiosis in patients with ALS. The F/B ratio only reflect the
relative abundance of bacteria at the phylum level and may miss
the changes at the species, thus, it is not a reliable readout for the
in-depth analysis and advanced studies of microbiome data.
INTESTINAL INFLAMMATION IN ALS

There is abundant evidence many substances involved in the
promotion of inflammatory processes are present in the CNS of
patients. Previous reviews have discussed the role of
inflammation in ALS and the possibility of treating ALS by
immune modulation (McCombe and Henderson, 2011; Kwon
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TABLE 4 | Microbiome studies in patients with ALS.

Study Key Bacterial changes Sample size Methods Reference

Microbial diversity
in ALS

Bacteroidetes, bacteroidia, bacteroidales, and dorea were
significantly higher in ALS patients. A significant decrease of
Oscillibacter, Anaerostipes, and Lachnospiraceae in ALS patients
compared to controls.

Six ALS patients and
five healthy people
without ALS

Extracted genomic DNA and high-
throughput sequencing.

https://
pubmed.
ncbi.nlm.
nih.gov/
27703453/

The alteration of
gut microbiome
and metabolism in
ALS patients

Increases in Bacteriodetes, Kineothrix, Parabacteroides,
Odoribacter, Sporobacter, Eisenbergiella, Mannheimia,
Anaerotruncus, unclassified Porphyromonadaceae in ALS
patients. Significant reduction in Firmicutes and Megamonas in
ALS patients compared to control patients.

20 patients with
probable or definite
ALS and 20 healthy
controls

16s rRNA sequencing;
Shotgun sequencing (consisting of 10 ALS
patients and 10 controls;
Metabolomics analysis.

https://
pubmed.
ncbi.nlm.
nih.gov/
32747678/

The fecal
microbiome of
ALS patients

Different proportions of Ruminococcaceae 25 ALS patients (2
familial, 23 sporadic)
and 32 controls

Fecal samples collected, extraction of
nucleic acids, qRT-PCR, 16S rRNA
sequencing analysis

https://
pubmed.
ncbi.nlm.
nih.gov/
29065369/

Gut inflammation
and dysbiosis

A low Firmicutes/Bacteroidetes ratio and low Ruminococcus spp.
in ALS patients 1,3, and 5, low Clostridium spp. and Roseburia
spp. in patient 1, high Bacteroides-Prevotella, Odoribacter spp.
Barnesiella spp., and Bacteroides vulgatus in patient 5, and high
Bacteroides vulgatus in patient 3

5 ALS patients and
96 healthy individuals

Collected stool samples, commensal
bacteria PCR, bacterial and mycological
cultures, mass spectrometry, enzyme
immunoassay

https://
pubmed.
ncbi.nlm.
nih.gov/
28947596/

A prospective
longitudinal study
on the microbiota
composition in
ALS

longitudinal study addressing the microbiota composition in ALS
patients and the role of a probiotic supplementation on the gut
microbiota and disease progression.
Lower Clostridium and higher E. coli and Enterobacteriaceae
were detected in ALS patients. Members of the Cyanobacteria
phylum were significantly higher in ALS patients. The control
group showed a higher relative abundance of Veillonellaceae,
Promicromonosporaceae, and Peptostreptococcaceae.

50 ALS patients and
50 matched controls

DNA extraction from fecal samples,
quantitative PCR, PCR-DGGE

(Di Gioia
et al.,
2020)
https://
pubmed.
ncbi.nlm.
nih.gov/
32546239/

Assessment of
bidirectional
relationships
between 98
genera of the
human gut
microbiota and
ALS

OTU10032 unclassified Enterobacteriaceae was associated with
a higher risk of ALS.
Unclassified Acidaminococcaceae was associated with a higher
risk of ALS.
Gamma-glutamylphenylalanine showed a significantly increased
risk of ALS.
Two metabolites, 1-arachidonoyl-GPI and 3-methyl-2-
oxobutyrate, were associated with a higher risk of ALS. A
genetically predicted increase in the levels of 4-
acetamidobutanoate may lower the risk of ALS. Genetically
predicted ALS was associated with an increase in the relative
abundance of OTU4607_Sutterella and Lactobacillales_order.

98 genera of gut
microbiota, GWAS of
ALS involving 20,806
patients and 59,804
controls of European
ancestry

Genome wide association study,
Mendelian randomization analysis,
identification of independently significant
SNPs

https://
pubmed.
ncbi.nlm.
nih.gov/
34979977/

The human gut
microbiota in
people with ALS

There was a significantly lower abundance of both Roseburia
intestinalis and Eubacterium rectale in patients in their first year of
diagnosis compared to healthy controls.
These results were similar to patients who were not taking
Riluzole at the time of sample collection, and patients not using a
gastrostomy tube.
The relative abundance of the family Lachnospiraceae was lower
in ALS patients compared to healthy controls, but the results
were not statistically significant.
The total relative abundance of the eight dominant butyrate
producers was significantly lower in ALS patients compared to
controls.
A higher abundance of butyrate-producing bacteria was
associated with a significantly lower risk of ALS.

66 patients with ALS,
61 healthy controls,
12
neurodegenerative
controls

Clinical information was collected, stool
sample self-collected, DNA and RNA
extraction, metagenomic shotgun
sequencing and profiling, ribosomal
sequencing and profiling

https://
pubmed.
ncbi.nlm.
nih.gov/
33135936/

The Gut
Microbiota-
Immunity Axis in
ALS: A role in
deciphering
disease
heterogeneity

ALS patients displayed lower amounts of cytokines IL-15, IL-8,
MCP-1 and VEGF-A compared to healthy controls
ALS patients with a classical phenotype showed a lower
microbial diversity compared to others

19 ALS patients and
9 healthy family
caregivers matched
for sex and closely
aligned age

Fecal samples collected, tested 30
cytokines using Luminex MAGPIX
detection system, qualitative and
quantitative evaluation of SCFAs, genomic
DNA extraction and sequencing

https://
pubmed.
ncbi.nlm.
nih.gov/
34209688/

Progression and
Survival of patients

There were no significant differences in the distribution of
bacteria, Proteobacteria, and F/B between ALS patients and

64 patients with ALS
and 74 controls

Measurements of whole-body composition
and resting energy expenditure, fecal

https://
pubmed.
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and Koh, 2020). Dysregulation of the peripheral immune system
and reduced levels of regulatory T cells are associated with
disease progression. Monocytes are activated in ALS and
dendritic cells play a role in pathogenesis. In the brain and
spinal cord of patients with ALS, microglia respond to injury in a
beneficial way, but chronic microglial activation is thought to
contribute to the pathogenesis of the neurodegenerative disease.
There is activation of microglia (‘neuroinflammation’) in ALS.
Microglia can have opposite roles at different times. However,
the local inflammation in other organs, e.g GI, was less explored
in the ALS research.

Intestinal Paneth cells in the small intestine produce most of
the antimicrobial peptides (AMPs) and play an important role in
regulating the innate immunity and inflammation (Deretic et al.,
2008; Lu et al., 2021). The Paneth cell is a unique that can sense
commensals and secrete AMPs, thereby playing critical roles in
the maintenance of homeostasis at the intestinal-microbial
interface. There was a decreased number of normal Paneth
cells in the small intestine of SOD1G93A mice, whereas
abnormal Paneth cells were significantly increased in
SOD1G93A mice. There was a decreased amount of the AMP
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1282
defensin 5 alpha in the intestine of the 3-month-old SOD1G93A

mice with disease symptoms. There was a significant reduction in
lysozyme 1 in the G93A intestine, but lysozyme 2 was not altered.
There were no pathological changes in the small intestine of
G93A mice. There were increased serum IL-17 levels in the
young G93A mice at 2 months of age. IL 17 was increased in the
intestine of G93A mice, suggesting a preinflammatory state in
ALS mice before disease onset. There were higher FITC readings
that indicated higher permeability of the intestine. Our study has
demonstrated Paneth cell dysfunction and inflammation in the
intestine of G93A mice. The intestinal inflammation may occur
earlier than the systemic inflammation.

A recent study (Figueroa-Romero et al., 2019) in the
SOD1G93A model showed that dysbiosis was observed in the 37
day-old mice. Moderate differences in the peripheral system
beginning at 90 days, with elevated CD8T cells in the spleen,
and then at 120 days with CD4T cell counts in peripheral blood.
The CNS inflammation occurs during late-stage disease in the
SOD1G93A mice. This study provides a roadmap to the
chronological changes that occur in the intestinal microbiome
and immune system relative to disease onset and progression in
TABLE 4 | Continued

Study Key Bacterial changes Sample size Methods Reference

with motor neuron
disease relative to
their fecal
microbiota

controls.
ALS patients with greater richness and evenness of their fecal
microbiome had worse survival from the onset of their symptoms
than ALS patients who had a decreased richness and evenness.

(spouses, friends, or
family members of
ALS patients)

sample collection, DNA extraction, and
16s rRNA amplicon sequencing

ncbi.nlm.
nih.gov/
32643435/

Bacterial and
archaeal
communities,
butyrate
concentration
analyses in ALS
patients

The richness and evenness of bacterial and archaeal communities
of healthy controls was “healthier” than those found in ALS
patients.
The average relative abundance of phylum Firmicutes in ALS
patients was 4.7% higher than the relative abundance in controls.
The relative abundance of Negativicutes and Bacili on the class
levels were decreased in ALS patients compared to controls.
The relative abundance of phylum Euryarchaeota, class
Methanobacteria and genus Methanobrevibacter was significantly
increased in ALS patients. There was no significant difference in
fecal butyrate concentration between patients with ALS and
healthy controls.

8 patients with ALS
and 8 healthy
individuals

Fecal samples collected, PCR
amplification, enzyme linked
immunosorbent assay (ELISA), fecal
metabolites, endotoxin, short-chain fatty
acids, NO2-N/NO3-N, and g-aminobutyric
acid, were evaluated by
spectrophotometry

https://
pubmed.
ncbi.nlm.
nih.gov/
31306225/

Potential roles of
gut microbiome
and metabolite
nicotinamide
in modulating ALS

Confirm the dysbiosis and aberrant metabolism of nicotinamide in
the ALS patients. Significant alterations in key molecules of the
tryptophan–nicotinamide metabolic pathway in sera of patients
with ALS—among them indoleacetate, kynurenine, serotonin and
circulating nicotinamide.

37 human ALS
patients and 29 age-
matched controls

For human patients, collected their stool
samples and sequenced their gut
microbiome metagenomes, targeted
serum metabolomics

https://
pubmed.
ncbi.nlm.
nih.gov/
31330533/

Gut microbiome
differences
between ALS
patients and
spouse controls

ALS patients lacked ASVs of the Prevotella genus compared to
their spouses, particularly P. timonensis.
There was no difference in stool and plasma inflammatory
biomarkers between ALS patients and their spouses.
ALS patients had a difference in beta diversity from their spouses.
Butanoate metabolic pathway enzymes were missing in patients
with ALS.

10 individuals with
ALS and their
spouses and 10
healthy couples

Rectal and blood sample collection, DNA
extractions and 16s rRNA gene
sequencing, measurement of inflammatory
markers, enzyme linked immunosorbent
assay (ELISA) bioinformatics

https://
pubmed.
ncbi.nlm.
nih.gov/
33818222/

Potential Role of
Gut Microbiota in
ALS Pathogenesis
and Possible
Novel Therapeutic
Strategies

There was a lower DNA concentration in ALS patients compared
to the healthy controls.
There was a low abundance of Clostridium and yeast and a high
abundance of E. coli and Enterobacteria in ALS patients
compared to controls.
There was a clear cluster division between the bacterial profiles of
ALS patients compared to the healthy controls.
There was no association between yeast profiles and the
presence or absence of ALS.

50 ALS patients and
50 healthy controls,
matched for sex,
age, and origin

Fecal sample collection, total genomic
DNA extraction, PCR-denaturing gradient
gel electrophoresis analysis, quantitative
pCR, double-blind treatment of ALS
patients

https://
pubmed.
ncbi.nlm.
nih.gov/
29782468/
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the SOD1G93A mouse model. It further supports the critical role
of microbiome in the early stage of ALS pathogenesis (Zhang
et al., 2021). Limitations of this study include that there may have
been some variation introduced by a separate cohort of 120-day-
old SOD1 G93A mice. Additionally, the number of males versus
females was not always equal during the course of the study.

A previous study (Zhang et al., 2009) reported that the level of
plasma LPS showed a significant increase, correlating with blood
monocyte/macrophage activation in sALS groups, especially
those with advanced sALS disease (Zhang et al., 2009). A
report (Tortelli et al., 2020) studied a panel of five cytokines
(IL-2, IL-6, IL-10, IFN-gamma, and TNF-alpha) in plasma in
ALS (79 patients with ALS and 79 age- and sex-matched healthy
controls). All the five cytokines were significantly increased in
plasma samples of patients compared with controls, with IL-6
having the highest median concentration (10.11 pg/ml) in the
ALS group. Furthermore, IL-6 was the plasma cytokine with the
highest discrimination ability between patients and controls
according to the receiver operating characteristic analysis. The
elevated inflammatory cytokines in ALS support a possible role
of inflammation in disease progression. Recent animal
experimental studies (Butovsky et al., 2012) have tried to
modulate of inflammatory monocytes with microRNAs in
ALS mice.

In the animal model of C9orf72 study (Burberry et al., 2020),
transplantation of pro-survival intestinal microbiome in the
C9orf72Harvard resulted in a significant decrease of inflammatory
and autoimmune phenotypes, compared with transplantation of
pro-inflammatory microbiome. These results suggested that
signals from gut microbiota can help maintain the suppression
of certain inflammatory and autoimmune phenotypes.Helicobacter
spp. was found in both pro-inflammatory environments, but
not in pro-survival environments. The abundance of 62
of 301 bacterial species were significantly changed when
comparing the two pro-survival environments to the two-pro-
inflammatory environments.

Gut microbes can influence the innate and adaptive immune
systems, including immune cells in the gut and the
systemic immunity.

Neuroinflammation contributes to the pathogenesis of ALS
through various mechanisms including enhanced reactive
oxygen species (ROS), activation of innate immune systems,
increased proinflammatory cytokines, and infiltration of
immune cells. Dysbiosis leads to an inflammatory state and
altered gut microbiota could influence the immune system in
ALS. Moreover, the nutrition has a direct impact on gut
microbiome, which shapes local intestinal immune responses
and in turn affects even autoimmune responses. Conjugated
linoleic acid (CLA), a naturally occurring fatty acid in meat
and dairy products of ruminants. A recent study (Fleck et al.,
2021) identified CLA as a potent modulator of the gut–CNS axis
by targeting myeloid cells in the intestine, which in turn
controlled encephalitogenic T-cell responses in mouse model
of multiple sclerosis and a pilot human study. However,
microbiome, nutrients, immune cells, and cytokines in early
disease pathology of human ALS are still unclear. The precise
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1383
role of inflammation in various organs, include GI, in ALS needs
to be further investigated on larger samples and with more
mechanistic studies.
TARGETING MICROBIOME AND
METABOLITES IN ALS TREATMENT

Significant alterations in the levels of various metabolites were
identified in the sera of ALS patients. Bacterial product butyrate
is beneficial and slows down the progression of ALS, based on
our studies in the SOD1G93A mice (Zhang et al., 2017; Zhang
et al., 2021). There is a trial (Paganoni et al., 2020; Turnbull,
2020) using sodium phenylbutyrate-taurursodiol in ALS
patients. It reported Sodium phenylbutyrate-taurursodiol
resulted in slower functional decline than placebo as measured
by the ALSFRS-R score over a period of 24 weeks.

There were alterations in the levels of key components of the
tryptophan-nicotinamide (NAM) pathway in some ALS patients.
Specifically, the levels of the metabolite NAM in the CSF of 14
patients with ALS were significantly lower than the levels in 17
healthy controls. These results suggested that ALS does interact
in some manner with the intestinal microbiota of patients and
creates a cycle in which the increase in pathogens and decrease in
probiotic organisms in the intestines of ALS patients can
upregulate or downregulate the production of NO, GABA, and
SCFAs, increasing the pathogenesis of ALS which furthers the
imbalance of the intestinal microbiota. The gut microbiota
produces metabolites of tryptophan that play a role in
regulating astrocyte and microglial activation. Combined, these
findings suggest a possible role for microbial metabolites in the
control of neuroinflammation during ALS disease progression.
Targeting the gut-brain axis could modify the neuronal function
(Huang et al., 2019; Kang et al., 2019) and possibly contribute to
some of the non-motor cognitive and behavioral symptoms in
ALS, but this would require further study.

Riluzole is FDA proved disease-modifying treatment for ALS
and has the potential to extend life by only a few months (Miller
et al., 2012). Interestingly, Riluzole was significantly metabolized
by 40 of the bacteria, based on a 2019 study of on drug
metabolism by microbiome (Zimmermann et al., 2019). Many
of these bacteria are known to vary in prevalence in the human
population. However, the role of the microbiome has not been
linked to the drug metabolism and management of
ALS treatment.

The use of proton pump inhibitor (PPI) drugs has been
associated with a decrease in gastric pH, leading to
gastrointestinal dysbiosis (Minalyan et al., 2017). It has also
been suggested that PPI use may be related to an increased risk of
neurodegenerative diseases (Erber et al., 2020). A retrospective
cohort study conducted in Austria reported that 97.5% of ALS
patients use other drugs together with riluzole, including PPI and
centrally acting muscle relaxants (CAMR). A significant trend in
PPI in reducing the survival of ALS was noted; however, after
statistical corrections were applied, this effect was no longer
March 2022 | Volume 12 | Article 839526
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observed. On the other hand, the use of CAMR in association
with riluzole showed a beneficial effect on the survival of these
patients (Cetin et al., 2015). In a case-control study conducted
with 2,484 ALS patients in Sweden, no correlation between PPI
use and risk of ALS was observed in a lag window of 1-3 years
(Cetin et al., 2020). Thus, it is still lacking evidence to support the
detrimental effect of PPI in ALS; nevertheless, 50% of ALS
patients report using PPI, raising the importance of further
investigations to better understand this correlation.

The increase in the abundance of Rikenellaceae was
significant in ALS patients who underwent a 6-month
probiotic treatment administered daily (Di Gioia et al., 2020).
The probiotic formulation is a mixture of five lactic acid bacteria:
Streptococcus thermophilus ST10–DSM 25246, Lactobacillus
fermentum LF10–DSM 19187, and Lactobacillus delbrueckii
subsp. delbrueckii LDD01–DSM 22106, Lactobacillus
plantarum LP01–LMG P-21021, and Lactobacillus salivarius
LS03–DSM 22776. No adverse events attributed to probiotic
supplementation. The significant increase in Cyanobacteria at
the phylum, family, and genus level in ALS patients compared to
controls, suggesting that cyanobacteria play a critical role in the
pathogenesis of neurodegenerative diseases. The abundance of
cyanobacteria decreased overtime in both the probiotic and
placebo groups, although the difference was not significant.

Fecal microbiota transplantation (FMT) could improve
gastrointestinal and behavioral symptoms in neurological
diseases (Kang et al., 2017; Kang et al., 2019). Parkinson’s
disease patients after one-week treatment of FMT improved
constipation and motor symptoms such as leg tremors. The
tremors recurred 2 months after FMT, whereas constipation was
relieved even after 3 months (Huang et al., 2019). Intestinal
bacteria as an external trigger could explain the rare cases of ALS
in spouses or in some clusters (Sabel et al., 2003). To reconstruct
the intestinal microbiome, FMT has been used to transfer the gut
microbiota from healthy individuals to ALS patients (Xu et al.,
2021). ClinicalTrials.gov (https://clinicaltrials.gov/ct2/show/
NCT03766321) has an ongoing FMT trial for a year with 42
ALS patients, at an early stage (28 FMT-treated patients vs. 14
controls). This will promote a further understanding of
microbiota restoration and GI function.
DIET, MICROBIOME, AND ALS

Many factors are involved in the gut microbiota composition and
function, including genetics, gender, age, geographic location,
lifestyle, and diet (Ballan et al., 2020; de Vos et al., 2022). Also,
the gut microbiota is responsible for metabolization of
compounds from the diet producing several metabolites
(Ballan et al., 2020; de Vos et al., 2022). As a consequence,
different gut microbiota compositions will result in different
metabolite profiles, that will interact with cell receptors, having
a direct impact on different signaling pathways and on the host
health (de Vos et al., 2022).

Diet is associated with the ALS risk, onset, and progression,
providing potential modifiers of disease (Pape and Grose, 2020).
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Two mutant SOD1(G86R and G93A) mice exhibited an altered
metabolic status (Dupuis et al., 2004). This study provided evidence
that transgenic ALS mice suffer from a dramatic defect in energy
homeostasis, likely linked toahypermetabolismmainlyofmuscular
origin.High-energy-diet improved the alteredmetabolic phenotype
of G86Rmice and delays disease onset (Dupuis et al., 2004). Several
epidemiological studies have identified diets that positively affect
ALS patients, including various high-calorie fat or sugar-based diet,
summarized in a recent review (Pape and Grose, 2020).

Gluten-induced autoimmunity was speculated to trigger ALS.
However, the data supporting this link are weak (Group, 2016).
Leptin is an adipokine involved in food intake regulation and
energy balance. Lower level of circulating leptin is associated
with fat mass loss, and thus, body weight loss in ALS. Moreover,
it has been suggested that fat mass loss occurs prior to muscle
atrophy. Thus, leptin could be a potential biomarker of adipose
tissue wasting in the early stages of ALS. The appetite-
stimulating hormone ghrelin also seems to be downregulated
in an ALS mice model, compared with their WT controls,
contributing to lower food intake and body weight loss
(Ferrer-Donato et al., 2021).

Earlier studies suggested that polyphenols (e.g., resveratrol,
curcumin, epigallocatechin gallate, quercetin, and phenolic acids),
which can be found in fruits, vegetables, coffee, tea, and whole
grains, may have a promising neuroprotective effect in ALS. It was
observed, in vivo and in vitro, that these bioactive compounds may
have the potential to regulate mitochondrial biogenesis, improve
energy metabolism, reduce toxic protein aggregation, reduce
microglia and astrocytes inflammation, and improve motor
functions and survival (Solanki et al., 2015; Novak et al., 2021).

Resveratrol, anantioxidant compound found ingrapes, hasbeen
widely studied due to its neuroprotective properties. Resveratrol
may reduce the in vitro neurotoxicity of cerebrospinal fluid (CSF)
from ALS patients, preventing neuronal loss and improving Ca2+

homeostasis, which seems to be related to the antioxidant capacity
of resveratrol. Curiously, co-incubation with riluzole inhibited this
protective effect (Yanez et al., 2011). In fact, Ca2+ dyshomeostasis is
related to impaired autophagy mechanisms and toxic protein
aggregation in neurodegenerative disorders, including ALS
(Tedeschi et al., 2019). Therapeutic interventions aiming to
modulate autophagy pathways seemed to be an interesting
approach to reduce protein aggregates, mainly in the early stages
of ALS (Cipolat Mis et al., 2016).

A prospective study reported that probiotics may promote
beneficial effects in ALS patients. The administration of
probiotics to ALS patients increased the relative abundance of
groups related to propionate and butyrate production in gut
microbiota, which may improve energy provision. Also, it has
been speculated a possible metabolization of neurotoxic
compounds (Di Gioia et al., 2020).

In our previous work, we observed the administration of
butyrate, a beneficial microbial metabolite, delayed the disease
progress and significantly extended the survival time of the
SOD1 G93A mice and prolonged the life span by 38 days on
average (Zhang et al., 2017). Butyrate treatment improved the
gut microbiome and restored the Paneth cells and the signaling
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of lysozyme 1 and anti-microbial peptide defensin 5 alpha in the
SOD1 G93A mice. Meanwhile, the intestinal protein aggregation
of SOD1G93A was significantly decreased by butyrate treatment
(Zhang et al., 2017). Furthermore, butyrate treatment was able to
enhance healthy metabolites by longitudinal untargeted
metabolomic analysis in ALS (Destiny Ogbu and Claud, 2022).

Nicotinamide showed slightly delay of the disease progression
in the ALS SOD1G93A mice (Blacher et al., 2019). The survival
curve showed only several days difference between the SOD1G93A

mice with or without nicotinamide treatment. Aberrant
metabolism of nicotinamide was observed in the sera of
patients with ALS. There was a trial of nicotinamide/
pterostilbene supplement in ALS (https://clinicaltrials.gov/ct2/
show/NCT04562831). The results have not been reported yet.

Emerging evidence support the roles of gut-neuron-microbiome
in various human diseases (Ogbu et al., 2020; Fang et al., 2020). For
examples, in a human pilot study in patients with multiple sclerosis,
dietary conjugated linoleic acid-supplementation for 6 months
significantly enhanced the anti-inflammatory profiles and
functional signatures of circulating myeloid cells (Fleck et al., 2021).
To move forward, we hypothesize that dietary interventions with
functional foods (e.g., prebiotics, probiotics, polyphenols) or the
administration of probiotic metabolites (e.g., butyrate) aiming the
gut microbiota modulationmay enhance intestinal barrier functions
and autophagy regulation, restore healthy host-microbial
interactions, and reduce toxic protein aggregation and
inflammation, thus, delaying the progression of ALS.
CONCLUSION AND FUTURE DIRECTIONS

ALS is a progressive neurodegenerative disorder involving brain
and spinal cord motor neuron death resulting in weakness and
wasting of musculature and leaning inexorably to death. There
are GI abnormalities involved liver, intestine, and pancreas in
ALS. Subclinical gastrointestinal motor dysfunction, delayed
colonic transit time, delayed gastric emptying an increased
prevalence of constipation and anal sphincter abnormalities
have been noted, but the mechanism of these issues is unclear.
In various mouse models of ALS, the altered microbiome and GI
issues are also observed. However, factors such as changes of diet,
GI issues, inflammation, and infection were not well considered
for the ALS diagnosis.

Emerging evidence has demonstrated the novel roles of
microbiome and metabolites in the early stage of disease
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1585
development and progression, suggesting the potential
biomarkers (Chatterjee et al., 2020; Donatti et al., 2020). SALS
and fALS forms of ALS manifest similar pathological and clinical
phenotypes, suggesting that different initiating causes lead to a
mechanistically similar neurodegenerative pathway. ALS patients
have abnormal GI systems, elevated intestinal inflammation and
dysbiosis. The ENS and smooth muscle automatism are unable to
modulate the motor functions of the digestive tract, which provide
an anatomical explanation for these clinicalmanifestations. Studies
on microbiome changes with pro-inflammatory serum cytokines
and LPS in patients will help with the early diagnosis of the disease.
To treat gut microbiota dysbiosis through microbiota restoration
would have the potential to interfere and slow ALS progression
(Mandrioli et al., 2019). The therapeutic methods to target
microbiome and intestinal functions, e.g, FMT, prebiotics, and
probiotics, will help both SALS and FALS patients. ALS studies
should be performed by considering diet,microbiome, lifestyle, and
gender difference. Studies that examine the microbiome together
with intestinal pathogenesis will help to determine when, where,
and whether microbiome and metabolites are critical to disease
progression ofALS.Understanding the pathogenesis of ALSGIwill
provide innovative strategies for accurate diagnosis and better
treatment for this challenging disease.
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Human milk oligosaccharides (HMOs) are a family of glycans found in breastmilk with over
200 identified structures. Despite being the third-largest solid component in breastmilk,
HMOs are indigestible by infants, and they serve as food for the infant gut bacteria. Most
research thus far has focused on Bifidobacterium species that harbor many glycoside
hydrolases (GHs) tailored to break the carbon bonds in HMO molecules. However, there
are additional microbes in the infant gut, such as Bacteroides species, with increasing
evidence that they, too, are able to break-down HMOs. To study the unbiased impact of
breastfeeding on the infant gut microbiome, we need to investigate the underlying
mechanisms of HMO utilization by all members of the infant gut. Here, we developed
an optimized system for isolating Bacteroides strains from infant stool samples. We then
examined the HMO utilization capacity of multiple Bacteroides isolates by performing
growth curves on six common HMOs (2’-FL, DFL, 3’-SL, 6’-SL, LNT, LNnT). Isolates often
displayed similar growth characteristics on similarly-structured HMOs, like sialylated or
fucosylated sugars. We identified variation in HMO utilization across multiple strains of the
same species, and chose to focus here on a Bacteroides dorei isolate that was able to
utilize the test HMOs. We performed RNA sequencing on B. dorei cultures, comparing the
transcriptional profile in minimal media supplemented with glucose or HMOs. We showed
that B. dorei employs an extensive metabolic response to HMOs. Surprisingly, there was
no clear up-regulation for most GH families previously known to break-down HMOs,
possibly because they were almost exclusively described in Bifidobacterium species.
Instead, B. dorei exhibits a generalized response to HMOs, markedly up-regulating
several shared GH families across all conditions. Within each GH family, B. dorei
displays a consistent pattern of up-regulation of some genes with down-regulation of
gy | www.frontiersin.org March 2022 | Volume 12 | Article 854122189
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the others. This response pattern to HMOs has yet to be described in other commensals
of the infant gut. Our work highlights the importance of expanding the HMO-microbiome
studies beyond Bifidobacterium species, sheds light on the differences across
Bacteroides strains in terms of HMO utilization, and paves the way to understanding
the mechanisms enabling Bacteroides HMO utilization.
Keywords: infant microbiome, human milk oligosaccharides (HMO), Bacteroides, microbial RNA seq, breastmilk
INTRODUCTION

The infant gut microbiome is very dynamic (Yassour et al., 2016;
Ferretti et al., 2018), and stabilizes to an adult-like state around
the age of three (Yatsunenko et al., 2012; Yassour et al., 2016).
The initial colonization of the infant gut is a complex process (La
Rosa et al., 2014; Lax et al., 2014), mainly influenced by delivery
mode (Dominguez-Bello et al., 2010; Azad et al., 2013; Madan
et al., 2016; Yassour et al., 2016) and infant feeding (formula vs.
breast milk) (Azad et al., 2013; Bäckhed et al., 2015; Madan et al.,
2016; Stewart et al., 2018). Human Milk Oligosaccharides
(HMOs) are a family of glycans found in breast milk, and
despite being the third-largest solid component in human milk
(Vandenplas et al., 2018), infants themselves are unable to digest
these sugars (Engfer et al., 2000; Gnoth et al., 2000), and HMOs
are exclusively digested by bacteria in the infant gut. HMOs take
part in many important processes, such as infant immune system
maturation (Plaza-Dıáz et al., 2018) and brain development
(Jacobi et al., 2016; Hegar et al., 2019), but one of their most-
studied roles is the promotion of a healthy infant gut microbial
community, by supporting the colonization of beneficial gut
bacteria that can break down the HMO chemical structure
(Walsh et al., 2020). Mounting evidence show that early
establishment of a “correct” microbial community in the infant
gut is crucial for future health, in microbiota-mediated
colonization resistance against intestinal pathogens (Buffie and
Pamer, 2013; McLaren and Callahan, 2020), even under
antibiotic disturbance (Letten et al., 2021a), and the ability of
the microbiome to modulate persistence of antibiotic resistant
strains (Letten et al., 2021b). The importance of HMOs in
shaping the unique infant microbiome has been a subject of
avid research in the past two decades, however most of it focused
on Bifidobacterium species (Dethlefsen et al., 2007; Sela
et al., 2008).

Bifidobacterium species abundance is strongly associated with
HMO consumption, as demonstrated by multiple studies
comparing breastfed to non-breastfed infants (Davis et al.,
2016; Smith-Brown et al., 2016; Bai et al., 2018; Lawson et al.,
2020; Laursen et al., 2021; Liu et al., 2021). The first HMO-
specific utilization cluster (H1) was discovered in 2008 (Sela
et al., 2008). It is 43kb long and is conserved in all B. longum
subsp. infantis genomes sequenced thus far. Since 2008, five
additional HMO-utilizing gene clusters (H2, H3, H4, H5, urease)
have been identified (LoCascio et al., 2010), albeit they are less
conserved. Recently, additional genes capable of HMO
utilization were discovered, which do not necessarily belong to
the known clusters identified thus far, and revealed variation in
gy | www.frontiersin.org 290
differential expression of genes across Bifidobacterium longum
subsp. infantis bacteria (Zabel et al., 2020). Importantly, none of
these well-studied gene clusters were found in any non-
Bifidobacterium species (Sela and Mills, 2010; Marcobal and
Sonnenburg, 2012).

Despite the well-established connection between
Bifidobacterium and HMOs, recent empirical evidence support
the HMO utilization by other, non-Bifidobacterium species. First,
some breastfeeding infants do not harbor any Bifidobacterium
species throughout their breastfeeding period (Yassour et al.,
2016), and findings exhibit inter-study heterogeneity (Harmsen
et al., 2000; Favier et al., 2002; Palmer et al., 2007). Importantly, it
was recently reported that the best known HMO-utilizer strain,
Bifidobacterium longum subsp. infantis, considered to be
predominant in the infant gut (Chichlowski et al., 2020), is not
evident in 90% of infants in the US (Casaburi et al., 2021) and
Finland (Vatanen et al., 2019). Second, there are significant
correlations between specific HMO levels and the relative
abundance of other genera, such as Lactobacillus (Bai et al.,
2018), Bacteroides and Parabacteroides (Wang et al., 2015;
Borewicz et al., 2019; Borewicz et al., 2020). Specifically, the
immediate next candidates for HMO utilization are Bacteroides
species, which are known degraders of other complex versatile
glycans (Hooper et al., 2002; Bjursell et al., 2006; Martens et al.,
2008), like mucin coating the colon epithelium (Marcobal et al.,
2011; Pruss et al., 2021). When examining the genomes of
common infant gut microbes, we can computationally
annotate some genes as potential HMO-utilizers (Xu et al.,
2003; Yassour et al., 2016; Vatanen et al., 2019), mostly from
the Bacteroides genus. Lastly, there is experimental evidence that
various Bacteroides strains can utilize HMOs as their sole carbon
source (Salli et al., 2021), and some of the mechanisms have been
further characterized (Marcobal et al., 2011). Bacteroides
thetaiotaomicron and Bacteroides fragilis utilized both host
mucus and HMOs, using a similar set of upregulated genes
(Marcobal et al., 2011). The variety of findings concerning non-
Bifidobacterium HMO-degraders highlight the importance of
expanding our knowledge of HMO utilization among other
gut commensals.

We therefore place Bacteroides at the heart of this research.
First, we developed an optimized system for isolation of
Bacteroides strains from infant stool samples, utilizing
Bacteroides-specific qPCR and Bacteroides-selective media.
Second, we examined the HMO utilization capacity of our
Bacteroides isolates by analyzing growth curves on six common
HMO molecules: 2-Fucosyllactose (2’-FL), Difucosyllactose
(DFL), 3-Sialyllactose (3’-SL), 6-Sialyllactose (6’-SL), Lacto-N-
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Tetraose (LNT) and Lacto-N-neotetraose (LNnT). Isolates often
displayed similar growth characteristics on similarly-structured
HMOs, like sialylated or fucosylated sugars. We identified
variation in HMO utilization across multiple strains of the
same species, and chose to focus here on a Bacteroides dorei
isolate that was able to utilize the test HMOs. We performed
RNA sequencing on B. dorei cultures, comparing the
transcriptional profile in minimal media supplemented with
glucose or HMO. We showed that B. dorei employs an
extensive metabolic response to HMOs: 17 GH families were
upregulated when grown on 2’-FL, 21 on DFL, 19 on 3’-SL, 23 on
6’-SL, 15 on LNT, and 18 on LNnT. In addition, B. dorei exhibits
a generalized response to HMOs, markedly up-regulating several
shared GH families across all conditions, in contrast to
Bifidobacterium species, previously shown to employ specific
GH families under different growth conditions. Within each GH
family, B. dorei displays a consistent pattern of up-regulation of
some genes with down-regulation of the others.
MATERIALS AND METHODS

Bacteroides Isolation From Stool Samples
Ten stool samples were collected from seven exclusively
breastfed infants less than six month old (S4-5, S5-6, S9-10
were collected twice from the same infants with an average of one
week interval). Infants were vaginally-born, and did not receive
any antibiotic treatment from birth to sample collection time. All
seven mothers have agreed to participate in our study, which was
approved by the Hebrew University’s Institutional Review Board
(IRB), and signed our consent forms. Samples were collected
from diapers using a small plastic spoon and tube, stored at 4°C,
then transferred to -80°C within 8 hours. The samples were
frozen for a maximal time of two months, and thawed twice:
once for DNA extraction, and once for plating and
Bacteroides isolation.

DNA was extracted using the DNeasy PowerSoil Pro Kit
(QIAGEN) and used as a template for quantitative PCR (qPCR)
reactions, with both general 16S primers (Ivanov et al., 2009;
Yassour et al., 2018) (16S_F 5′ GGTGAATACGTTCCCGG 3′,
16S_R 5′ TACGGCTACCTTGTTACGACTT 3′) and Bacteroides-
specific primers (Matsuki et al. , 2002) (g-Bfra-F 5′
ATAGCCTTTCGAAAGRAAGAT 3′, g-Bfra-R 5′ CCAGTA
TCAACTGCAATTTTA 3′). qPCR reaction volumes were 1 mL
2.5 ng/mL DNA, 0.25 mL 10mM forward primer, 0.25 mL 10mM
reverse primer, 3.5 mL Nuclease-free water, 5 mL SYBR Green PCR
Master Mix. The amplification program for the Bacteroides-specific
qPCR consisted of (1) 94°C for 5 min, (2) 94°C for 20s (3) 50°C for
20 s (4) 72°C for 50 s (5) repeat 2 - 4 for 39 times (6) 94°C for 15 s.
The amplification program for the general 16S qPCR consisted of
(1) 95°C for 10 min, (2) 95°C for 15 s, (3) 60°C for 30 s, and (4)
repeat 2 and 3 39 times. The fluorescent products were detected at
the last step of each cycle, and reactions were conducted on a
BioRad CFX96 Real-Time System.

The cycle threshold (Ct) value was recorded for each sample,
and it is inversely proportional to the amount of Bacteroides
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 391
DNA in the sample. The negative control samples (NC1, NC2),
that did not contain Bacteroides according to previously obtained
in-lab 16S metagenomic sequencing, had a high Ct in
Bacteroides-specific qPCR experiments. In contrast, DNA
extracted from a pure Bacteroides fragilis (ATCC 25285)
culture, serving as a positive control, had a low Ct value.

Samples that passed the initial qPCR screening were plated on
blood agar plates (hylabs, PD005) and incubated at 37°C for 48
hours in an anaerobic chamber (COY). Then, colonies were re-
streaked onto Bile Esculin Agar (BEA) plates and incubated in the
same conditions. PCR reaction for the 16S region was performed
using the universal primers 27F AGAGTTTGATCMTGGCTCAG,
1492R GGTTACCTTGTTACGACTT (Lane, 1991). Reaction
volumes were 1 mL DNA, 1.25 mL 10mM forward primer, 1.25 mL
10mM reverse primer, 9 mL Nuclease-free water, 12.5 mL SYBR NEB
Q5 High-Fidelity MasterMix. The program consisted of (1) 98°C for
30 s, (2) 98°C for 10s (3) 55°C for 15 s (4) 72°C for 30 s (5) repeat 2 -
4 for 29 times (6) 72°C for 2 min. AMPure XP (Beckman Coulter,
A63881) bead cleaning of PCR products was performed according to
manufacturer’s instructions. Then, Sanger sequencing of the 16S
r e g i o n w a s p e r f o rm e d w i t h t h e p r im e r 5 1 5 F
GTGCCAGCMGCCGCGGTAA (Caporaso et al., 2011), at Hylabs
(Rehovot, Israel). Bacterial identity identification was achieved using
BLAST (Altschul et al., 1990) alignment with default settings.

16S Ribosomal Gene Sequencing
of Stool Samples
Samples that were found to contain Bacteroides according to
qPCR screening were chosen for 16S rRNA sequencing. 16S
rRNA gene sequencing was performed as previously described
(Caporaso et al., 2012), and the 16S gene data set consists of
sequences targeting the V4 variable region. Sequencing was
performed on the Illumina MiSeq platform according to the
manufacturer’s specifications, with addition of 5% PhiX,
generating single-end reads of 250 bp in length. Human reads
were excluded from further processing with Bowtie2 (Langmead
and Salzberg, 2012), in addition to quality-based filtering of reads
performed using Fastqmcf (Aronesty, 2013). Taxonomic
classification was assigned using BURST (Al-Ghalith and
Knights, 2020).

Growth Curves
For each growth curve experiment, an isolate from infant stool
samples was plated on a brain heart infusion (BHI) agar plate
(Sigma 70138) supplemented with 50 ml/L fetal bovine serum
(FBS; Sigma F2442), 10 ml/L trace vitamins (ATCC®MD-VS™),
10 ml/L trace minerals (ATCC® MD-TMS™), 10 ml/L vitamin
K1 and hemin (BBL, 212354), 1 g/L D-(+)-Cellobiose (Alfa
Aesar, 528507), 1 g/L D-(+)-Maltose (Caisson, 6363537), 1 g/L
D-(+)-Fructose (Sigma Aldrich, 1286504), and 0.5 g/L L-
Cysteine (Acros Organics, 52904). The individual HMOs were
received as a donation from the DSM Nutritional Products Ltd
(previously known as Glycom).

The plates were incubated in an anaerobic chamber (COY)
for 48 hours, at 37°C. Two single colonies (biological replicates)
were transferred to liquid BHI media (Sigma 53286),
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supplemented as described above, for overnight incubation.
These cultures were then diluted 1:100 in Bacteroides-specific
minimal-media (MM) with 0.5% (w/v) glucose (Martens et al.,
2008). After another overnight incubation, the culture was
diluted 1:100 into the same Bacteroides-specific minimal
media, this time with individual HMOs, glucose or lactose as
carbon sources (0.5% w/v). All experiments were conducted with
two biological replicates and three technical replicates per carbon
source, under anaerobic conditions. Growth (OD600) was
monitored every 30 minutes for 60h, at 37°C, using the
Epoch2 plate reader (Agilent).

Optical density data over time was analyzed using an in-house
custom script, the pheatmap (RRID : SCR_016418) and the
growthcurver (Sprouffske and Wagner, 2016) packages under
R statistical language [R Core Team (2021)].
RNA Sequencing of B. dorei Cultures
Pure cultures of B. dorei growing on various carbon sources (in
replicates) were harvested at log phase (OD ~ 0.7) using the
Direct-zol™ RNA Miniprep Plus kit (Zymo research, R2071).
Agilent 2100 Bioanalyzer (Agilent Technologies) was employed
for RNA quality control. Samples were processed according to a
previously described protocol (Shishkin et al., 2015) and
sequenced in two separate pools: HMOs (2’-FL, DFL, 3’-SL, 6’-
SL, LNT, LNnT) and glucose. Single-end 75bp sequencing was
performed on a NextSeq device.

The raw sequencing data were further filtered by trim_galore
(ht tps : / /g i thub.com/Fel ixKrueger/TrimGalore) , and
classification of the B. dorei isolate to the strain level was
achieved by alignment of reads using BLAST (Altschul et al.,
1990). Principal Component Analysis (PCA) of transcriptional
profiles on the various carbon sources was performed on the VST
(variance stabilizing transformation)-transformed data (Love
et al., 2014). Genome mapping to B. dorei DSM 17855 genome
(GenBank: CP046176.1) was performed by Bowtie2 (Langmead
and Salzberg, 2012), and differential expression analysis between
HMOs and glucose was carried out using featureCounts (Liao
et al., 2014) and DEseq2 (Love et al., 2014). Significantly up-
regulated genes were selected based on the padj < 0.05 and log2
fold-change > 1 parameters. Gene annotation of glycoside
hydrolases (GHs) was downloaded from the CAZy (Carbohydrate
Active enZYmes) (Lombard et al., 2014) database. The statistical
enrichment of GH genes from multiple families among the up-
regulated gene group, compared to all B. dorei’s genes, was
calculated with hypergeometric test, using the phyper function
(stats package, R version 4.1.1).
RESULTS

An Optimized System for Isolation of
Bacteroides Strains From Infant Stool
To experimentally test the ability of infant Bacteroides strains to
utilize HMOs as a carbon source, we first need to be able to
isolate these infant strains from infant stool samples. In general,
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the ease of strain isolation differs depending on the species,
however, infant stool samples may add an additional layer of
complexity due to the low bacterial biomass (compared to adult
stool) (Mitchell et al., 2020). Since the isolation process is
laborious and time consuming, we aimed to apply it on a
selective subset of samples for which we are confident that
they harbor Bacteroides strains. The earliest possible step to
identify the samples containing Bacteroides strains is following
DNA extraction, for example, by using qPCR. We found that the
previously published g-Bfra-F/R (Matsuki et al., 2002) primers
enabled a clear distinction between Bacteroides-containing and
non-Bacteroides-containing samples (Figure 1A). To control for
differences in general bacterial DNA content, we compared the
Bacteroides-specific Ct value to the universal bacterial 16S Ct
value (Figure 1A).

Next, we turned to optimize a system for isolation of
Bacteroides species from samples with probable Bacteroides
strains. We found that plating stool samples on a rich medium
(such as blood agar plates) prior to plating on a more “harsh”
selective medium, resulted in enhanced growth of Bacteroides
and higher isolation success rates, perhaps due to the challenging
nature of these Bacteroides strains (Medeiros, 1972; Pricop et al.,
2020). Thus, we first plated the samples on blood agar plates,
then we re-streaked multiple colonies on Bile Esculin Agar (BEA)
Bacteroides-specific plates (Livingston et al., 1978). BEA plates
contain both gentamicin, for which Bacteroides are inherently
resistant to, and esculin, which Bacteroides are able to hydrolyze,
producing a black pigment. Then, we picked single black
colonies, and performed a second qPCR with Bacteroides-
specific primers to exclude any non-Bacteroides gentamicin-
resistant esculin hydrolyzing bacteria that might be present in
the stool sample. Finally, Sanger sequencing of the 16S region
was performed in order to receive an identification of the bacteria
isolated at the genus level.

Indeed, we were able to successfully isolate 11 Bacteroides
strains from infant samples that passed our qPCR filtering step
(S4-S10, Figure 1A), whereas no Bacteroides were detected after
plating and 16S sequencing of the samples that failed the qPCR
step (S1-S3, Figure 1A).In addition, to test that the isolated
strains match the overall Bacteroides composition of each
sample, we also performed 16S sequencing the samples S4-S10
(Figure 1B and Supplementary Table 1). All isolated strains
belong to species that were identified in the 16S sequencing of
each sample. We were able to isolate strains at least from the
most abundant species in each sample, and sometimes even from
less abundant species, indicating the efficiency of our isolation
method (Figure 1B).
Variation in HMO Utilization Across
Bacteroides Isolates
Once we have established a strain collection composed of all
successfully isolated Bacteroides strains from infant stool, we
next wanted to examine the growth of the unique strains on
different complex carbon sources. While there are many types of
HMOs, in our study we use synthetic versions of HMOs from all
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three sub-types, including neutral, fucosylated and sialylated
sugars: Lacto-N-Tetraose (LNT), Lacto-N-neotetraose (LNnT),
2′-fucosyllactose (2′-FL), difucosyllactose (DFL), 3-Sialyllactose
(3’-SL), and 6-Sialyllactose (6’SL). Growth curve assays on some
of the isolated strains were performed with Bacteroides-specific
minimal media (MM) mixed with the chosen carbon source to a
final concentration of 0.5% (weight/volume). Our results indicate
that our isolated Bacteroides strains differ in their HMO utilization
capability and dynamics (Figures 2A, B and Supplementary
Figure 1). Some strains do not grow on any tested HMO as a
single carbon source (B. stercoris), whereas others exhibit growth
on various sugars (B. doeri 2, B. vulgatus; Figures 2A, B and
Supplementary Figure 1). Furthermore, we also observed intra-
species variation, in both B. vulgatus and B. dorei strains, where
two strains of the same species exhibit distinct utilization patterns.
As one might expect, although it has not been reported yet, strains
tended to display similar growth characteristics on similarly
structured HMOs, for example, the growth pattern of B. dorei 2
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 593
on 3’SL is similar to its growth on 6’SL, and these sugars are both
sialylated (Figure 2B).

To make sure that the strains cannot grow on any of the
minimal media (MM) components on its own, the negative
control in our growth experiments was MM without an added
carbon source. The positive control was supplemented BHI media,
which is a rich nonselective media that supports the growth of
many bacteria. Some strains are inherently more difficult to grow
in the lab, and thus we used the positive control to evaluate the
ease of growth for each strain. In addition, we also measure the
strains’ ability to grow on glucose and lactose (the main
carbohydrate in breast-milk) (Ballard and Morrow, 2013).
Growth experiments can be evaluated by the kinetics of growth
(using the OD600 over time), and by emphasizing the quantitative
ability of a strain to utilize a carbon source (using the area under
the OD600 curve; AUC; Figure 2A). The AUC statistic was
calculated for all experiments, varied across carbon sources, yet
showed consistency across biological replicates (Figure 2A).
A

B

FIGURE 1 | Isolation of Bacteroides strains from infant stool samples. (A) A comparison of qPCR Ct (Cycle threshold; Methods) values of infant stool samples
DNA, using Bacteroides-specific primers (g-Bfra-F, g-Bfra-R) and universal 16S primers (16_F, 16_R). Each qPCR reaction was performed in triplicates, and each
replicate is indicated by a dot. (B) Relative abundance of Bacteroides species, as identified by 16S rRNA gene sequencing of stool samples found to contain
Bacteroides according to qPCR screening. Bacteroides species that were successfully isolated from stool samples are indicated with asterisks.
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Searching for B. dorei’s Differentially
Expressed Genes Across Multiple
HMO Conditions
Differential expression of genes under various conditions can shed
light on the enzymes, mechanisms and pathways enabling the
utilization of the specific carbon sources. We next chose the
isolate of Bacteroides dorei that was able to utilize all HMOs
tested to some extent, B. dorei 1 (Supplementary Figure 1), to
search the genes that enable this utilization. We want to compare
the transcribed genes in each condition to identify the upregulated
genes that can account for the HMO utilization capability. We grew
B. dorei on the full set of HMOs described above and harvested the
cultures during the mid-log phase to perform transcriptional
profiling using RNA sequencing (RNA-Seq).

To identify the genes up regulated by B. dorei during HMO
consumption, whole-genome transcriptional profiling of B.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 694
dorei on MM supplemented with individual HMOs was
compared to growth on MM-glucose (Supplementary
Table 2 and Supplementary Figure 2). The two biological
replicates of each condition were similar to one another, and
more similar within a condition than across conditions
(Supplementary Figure 3). Fucosylated sugars (2’-FL, DFL)
clustered separately from sialylated (3’-SL, 6’-SL), and HMO
core structures (LNT, LNnT) clustered in-between
(Figure 3A). A possible explanation could be that LNT and
LNnT lack unique sialyl or fucosyl residues distinguishing
them from the other sugars. Overall , the examined
conditions are relatively similar, as the tested sugars differ
from one another by small modifications only. Thus, we
expected the overall gene-expression profiles to be rather
similar, with small, yet distinct differences, across all
conditions (Supplementary Figure 3).
A

B

FIGURE 2 | HMO utilization ability varies across Bacteroides isolates. Growth curves were measured for all chosen strains and all chosen sources (0.5% weight/
volume): glucose, lactose, 2-Fucosyllactose (2’-FL), Difucosyllactose (DFL), 3-Sialyllactose (3’-SL), 6-Sialyllactose (6’-SL), Lacto-N-Tetraose (LNT) and Lacto-N-
neotetraose (LNnT), supplemented BHI media (positive control), no carbon media (negative control). (A) Area under the curve (AUC) of the growth curve plots, shown
in two biological replicates for each strain. Missing data is represented by white cells, in both heat map and annotations. (B) Growth curve plots of B. stercoris, B.
vulgatus and B. dorei 2 on all selected carbon sources.
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B. dorei possesses a repertoire of predicted glycoside
hydrolases (GHs), carbohydrate active enzymes (CAZy)
capable of breaking the carbon bond found in all human milk
oligosaccharides. B. dorei’s 213 glycoside hydrolases comprise 59
unique GH families (Lombard et al., 2014). Differential
expression analysis of the RNA-Seq data revealed that B. dorei
exhibits an expansive glycoside hydrolase response during
consumption of HMOs in vitro. Many unique GH families
were upregulated (log2foldChange > 1, padj < 0.05) when
growing on HMOs compared to glucose: 17 GH families were
upregulated when grown on 2’-FL, 21 on DFL, 19 on 3’-SL, 23 on
6’-SL, 15 on LNT, and 18 on LNnT.

First, we examined the differential expression of GH families
previously annotated as capable of breaking down the HMO
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 795
carbon bond (Marcobal et al., 2011): GH2, GH18, GH20, GH29,
GH33, and GH95 (Figure 3B). Two additional GH families have
been reported in the literature (GH85, GH112) (Ioannou et al.,
2021), however they are not encoded in the B. dorei genome.
Most research regarding HMO utilization by infant gut microbes
has focused on Bifidobacterium species, hence the knowledge on
Bacteroides cellular response to HMOs is rather limited. Indeed,
some GH families that are well annotated in Bifidobacterium
species did not exhibit any clear differential expression here, like
GH18 and GH95. Surprisingly, some of the GH95 and GH29 B.
dorei genes, which break the a1-2 and a1-3/4 fucosyl bonds,
accordingly, were up-regulated in non-fucosylated HMOs. This
lack of specificity is unexpected as we would expect GH95 and
GH29 to be upregulated only on fucosylated HMOs. Similarly,
A

B

FIGURE 3 | B. dorei’s transcriptional response to HMOs is similar across conditions. (A) Principal Component Analysis (PCA) of transcriptional profiles of pure
cultures of B. dorei on various carbon sources, in two biological replicates, using RNA-Sequencing (Methods). (B) Heat map of log2 fold-change of genes (rows)
belonging to glycoside hydrolase (GH) families previously known to break down HMOs. Gene expression data on HMOs (2’-FL, DFL, 3’-SL, 6’-SL, LNT, LNnT;
columns) was compared to gene expression on glucose. p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).
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GH33 which is responsible for sialic acid release from sialylated
HMOs, was up-regulated across all HMO conditions (sialylated
and non-sialylated HMOs), although the up-regulation in
sialylated oligosaccharides is the most prominent. Lastly, in
GH2, the largest GH family in B. dorei’s genome (Lombard
et al., 2014), some genes were up-regulated while others were
down regulated, which might be confusing, and is further
discussed below.

Multiple Glycoside Hydrolase Families
Are Upregulated During B. dorei’s
Growth on HMOs
We next performed an unbiased search for all up-regulated GH
families in our data, regardless of their annotations. To identify
the GH families that could be responsible for B. dorei’s HMO
utilization, we searched for all GH families that were upregulated
in similarly-structured HMO-pairs: 2’-FL and DFL, 3’-SL and 6’-
SL, LNT and LNnT (Figure 4A). A GH family that is upregulated
in two structurally-similar HMOs is more likely to play a role in
breaking down these common carbon bonds.

First, we focused on GH families that had a minimum of two
upregulated genes for at least one HMO-pair, and found five
such GH families: GH2, G20, GH43, GH92, and GH97
(Figure 4B). We then expanded our analysis to all genes that
belong to these families to compare their regulation across the
various HMO structures (Figure 4C). We did not find a specific
GH family response for a specific HMO-pair, rather, it seems
that B. dorei’s response to growth on various HMOs is quite
generalized, regardless of the specific HMO molecule.
Furthermore, even though the response is not specific towards
a single HMO, it is specific in the transcriptional changes.
Namely, in most cases, only a small subset of the genes in each
GH family were up-regulated, and the others were often even
down-regulated, suggesting that a specific set of genes, rather
than all genes in a certain GH family, responded to the change in
carbon source. For example, we found that among B. dorei’s 27
GH2 genes, two genes only (GKD17_17165, GKD17_15930)
were consistently, significantly upregulated for all conditions.
Likewise, for GH43 and GH97, GKD17_02610 and
GKD17_19390 were the only consistently upregulated genes,
respectively (Figure 4C).

Second, we were interested to inspect if the pattern of
simultaneous up- and down-regulation of different genes from
the same GH family is evident for additional GH families. We
looked at GH families for which only a single gene was
upregulated in at least one HMO-pair (Figure 4D), as a single
up-regulated gene can be sufficient for HMO utilization.
Similarly to the analysis in the first step (Figure 4C),
oftentimes, for each GH family, only one or two specific genes
were consistently up-regulated, while other members of the
family were down-regulated compared to MM-glucose. This
observation of specificity in upregulated genes was also evident
in smaller GH families, such as GH3 (GKD17_22625), GH33
(GKD17_1 5 97 5 ) , GH36 (GKD17_2 0 0 5 5 ) , GH51
(GKD17_18785). Lastly, GH140 with only two genes presented
an interesting pattern, where one was strongly upregulated
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 896
(GKD17_02615) while the other was strongly down-regulated
(GKD17_07525), which may merit further study of this
particular GH family. Interestingly, when looking at all GH28
genes encoded in B. dorei’s genome, our results suggest that all
conditions invoke a strong down-regulation response for many
of the GH genes. This consistent broad down-regulation might
indicate the up-regulation of other, yet to be annotated,
GH genes.

Additionally, enrichment analysis of the shared upregulated
GH families revealed that some GH families were enriched in the
upregulated gene group compared to the total amount of genes
in B. dorei’s genome: GH20, GH43 and GH92 were significantly
(p<0.05) enriched for DFL, 3’-SL and 6’-SL, GH3 was
significantly (p<0.05) enriched for LNT, LNnT, 3’-SL and 6’-
SL, GH2 was significantly (p<0.05) enriched for 3’-SL and 6’-SL,
and GH36 was significantly (p<0.05) enriched for 6’-SL.
DISCUSSION

In our quest to investigate HMO utilization by Bacteroides infant
strains, we have established a system for screening, culturing,
measuring growth curves and performing RNA sequencing of
Bacteroides isolates. We constructed growth curves of
Bacteroides isolates from infant stool and demonstrated
variation in HMO-utilization patterns across Bacteroides
species and within strains of the same species. Some
Bacteroides isolates do not grow on HMOs at all, whereas
others can utilize all tested HMOs to some extent. This is
consistent with previous studies, showing that Bacteroides are
metabolically diverse and are capable of utilizing many versatile
carbon sources (Salyers et al., 1977; Sonnenburg et al., 2005;
Bjursell et al., 2006; Marcobal et al., 2011; Wexler and Goodman,
2017; Carrow et al., 2020; Garcıá-Bayona and Comstock, 2020;
Fultz et al., 2021). Pioneering work in Bacteroides demonstrated
B. thetaiotomicron’s ability to expand and adapt its metabolism,
from mainly utilizing glucose and lactose, to also being able to
break down more complex plant polysaccharides (Bjursell et al.,
2006). Thus, species isolated from infant stool at different time
points might alter their metabolic repertoire as the infant ages. A
strain’s ability to utilize a wide variety of HMOs may confer a
selective advantage over strains that do not utilize these sugars,
and could select for its survival in the infant gut.

Our growth curve results demonstrate similar growth patterns
on similarly structured HMOs, which may suggest unique
carbohydrate utilization pathways being activated for HMOs
with similar residues. Bacteroides are known to have a wide
range of polysaccharide utilization loci (PUL) that encode
common classes of proteins involved in polysaccharide
utilization, and a large percentage of their genome is dedicated
to the sensing, import, and hydrolysis of diverse glycans (Bjursell
et al., 2006; Martens et al., 2008). However, RNA-Seq experiments
do not show unique genes upregulated under specific conditions.
When examining differential expression of glycoside hydrolase
(GH) genes of various families, a generalized HMO response was
observed, with several GH families upregulated across all six
March 2022 | Volume 12 | Article 854122

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Kijner et al. Bacteroides Breastmilk HMO Utilization Patterns
A

B D

C

FIGURE 4 | B. dorei shares up-regulated genes upon growth on HMOs compared to glucose. (A) Venn diagrams of B. dorei’s up-regulated genes and glycoside
hydrolase (GH) families across HMO types, highlighting the similar transcriptional response to HMOs, regardless of specific conditions. HMOs were divided into pairs
based on structural similarity. Percentage values refer to the fraction of up-regulated genes from the total up-regulated genes in both members of an HMO pair. (B) A
heat map showing the number of up-regulated genes in each up-regulated GH family in at least one HMO pair. (C, D) Heat maps of log2 fold-change of genes
(rows) belonging to GH families with (C) at least two; or (D) a single up-regulated gene(s). Gene expression data on HMOs (2’-FL, DFL, 3’-SL, 6’-SL, LNT, LNnT;
columns) was compared to gene expression on glucose. p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).
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HMOs tested: 2’-FL, DFL, 3’-SL, 6’-SL, LNT, and LNnT. Hence,
our findings suggest a unique HMO-utilization strategy among
some Bacteroides strains, diverging from the extensively studied
Bifidobacterium HMO utilization mechanisms, where distinct
enzymes were recognized for specific carbon bonds in HMO
molecules. A possible explanation for the similar response of B.
dorei to all tested HMOs could be that overall, the conditions
tested are rather close, with identical minimal media composition
for all samples and small changes in HMO modifications.

Bifidobacterium species are considered to be well-adapted to
HMO utilization, and they have evolved two distinct strategies
for this purpose. One is transporter-dependent (intracellular
digestion strategy), and the other is extracellular glycosidase-
dependent (extracellular digestion strategy), utilizing the same
enzymes, only in a membrane-bound form (Sela et al., 2008;
Turroni et al., 2014; Bunesova et al., 2016). Both strategies
employ specific enzymes (Ioannou et al., 2021), some of them
clustered in specific genomic regions (Sela et al., 2008; LoCascio
et al., 2010) whereas others are spread across additional genomic
locations (Zabel et al., 2020). In contrast, very little is known
about Bacteroides HMO utilization, and only a few papers have
discussed this issue in terms of phenotypic growth (Salli et al.,
2021) or transcriptional profiling (Marcobal et al., 2011). Due to
the high-prevalence of Bacteroides in the infant gut and a
seeming deviation from the traditional Bifidobacterium-
dominated infant gut microbiome (Vatanen et al., 2019;
Casaburi et al., 2021), it is increasingly important to decipher
the HMO utilization strategies employed by Bacteroides species
as well.

B. dorei’s differential expression pattern in response to HMOs
does not appear to be HMO-specific, however, we show that for
the upregulated GH families in our data, a particular set of genes
is up-regulated among all members of the GH family encoded in
the genome. Moreover, the remaining members of the GH
families explored are down-regulated, perhaps meaning that B.
dorei’s response to HMOs is tailored to exploit some GH genes
over others. The novel pattern of HMO utilization presented
here can indicate that for a given Bacteroides strain, we can
discuss specific genes responsible for HMO break-down, in
addition to discussing the results on the broader, less-selective,
GH family level.

The pioneering work of exploring HMO utilization
mechanisms by the type strains of B. thetaiotaomicron and B.
fragilis (Marcobal et al., 2011) found that certain genes are
heavily upregulated upon growth on HMOs. These genes
belong to several GH families: GH2, GH18, GH20, GH29,
GH33, and GH95. There are a few notable differences between
this early study and our results. First, the researchers used an
HMO mixture, while we used individual HMO molecules.
Second, to our knowledge, no study has looked at the
transcriptional response of Bacteroides strains that were
isolated from infant sool to HMOs, which could be different
from the type strain response, due to large variation across
Bacteroides strains of the same species. Lastly, in the 2011
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1098
manuscript, the transcriptional response was examined on a
pre-selected set of genes (using microarrays designed to capture
these specific RNA molecules), whereas we used an unbiased
approach of total RNA sequencing. These differences make it
difficult to compare the results of both studies, highlighting the
need for additional research in additional species, preferably in
an unbiased manner.

Notably, the Bacteroides genus is characterized by great
variations in carbon-utilization abilities, both across species
and within strains of the same species (Lange et al., 2016;
Husain et al., 2017; Pasolli et al., 2019). Therefore, our
findings, exploring one isolate only, do represent a general
HMO utilization pattern, and every Bacteroides strain or
isolate of interest should be individually examined. Second, we
compared gene expression profiles of B. dorei cultures grown
with various HMOs as a single carbon source, in comparison to
MM-glucose only. While glucose is the most common reference
in microbiology literature, follow up studies should also include
galactose and lactose as a reference. Lastly, we should keep in
mind that bacteria in the infant gut are simultaneously exposed
to multiple types of HMOs, in the context of a complex microbial
ecosystem. Experiments such as the ones presented test the
utilization capacity of individual strains with a specific HMO
molecule. These studies are critical stepping stones towards
constructing a comprehensive map of how the infant gut
microbes can utilize glycans found in breastmilk, thus
shedding light on how breastfeeding, and breastmilk
composition, impact the nursing infant gut microbiome.
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Supplementary Figure 1 | (A) Growth curves of B. dorei, B. vulgatus 2, B.
ovatus, and B. fragilis on various HMOs (2’-FL, DFL, 3’-SL, 6’-SL, LNT and LNnT),
glucose, lactose, supplemented BHI media (positive control), and no carbon media
(negative control). (B) Principal Component Analysis (PCA) of Bacteroides isolates
based on the ability to grow on all media types, as measured by the area under the
curve (AUC) of each growth curve.
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Supplementary Figure 2 | MA plots of HMO transcriptional profiles compared to
glucose, shown as M (log ratio) on the y-axis and A (mean average) on the x-axis.
Here, the log ratio is calculated as the log2 of the change in expression values of the
HMOs vs. glucose, and the mean average is of the glucose read counts. Genes
from GH families are labeled with larger dots and display the GH family they belong
to. The plot highlights up-regulated (red) and down-regulated (blue) genes, using a
threshold of 1 for the absolute log2 fold change, and a threshold of 4 for the log2
glucose mean read count.

Supplementary Figure 3 | B. dorei’s transcriptional profile, as characterized by
RNA-Seq experiments, is similar across conditions. The scatterplots display the
normalized read count value for all annotated genes in B. dorei’s genome (dots),
compared between replicates of the same carbon source (diagonal plots) and
between different carbon sources (bottom triangle). Pearson coefficient was
calculated for each comparison.

Supplementary Table 1 | Bacterial relative abundances (%) as detected by 16S
ribosomal RNA gene sequencing, at the species level.

Supplementary Table 2 | B. dorei’s transcriptional response upon growth in
minimal media (MM) supplemented with various HMOs, compared to MM-glucose.
Each sheet represents a different HMO compared to glucose, and the last sheet
contains explanations of all columns in previous sheets.
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Background: Periodontal disease in pregnancy is considered a risk factor for adverse
birth outcomes. Periodontal disease has a microbial etiology, however, the current state of
knowledge about the subgingival microbiome in pregnancy is not well understood.

Objective: To characterize the structure and diversity of the subgingival microbiome in
early and late pregnancy and explore relationships between the subgingival microbiome
and preterm birth among pregnant Black women.

Methods: This longitudinal descriptive study used 16S rRNA sequencing to profile the
subgingival microbiome of 59 Black women and describe microbial ecology using alpha
and beta diversity metrics. We also compared microbiome features across early (8-14
weeks) and late (24-30 weeks) gestation overall and according to gestational age at birth
outcomes (spontaneous preterm, spontaneous early term, full term).

Results: In this sample of Black pregnant women, the top twenty bacterial taxa
represented in the subgingival microbiome included a spectrum representative of
various stages of biofilm progression leading to periodontal disease, including known
periopathogens Porphyromonas gingivalis and Tannerella forsythia. Other organisms
associated with periodontal disease reflected in the subgingival microbiome included
several Prevotella spp., and Campylobacter spp. Measures of alpha or beta diversity did
not distinguish the subgingival microbiome of women according to early/late gestation or
full term/spontaneous preterm birth; however, alpha diversity differences in late pregnancy
between women who spontaneously delivered early term and women who delivered full
term were identified. Several taxa were also identified as being differentially abundant
according to early/late gestation, and full term/spontaneous early term births.

Conclusions: Although the composition of the subgingival microbiome is shifted toward
complexes associated with periodontal disease, the diversity of the microbiome remains
stable throughout pregnancy. Several taxa were identified as being associated with
spontaneous early term birth. Two, in particular, are promising targets of further
investigation. Depletion of the oral commensal Lautropia mirabilis in early pregnancy
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and elevated levels of Prevotella melaninogenica in late pregnancy were both associated
with spontaneous early term birth.
Keywords: pregnancy, oral microbiome, periodontal disease, preterm birth, subgingival microbiome
1 INTRODUCTION

Pregnant women are susceptible to periodontal disease (Raju and
Berens, 2021) due to hormonally driven hyper-reactivity of the
gingiva to bacteria in the subgingival biofilm (Usin et al., 2013).
Other factors that increase risk for poor oral health during
pregnancy include changes in dietary habits (frequent snacking
or increased consumption of carbohydrate rich or decay-
promoting foods), stomach acids from nausea and vomiting
that contribute to the breakdown of tooth enamel, and
decreased likelihood of seeking dental care during pregnancy
(Detman et al., 2010).

Periodontal disease can be understood as two sub-conditions.
Gingivitis, the milder form of periodontal disease, occurs in 50-
70% of all pregnancies (Anil et al., 2015). Gingivitis is an
inflammation of the gingiva in which the connective tissue
attachment to the tooth remains intact. The inflammation is
limited to the soft-tissue compartment of the epithelium and
connective tissue (Beck and Arbes, 2006). Symptoms typically
emerge during the first trimester (Giglio et al., 2009) and present
as red, swollen gingival margins and bleeding that occurs with
the slightest provocation (Barak et al., 2003). The severity of
gingivitis increases as pregnancy progresses (Cohen et al., 1969).
Progressive gingivitis can lead to periodontitis, a more severe and
chronic form of periodontal disease involving the irreversible
destruction of supportive soft tissue and bone, ultimately leading
to tooth loss (Darby et al., 2000). Diagnosis of periodontitis is
based on clinical measurements of subgingival pocket depth,
bleeding on probing, a plaque index, clinical attachment level,
and radiographic examination (Papapanou et al., 2018).
Symptoms of periodontal disease typically become more overt
during the second trimester (American Pregnancy Association,
2014) in approximately 5-20% of pregnant women (Jared and
Boggess, 2008), however, oral assessment, a basic component of
any physical exam, is frequently overlooked in prenatal care.
Dental care utilization in pregnancy ranges from 25% to 75% and
is highly associated with demographic, socioeconomic, and
perceived need factors (Rocha et al., 2018).

Decades of epidemiological research suggest that periodontal
disease is an independent risk factor for various adverse birth
outcomes, including preterm birth (Komine-Aizawa et al., 2019).
Since 1996 when Offenbacher et al. (1996) reported that women
with periodontal disease had a seven-fold increase in the risk of
preterm birth, results from several clinical studies have
confirmed this association. For example, after controlling for
other known risk factors of preterm birth such as systemic
disease, smoking, or complications during previous
pregnancies, moderate to strong associations were found
between periodontal disease and/or inflammation and
spontaneous pre te rm bir th (Khader e t a l . , 2009 ;
gy | www.frontiersin.org 2103
Guimarães et al., 2010; Macedo et al., 2014; Stadelmann et al.,
2014). These associations, however, must be considered in light
of a high degree of variability in study populations, and clinical
assessment (Agueda et al., 2008; Ide and Papapanou, 2013)
informing our choice to focus our investigation on a within-
race sample of African American women, who are at greater risk
for both preterm birth and periodontal disease (Henshaw et al.,
2018; Martin et al., 2018).

Periodontal disease is initiated by microbial dysbiosis. The
human oral cavity has a characteristic microbiome, with over 700
bacterial species (Aas et al., 2005), representing the second most
complex ecosystem in the body, after the colon (Huttenhower
et al., 2012). The key to oral health is an ecologically balanced
and diverse oral microbiome that is in a state of commensalism
within itself and mutualism with its host (Zaura et al., 2009;
Zarco et al., 2012). This balanced biodiversity is mutually
beneficial for both host and microbial community. Acute
disruptions like pregnancy can challenge a stable ecosystem,
increasing the risk of infection by opportunistic pathogens
(Wade, 2013). Persistent and prolonged disruptions can
permanently shift the composition of a microbial community.
Overgrowth of opportunistic pathogens may lead to a cascade of
interactions between host and community, which over time, lead
to the development of a new community. This new community is
equally as stable, but reflective of a diseased state (Socransky and
Haffajee, 2005). Local oral pathogenesis is now accepted as an
ecological phenomenon. Dysbiosis within an ecological niche
plays a role in all major oral disease including periodontal disease
(Dewhirst et al., 2010) shifting biodiversity to initiate an
infectious/inflammatory state (Zarco et al., 2012). The
microbial etiology of periodontal disease suggests that a
thorough understanding of the microbiome is essential for any
investigation of the association between periodontal disease and
preterm birth.

The prenatal oral microbiome, however, is not well
understood. Early attempts to characterize the ecological shift
that occurs in pregnancy were limited to the identification of
specific pathogenic organisms like Porphyromonas gingivalis,
Treponema denticola, and Tannerella forsythia (Holt and
Ebersole, 2005). Results were inconsistent (Jarjoura et al., 2005;
Lin et al., 2007; Novak et al., 2008; Vettore et al., 2008; Adriaens
et al., 2009; Carrillo‐de‐Albornoz et al., 2010) due to the
methodologies employed in studies which only targeted known
pathogens. Emerging periodontal disease research utilizing 16S
rRNA next-generation sequencing in the non-pregnant
population implicate many more associated taxa and
uncultivated species in the subgingival biofilm (Griffen et al.,
2012; Liu et al., 2012) that have not been investigated in the
prenatal population. These include genera more abundant in
periodontal disease like Spirochaetes, Synergistetes, Bacteriodetes,
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Clostridia, Negativicutes, and Erysipelotrichia (Griffen et al.,
2012), Selenomonas, Prevotella, Treponema, Tannerella,
Haemophilus, and Catonella (Liu et al., 2012), whereas, Bacilli,
Proteobacteria (Griffen et al., 2012), Streptococcus, Actinomyces,
and Granulicatella (Liu et al., 2012) were associated with healthy
gingiva. Furthermore, this shift in the relative abundance of
microbial organisms associated with oral health and disease
appears to be present even in early and mild cases, i.e.,
gingivitis, where frank periodontitis is not yet evident (Liu
et al., 2012). This ecological shift, however, is not yet fully
understood for periodontal disease in general, and for pregnant
women, in particular.

The purpose of this study, therefore, was to characterize the
structure and diversity of the subgingival microbiome of African
American women in early and late pregnancy and explore
relationships between the microbiome and preterm birth.
2 MATERIALS AND METHODS

2.1 Design
This study utilized a longitudinal design with a sample of 59
participants drawn from among a larger group of participants
taking part in the Emory University African American Vaginal,
Oral, and Gut microbiome in Pregnancy cohort study.
Institutional review board approval was obtained for this study
the primary purpose of which was to characterize the subgingival
microbiome at two points during pregnancy: early gestation
(8-14 weeks) and late gestation (24-30 weeks).

2.2 Setting and Sample
Participants for this study were recruited from an ongoing
investigation of the association between a woman ’s
microbiome and preterm birth (Corwin et al., 2017). The
parent study prospectively enrolled a socioeconomically diverse
cohort of pregnant women between 8-14 weeks gestation who
were US born Black or African American and followed them
through delivery. Participants who were enrolled in the parent
study were approached at the initial data collection period within
the 8-14 week gestation period to ascertain their interest in and
eligibility for this study. Additional eligibility criteria for this
study included having: 1) minimum of 20 natural teeth and 2) no
dental cleaning in the past three months. These requirements are
routinely used in oral health studies (Eick and Pfister, 2002;
Griffen et al., 2012; Matthews et al., 2013) to ensure adequate oral
sampling sites and an undisturbed subgingival environment. Use
of antibiotics was collected to address potential confounding
effects on the microbiome, however, none of the participants
whose samples were included in our microbiome analyses
reported recent use of antibiotics.

2.3 Procedures
2.3.1 Oral Microbiome Samples
Subgingival plaque samples were collected for microbiome
analysis using protocols based on the Human Microbiome
Project (McInnes and Cutting, 2010). Participants were asked
about oral sex within 48 hours of sample collection (McInnes
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3104
and Cutting, 2010), oral hygiene (tooth brushing, flossing, and
mouth washes) within 12 hours of sample collection (Kumar
et al., 2014), and food, drink or gum within 30 minutes of sample
collection (Kumar et al., 2014) as potential confounders of
microbiome analysis. Samples were collected in early
pregnancy (8-14 weeks) and again in late pregnancy (24-
30 weeks).

Subgingival plaque was collected by inserting a scaler into the
gingival sulcus of three tooth sites exhibiting visible signs of
inflammation (McInnes and Cutting, 2010). If no visible signs of
inflammation were present, three tooth sites were chosen
randomly. After collection, each scaler tip was immediately
swirled and placed in 750uL of MoBio buffer contained in
sterile MoBio bead tubes (Mobio laboratories, Inc., Carlsbad,
CA). These tubes were then placed on ice in a biohazards
transport bag and transported for storage at -80°C until ready
for DNA extraction.

2.3.2 DNA Isolation and 16S rRNA Library
Preparation and Sequencing
Specimens were sent to the Emory Integrated Genomics Core
(Atlanta, GA). DNA was isolated using the Qiagen DNeasy
Powersoil Kit (Qiagen; 12888). Libraries were made using a
modification of the Illumina 16S Meta-genomic Sequencing
Library Preparation workflow (Illumina Inc., 2020). Briefly, the
highly conserved 16S rRNA gene, which is widely used to
characterize taxonomic diversity in microbial communities,
was amplified targeting the third and fourth hypervariable
region (v3-v4). Final 16S libraries were approximately 630 base
pairs (bp) in length and were pooled in equal amounts based on
fluorescence quantification. Final library pools were quantitated
via quantitative Polymerase Chain Reaction (qPCR) (Kapa
Biosystems; KK4824). The pooled library was sequenced on an
Illumina MiSeq using MiSeq v3 600 cycle chemistry (Illumina;
MS-102-3003) at a loading density of 6–8 pM with 20% PhiX,
generating roughly 20 million, 300 bp paired-end reads.

2.3.3 Quality Control and Amplicon Bioinformatics
All samples were collected using standard sterile technique.
Consistent reagents were used throughout DNA extraction
with positive control (Escherichia coli bacterial pellet) to ensure
appropriate extraction and negative control (sterile water) to
confirm no contamination in extraction kit reagent. Additional
controls (positive: mock community with known microbiome
diversity; negative: sterile water) were used in the PCR
amplification process.

Amplicon sequence reads in compressed fastq.gz format were
produced by the above extraction and subsequent sequencing
protocols and were then checked for quality control with FastQC
and MultiQC packages as seen in Yang et al., 2021 (Andrews,
2010; Ewels et al., 2016). Following, reads were analyzed via
Quantitative Insights Into Microbial Ecology (QIIME2) 2020.2
(Bolyen et al., 2019). Data denoising and dereplication was
implemented by use of the DADA2 module in QIIME2
(Callahan et al., 2016), and the amplicon sequencing variant
(ASV) feature table was built. DADA2 read trimming and
truncation parameters of trim-left-f and trim-left-r 30 and
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trunc-len-f and trunc-len-r 240 were used. Taxonomic
assignment using the v3-v4 hypervariable regions of the 16S
gene for primers was conducted, and data were compared to
GreenGenes (v13_8, 99% clustered OTUs) (DeSantis et al.,
2006), Silva v132 (Quast et al., 2012), and the Human Oral
Microbiome Database (HOMD) v15.2 (Chen et al., 2010)
through QIIME2 taxonomy modules (Bolyen et al., 2019).

In further detail, reference reads were pulled via QIIME2
feature-classifier extract-reads, trimming as above to match the
raw reads using v3/v4 primers, then fitted to a naïve-Bayesian
classifier using QIIME2 feature-classifier fit-classifier-naïve-
bayes, and applied to the ASV feature table using QIIME2
feature-classifier sklearn (Bolyen et al., 2019). The HOMD
database best resolved our Zymo microbial mock community
controls and positive controls, thus HOMD taxonomic
assignment was used downstream. Data were then exported
into.BIOM format for downstream analyses.

2.3.4 Clinical and Questionnaire Data
Demographic and health behavior variables were collected from
parent study survey data and birth outcome data were collected
from parent study medical record abstraction reports.
Gestational age at birth outcomes were adjudicated to include
the full range of classifications as identified in the American
College of Obstetrics and Gynecology (ACOG) guidelines.
Preterm births, identified as birth prior to 37 weeks gestation
(American College of Obstetricians and Gynecologists, 2013),
were grouped according to whether they were spontaneous or
induced. Births after 37 weeks were categorized as “early term”
from 37 0/7 weeks through 38 6/7 weeks, and full term from 37 0/
7 weeks through 38 6/7 weeks (American College of
Obstetricians and Gynecologists, 2013). Spontaneous abortions
(loss of pregnancy at less than 20 weeks gestation) (American
College of Obstetricians and Gynecologists' Committee on
Practice Bulletins—Gynecology, 2018) were also included as a
group. All participants received early pregnancy dating by last
menstrual period (LMP) and/or early ultrasound, given
enrollment criteria. Type of Labor (spontaneous, induced,
none) and mode of delivery (vaginal, C-section) along with
indication for induction and/or C-section were obtained and
used to further phenotype birth outcomes.

2.3.5 Analysis
From a total of 106 samples (across both time points), we
excluded 34 samples due to low yield, specifically, any samples
with less than 20,000 reads remaining after DADA2
dereplication and filtering were removed. As a result, the final
study sample consisted of 72 subgingival samples (38 early
pregnancy samples and 34 late pregnancy samples) from 50
participants. Sociodemographic and self-reported oral symptom
and behavior data for these 50 participants were described.
Analysis comparing the subgingival microbiome at early and
late gestation overall was conducted among samples, regardless
of birth outcome (N [Time 1] = 38; N [Time 2] = 34). Analysis
comparing the subgingival microbiome according to gestational
age at birth outcomes excluded inductions and included
spontaneous abortions and spontaneous births (preterm, early
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4105
term, and full term). Comparative analyses were conducted with
the full term group as the referent group, and were conducted
both at early and late gestation.

Alpha diversity, a measure of species diversity within a
particular community, was calculated using the Shannon index
within the QIIME2 platform. The Shannon index provides a
measure of both richness and evenness (Magurran, 2013).
Communities numerically dominated by one or a few species
exhibit a low Shannon score, whereas communities in which
abundance is distributed equally among species will exhibit high
evenness. Beta diversity, which measures similarity/dissimilarity
between a pairs of communities, were calculated using the Bray-
Curtis (abundance-weighted) and Jaccard (presence/absence of
detected ASV) distances. The communities were visualized on a
principal coordinates analysis (PCoA) plot based on these
distance matrices to assess any clustering by groups of interest.
The significance of the cluster differences (i.e., variation in
community structure in relationship to group status) was
assessed using the permutational multivariate analysis of
variance (PERMANOVA).

The Linear Decomposition Model (LDM) (Hu and Satten,
2020) was used to determine differences at the individual ASV
level with permutation-based p-values, in terms of relative
abundance, controlling for false discovery rate at a nominal
level of 5%. Because this is an exploratory study, significant p-
values, even though differences did not persist with correction,
were reported as potential signals for future targeted
investigation. Sample groups were classified by spontaneous
pre-term, spontaneous early term, or full-term gestation. Taxa,
by relative abundance, were tested for differences using LDM’s
global test of the microbiome effect. To account for the difference
in sample size, random sampling with replacement was
implemented to match sample group sizes and the global test
repeated for 1,000 permutations.
3 RESULTS

3.1 Sociodemographic Characteristics and
Birth Outcomes
The mean age of the participants was 26.04 ± 5.37 years. Other
sociodemographic characteristics and birth outcomes may be
found in Table 1.

3.2 Self-reported Oral Healthy Symptom
and Behavior
Only one participant self-reported gingivitis at the second time
point. Other oral health symptoms and behaviors are in Table 2.

3.3 Characterization of the Oral
Microbiome Across Early and
Late Pregnancy
There was no difference in measures of alpha or beta diversity for
samples from early and late gestation, controlling for
participants. The top twenty taxa (Figure 1) represented in the
subgingival microbiome of participants across gestation include
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a spectrum of bacteria representative of various stages of biofilm
progression leading to periodontal disease. These include
Porphyromonas gingivalis and Tannerella forsythia. Other
bacteria associated with periodontal disease that were reflected
in the microbiome profile of our participants included several
Prevotella spp., and Campylobacter spp.

The relative abundance of six taxa differentiated the
subgingival microbiome of our cohort between early and late
pregnancy. Five organisms (Porphyromonas sp._HMT_284,
Catonella sp._HMT_164, Peptostreptococcaceae_[XI][G-5] [XI]
[G-5]_saphenum, Johnsonella ignava, Actinomyces massiliensis
were more abundant in early pregnancy, while one,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5106
Cryptobacterium curtum , was more abundant in late
pregnancy (Table 3).

3.4 Characterization of the Oral
Microbiome According to Birth Outcomes
No association between microbiome features and spontaneous
abortion or spontaneous preterm birth at either time point were
identified. We did, however, find that in late pregnancy both
alpha and beta diversity distinguished the subgingival
microbiome of women who spontaneously delivered early term
from women who delivered full term (Figures 2, 3). Several taxa
also differentiated women who spontaneously delivered early
TABLE 2 | Self-reported oral health symptoms and behaviors in early and late gestation.

Early Gestation (n = 38) Late Gestation (n = 34)
Frequency, n (%) Frequency, n (%)

In the past month
Self-reported gingivitis
Yes 0 1 (2.9)
No 38 (100) 33 (97.1)
Missing 0 1 (2.9)

Used mouthwash
Yes 24 (63.2) 19 (55.9)
No 13 (34.2) 14 (41.2)
Missing 1 (2.6) 1 (2.9)

Flossed
Yes 23 (60.5) 12 (35.3)
No 14 (36.8) 21 (61.8)
Missing 1 (2.6) 1 (2.9)

Visited dentist
Yes 2 (5.3) 3 (8.8)
No 35 (92.1) 31 (91.2)
Missing 1 (2.6) 0

Current
Red and swollen gums
Yes 1 (2.6) 1 (2.9)
No 37 (97.4) 33 (97.1)

Bleeding gums
Yes 11 (28.9) 8 (23.5)
No 26 (68.4) 25 (73.5)
Missing 1 (2.6) 1 (2.9)

Brushed teeth in the last 2 days
Yes 37 (97.4) 32 (94.1)
No 0 1 (2.9)
Missing 1 (2.6) 1 (2.9)
May 2022 | Vo
TABLE 1 | Sociodemographic characteristics of participants according to birth outcomes (N = 50).

Sociodemographic Characteristics Preterm (n = 5) Early Term (n = 16) Full Term (n = 24) Spontaneous Abortions (n = 3)

Education
≤ High School 4 (80.0) 9 (56.25) 13 (54.2) 2 (0.67)
> High School 1 (20.0) 3 (18.75) 9 (37.5) 1 (0.33)
Missing 0 4 (2.5) 2 (8.3) 0

Income
< 100% Federal Poverty Level 2 (40.0) 9 (56.25) 9 (37.5) 3 (100)
≥ 100% Federal Poverty Level 3 (60.0) 2 (12.5) 8 (33.3) 0
Missing 0 5 (31.25) 7 (29.2) 0

Medical Insurance
Medicaid 4 (80.0) 11 (68.75) 20 (83.4) 3 (100)
Private Insurance 1 (20.0) 1 (6.25) 2 (8.3) 0
Missing 0 4 (25.0) 2 (8.3) 0
Twin birth (n = 1); Missing sociodemographic data (n = 1).
lume 12 | Article 873683
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term vs full term. In early pregnancy, eight taxa including
Actinomyces israelii, Cardiobacterium hominis, Treponema
putidum, and Lautropia mirabilis were more abundant among
women who delivered full term compared to early term
(Table 4). In late pregnancy, four taxa (Campylobacter gracilis,
Prevotella melaninogenica, and two unnamed species belonging
to the genera Tannerella and Catonella) were differentially
abundant between women who spontaneously delivered early
term and women who delivered full term. Of these, P.
melaninogenica was the only organism that was more
abundant among women who spontaneously delivered early
term (Table 5).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6107
4 DISCUSSION

4.1 Sociodemographic and
Behavioral Characteristics
This study describes the subgingival microbiome of a group of
pregnant Black women and explores associations between the
microbiome and preterm birth. Although the parent study, from
which this study leveraged its participants, aimed to enroll a
socioeconomically diverse cohort of pregnant women, the
majority of our convenience sub-sample were socioeconomically
vulnerable with less than high school education, and incomes at less
than the federal poverty level. Most of the participants were on
FIGURE 1 | Top 20 species (according to relative abundance) across Time 1 and Time 2.
TABLE 3 | Six taxa identified to have significantly different relative abundances between early and late pregnancy.

Taxa Early Pregnancy Mean Relative
Abundance

Late Pregnancy Mean Relative
Abundance

p.value fdr.q.value

Actinomyces massiliensis 0.0311 0.01313 0.0317 0.996
Catonella sp._HMT_164 0.0185 0.01083 0.0078 0.7271
Cryptobacterium curtum 0.00227 0.01102 0.0127 0.7271
Johnsonella ignava 0.00851 0.00316 0.0196 0.8977
Peptostreptococcaceae_[XI][G-5]
[XI][G-5]_saphenum

0.00314 0.00225 0.0108 0.7271

Porphyromonas sp._HMT_284 0.00514 0.0051 0.0034 0.7271
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Medicaid insurance. Evidence suggests that socioeconomic
inequalities are strongly associated with oral health disparities,
both self-reported and clinically determined (Mejia et al., 2018).
This holds true for pregnant populations as well (Azofeifa et al.,
2014; Chung et al., 2014; McNeil et al., 2016). None of the women in
the study self-reported gingivitis across pregnancy, although one
woman reported red or swollen gums, and around a quarter of the
participants reported bleeding gums across pregnancy. Both red/
swollen gums and bleeding gums are symptoms of gingivitis. Self-
reported gingivitis and symptomatology is less than expected within
our cohort since we know that gingivitis is present in 50-70% of
pregnant women (Anil et al., 2015), and tends to increase in severity
across pregnancy (Cohen et al., 1969). Self-reported gingivitis and
bleeding gums, while useful for public health screening, lacks
validity for individual screening for gingivitis as defined by a
dental professional (Kallio et al., 1994; Abbood et al., 2016). It is
likely that underreporting of gingivitis and associated symptoms
was present in our study.

Virtually all the women reported brushing their teeth in the
last two days, however, use of other oral hygiene measures such
as flossing, and mouthwash were not as ubiquitous. This can be
understood in the light of previous research which indicates
racial, ethnic, and economic disparities related to oral hygiene
practices during pregnancy (Boggess et al., 2010). Even
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7108
controlling for income, education, and insurance status, racial
disparities in oral health experiences persist; an important
contextual consideration for our cohort (Hwang et al., 2011).

4.2 The Subgingival Microbiome
Across Pregnancy
Microbial community diversity can be described in two ways.
Alpha diversity describes how many ASVs are present in a
community and how evenly they are distributed; beta diversity
describes the diversity between two different environments. In
studies conducted among an Asian population, pregnancy itself
appears to increase the alpha diversity of the subgingival
microbiome (Balan et al., 2021), although both species richness
and diversity remain stable throughout pregnancy (Balan et al.,
2018). Our findings support the consistency of alpha diversity
throughout pregnancy among African American women since
we found no difference in either species richness or diversity
between early and late pregnancy. More research among diverse
racial and ethnic populations of pregnant women is needed to
further assess the generalizability of this finding.

To contextualize our description of the most prevalent
organisms identified in the subgingival space of our cohort of
pregnant women, it is important to understand that periodontal
disease has a polymicrobial etiology. The current scientific
FIGURE 2 | Alpha diversity of subgingival microbiome at Time 2 according to delivery time status.
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understanding of periodontal disease is that of progressive
dysbiosis within the biofilm, a polymicrobial ecosystem which
attaches to the surface of the tooth in the subgingival pocket
(Guthmiller and Novak, 2002). The dysbiotic shift results in a
predominantly gram negative environment (Mohanty et al.,
2019) caused by microbial succession that occurs with rapid
accumulation of plaque on the teeth (Socransky and Haffajee,
2005). According to the seminal work of Socransky and Haffajee
(2005), the postulated scheme of microbial succession occurs
according to complexes, or co-occurring clusters of organisms.
Initially, members of the yellow, green, and purple complexes
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8109
dominate along with Actinomyces species (Socransky and
Haffajee, 2005). The establishment of these three complexes
contributes to the alteration of the subgingival environment
such that the next two, more pathogenic, complexes become
dominant (Figure 4) (Socransky and Haffajee, 2005). These are
the “orange complex” organisms (Prevotella intermedia,
Prevotella nigrescens, Peptostreptococcus micros, Fusobacterium
nucleatum, Eubacterium nodatum, Streptococcus constellatus,
and several Campylobacter species). The orange complex of
organisms contain bridge species and generally precedes the
growth of the red complex which consists of Treponema
FIGURE 3 | Beta diversity of subgingival microbiome at Time 2 according to delivery time status.
TABLE 4 | Eight taxa identified in early pregnancy to have significantly different relative abundances between spontaneous early term and full term births.

Taxa Spontaneous Early Term Mean Relative
Abundance

Full Term Mean Relative
Abundance

p.value fdr.q.value

Actinomyces israelii 0.00118 0.00132 0.003 0.2332
Leptotrichia sp._HMT_392 0.00158 0.00279 0.0047 0.2332
Cardiobacterium hominis 0.00515 0.0077 0.0076 0.2332
Capnocytophaga sp._HMT_338 0.00023 0.00216 0.0093 0.2332
Treponema putidum 0.00318 0.00765 0.0106 0.2332
Bacteroidaceae_[G-1] [G-1]_bacterium_HMT_272 0.00085 0.00289 0.0166 0.3043
Lautropia mirabilis 0.00428 0.01146 0.0419 0.6435
Prevotella loescheii 0.00024 0.00795 0.0468 0.6435
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denticola, Porphyromonas gingivalis, and Tannerella forsythia
(Guthmiller and Novak, 2002). The red complex organisms are
known as periopathogens and are present at sites presenting with
symptoms of periodontal disease.

Notably, several of the organisms represented among the top
20 most abundant organisms in the subgingival microbiome of
our cohort include members of both the red and orange
complexes: Porphyromonas gingivalis, Prevotella intermedia,
Prevotella nigrescens, Campylobacter gracilis, and Campylobacter
showae, suggesting a shift toward a pathogenic subgingival
ecosystem. This finding is supported by a previous study by Balan
et al. (2018) which also identified a dominance of periopathogens
during pregnancy from the genera Prevotella, Veillonella, and
Streptococcus, and at the species level, P. gingivalis, P. nigrescens,
and P. oris.

Given that periodontal disease symptoms intensify over
pregnancy (Cohen et al., 1969), we might expect to see
increases in the abundance of these pathogenic organisms over
pregnancy, however, the significant changes in relative
abundance of organisms that we identified were not among
established periodontal disease associated organisms. Instead,
slight but significant differences were identified with six taxa, five
of which decreased from early to late pregnancy, and one which
increased in abundance across pregnancy. Of the five taxa that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9110
decreased in abundance, three were uncultivated phylotypes.
Little is known about Porphyromonas sp._HMT_284, however,
sister organisms within the genus are P. gingivalis and P.
endodontalis, both of which have been associated with
periodontal disease (Lombardo Bedran et al., 2012). The genus
Catonella is a relatively newly identified genus (Moore and
Moore, 1994) with one named species, C. morbi, that has been
described as a putative periopathogens (Wu et al., 2017). Bacteria
from the family Peptostreptococcaceae are a morphologically
diverse group of gram positive organisms (Slobodkin, 2014).
Due to the multiple genera and species within this family it is
difficult to speculate on the meaning of our finding that this
particular taxa decreased in abundance over pregnancy.
Johnsonella ignava may be an opportunistic pathogen. There is
modest evidence that it may be associated with chronic
obstructive pulmonary disease as well as oral squamous-cell
carcinoma (Wu et al., 2017). The evidence on whether it is
associated with periodontal disease is mixed (Moore and Moore,
1994; Wu et al., 2017). Actinomyces spp. are commonly found in
human oral mucosa and many novel species have been described
in recent years (Renvoise et al., 2009). Although A. massiliensis is
known to reside in the subgingival biofilm, its role within an
Actinomyces complex associated with periodontal disease is not
known (Vielkind et al., 2015). Cryptobacterium curtum was the
TABLE 5 | Four taxa identified in late pregnancy to have significantly different relative abundances between spontaneous early term and full term births.

Taxa Early Term Mean Relative Abundance Full Term Mean Relative Abundance p.value fdr.q.value

Campylobacter gracilis 0.00838 0.03764 0.025 0.3132
Catonella sp._HMT_164 0.00132 0.00364 0.0464 0.3132
Prevotella melaninogenica 0.01081 0.00366 0.0435 0.3132
Tannerella sp._HMT_286 0.00211 0.00512 0.0452 0.3132
May 2022
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only taxa identified to increase from early to late pregnancy.
Cryptobacterium curtum is an oral opportunistic pathogen that is
involved in dental and oral infections (Mavrommatis
et al., 2009).

Our findings suggest that despite the overall stability in alpha
and beta diversity over the course of pregnancy, relative
abundance shifts within individual taxa do occur over time
with organisms that have some associations to periodontal
disease and other opportunistic infections. Further
investigation of these organisms and their clinical impact on
oral disease and pregnancy outcomes are warranted.

4.3 Exploring the Association Between the
Subgingival Microbiome and Preterm/
Early Term Birth
Likely due to limited power from the small number of preterm
births in our cohort, we did not identify any associations between
subgingival microbiome features and spontaneous preterm birth.
We did, however, identify associations among microbiome
features and spontaneous early term birth (37 0/7 weeks
through 38 6/7 weeks). During early pregnancy, eight taxa
were more abundant among women who delivered full term
compared to those who delivered early term. Two were unnamed
spec ies be longing to the genera Leptotr i ch ia and
Capnocytophaga. Leptotrichia spp. are facultative anaerobic
oral commensals that are commonly found in the oral cavity
(Smid et al., 2015) and can act as opportunistic pathogens or
stimulate the growth of other pathogenic organisms (Eribe and
Olsen, 2017). Various pathologic conditions are associated with
Leptotrichia, (Eribe and Olsen, 2017) including poor pregnancy
outcomes. Leptotrichia amnionii, L. sanguinegens, and L. buccalis
have been associated with outcomes such as miscarriage,
chorioamnionitis, preterm labor, pregnancy loss, neonatal
infection and postpartum infection (Smid et al., 2015). Several
Capnocytophaga spp. belong to the green complex, early
colonizers in the microbia l success ion leading to
periodontal disease.

Cardiobacterium hominis was also more abundant among
women who delivered full term. C. hominis is not commonly
associated with oral disease, although one study did find it to be
associated with aggressive periodontitis and suggested it as a
potentially new periopathogens (Lourenço et al., 2014). C.
hominis is better known as an oral commensal belonging to
the HACEK group of five organisms which can cause infective
endocarditis (Moreillon, 2010).

Oral treponemes are widely considered to play an important
role in periodontal disease etiology and pathogenesis (You et al.,
2013). Treponema putidum is a novel treponeme isolated from
lesions of periodontal disease and acute necrotizing ulcerative
gingivitis (Wyss et al., 2004). The genus Prevotella is the largest
genus in the phylum Bacteroidetes (Dewhirst et al., 2010) and
contains species such as P. intermedia and P. nigrescens,
members of the orange complex. Lesser known are organisms
like P. loeschii which is, nonetheless, associated with periodontal
disease. P. loeschii is known to produce propionic acid, a major
metabolic player in the inflammatory process of gingival tissue
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10111
(Al-Lahham et al., 2010). Actinomyces spp. are thought to play a
significant role as early colonizers in the process of plaque
formation and figure prominently in the microbial succession
dogma of periodontal disease. The genus contains a total of 42
species, 20 of which are relevant for human health (Vielkind
et al., 2015). A. israelii is part of the normal human oral flora and
is frequently found in dental caries and at the gingival margins of
individuals with poor oral hygiene (Desouches et al., 2019). It is
the most common cause of actinomycosis, and has also been
associated with periodontal disease (Vielkind et al., 2015).
Lautropia mirabilis is a Gram-negative, motile, coccus bacteria
that has been isolated from the human oral cavity (Gerner-Smidt
et al., 1994). While L. mirabilis may be associated with some
disease states (Ben Dekhil et al., 1997; Rossmann et al., 1998), it is
currently primarily associated with periodontal health (Colombo
et al., 2009; Balan et al., 2018; Papapanou et al., 2020). Finally,
Bacteroidaceae_[G-1] [G-1]_bacterium_HMT_272 is a novel,
uncultivated, unnamed, and uncharacterized taxon. Little is
known about this organism, however, it has been identified as
the most prevalent phylotype in apical periodontitis lesions
(Amaral et al., 2020).

In late pregnancy, four taxa were identified as being
differentially abundant among women who spontaneously
delivered early term. Women who delivered early term had
lower abundances of Catonella sp._HMT_164, Tannerella
sp._HMT_286, and Campylobacter gracilis. Both Catonella
sp._HMT_164 and Tannerella sp._HMT_286 are uncultivated
phylotypes. While these strains are not yet well characterized, we
do know that other species within these genera are
periopathogens. Tannerella forsythia, for example, belongs to
the red complex and is known as a keystone periopathogen.
Catonella morbi, the only named species within the genus, has
been described as a putative pathogen (Wu et al., 2017).
Campylobacter gracilis was one of the top 20 most abundant
organisms across pregnancy in our cohort. C. gracilis belongs to
the orange complex, known to closely precede colonization by
the three dominant periopathogens of the red complex.

Prevotella melaninogenica was the only taxon identified to be
more abundant among women who spontaneously delivered
early term. P. melaninogenica is an oral commensal, gram-
negative anaerobe that is closely related to periodontal disease
(Ibrahim et al., 2017). P. melaninogenica has a pro-inflammatory
effect that stimulates the release of inflammatory cytokines,
suggesting that it may play an important role in promoting
chronic inflammation (Larsen, 2017).

Several of the taxa identified to be differentially abundant
between women who delivered early term versus full term in both
early and late pregnancy were novel, uncultivated species
suggesting the importance of looking beyond known pathogens
to additional microbial players that may affect oral disease and
birth outcomes. Many of the taxa identified to be differentially
abundant between early term and full term women have strong
known or suspected associations with periodontal disease. That
most were elevated in women who delivered full term challenges
the hypothetical association between periodontal disease (and
periodontal disease-causing organisms) and adverse birth
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outcomes. Further investigation of these organisms, their role in
periodontal disease and early term birth is required.

What our findings do reveal is that there are taxonomic shifts
that are associated with early term birth. Two taxa are potential
targets for future research. Lautropia mirabilis is a Gram-
negative, motile, coccus bacteria that is known as an oral
commensal (Gerner-Smidt et al., 1994). Studies have identified
L. mirabilis as being associated with periodontal health
(Colombo et al., 2009; Papapanou et al., 2020). In our study
we identified that a depletion of this organism was associated
with spontaneous early term birth suggesting that it may be a
potential target of future investigation as an oral commensal
associated with both oral and pregnancy health. Prevotella
melaninogenica was the only taxa identified to be enriched in
women who delivered early term. While not traditionally
understood as a periopathogen, it has been identified to be
highly abundant in the saliva of pregnant women (Balan et al.,
2018), and enrichment of Prevotella spp. is associated with
mucosal inflammation leading to systemic dissemination of
inflammatory mediators, bacteria, and bacterial products,
which in turn, may affect systemic outcomes (Larsen, 2017).
Further investigation of this organism and its inflammatory
effects on oral health and pregnancy are needed.

Spontaneous early term births are births that occur between 37
and 39 weeks. While infants born at this gestational age do not face
the same risks as those born preterm (< 37 weeks), they do remain
at increased risk for respiratory distress syndrome, transient
tachypnea of the newborn, feeding difficulty, pneumonia, and
hypothermia (Parikh et al., 2014). Although reasons for
spontaneous early term birth are not fully understood, biological
determinants may be at play including placental ischemia,
diabetes, and poly- or oligohydramnios (Brown et al., 2015). To
our knowledge, no studies have investigated the contribution of
the oral microbiome to early term birth or tested the potential
hypotheses that an oral microbiome shifted toward periodontal
disease might contribute to early term labor. This study lays the
groundwork and provides preliminary evidence for future targeted
investigations testing this hypothetical association.

4.4 Limitations
Several limitations must be acknowledged. First, this was an
exploratory study and was not fully powered to identify
microbiome associations with preterm or early term birth.
Second, although the Human Oral Microbiome Database offers
a well-curated and up-to-date resource for 16S rRNA sequences,
marker gene sequencing technology limits the resolution with
which to identify taxa. Finally, the lack of periodontal disease
clinical diagnosis limits our ability to interpret the clinical impact
of the oral microbiome.
5 CONCLUSIONS

Despite these limitations, this exploratory study confirmed
emerging findings that the diversity of the subgingival
microbiome remains stable during pregnancy. While our study
did not include clinical diagnosis of periodontal disease, our findings
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11112
suggest that the subgingival microbiome of this group of pregnant
women was shifted towards complexes associated with periodontal
disease. Our exploration also identified periodontal disease
associated taxa that differentiated the subgingival microbiome of
women who delivered early term versus full-term, namely
Porphyromonas sp._HMT_284, Catonella sp._HMT_164,
Peptostreptococcaceae_[XI][G-5] [XI][G-5]_saphenum, Johnsonella
ignava, Actinomyces massiliensis and Cryptobacterium curtum,
suggesting a relationship between the subgingival microbiome and
early term birth. Next step investigations should consider the
incorporation of clinical assessment of the oral cavity; shotgun
whole metagenome sequencing to allow identification of microbial
taxa to the species, and even strain level; and further investigation
into novel, uncultivated phylotypes which may play a role in the
relationship between the subgingival microbiome in pregnancy and
early term birth.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories . Repository : NCBI. Accession number:
PRJNA811442. The link to the data can be found below: http://
www.ncbi.nlm.nih.gov/bioproject/811442.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Emory University IRB. The patients/participants
provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

IY, EC, AD, NG, and VH contributed to the conception and
design of the study. IY, RA, and HC contributed to the data
curation. HC and IY performed the formal analysis. IY wrote the
first draft of the manuscript. HC and RA wrote sections of the
manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.
FUNDING

Support for this study came fromNIH -National Institute of Nursing
Research grant number R01NR014800 and NIH – National Institute
of Nursing Research grant number K01NR016971.
ACKNOWLEDGMENTS

We are grateful for the support of Kristi Logue, Castalia Thorne,
Cassandra Hall, and Shirleta Reid for their help in recruiting
participants for this study.
May 2022 | Volume 12 | Article 873683

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Yang et al. Subgingival Microbiome in Pregnancy
REFERENCES
Aas, J. A., Paster, B. J., Stokes, L. N., Olsen, I., and Dewhirst, F. E. (2005). Defining

the Normal Bacterial Flora of the Oral Cavity. J. Clin. Microbiol. 43 (11), 5721–
5732. doi: 10.1128/JCM.43.11.5721-5732.2005

Abbood, H. M., Hinz, J., Cherukara, G., and Macfarlane, T. V. (2016). Validity of
Self-Reported Periodontal Disease: A Systematic Review and Meta-Analysis.
J. Periodontol. 87 (12), 1474–1483. doi: 10.1902/jop.2016.160196

Adriaens, L. M., Alessandri, R., Spörri, S., Lang, N. P., and Persson, G. R. (2009).
Does Pregnancy Have an Impact on the Subgingival Microbiota? J. Periodontol.
80 (1), 72–81. doi: 10.1902/jop.2009.080012
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Introduction: Early-life events are associated with the risk of obesity and comorbidities
later in life. The gut microbiota—whose composition is influenced by genetics and
environmental factors—could be involved. Since the microbiota affects metabolism and
fat storage, early-life insults could contribute to the occurrence of obesity driven, in part, by
microbiota composition. We examined associations of gut bacteria with early-life events,
nutritional status, and body composition in the Nutritionist’s Health Study (NutriHS).

Methods: A cross-sectional study of 114 female participants examining early-life data,
body composition, and biological samples was conducted. Fecal microbiota structure
was determined targeting the V4 region of the 16S rRNA gene. Principal coordinates
analysis (PCoA) and permutational multivariate analysis of variance (PERMANOVA) were
used to test the impact of variables on microbial diversity. Profiles were identified using the
Jensen-Shannon divergence matrix and Calinski–Harabasz index. Differential abundance
between the categories of exclusive breastfeeding duration and nutritional status was
tested using DESeq2.

Results: In the sample [median age 28 years and body mass index (BMI) 24.5 kg/m2], 2
microbiota profiles driven by the Blautia or Prevotella genus were identified. An estimated
9.1% of the variation was explained by the profiles (p < 0.001), 2.1% by nutritional status
(p = 0.004), and 1.8% by exclusive breastfeeding (p = 0.012). The proportion of
participants with BMI <25 kg/m2 and who were breastfed for at least 6 months was
higher in the Blautia profile (p < 0.05).
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Conclusion: Findings in a Blautia-driven profile of healthy women reinforce that early-life
events play a role in defining gut microbiota composition, confirming the importance of
exclusive breastfeeding for infant gut colonization in establishing a protective profile
against adiposity-related outcomes in adulthood.
Keywords: gut microbiota, early-life events, DOHAD, breastfeeding, nutritional status
INTRODUCTION

The importance of prenatal and postnatal events in long-term
health outcomes has been consistently recognized (Ravelli et al.,
1976; Barker, 1990; Bell et al., 2017; Block and El-Osta, 2017;
Cheshmeh et al., 2020; Capra et al., 2021). Nutritional factors
during intrauterine life and after birth have a major impact on
infant health and later in adulthood, influencing the risk for non-
communicable chronic diseases (Garmendia et al., 2014; Cadenas-
Sanchez et al., 2017). Early feeding and infant growth rate have
been associated with the risk of obesity and cardiometabolic
diseases later in life (Kelishadi and Farajian, 2014; Kapourchali
and Cresci, 2020). Important underlying mechanisms of these
associations involve the gut microbiome (Bouter et al., 2017;
Meijnikman et al., 2018). Gut colonization of the newborn starts
at birth by bacteria from the mother and the environment. Major
determinants of gut microbiota composition in early life are type
of delivery, lactation, antibiotic use, and sanitary conditions
(Biasucci et al., 2010; Martin et al., 2016; Le Doare et al., 2018;
Cheng and Ning, 2019). Evidence indicates that these factors
shape the gut microbiota throughout life (Rodrıǵuez et al., 2015;
Cheng and Ning, 2019) and that adult microbiota composition
shows slight fluctuations around a core of stable colonizers.

Despite similar counts of human cells and microbes
throughout the gastrointestinal tract, the gut microbiome
contains 100 times more genes (Qin et al., 2010; Shen et al.,
2013; Sender et al., 2016). This indicates that microbial
communities play vital roles in the host and that an
unbalanced microbiota can deteriorate regulatory functions,
triggering immune and metabolic disturbances (Levy et al.,
2017; Sommer et al., 2017). Factors such as aging (Rodrıǵuez
et al., 2015; Cheng and Ning, 2019; Fan and Pedersen, 2021), diet
(David et al., 2014), nutritional status, and exercise induce
changes (Rodrı ́guez et al., 2015; Mailing et al., 2019) in
microbiota composition, hampering understanding of the
involvement of this complex ecosystem in pathophysiological
processes. Arumugam et al. (2011) proposed analyzing the gut
microbiota based on microbial profiles driven by discriminative
genera referred to as enterotypes. Long-term dietary patterns
have been linked to enterotypes in populations. A carbohydrate-
based or vegetarian diet was found to be associated with
Prevotella, while the typical Western diet was associated with
Bacteroides enterotype (De Filippo et al., 2010; Wu et al., 2011; de
Moraes et al., 2017). However, further studies have questioned
such discrete profiles, given that these microbial communities
proved not to be recurrent across diverse human populations
(Gorvitovskaia et al., 2016). Despite controversies, it is clear that
the risk or protection against non-communicable chronic
gy | www.frontiersin.org 2117
diseases conferred by lifestyle is modulated by the gut
microbiota, which affects nutrient acquisition, energy
regulation, and fat storage (Rosenbaum et al., 2015; Wu et al.,
2021). This could be a plausible pathway by which early-life
exposures are associated with later body phenotypes.

Our group has been conducting the Nutritionist’s Health Study
(NutriHS) involving nutrition undergraduates and nutritionists
(Folchetti et al., 2016). This represents a unique opportunity to
collect reliable nutrition-related data, accurate body composition
measurements, and biological samples to test associations with
early-life events and current lifestyle potentially mediated by the
gut microbiota. The aim of the present study was to examine
associations of gut bacteria with early-life events, current
nutritional status, and body composition in NutriHS participants.
MATERIALS AND METHODS

Study Design and Participants
This cross-sectional analysis was part of the multicenter NutriHS
conducted at the School of Public Health of the University of São
Paulo State, Brazil, to investigate markers of cardiometabolic
diseases (Folchetti et al., 2016). Current data were collected at the
University of Campinas (UNICAMP), located in Campinas city
in the interior of São Paulo state. The NutriHS was approved by
the local research ethics committee, and volunteers signed an
electronic informed consent form available on the e-NutriHS
system (www.fsp.usp.br/nutrihs). Recruitment of volunteers took
place between 2018 and 2019.

Eligibility criteria were female undergraduates or nutritionists
aged 19–44 years, body mass index (BMI) between 18.5 and 39.9
kg/m², and individuals whose mothers were alive. Pregnant and
nursing women or individuals with diabetes, kidney, heart, and
liver diseases, or other severe systemic diseases, in use of
medications affecting glucose metabolism and/or body
adiposity, or in use of probiotics or antibiotics in the last 3
months were excluded. Participants filled out online structured
validated questionnaires. Respondents were then invited to
schedule a face-to-face visit for physical examination and
collection of biological samples. A total of 248 women
answered the questionnaires, 127 met the inclusion criteria,
and 114 concluded the full protocol (Figure S1).

Early-Life and Current Data
Regarding information about early-life events, participants were
advised to consult birth cards and seek assistance from their
mothers. Maternal data collected were pre-pregnancy age,
education levels (<11; ≥11 years) and BMI, and gestational
May 2022 | Volume 12 | Article 838750
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diabetes, hypertension, or other complications (yes; no), parity
(0; ≥1 pregnancy), tobacco, alcohol, and/or drug use (no; yes),
and type of delivery (vaginal; C-section). Maternal gestational
weight gain and participants’ birth weight were obtained as
continuous variables. Continuous data on participant birth
weight and duration of exclusive breastfeeding were further
categorized into <2.5 kg, 2.5–4.0 kg, or ≥4.0 kg and into <6
months or ≥6 months, respectively.

Current data collected were skin color (white; non-white),
age, family income (<6; ≥6 minimum wages), and engagement in
leisure time physical activity (no; yes). Physical activity was
assessed using the short version of the International Physical
Activity Questionnaire (Craig et al., 2003) validated for use in
Brazil (Matsudo et al., 2001). Dietary intake was estimated using
a validated food frequency questionnaire for the adult population
living in São Paulo, with the previous year as the time frame
(Selem et al., 2014). The questionnaire comprised 101 food items,
and food equivalents in the USDA National Nutrient Database
for Standard Reference were employed (Haytowitz et al., 2019).

Clinical and Body Composition
Assessment
Body weight was obtained using a digital scale, and height was
measured using a fixed stadiometer. BMI was calculated, and
nutritional status was classified according to the WHO standards
(WHO, 2015). Adequate nutritional status was defined as BMI >18.5
and <25 kg/m2. Waist circumference was measured at the midpoint
between the last rib and iliac crest using an inelastic tape.

Body composition was assessed using dual-energy x-ray
absorptiometry (DXA) (GE Lunar iDXA® with EnCore software,
Madison, WI, USA) by a trained researcher. Instrument quality
control was checked routinely according to the manufacturer’s
instructions. Parameters of interest were measurements of total fat
and visceral fat mass and of total and appendicular lean mass.

Biochemical Analyses
After a 12-h overnight fast, blood samples were collected for
biochemical determinations. Glucose and lipid profile [total
cholesterol, high-density lipoprotein (HDL) cholesterol, and
triglycerides] were measured using the glucose oxidase and
enzymatic colorimetric methods, respectively. Low-density
lipoprotein (LDL) cholesterol was calculated by the Friedwald
equation. Plasma insulin was obtained using an automated two-
site chemiluminescent immunometric assay (Immulite 1000
System, Siemens Health Diagnostics, USA). Homeostasis
model assessment of insulin resistance (HOMA-IR) was
calculated (Matthews et al., 1985). High-sensitivity C-reactive
protein was determined by nephelometry using a BN ProSpec
System (Siemens, Marburg, Germany).

Plasma concentrations of short-chain fatty acids (SCFAs:
acetate, propionate, and butyrate) were measured by gas
chromatography (Wang et al., 2019). Briefly, ethanol, n-hexane,
and an internal standard (caprylic acid) were added to serum.
Samples were centrifuged and transferred to specific vials, and pH
was adjusted to 4.0. A calibration curve with 0.015–0.1mg/ml
SCFA was used in the quantification. Chromatographic analyses
were performed using a gas chromatograph-mass spectrometer
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3118
(model Coupled QP2010 Plus; Shimadzu®, Kyoto, Japan) and a
fused-silica capillary Stabilwax column (Restec Corporation, USA)
with dimensions of 30m × 0.25mm internal diameter and coated
with a 0.25-μm-thick layer of polyethylene glycol. Samples were
injected at 250°C using a 25:1 split ratio for feces or splitless. High-
grade pure helium was used as the carrier gas with a constant flow
rate of 1.0 ml/min. Mass conditions were as follows: ionization
voltage, 70 eV; ion source temperature, 200°C; full scan mode in
the 35–500 mass range with 0.2 s/scan velocity. The butyrate
columns did not appear, since the concentration of the acid was
not detectable in the samples.

Gut Microbiota Analysis
Fecal samples were refrigerated within 24 h after collection, and
aliquots were stored at -80°C until analysis. According to the
manufacturer’s instructions, DNA was extracted using the
Maxwell® 16 DNA purification kit and the protocol was carried
out on the Maxwell® 16 Instrument (Promega, Madison, WI,
USA). We used the primers and workflow to generate the
amplicon from the V4 region of the 16s rRNA gene according
to Penington et al. (2018). The amplicon library produced was
sequenced on the Illumina MiSeq platform (Illumina, San Diego,
CA, USA), according to the manufacturer’s instructions.

The raw read files were processed in the R environment using
the dada2 package [10.1038/nmeth.3869] (Ombrello, 2020). The
forward and reverse sequences were trimmed to 150 bases. Reads
containing more than two expected errors were removed. Errors
in filtered sequences were corrected by the algorithm and joined
to form the amplicon sequence variants (ASVs). The chimeric
sequences were also removed, and a sample count table was
generated. The taxonomic classification was done with the
tag.me package [10.1101/263293] using the model 515F-806R
(Pires et al., 2018).

Statistical Analyses
All data were recorded, edited, and entered using the Statistical
Package for the Social Sciences (SPSS version 20; IBM, NY, USA)
and the R package for microbiota analyses. Level of significance
was set at a p-value of 5%. Descriptive data were expressed as
means [standard deviations (SDs)] or medians {q25–q75 ranges
[interquartile range (IQR)]}. The Kolmogorov–Smirnov test was
used to test data normality. Parametric tests (Pearson’s
correlation coefficient and Student’s t test) and non-parametric
tests (Spearman’s correlation coefficient and Mann–Whitney)
were applied according to the distribution of variables.

The beta diversity was calculated using principal coordinates
analysis (PCoA) and the ade4 R package for each library (Dray and
Dufour, 2007). Permutational multivariate analysis of variance
(PERMANOVA) was performed using 999 permutations to test
the impact of categorical variables on beta diversity. Distance-based
redundancy analysis (dbRDA) highlights variables with some
association with the individual microbiota dissimilarities
(Legendre and Anderson, 1999). Profiles were identified based on
the Jensen-Shannon divergence matrix and using the Partitioning
Around Medoids (PAM) algorithm, and the optimal number of
clusters was determined by the Calinski–Harabasz index. The alpha
diversity was measured by the Shannon and Simpson indexes.
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Differential abundance between profiles according to the categories
of exclusive breastfeeding duration and nutritional status was tested
using DESeq2, leaving genus with at least 50%-fold change and
present in half of the samples (Love et al., 2014).

Macronutrient intakes were expressed as percentage of total
energy intake (TEI) and fatty acid intake in grams. Correlations
between dietary components and SCFA concentrations and body
adiposity parameters were tested using Spearman’s coefficient.
RESULTS

The sample of 114 participants had a median age of 28 (IQR 24–
31) years; 41.6% were undergraduates and 58.4% were
nutritionists. Sixty-one percent of the participants engaged in
moderate physical activity regularly, none was a professional
athlete, and 51.0% had normal BMI. Regarding maternal
characteristics, 35% had higher-level education and 90% were
normal weight before pregnancy and had no clinical
complications during the pregnancy. In the total sample, there
was a predominance of cesarean delivery (66%) and normal birth
weight (90%), 94% were breastfed, and 18% were exclusively
breastfed for at least 6 months. In addition, 30% of participants
reported overweight/obesity in childhood or adolescence.

The dbRDA (Figure 1) results show that exclusive
breastfeeding and adequate nutritional status are located to the
right and adiposity parameters to the left of the plot. The relative
abundance of Blautia, Anaerostipes, and Lachnoclostridium
increased directly on the X-axis representing both breastfeeding
and adequate nutritional status (Figure 1). Conversely, inverse
relationships for Ruminococcaceae were observed. The results of
the redundancy analysis for the most abundant bacteria are shown
in the supplementary material (Figure S2).

Beta diversity analysis of the microbiota revealed two
bacterial profiles in the samples driven by the Blautia or
Prevotella genus. Fifty-six participants were assigned to Blautia
and 58 to Prevotella profiles. The PERMANOVA analysis on the
Jensen-Shannon divergence values estimated that 9.1% of the
variation among the samples was explained by the profiles (p <
0.001), 2.1% by nutritional status (p = 0.004), and 1.8% by
exclusive breastfeeding (p = 0.012). Proportions of participants
with BMI <25 kg/m2 and of those breastfed for at least 6 months
were significantly (p < 0.05) higher in the Blautia-driven profile
(Figure 2). A schematic interpretation of the main findings is
provided in Figure 3. The proportion categorized by type of
delivery (vaginal or cesarean section) or birth weight (adequate
or inadequate) did not differ between the 2 groups (not shown
in figures).

The differential abundance analysis identified genus drivers
used to describe the bacterial composition in the profiles. The
candidates present in at least 50% of the fecal samples are shown
in the supplementary material (Figure S3), and bacteria
differentially abundant between the 2 profiles were listed in
Table S1.

Differences in some abundances between the profiles are
depicted in Figure 4. Lachnoclostridium (Lachnospiraceae
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4119
family, Clostridiales order, Clostridia class) abundance was
higher in the Blautia profile, whereas several genera from
Ruminococcaceae and Christensenellaceae families (both from
Clostridiales order, Clostridia class) were predominant in the
Prevotella profile.

The main characteristics of participants by profile are given in
Table 1. Gestational weight gain, type of delivery, and birth
weight did not differ between the groups, but the rate of exclusive
breastfeeding ≥6 months was higher in the Blautia- than that in
the Prevotella-driven profile (21.4% vs. 6.9%, respectively, p =
0.04). Clinical and body composition variables of both groups
were within normal ranges. Butyrate concentrations were
undetectable for the whole sample.

Dietary data of participants such as total energy and
macronutrient and fatty acid intakes as a percentage of total
energy did not differ, but median intakes of total, soluble, and
insoluble fibers were higher in the Prevotella- than those in the
Blautia-driven profile (Table 2). The dbRDA showed that the
percentage of variance explained by diet was low (X-axis with
4.5% and Y-axis with 1.5%), being 94% explained by other
factors. No significant correlation of fiber intake with SCFA
concentrations and metabolic or body adiposity variables
was detected.
DISCUSSION

This study explores the discussion regarding the influence of
early-life events on gut microbiota composition in adulthood. A
specific sample of women with literacy in nutrition was
investigated. The associations suggested that longer
breastfeeding impacts both microbiota composition and
nutritional status in adulthood. By using a clustering approach
to define microbiota profiles, in one profile driven by the genus
Blautia, the same associations were confirmed. Both Blautia- and
Prevotella-driven profiles are consistent with a healthy diet rich
in fibers with an adequate macronutrient distribution and were
therefore expected in the individuals studied. The findings in this
homogeneous sample revealed the presence of macrostructures
in the gut microbiota dominated by Blautia or Prevotella, SCFA-
producing genera associated with beneficial metabolic effects.
Interestingly, Blautia was associated with exclusive
breastfeeding, whose relevance for gut colonization and body
systems programming has been previously reported, as well as its
health implications throughout the life span. Our findings not
only reinforce the relevance of early feeding but also suggest an
impact on gut colonization that persists into adulthood,
contributing to a beneficial microbiota pattern. Furthering this
knowledge could help in the prevention of chronic diseases.

For the overall sample, direct associations of some genera
(Blautia, Anaerostipes, and Lachnoclostridium) of the family
Lachnospiraceae with the recommended practice of long
breastfeeding to prevent chronic diseases (including those
related to excess body adiposity) were suggested. In fact, the
profile analyses showed that the same genera were also associated
with adequate nutritional status in adulthood. These findings
May 2022 | Volume 12 | Article 838750
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FIGURE 1 | Distance-based redundancy analysis identified in 114 participants.
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contrast with previous reports of an association of
Lachnoclostridium species with adiposity (Zhao L. et al., 2017;
Sun et al., 2020; Nogal et al., 2021) but are in line with other
studies in which Anaerostipes abundance was associated with a
lower risk of type 2 diabetes (Yang et al., 2018). With regard to
the family Ruminococcaceae, the present dbRDA initially
suggested a relationship with unfavorable body adiposity
distribution that was not confirmed when correlations to
visceral adipose tissue (VAT) were tested. Although
Ruminococcus, Anaerostipes, and Blautia produce SCFA (Vital
et al., 2014; Koh et al., 2016), which have beneficial metabolic
actions (Kasubuchi et al., 2015; Zhao et al., 2018; Müller et al.,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6121
2019), other controversial associations have been reported. In
Mexican children, these genera were directly associated with
obesity (Vazquez-Moreno et al., 2021). Inconsistencies have
highlighted the need of improving knowledge about the
intestinal bacteria assemblages of individuals from different
geographical regions.

Using a clustering approach, early-life events and current
characteristics of the sample were compared to verify
associations suggesting underlying mechanisms of diseases. It
is noteworthy that most participants engaged in physical activity
regularly and consumed a fiber-rich diet, factors known to
impact microbiota composition. These conditions have also
FIGURE 2 | Profiles driven by Blautia (#1) and Prevotella (#2) identified by principal coordinates analysis (PCoA). #1 in blue is driven by Blautia; #2 in red is driven by
Prevotella. Vertical boxplots represent the distribution of participants according to categories of breastfeeding and nutritional status (p < 0.05). Horizontal boxplots
show the distribution of participants into profiles stratified by these categories.
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been associated with anti-inflammatory status and favorable
clinical profile (Hemmingsen et al., 2017; Nyberg et al., 2020).
Normal mean values of C-reactive protein and insulin resistance
index (HOMA-IR) indicated a low risk for metabolic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7122
disturbances in participants of both profiles. The findings of
high abundances of Blautia and Prevotella were expected, since
these genera belong to Lachnospiraceae and Prevotellaceae
famil ies that have the abi l i ty to degrade complex
FIGURE 3 | Impact of longer breastfeeding on microbiota composition and adult nutritional status. Credit: Figure produced using Canva graphic design platform
(https://www.canva.com/) and brgfx/Freepik.
FIGURE 4 | Boxplot of differential abundances of selected genera by profile (#1 in blue is driven by Blautia; #2 in red is driven by Prevotella). Adjusted p-value <0.05.
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polysaccharides into SCFAs (Biddle et al., 2013; Eren et al., 2015).
Measurements of SCFA in feces and blood have represented an
indirect way of assessing the effect of fermentable carbohydrates’
intake. The higher the intake of these carbohydrates, the higher
the SCFA concentration (So et al., 2018), but, in addition to the
substrate availability, SCFA production is affected by intestinal
transit time and microbiota composition (Macfarlane and
Macfarlane, 2003). Characteristics of the microbiota of our
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8123
participants should be contributing to improve the status of
inflammation and insulin sensitivity, desirable for the prevention
of cardiometabolic diseases (Kasubuchi et al., 2015; Zhao et al.,
2018; Canfora et al., 2019). However, in the present study, no
significant correlation was detected among fiber intake, SCFA
concentrations, body adiposity, or metabolic variables.
Additionally, the dbRDA showed a low percentage of variance
explained by diet. The homogeneity and healthy characteristics
TABLE 1 | Means (standard deviation) or medians (interquartile range) for clinical variables and body composition parameters of the 114 participants according to profile.

Blautia profile
N = 56

Prevotella profile
N = 58

p-value

•Early-life data
Pre-pregnancy maternal BMI (kg/m2) 21.8 ± 2.2 22.0 ± 2.8 0.77
Gestational weight gain (kg) 14.0 (9.0; 20.0) 12.0 (9.0; 16.0) 0.42
Type of delivery 0.89
- Normal, n (%) 36 (64.3) 36 (62.1)
- Cesarean, n (%) 18 (32.1) 19 (32.8)
Birth weight (kg) 3.2 ± 0.5 3.2 ± 0.4 0.92
Exclusive breastfeeding ≥6 months 0.04
- No, n (%) 39 (69.6) 43 (77.1)
- Yes, n (%) 12 (21.4) 4 (6.9)
• Clinical data
Body mass index (kg/m2) 23.9 (20.9; 28.1) 25.7 (21.7; 28) 0.25
Waist circumference (cm) 76.5 (71.1; 86.1) 79.1 (73.5; 91.0) 0.14
Fasting glucose (mg/dl) 82.9 ± 5.8 81.6 ± 5.8 0.26
HOMA-IR 1.2 (0.9; 1.7) 0.9 (0.7; 1.6) 0.12
HDL cholesterol (mg/dl) 58 (50; 67.5) 55 (49; 67) 0.29
Triglycerides (mg/dl) 79 (61; 103.5) 70 (59; 103) 0.45
C-reactive protein (mg/L) 1.2 (0.6; 2.7) 1.2 (0.6; 3.2) 0.59
Total short-chain fatty acidsa (mg/ml) 0.15 (0.10; 0.19) 0.13 (0.11; 0.20) 0.22
Acetate (mg/ml) 0.14 (0.09; 0.17) 0.11 (0.08; 0.14) 0.24
Propionate (mg/ml) 0.003 (0.002; 0.012) 0.004 (0.002; 0.011) 0.57
• DXA measurements
Total lean mass (kg) 38.1 ± 5.1 38.9 ± 5.1 0.44
Appendicular skeletal muscle mass (kg) 16.8 ± 2.8 17.2 ± 2.7 0.40
Total fat mass (%) 37.9 ± 6.6 38.5 ± 7.8 0.65
Android fat (%) 34.7 (29.4; 46.1) 35.2 (26.3; 47.4) 0.89
Gynoid fat (%) 43.1 ± 6.6 43.9 ± 7.4 0.54
Visceral adipose tissue (g) 141 (85; 435) 156 (87; 544) 0.49
May 2022 | Volume 12 | Article
Continuous variables were compared using Student’s t test or Mann–Whitney test, and data were expressed as mean ± standard deviation or median and q25–q75 ranges in parentheses.
Categorical variables were compared using chi-square test.
aTotal short-chain fatty acid = acetate + propionate.
HOMA-IR, Homeostasis model assessment of insulin resistance; HDL, high-density lipoprotein; DXA, dual-energy x-ray absorptiometry; BMI, Body mass index; HOMA-IR, Homeostasis
model assessment of insulin resistance; HDL, high-density lipoprotein; DXA, dual-energy x-ray absorptiometry.
TABLE 2 | Medians (interquartile range) of total energy intake (TEI) and dietary data of the 114 participants according to profile.

Blautia profile Prevotella profile p-value

Total energy intake (kcal) 1,958 (1,639; 2,223) 2,011 (1,593; 2,685) 0.51
Carbohydrate (% TEI) 47.0 (40.3; 52.2) 47.0 (41.2; 53.5) 0.43
Protein (% TEI) 16.0 (14.5; 18.9) 17.0 (13.9; 19.3) 0.97
Total fat (% TEI) 37.0 (33.0; 40.5) 36.0 (30.9; 39.3) 0.72
SFA (g) 27.7 (23.2; 35.2) 28.0 (20.7; 37.1) 0.78
MUFA (g) 25.3 (21.6; 32.2) 26.0 (19.5; 33.9) 0.87
PUFA (g) 17.0 (11.7; 21.6) 16.3 (11.3; 22.4) 0.86
Total fiber (g) 20.8 (16.1; 26.1) 23.7 (19.5; 34.3) 0.02
Soluble fiber (g) 5.6 (4.6; 7.5) 6.7 (5.0; 9.6) 0.04
Insoluble fiber (g) 15.3 (11.5; 19) 16.9 (14.1; 24.7) 0.02
Variables were compared using the Mann–Whitney test.
SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.
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of the sample as a whole may have precluded the detection of
significant associations between these variables, as well as
differences between participants from each profile.

Interestingly, comparisons of early-life events between the
profiles showed that participants in the Blautia group had a
higher rate of longer duration of exclusive breastfeeding.
Considering the importance of gut colonization during this stage
of life and given that these microorganisms coexist with the host
throughout the life span (Milani et al., 2017), the association found
might prove relevant. The first 1,000 days of life are considered a
critical developmental window for programming systems and
influencing the risk for long-term outcomes (Gluckman et al.,
2005; Capra et al., 2021). In addition to the mode of delivery,
growing evidence points to the role of early-life nutrition in shaping
the offspring’s microbiota (Arrieta et al., 2014; Rodrıǵuez, 2014).
Bacteria are transferred through human milk and influence
immune and metabolic homeostasis. Our results suggest that
longer exposure to human milk might be associated with
abundance of the Blautia genus. Despite limitations of linking
distant factors with the gut microbiota of grown-up children and
young adults, the hypothesis raised is feasible, considering the
beneficial effects attributed to these bacteria. Breast milk
composition is complex, containing nutrients, bacteria, and many
other compounds. Oligosaccharides—present in human milk but
not in most formula—serve as prebiotics, i.e., substrates for
fermentation favoring the growth of beneficial bacteria such as
the Bifidobacterium genus, which uses them to produce SCFA
(Bridgman et al., 2017). The breastfed participants may have had
their microbiota shaped to favor an abundance of certain
commensal genera over others. In this respect, Blautia genus
shares properties with Bifidobacterium in producing SCFAs and
improvinggutbarrier functions.An interestingfindingofourgroup
previously suggested that breastfeeding duration could influence
the offspring’s adherence toa prudentdietary pattern andmetabolic
parameters in adulthood (Eshriqui et al., 2019; Eshriqui et al., 2020).
Another latent factor that could underlie the microbiota variability
is thematernal and paternal BMI before conception (Eshriqui et al.,
2021; Freitas et al., 2021), but, according to the PERMANOVA
adjustments, there was no association between these maternal
variables and the offspring’s microbiota structure.

A variety of exposures throughout life should have a role in
modulating the microbiota of our participants. The current healthy
lifestyle of individuals from the Blautia-driven profile may be
contributing to an adequate BMI and normal biochemical
profile. It is known that exercise-induced cardiometabolic
benefits are in part gut microbiota-mediated (Chen et al., 2018),
but there is also evidence on the associations of early-life events
with obesity and related diseases (Ptashne, 2007; Garmendia et al.,
2014; Cadenas-Sanchez et al., 2017). Lack of breastfeeding and
exposure to formula were shown to increase the risk of obesity in
infancy and adulthood (Dietz, 2001; Kelishadi and Farajian, 2014),
with clear involvement of gut microbiota in this association. There
was a predominance of participants with BMI <25 kg/m2 in the
Blautia profile. This finding is congruent with evidence that
butyrate (Berni Canani et al., 2016; Takahashi et al., 2016; Wang
et al., 2018) and acetate produced by Blautia contribute to reduce
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9124
obesity by regulating G-protein-coupled receptors (Kimura et al.,
2013; Liu et al., 2021). In animals, weight gain prevention by SCFA
supplementation (Lu et al., 2016) raises the possibility of a novel
strategy for controlling human obesity. Our data are also in
agreement with previous studies conducted in Spanish children
(Benıt́ez-Páez et al., 2020) and in Japanese adults (Ozato et al.,
2019). A growing body of evidence indicates the potential on a
deeper understanding of the “gut microbiota–host metabolism”
interplay for managing prevalent diseases in different populations.

In some respects, the differential abundance analysis showed
unexpected results. In the Blautia-driven profile, characterized by a
higher proportion of lean individuals,Methanobrevibacter was less
abundant. A previous study addressing this genus reported
opposite results; however, the study in question involved an older
sample of both sexes and had different purposes and
methodological approaches (Schwiertz et al., 2010). Acetate-
producing Lachnoclostridium was more abundant, in contrast
with associations found for diet-induced obesity in animals
(Zhao et al., 2017; Sun et al., 2020) and with VAT in female
twins (Nogal et al., 2021). Some investigators have speculated that
Lachnoclostridium could also be a Trimethylamine (TMA)-
producing bacteria and, via the Trimethylamine N-oxide
(TMAO) pathway, may increase the cardiometabolic risk
(Schugar et al., 2017). In the Prevotella-driven profile, there was a
higher abundance of acetate and butyrate-producing bacteria. The
Christensenellaceae R7 group, Ruminococcaceae NK4A214, and
Phascolarctobacterium have been associated with a favorable
cardiometabolic profile. The Christensenellaceae R7 group was
associated with less VAT and more lean mass in elderly people
(Tavella et al., 2021), while the Christensenellaceae R7 group,
Ruminococcaceae NK4A214, and Phascolarctobacterium were
inversely correlated to glucose metabolism disturbance
(Naderpoor et al., 2019; Chen et al., 2021). In our study,
Coprococcus_2 was more abundant in the Prevotella-driven than
the Blautia-driven profile. A high abundance of this genus has been
described in women with polycystic ovary syndrome (Zhou et al.,
2020) and high lifetime cardiovascular disease risk (Kelly et al.,
2016). Therefore, it can be concluded that both bacterial profiles
identified in the gut microbiota of healthy Brazilian women may
include both beneficial and harmful bacteria. Rather than
investigating the role of isolated bacteria for risk prediction, a
better strategic approach might be to prevent diseases by focusing
on the microbial balance and interactions in the host, submitted to
multiple exposures during the life course in different habitats.

This study has limitations related to the sample size due to
strict inclusion criteria and composition. The sample comprised
highly educated women with a healthy clinical profile, precluding
generalizing our results to other samples with different
characteristics. The sample homogeneity likely led to the
detection of fewer differences between profiles, despite using an
accurate technique for assessing body compartments. Our study
was not designed to establish a causal relationship between
exposure and long-term outcomes. Memory bias was also a
concern. In order to minimize this type of error, the study
included only participants whose mothers were alive, since the
evidence shows that mothers are able to report the early life of
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their offspring with acceptable precision almost 30 years later
(Chin et al., 2017). Another limitation was the lack of
information regarding several risk factors such as antibiotic use
and stressful conditions known to influence microbiota
composition from birth to adulthood.

In conclusion, findings in a bacterial profile driven by Blautia
present in healthy Brazilian women reinforce that early-life
events play a role in defining gut microbiota profile. While
acknowledging the need for investigations with appropriate
design to further explore this hypothesis, we highlight the
relevance of exclusive breastfeeding for gut colonization in
early life to guide the establishment of a protective microbiota
against adiposity-related outcomes throughout life.
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and Gynaecology, Xuzhou Central Hospital, Affiliated Xuzhou Clinical College of Xuzhou Medical University, Xuzhou, China

Background: The diagnosis and treatment of mixed vaginitis are more complicated than
single pathogenic infections, and there may be adverse reactions and several
contraindications to conventional antibiotic therapy. Therefore, this study aimed to
evaluate the preliminary effects of Fufang Furong Effervescent Suppository for the
management of aerobic vaginitis (AV) mixed with bacterial vaginosis (BV) using
Accurate 16S absolute quantification sequencing (Accu16S).

Methods: In the present randomized, blind, multi-center clinical trial, women (20 to 55
years) who had received a diagnosis of AV+BV were randomly assigned into clindamycin
positive control (n = 41) and Fufang Furong Effervescent Suppository (n = 39) groups. The
follow-up occurred in three time periods (V1: -2~0 days; V2: 15-17 days; V3: 40 ± 3 days).
At each visit, two vaginal swabs, one for clinical evaluation and one for laboratory
examination, were taken from each patient. The Nugent score, Donders’ score, drug-
related complications, recurrence rates, and microecological changes of vaginal swabs
were assessed in the time three periods.

Results: At baseline, the two groups were similar in frequency of presentation with vaginal
burning, odor, abnormal discharge, and itching. No meaningful differences in Nugent and
Donders’ scores were detected between the two groups at stage V2 (Nugent: p = 0.67;
Donders’: p = 0.85) and V3 (Nugent: p = 0.97; Donders: p = 0.55). The Furong group
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presented fewer complications compared to the Clindamycin group. However, this
difference was not statistically significant (p = 0.15). Additionally, Accu16S indicated
that the total abundance of bacteria in both groups sharply decreased in stage V2, but
slightly increased in V3. In stage V3, the absolute abundance of Lactobacillus in the
Furong group was considerably higher compared to untreated samples (p < 0.05). On the
other hand, no momentous increase was detected in the Clindamycin group (p > 0.05).

Conclusion: Fufang Furong Effervescent Suppository can be as effective as clindamycin
cream in the management of AV+BV while may restore the vagina microecosystem better.
Keywords: accurate 16S absolute quantification sequencing, mixed vaginitis, microbiome, antibiotic, traditional
Chinese medicine
INTRODUCTION

Vaginitis is one of the most common causes for women of
different ages to visit a health care provider, representing an
important concern for public health (Mills, 2017). The most
common types of vaginitis affecting women during their
reproductive age can be divided based on the pathological
agent, including bacterial vaginitis (BV), trichomonal vaginitis
(TV), vulvovaginal candidiasis (VVC), and aerobic vaginitis
(AV) (Paavonen and Brunham, 2018). Mixed vaginitis refers to
the simultaneous presence of at least two vaginal pathogens, both
contributing to an abnormal vaginal milieu and the
corresponding clinical symptoms and signs (Sobel et al., 2013).
Mixed vaginitis is more complicated than single pathogen
infections and its prevalence has been poorly documented
across the world (Qi et al., 2021). Data from several studies
have suggested that BV+TV is the most common mixed vaginitis
(37.8%), followed by BV+VVC (14.9%) and BV+VVC+TV
(4.1%) (Ozyurt et al., 2001; Rivers et al., 2011). Since the term
‘aerobic vaginitis’ was first introduced by Donders in 2002,
increasing studies have shown a high incidence of AV-related
mixed vaginitis. Currently, the rate of AV-related mixed
infections is the most noteworthy in Chinese women, with
36.9% of AV+BV, 38.1% of AV+VVC, and 25% of AV
+trichomoniasis (Fan et al., 2013).

Although the knowledge about mixed vaginitis has increased,
its standard treatment has not been standardized yet. Currently,
oral metronidazole , vaginal cl indamycin cream, or
metronidazole gel are the main BV therapies (Donders et al.,
2014). The CDC (Centers for Disease Control and Prevention)
Sexually Transmitted Infection Treatment Guidelines of 2021
also suggests these treatments (Workowski et al., 2021). For AV,
topical vaginal clindamycin or kanamycin or oral other
antibacterial drugs that are active against aerobic bacteria such
as cefuroxime or moxifloxacin are recommended (Mendling
et al., 2016; Wang et al., 2016; Feng et al., 2018). The European
(IUSTI/WHO) International Union against sexually transmitted
infections (IUSTI) World Health Organisation (WHO) guideline
of 2018 also recommends topical clindamycin as the primary
treatment for AV (Sherrard et al., 2018). Therefore, clindamycin
is also effective in women with mixed AV and BV and was
selected as a positive control in the present study.
gy | www.frontiersin.org 2130
Women diagnosed with AV+BV would empirically receive
antibiotic treatment, which can unbalance the vaginal ecosystem.
Additionally, local vaginal burning or irritation and clindamycin
resistance (due to the extensive use of antibiotics) have become
concerning problems. (Javed et al., 2019). Hence, Traditional
Chinese Medicine (TCM) has been considered as an alternative
treatment for AV+BV. Clinical research has revealed that the
treatment of vaginitis using vaginal lavage with TCM
demonstrated satisfactory efficacy (Liu et al., 2014; Li et al.,
2016). Treatments for vaginitis based on TCM, such as Fufang
Furong Effervescent Suppository, can not only disinfect and
relieve itching but also relatively reduce the destruction of the
vaginal microbiome. Fufang FuRong Effervescent Suppository
(Shaanxi Momentum Qixuehe Pharmaceutical Co., Ltd., China)
is comprised of 6 herbs (1000g suppositories): Sophorae
Flavescentis Radix (320g), Cnidii Fructus (230g), Phellodendri
Chinensis Cortex (110g), Hibisci Mutabilis Folium (130g),
Artemisiae Argyi Folium (120g), Alumen (90g).

The advence in high-throughput sequencing has greatly
accelerated the study of the vaginal microbiome and
gynecological diseases, enabling researchers to map the
composition and function of the microbiome in high-
resolution and culture-independent models (Almeida and
Shao, 2018). However, most of these techniques are relative
quantification 16S-seq (RQS) and do not consider absolute
bacterial abundances. Inappropriate interpretations based on
relative quantifications can mislead some researches (Stämmler
et al., 2016).

Thus, accurate absolute quantification of bacterial populations is
necessary. Therefore, in the present study, we adopted Accurate 16S
absolute quantification sequencing (Accu16S) (Wei et al., 2021) to
determine the absolute and relative abundances of the vaginal
microbiome and evaluate the preliminary efficacy of Fufang
Furong Effervescent Suppository in the treatment of mixed vaginitis.
MATERIALS AND METHODS

Study Design
From August 2019 to June 2021, we conducted a multicenter,
randomized, blind, positive parallel controlled trial to assess the
efficacy of Fufang Furong Effervescent Suppository for the
May 2022 | Volume 12 | Article 883798
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treatment of AV combined with BV. The trial received ethical
approval from the ethics committee of the Beijing Tsinghua
Changgung Hospital (19190-0-02). In addition, the protocol
was registered in the Chinese Clinical Trial Registry
(ChiCTR1900027616). Patients were recruited from
gynecological centers of 27 public hospitals in China. In this
study, we only analyzed clinical data and vaginal swabs from
patients at seven hospitals where specimen preservation
conditions were available (distributed in the east, south, west,
north and central parts of China), including Peking University
Shenzhen Hospital, The First Affiliated Hospital of Xi’an
Jiaotong University, Second Affiliated Hospital of Chongqing
Medical University, Shandong University Qilu Hospital, Xuzhou
Central Hospital, The First Affiliated Hospital of Tianjin
University of Traditional Chinese Medicine and Nanjing
Maternal and Child Health Care Hospital. The CONSORT
Checklist and CONSORT Flow Diagram in supplementary
documents. All eligible patients provided written informed
consent or legal guardian consent before participating in this
study. The first, second, and last authors vouch for the integrity
and accuracy of the data and the fidelity of the trial to
the protocol.
Participants
Eligible participants represented women between 20 to 55 years
who regularly menstruated and had a sexual history. The
inclusion and exclusion criteria are presented in Table 1.
Currently, the gold standard for BV diagnosis is the Nugent
score (Nugent et al., 1991). In this case, a scale of 0-10 is used to
assess the disease severity, with 7–10 indicating a positive BV
diagnosis. The diagnosis of AV is based on the Donders’ score.
The highest AV score is 10, with scores under 3 corresponding to
‘no signs of AV’, 3-4 to ‘light AV’, 5-6 to ‘moderate AV’ and > 6
to ‘severe AV’ (Donders et al., 2017). Only AV patients with light
to moderate symptoms were included in this study. Additionally,
all participants underwent vaginal microbiota functional tests,
such as vaginal pH, H2O2 concentration, sialidase activity, and
leucocyte esterase (LE) activity (Mårdh et al., 2003), as described
previously (An et al., 2016). All tests mentioned above were
performed three days after menstruation. Furthermore, all
qualified patients were also assessed for TCM-related clinical
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3131
symptoms, including increased vaginal discharge, leucorrhea
yellowish or odors. Meanwhile, some basic vital signs and
laboratory examinations, such as blood routine, urine routine,
liver, and kidney function, were analyzed considering the
normal limits.
Procedures
Patients were randomly assigned into two groups: positive
control group (clindamycin phosphate cream - Clindamycin
group) and experimental group (Fufang Furong Effervescent
Suppository - Furong group). Allocation was based on a
random permutation table. The screening period was set as the
baseline (-2-0 days - stage V1). Before drug administration, all of
the participants were trained to insert vaginal tablets. Then,
patients in both groups were put on medication for 12
consecutive days (one tablet once a night), during which they
were told to abstain from vaginal intercourse. Next, they were
asked to return to the clinic twice, at 3-5 days after the treatment
period (15-17 days - stage V2), and 28 ± 3 days after the
treatment period (40 ± 3 days - stage V3). At each visit,
participants underwent routine laboratory examinations and
two vaginal swabs were retrieved, one for assessment of the
Nugent and Donders’ scores, and the other was retained at -80°C
for further Accu16S. Each participant was assessed for
compliance and reported for co-medication and other special
circumstances during the period. Moreover, all women were
asked to record any side effects of the treatment in a checklist and
were asked to bring it in the follow-up visits.
Accu16STM Assay
Accu16S was performed by Genesky Biotechnologies Inc., Shanghai,
201315 (China). Briefly, total genomic DNA was extracted using
TIANamp Bacteria DNA Kit (TIANGEN BIOTECH, Beijing,
China) according to the manufacturer’s instructions. The integrity
of genomic DNA was detected through agarose gel electrophoresis,
and the concentration and purity of genomic DNA were detected
through the Nanodrop2000 (Thermo Fisher Scientific,
Massachusetts, USA) and Qubit3.0 Spectrophotometer (Thermo
Fisher Scientific, Massachusetts, USA). Multiple spike-ins with
identical conserved regions to natural 16S rRNA genes and
TABLE 1 | Inclusion and exclusion criteria.

Inclusion Exclusion

Premenopausal women aged 20-55;
Sexual history;
Conforms to the diagnostic criteria of BV+AV;
Donders scores ≥3 and ≤6;
Nugent score ≥7;
Volunteer to participate and signed an informed
consent form;

Combined with other vaginitis such as TV, VVC;
Combined with other serious gynecological diseases, such as gynecological malignant tumor and pelvic inflammatory
disease;
Combined With serious primary diseases of heart, brain, liver, kidney, blood system and endocrine system (ALT,
AST≥normal upper limit 2 times;Scr≥normal upper limit);
Received any oral or topical medication for the disease within one week;
Hypersensitivity to the investigated product or clindamycin;
Pregnant and Lactation women or recently planned pregnancy;
Combined with neuropsychiatric disorders and suspected or confirmed history of alcohol and drug abuse;
Participate in other clinical trials within 1 month;
May 2022 | Volume 12 | Article 883798
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variable regions replaced by random sequence with ~40% GC
contents were artificially synthesized. Then, appropriate
proportion of spike-ins mixture with known gradient copy
numbers were added to the sample DNA. The V3-V4
hypervariable regions of the 16S rRNA gene and spike-ins were
amplified with the primers 341F (5’-CCTACGGGNGGCWGCAG-
3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’) and then
sequenced using Illumina NovaSeq 6000 sequencer (Illumina,
California, USA).

Illumina Read Data Processing and
Analysis
The raw read sequences were processed in QIIME2 (Bolyen et al.,
2019, 2). The adaptor and primer sequences were trimmed using
the cutadapt plugin (Version 0.5.0, Babraham Bioinformatics,
UK). DADA2 plugin was used for quality control and to identify
amplicon sequence variants (ASVs) (Callahan et al., 2016).
Taxonomic assignments of ASV representative sequences were
performed at a confidence threshold of 80% by Mothur (Version
1.41.1, https://www.mothur.org/) with the command classify.seqs
based on the RDP (Version 11.5) database. Then the spike-in
sequences were identified and reads were counted. Standard curve
for each sample was generated based the read-counts versus
spike-in copy number, and the absolute copy number of each
ASV in each sample was calculated by using the read-counts of
the corresponding ASV. Since the spike-in sequence is not a
component of the sample flora, the spike-in sequence needs to be
removed in the subsequent analysis (Jiang et al., 2019).
Statistical Analyses
Data were gathered at the baseline, 15-17 days, and 40 ± 3 days
after treatments. The IBM SPSS 23.0 (IBM Corporation, USA)
and R (version 3.5.1) were used for statistical analyses.
Descriptive statistics included N (%), means, and standard
deviations (SD). To compare categorical and quantitative
variables between the two groups, c2, and independent t-tests
were used, respectively. The heatmap, a-diversity, coordinate
analysis plots (PCoA), and boxplot figures were constructed
using R. A p < 0.05 was considered significant.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4132
RESULTS

Clinical Data
A total of 80 patients were enrolled from the seven public
hospitals mentioned above, and their specific distribution is
shown in Table S1. No significant differences were detected for
the baseline features between the two groups. Moreover, both
groups presented a similar rate of vaginal clinical symptoms
before therapy (Table 2). Clinical efficacy assessment was based
on the Nugent and Donders’ scores during follow-up. The
prognosis of AV and BV in both groups was notably improved
(Figure 1). The comparable and sharp decline of the Nugent
score is shown in Figure 1A. Besides, most patients presented an
abrupt decline in their Donders’ scores (Figure 1B). No
significant differences were detected for the Nugent and
Donders’ scores between the two groups at each follow-up
period (Tables 3, 4). In stage V2, 20 patients (51.3%) in the
Clindamycin group were defined as BV-negative (Nugent 0-3)
and 12 (30.8%) as BV intermediate (Nugent 4-6). In the Fufang
Furong Effervescent Suppository group, 19 (48.7%) patients were
BV-negative, and 13 (33.4%) were BV intermediate (p = 0.67). In
stage V3, 16 (48.5%) patients in the Clindamycin group were BV-
negative and 4 (12.1%) were BV intermediate. In the Furong
group, 19 (54.3%) patients were BV-negative and 3 (8.6%) were
BV intermediate (p = 0.97) (Table 3). Only 9 patients in both
groups were diagnosed with mild to moderate AV at stage V2
(p = 0.85; Table 4). At stage V3, 9 mild and 2 moderate AV
patients were identified in the Furong group. Meanwhile, only 10
patients in the Clindamycin group had mild AV. However, this
di ffe rence between the treatment groups was not
statistically significant.

The relapse rate was also diagnosed based on the Nugent and
Donders’ scores (Table 5). The Clindamycin group had fewer
relapse patients than the Furong group, but it was not significant
(AV: p = 0.22; BV: p = 0.20). On the other hand, more patients in
the Clindamycin group did not respond to the treatment
compared to the Furong group but without any substantial
difference (AV: p = 0.18; BV: p = 0.26). Then, we analyzed
treatment side effects in these two groups. The side effects
reported mainly involved VVC, urticaria, vaginal burning, and
TABLE 2 | Sample characteristics and vaginal clinical symptoms at the baseline.

Variable Clindamycin Group (n=41) FuRong Group (n=39) P value

Characters (mean ± SD)
Age (years) 37.07 ± 8.74 35.67 ± 8.36 0.46
Body mass index (kg/m2) 21.05 ± 2.59 21.77 ± 3.46 0.30
Pregnancy 2.17 ± 1.52 2.38 ± 1.53 0.53
Parity 1.15 ± 0.85 1.21 ± 0.73 0.74

Clinical symptoms n, (%) 0.65
Itching 11 (26.8) 13 (33.3)
Bad odor 20 (51.3) 24 (61.5)
Burning 2 (5.13) 3 (7.6)
Abnormal vaginal discharge 30 (73.2) 30 (76.9)

Diagnosed First Time n, (%) 0.33
Yes 38 (92.7) 38 (97.4)
No 3 (7.3) 1 (2.6)
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liver function damage. In the Clindamycin group, one patient
developed severe urticaria 1 h after medication, which was later
improved by antiallergic therapy. Adverse reactions occurred in
9 (22.0%) patients in the Clindamycin group and 7 (17.9%) in the
Furong group (p = 0.65). Among them, 6 (14.6%) cases in the
Clindamycin group and 2 (5.1%) in the Furong group had drug-
related complications, but this difference was not significant
(p = 0.15). Two patients who developed severe VVC after
clindamycin treatment were excluded from the follow-up due
to antifungal therapy.
Absolute Quantification of Vaginal Swabs
A total of 170 qualified samples were used for Accu16S
(Figure 2). After the removal of ambiguous, short, low-quality
reads and singleton OTUs, a total of 34108020 reads remained
for community analysis of 170 samples. Spike-in reads accounted
for 27.67 ± 9.0% (18.67-36.67%) of total reads in a given library,
similar to the expected proportion of 30%. The a-diversity
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5133
indicators Shannon and Simpson (Both of them are commonly
used to reflect a-diversity. The larger the Shannon value, the
higher the community diversity. The greater the Simpson index
value, the lower the community diversity.) for the vagina
microbiota in both groups are shown in Figures 3A, B. The
diversity of bacteria in these samples abruptly decreased
compared to initial untreated samples (p = 0.00). The PCoA
based on weighted Unifrac matrix clustering data of microbial b-
diversity among the 170 samples is shown in Figure 3C (relative
abundance) and 3D (absolute abundance). Vaginal samples from
stage V1 in both groups were gathered and separated from those
in stages V2 and V3. Moreover, the vaginal microbiota
composition was similar in stages V2 and V3, similar to the
clinical data. The absolute and relative quantification did not
influence the PCoA.

After treatment, the total abundance of bacteria in both
groups sharply decreased in stage V2, but slightly increased in
V3, especially in the Furong group (Figure 4A). The maximal
loss of the total bacteria amount was detected in stage V2 of
TABLE 3 | Nugent score during the three follow-up periods.

Nugent Score Clindamycin Group (n=41) FuRong Group (n=39) P value

V1 n, (%) 0.19
7 15 (36.6) 15 (38.5)
8 20 (48.8) 23 (59.0)
9 3 (7.3) 1 (2.6)
10 3 (7.3) 0

V2 n, (%) 0.67
0-3 19 (48.7) 20 (51.3)
4-6 13 (33.4) 12 (30.8)
7 1 (2.6) 4 (10.3)
8 5 (12.8) 1 (2.6)
9 1 (2.6) 2 (5.1)

V3 n, (%) 0.97
0-3 19 (54.3) 16 (48.5)
4-6 3 (8.6) 4 (12.1)
7 3 (8.6) 1 (3.0)
8 9 (25.7) 10 (30.3)
9 1 (2.9) 2 (6.1)
May 2022 | Volume 12 | Article
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FIGURE 1 | Nugent score (A) and Donders score (B) before and after Clindamycin and Furong treatments. (****P value < 0.0001).
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clindamycin treatment. Gardnerella, Prevotella, Atopobium,
Sneathia, and Megasphaera were the dominant bacteria before
the treatment (Figure 4A). The absolute quantification of these
five bacteria without treatment did not differ between the two
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6134
groups and harshly decreased after treatment (Figure 5). Despite
the strong sterilization promoted by clindamycin, the absolute
abundance of Lactobacillus in the vagina was still slightly
increased. Interestingly, in the Furong group, the absolute
FIGURE 2 | Flowchart of Accu16S qualified sample screening.
TABLE 4 | Donders’ score during the three follow-up periods.

Donders’ Score Clindamycin Group (n=41) FuRong Group (n=39) P value

V1 n, (%) 0.63
3-4 33 (80.5) 33 (84.6)
5-6 8 (19.5) 6 (15.4)

V2 n, (%) 0.85
<3 30 (76.9) 30 (76.9)
3-4 9 (23.1) 8 (20.5)
5-6 0 1 (2.6)

V3 n, (%) 0.55
<3 25 (71.4) 22 (66.7)
3-4 10 (28.6) 9 (27.3)
5-6 0 2 (6.0)
May 2022 | Volume 12 | Article
TABLE 5 | Recurrence and persistence 28 ± 3 days after medications.

Clindamycin Group (n=41) FuRong Group (n=39) P value

Relapse
AV 6 10 0.22
BV 5 9 0.20

Persist
AV 4 1 0.18
BV 5 2 0.26
883798
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abundance of Lactobacillus also notably increased while
pathogenic bacteria diminished. The relative abundance of
dominant bacteria in stage V1 was similar to their absolute
abundance in both groups (Figure 4A). However, RQS
considerably amplified the quantity of Lactobacillus in stages
V2 and V3, which might mislead the judgment. The comparison
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7135
between relative and absolute quantifications of several
important bacterial communities during the entire course of
treatment is presented in Figure S1. Overall, the relative
quantification can reflect the changing trend of bacteria to a
certain extent, but it can distort the therapeutic effects due to
inaccurate quantification.
A B

FIGURE 4 | Relative and absolute abundances of the major taxa at the genus (A) and the species (B) levels in Clindamycin and Furong groups.(Ta, Tb, and Tc
represent stages V1, V2, and V3 of the Furong group, respectively; Ca, Cb, and Cc represent stages V1, V2, and V3 of the Clindamycin group, respectively).
A B

DC

FIGURE 3 | Comparisons of the vagina microbiota a diversity (A, B) and relative (C) and absolute (D) abundances in the principal coordinate analysis (PCoA) of
bacterial b diversity. (A, B) rank all the mean values from highest to lowest using significant difference letter notation. The largest mean is marked with the letter a and
compared with other means, where the difference is not significant, the letter a is marked until an average with a significant difference is marked with the letter b.
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Three types of bacteria (Gardnerella, Prevotella, and
Atopobium) had a faint increment during stage V3 in both
groups (Figure 4A). Therefore, we conducted a Wilcoxon rank-
sum test for these bacteria in stages V1 and V3 for each group.
The absolute abundance of pathogenic bacteria in stage V3 was
greatly lower compared to before either Clindamycin or Furong
treatments (Figure S2). Meanwhile, the absolute abundance of
Lactobacillus in the Furong group was considerably higher
compared to untreated samples (p < 0.05) but did not differ
from the Clindamycin group (p > 0.05). Since 16S analyses can
not efficiently classify the annotation results at the species level,
we manually compared the sequences in NCBI (National
Center for Biotechnology Information to obtain the results in
Figure 4B. In both groups, Lactobacillus iners was dominant in
Lactobacillus spp., before or after treatments. Its changes were
similar to the overall trend of Lactobacillus, of which both
showed an increase in the total amount after the treatment,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8136
especially in the Furong group. Another important increase in
Lactobacillus species was represented by Lactobacillus crispatus.
Interestingly, L. crispatus only had a transient increase in stage
V2 in the Clindamycin group and did not differ 28 ± 3 days
after management. Meanwhile, L. crispatus continued to
increase after Furong therapy with a measurable centrality (p
< 0.05). Furthermore. the species level analyses (Figure 4B)
confirmed Gardnerella vaginalis, Atopobium vaginae, Sneathia
amnii, and Prevotella bivia as the dominant pathogenic
bacteria. At the genus level (heatmap - Figure 6), a cluster
pattern of the bacterial community composition was identified,
similar to the grouping pattern observed using PCoA. First,
Lactobacillus became the dominant bacteria in vaginal
microbiota at stages V2 and V3 in both groups. Second, a
preponderance of Gardnerella, Prevotella, and Atopobium was
detected among pre-treatment patients, consistent with our
previous findings.
FIGURE 6 | Heatmap of the distributions of the 17 most abundant bacterial genera present in the vaginal swab samples. (The abscissa represents the sample, the
ordinate represents different species at the genus level. The absolute abundances of bacterial genera are indicated by color intensity. Ta, Tb, and Tc represent stages V1,
V2, and V3 of the Furong group, respectively; Ca, Cb, and Cc represent stages V1, V2, and V3 of the Clindamycin group, respectively).
A B

D E F

C

FIGURE 5 | The changes of dominant microorganisms between the two groups at each visit: Gardnerella (A), Prevotella (B), Atopobium (C), Sneathia (D),
Megasphaera (E), and Lactobacillus (F). (Ta, Tb, and Tc represent stages V1, V2, and V3 of the Furong group, respectively; Ca, Cb, and Cc represent stages V1,
V2, and V3 of the Clindamycin group, respectively; ns, nonsense; *0.01≤P value < 0.05; **0.001≤P value < 0.01; *** 0.0001≤P value < 0.001; ****P value < 0.0001).
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DISCUSSION

Vaginal infections, such as BV, TV, VVC, and AV, affect the
health and quality of life of women and can lead to adverse
gynecological complications and reproductive outcomes
(Marnach et al., 2022). Several reports have shown that incident
BV is associated with an initial decrease in the number of healthy-
associated Lactobacillus species (L.crispatus, L.iners, L.jensenii, and
L.gasseri) and a subsequent increase in the abundance of
Gardnerella, Prevotella, Atopobium, and other anaerobic bacteria
(Muzny et al., 2018), consistent with our current results. At the
species level, L.iners was the dominant Lactobacillus in AV+BV
patients, and the main pathogenic bacteria were Gardnerella
vaginalis, Atopobium vaginae, Sneathia amnii, and Prevotella
bivia (Figure 4B), similar to previous studies (Muzny et al.,
2018). BV is characterized by dysbiosis of the vaginal microbiota
and often occurs with another vaginitis, especially TV and AV. In
China, due to the high incidence of combined AV and BV
(accounted for 65.35% in mixed vaginitis), more attention
should be directed to these infections (Wang et al., 2022).
Although AV and BV share some similarities, such as a decrease
or absence of Lactobacillus, an increase in vaginal secretions, odor,
and pH increment (usually more pronounced in AV), there are
meaningful differences between them. Different from BV patients,
AV patients have increased aerobic bacteria, mostly Escherichia
coli, group B streptococci, and Staphylococcus aureus (Donders
et al., 2017; Wang et al., 2020). In our current study, no notably
changes related to these aerobic bacteria were observed, which
might be related to the fact that most patients recruited had light,
or mild to moderate AV (Table 4). Clindamycin is active against
staphylococci and streptococci as well as anaerobes. Antibiotics are
a vital resource for treating genital infections, but the rise of
antibiotic-resistant bacteria has become a public health problem.
Due to antibiotic resistance, 30% recurrence rate for BV occurs
within the first month, 59% within 6 months, and 69% within 12
months of treatment (Bradshaw et al., 2006). Moreover, many
AV-related bacteria have developed clear clindamycin resistance
(Asghar et al., 2020; Genovese et al., 2020). The reduced
susceptibility to antibiotics in recent years raised concerns about
their use as alternatives. Traditional Chinese Medicine is an
important part of Complementary and Alternative Medicine.
TCM has been widely used to prevent and treat diseases in
China and other parts of East Asia for thousands of years
(Zhang et al., 2019). For the past few years, there have been
increasing studies regarding the application of TCM in the
treatment of genital infections (Zhao et al., 2021). In the TCM
theory, vaginitis is usually classified as the area of “leukorrheal
diseases,” and its causative pathogens can be classified as heat,
damp, cold, and toxin (Lin et al., 2019). Generally, TCM treatment
of gynecological infections can be used in two ways: oral and
external use, which can be applied independently or in
combination. The Fufang Furong Effervescent Suppository is a
vaginal topical medication, which encompasses a great therapeutic
effect on vaginitis. Its main component, Sophora flavescens, has
many effects, including antibacterial and anti-inflammatory,
insecticidal and anti-pruritic, anti-viral, and analgesic (He et al.,
2015). Many studies have confirmed that the pharmacological
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9137
mechanism of sophora flavescens may be via the activation or
suppression of key molecules in certain cellular signaling
pathways, such as nuclear factor kappa B (NF-kB),
phosphatidylinositol 3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/AKT/mTOR) and transforming
growth factor-b/mothers against decapentaplegic homolog
(TGF-b/Smad) (Lin et al., 2022; Tang et al., 2022). Furthermore,
other herbs in the formula also have certain bactericidal and anti-
inflammatory effects, which complement each other. In the
present study, we demonstrated the effect of Fufang Furong
Effervescent Suppository in the treatment of AV+BV and that it
did not differ from clindamycin. No significant differences in the
cure rates were detected between the two groups at 3-5 and 28 ± 3
days after BV treatment (Table S2). For AV, there was also no
significant difference in scores between the two groups at stages V2
and V3. Overall, no discrepancy was observed in the treatment
effect of AV+BV between the two groups.

Drug-related complications occurred in six patients in the
Clindamycin group (VVC occurred in three cases, liver damage
in one case, severe allergic reaction in one case, and vulvar
irritation in one case) and two patients in the Furong group
(one case of vaginal burning and one of contact bleeding).
Probably due to the small sample size, no remarkable difference
in adverse drug reactions was observed between these two groups.
Although the number and extent of complications caused by
antibiotics were much more severe than those caused by the
Furong treatment, we need a larger volume of data to verify
these hypotheses. The most interesting aspect of this study
was that 28 ± 3 days after the end of treatment, the recovery of
the vaginal microbiome in the Furong group was better than that
in the Clindamycin group (Figures S2D–H). This corresponded
to the minimum amount of absolute quantitative bacteria in stage
V2 in the Clindamycin group (Figure 4A), indicating that
clindamycin has a strong bactericidal ability and a big
destructive force to the vaginal microbiome, finally requiring
more time for vaginal microbiome recovery. This was better
verified at the species level: L. crispatus is widely accepted as a
mainstay in maintaining vaginal microecological balance in
healthy women and we found that it significantly increased at
stage V3 in the Furong group (Figure 4B). Recently, the studies on
the faster recovery of vaginal flora have mainly focused on the
addition of probiotics during or after treatment (Ho et al., 2016;
Superti and De Seta, 2020). However, the effectiveness of adding
probiotics remains controversial. A randomized controlled trail
showed that oral probiotic Lacticaseibacillus rhamnosus GR-1 and
Limosilactobacillus reuteri RC-14 adjunctive treatment did not
increase the cure rate of BV patients compared to metronidazole
alone (Zhang et al., 2021). Another meta-analysis indicated that
probiotics used after antibiotic treatment were only effective in the
short term (Wang et al., 2019). In the best scenario, TCM
replacement therapy can restore the vaginal flora quickly while
the therapeutic effect is not inferior to antibiotics.

Moreover, RQS can reflect the proportion and trends of
microorganisms to some extent, but it might generate spurious
results and can not reveal the variation in absolute abundances of
individual microrganisms (Props et al., 2017; Guo et al., 2020).
Comparing microbial abundances between different samples in
May 2022 | Volume 12 | Article 883798
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various temporal dimensions is important in the prognosis and
clinical medication guidance. The RQS also provides a deep insight
into the composition of bacterial communities in vaginal
swabs. However, it can not provide dynamic information on the
amount of bacterial DNA before and after treatments with different
medications (Figure 4). More recently, Tkacz et al. (2018)
developed absolute quantitation of amplicon families using
synthetic chimeric DNA spikes, which has been shown to
uncover the comprehensive dynamics of bacterial communities
(Jiang et al., 2019). Here, we aimed to use absolute quantification
to identify the therapeutic effect and compare it with relative
quantification. Both quantitative methods showed that the three
pathogenic bacteria closely related to BV were slightly elevated in
stage V3 (Figure 4), consistent with the fact that BV is prone to
relapse in clinical practice (Bostwick et al., 2016). Nevertheless,
absolute quantification more accurately displayed the trend of
pathogenic bacteria and could better predict recurrence. In the
present study, the proportion of Lactobacillus was considerably
increased in both groups after treatment by relative qualification,
which was inconsistent with the absolute data. This apparent
relative increase in the proportion of Lactobacillus was caused by
a decrease in pathogenic bacteria such as Gardnerella, Prevotella,
Atopobium. Similarly, relative quantification also overstates the
proportion of pathogenic bacteria compared to absolute
quantification in stages V2 and V3, which might affect the
judgment regarding medication efficacy (Figure S1). Additionally,
both absolute and relative quantifications showed an outstanding
increase of Lactobacillus in the vagina after 28 ± 3 days after Furong
treatment (Figures S3A, B). However, in the Clindamycin group,
the absolute quantification indicated that the total amount of
Lactobacillus in stage V3 did not significantly change (p > 0.05),
while the overall sum of Lactobacillus under relative quantification
was notably higher compared to untreated samples (p < 0.05)
(Figures S3C, D). From the absolute quantification, we can
conclude that Fufang Furong Effervescent Suppository seems to
be better restore the vaginal microbiome than clindamycin, but the
relative quantification covered this result. Altogether, these results
indicated that relative quantification can sometimes obscure
important results and lead to improper conclusions.

Our study also has some limitations. First, the integrity of the
experiment was compromised by the loss of some vaginal swabs
and unqualified samples during follow-up. Second, Accu16S
does not have sufficient resolution to identify microbiomes at
the species or strain level, which might result in the omission of
some microbial taxa. In the future, quantitative metagenomic
sequencing might be a good alternative to better understand the
dynamics of the microbiome during disease treatment.
CONCLUSION
Overall, the Nugent and Donders’ scores improved in Furong
and Clindamycin groups after treatment, and no significant
difference was detected between the two groups regarding the
theraputic efficiency. Moreover, Accu16S was superior to RQS to
accurately assess the dynamics of the vaginal microbiome and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10138
evaluate drug effects during treatment. Finally, we demonstrated
that Fufang Furong Effervescent Suppository has the same
therapeutic effect as clindamycin in the treatment of AV+BV,
and may restore the vaginal microecology better.
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One of the most common tasks in microbiome studies is comparing microbial profiles
across various groups of people (e.g., sick vs. healthy). Routinely, researchers use
multivariate linear regression models to address these challenges, such as linear
regression packages, MaAsLin2, LEfSe, etc. In many cases, it is unclear which
metadata variables should be included in the linear model, as many human-associated
variables are correlated with one another. Thus, multiple models are often tested, each
including a different set of variables, however the challenge of selecting the metadata
variables in the final model remains. Here, we present EasyMap, an interactive online tool
allowing for (1) running multiple multivariate linear regression models, on the same features
and metadata; (2) visualizing the associations between microbial features and clinical
metadata found in each model; and (3) comparing across the various models to identify
the critical metadata variables and select the optimal model. EasyMap provides a side-by-
side visualization of association results across the various models, each with additional
metadata variables, enabling us to evaluate the impact of each metadata variable on the
associated feature. EasyMap’s interface enables filtering associations by significance,
focusing on specific microbes and finding the robust associations that are found across
multiple models. While EasyMap was designed to analyze microbiome data, it can handle
any other tabular data with numeric features and metadata variables. EasyMap takes the
common task of multivariate linear regression to the next level, with an intuitive and simple
user interface, allowing for wide comparisons of multiple models to identify the robust
microbial feature associations. EasyMap is available at http://yassour.rcs.huji.ac.
il/easymap.
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INTRODUCTION

Examining microbiome differences in the context of clinical
changes has become a widely-popular task in many academic
and industry contexts (Belkaid and Hand, 2014; Borbet et al.,
2019; Niu et al., 2021; Sorbara and Pamer, 2022). The ease of
collecting stool samples (compared to blood or biopsy samples),
together with the growing evidence of the microbiome’s
contribution to human health (Becattini et al., 2016), makes
the gut-microbiome case/control cohort design even more
commonly used in the field (Zhu et al., 2013; Duvallet et al.,
2017; Huang et al., 2021).

While animal-studies are conducted in a well controlled
environment, they often do not represent human health in
sufficient accuracy (Nguyen et al., 2015; Nagpal et al., 2018;
Ma, 2021). On the other hand, in human cohorts we have the
great challenge of dealing with all the additional characteristics
that vary in the human population, such as age, diet, lifestyle,
which are known confounders of the gut microbiome, and can
bias our results (Vujkovic-Cvijin et al., 2020; “De-Confounding
Microbiome Association Studies” n.d.; Devkota, 2016;
Bartolomaeus et al., 2020). In an attempt to address this
inherent bias in human studies, the field always strives to
establish as large cohorts as possible, such as the UK biobank,
LifeLines, and the TEDDY cohort (“UK Biobank - UK Biobank”
n.d.; TEDDY Study Group, 2008; Davidson-Pilon, 2019).
However, it is very difficult and costly to establish and manage
large cohorts, and not all clinical manifestations enable such
large cohorts, and even in these large numbers, computational
methods that take into account the confounding factors are
much in need (Jessica and Hanson, 2020).

An additional challenge in microbiome case/control studies is
the interoperability of the results. While some machine-learning
algorithms perform well on large datasets (Chen et al., 2020; Gou
et al., 2021; Carrieri et al., 2021), they are often discriminative in
the case/control task without revealing additional information on
the underlying reason for the success of their method.
Alternatively, the results will highlight specific microbial
features that may play a role in the examined clinical
manifestation (Oh and Zhang, 2021), which can be further
studied from a medical- or a basic-science perspective, as the
basis for further studies understanding the mechanisms
underlying this association (Aasmets et al., 2021).

A common approach in all case/control studies is the use of
multivariate linear regression models that take into account the
variables of interest (i.e., microbiome composition) together
while accounting for the confounding variables mentioned
above (Ramette, 2007; Xia and Sun, 2017; Bodein et al., 2019;
Raimondi et al., 2021). There are many packages (R, python,
and independent tools) that perform this task, and one of the
most-popular tools in the context of microbiome studies is
MaAsLin2 (Mallick et al., 2021; S. Ma et al., n.d.; Ma et al., 2021;
Zhang et al., 2021). It is especially useful in microbiome studies
due to the data transformation (arcsine square-root
transformation, Methods), outlier removal, presentation of
results and its overall ease of use. Oftentimes, researchers will
run multiple models in an attempt to find the ideal model that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2142
explains the data best, without overfitting. However, the routine
task of comparing MaAsLin results across multiple models is
challenging. First in running the multiple models, but more
importantly in interpreting the subtle differences in
their results.

Here, we present EasyMap, a user-friendly interactive web-
based tool that enables running multiple linear regression models
and comparing across their results in a graphical manner. While
EasyMap was designed to analyze microbiome data, it can handle
any other tabular data with numeric features and metadata
variables. EasyMap enables the users to upload their own data,
construct multiple models, and run the analyses using MaAsLin2,
regardless of their computational background and expertise.
EasyMap also improves the usability of viewing the significant
results, in an interactive high- and low-level visualization of the
results. Most importantly, EasyMap provides an easy framework
for comparing across models, stratifying the linear regression
results by additional variables, and eventually assisting in
choosing the optimal model for the data.
METHODS AND IMPLEMENTATION

Tool Implementation
The EasyMap web tool was developed using the shiny R package
(version 1.6.0), and it uses the MaAsLin2 R package (version
1.4.0) for multivariate linear regression. All code is available for
download on the Yassour lab git repository (Dahan, 2021).
EasyMap is available for public use at https://yassour.rcs.huji.
ac.il/easymap.

Multivariate Linear Model
EasyMap provides an easy web-based system to perform a
multivariable association analysis between microbial features
changes to clinical measurement (metadata). Analysis modules
include preprocessing, normalisation and transformation and
produce a statistically significant output including correction for
multiple tests (seebelow).All user choices areprocessed toMaAsLin2
format, and are run with the default MaAsLin2 parameters.

Variables in the model are defined as either random- or fixed-
effect, based on the user definition (Figure 1, Step 2). Briefly,
fixed variables impact all samples equally, while random
variables impact samples differentially, based on the value of
the random-effect variable (Srinivasjois, 2021; Kanters, 2022).

Preprocessing and Normalization
After loading the input data, total sum scaling normalization is
applied to each sample, and then microbial features with a total
normalized sum of less than 0.0001 were removed. Next,
abundance data were transformed with the arcsine square
root-transformation (AST) (Biometry: The Principles and
Practice of Statistics in Biological Research, 1981). Microbiome
data is often sparse and zero-inflated, thus the arcsine square
root transformation is an ideal choice to spread the abundance
values, but maintain zero abundance. By default, MaAsLin2 uses
the na.exclude function, which excludes the Not available (NA)
values from the multivariate linear regression calculations, but
May 2022 | Volume 12 | Article 854164
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keeps these values for the association visualization (will appear as
a separate category, without any statistical calculation).
Specifically, if the model includes the variable which has an
NA value for some samples, these will not be included in the
statistical analysis, but will be presented in the visualization.

Statistical Analysis
Nominal p-values across all associations in the resulting heatmap
were adjusted using Benjamini-Hochberg FDR method
performed by MaAsLin2, and the coefficient and resulting q-
values appear in the box plots with the corresponding brackets.
After ‘faceting’ the box plot, the tool presents the p-values
calculated by a two-sided t-test (using the ggpubr R package;
version 0.4.0), based on all the samples that appear in the plot
(without any MaAsLin2 filtering).

Box Plots
In the box plots each dot represents one sample, the middle line
represents the median of the distribution, and the box
boundaries represent the first and third quartiles. The y-axis
represents the transformed relative abundance of a microbial
feature bacteria (AST, Methods) and the x-axis is the selected
effect variable. All box plots were generated by the ggplot2 R
package (version 3.3.3). See statistical analysis Methods section
above for q-values and p-values description.

Case Study Data
From the GMAP prospective observational healthy infant
cohort, selected infants diagnosed with food protein-induced
allergic proctocolitis (FPIAP) who had a minimum of 4
longitudinal stool samples and selected matched controls for
each who met the same sampling criteria. 16S rRNA gene
libraries targeting the V4 region of the 16S rRNA gene were
sequenced on an Illumina MiSeq 300 (raw sequencing data can
be found on NCBI BioProject PRJNA730851). Total of 954
samples remain for further analysis.

Running EasyMap on Other,
Non-Microbiome, Data
We developed EasyMap to assist us in analyzing microbiome data.
However, it can also be used in additional contexts where
multivariate linear models are commonly used, maintaining all
its added value. The input data format is described below (see Step
1: Input data upload), yet specific attention should be paid to the
AST transformation that is applied automatically on the feature
data input, which is not optimal for all datasets. The user can
choose to not apply this transformation on the uploaded data.
WORKFLOW OF EASYMAP + CASE
STUDY EXAMPLE

Cohort and Data Description
Here, we describe the step-by-step flow of the EasyMap
interactive tool, available at http://yassour.rcs.huji.ac.il/easymap
(also presented in Figure 1). To demonstrate the performance of
FIGURE 1 | EasyMap workflow. A schematic representation of the EasyMap
workflow. Step 1 - User data upload: Enable users to upload their separator
based files (comma, tab, etc.). The case study data can be loaded using the
‘example’ button. Step 2 - Variables type definition: Define the variables in the
data as categorical or continuous, and as random or fixed effects for the
linear model. Step 3 - Model construction: Include or exclude variables for
each model, and select the reference value for each variable. Step 4 - A
birds-eye view of all significant results: An interactive heatmap presenting all
significant results (calculated by running MaAsLin2 on the constructed
models). The results from the various models are displayed side-by-side for
optimal comparisons, and the display parameters (such as the specific
microbial features, models, and significance threshold) are shown on the left.
Step 5a - Detailed view of selected associations: Once the user clicks on a
specific association in the heatmap, a detailed view of that result is displayed
below. Associations with categorical or continuous variables are displayed as
box plots, or scatter plots, respectively. Plots include q-values extracted from
MaAsLin2, with brackets indicating the specific comparisons. Step 5b -
Alternating views of the raw data of selected association: The detailed plots
can be further stratified in two options: (a) coloring by a specific variable
(keeping the x-axis as before); and (b) faceting by a specific variable, which
splits the x-axis based on the values of the selected variable. Download
output report: The heatmap and the presented detailed plots can be
downloaded as a pdf file. * = statistical value (p or q value) is less than
statistic threshold.
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EasyMap and make it easier to use, we carried out a case study
(Martin et al., 2021) and added a short explanation at the end of
each step. This case study examines the early childhood
microbiome in allergic infants. In this project, 160 infants were
longitudinally sampled during the first year of life (6 time
points). During this period, 81 infants were diagnosed with
food-protein induced allergic proctocolitis (FPIAP), specifically
to cow’s milk proteins. To characterize the microbial profiles, 16S
sequencing was performed on all infant stool samples (N=954).
Here, we demonstrate the advantage of using the EasyMap web
tool to investigate statistical significant associations between
microbial features and clinical data (i.e., allergic diagnosis),
using multivariate linear regression models.

Step 1: Input Data Upload
The first step is uploading the user input data, which is a
separator based file (csv, tsv etc.) including all relevant data:
clinical metadata variables and taxonomic features’ abundance
for each sample (Figure 1). This file should follow MaAsLin
(Morgan et al., 2012) format (largely described below) and
should have a header line. Suppose there are n metadata
variables and m taxonomic features, the input file will have
three sections of columns: (a) The first column will contain the
sample ID, which is a unique identifier of samples; (b) The next n
columns will contain the metadata variables, where each of the
variables can be either all strings or all numeric but not mixture.
These can include clinical measurements and also other
information, such as subject ID, or collecting clinic; (c) The
last m columns will contain the abundance of the taxonomic
features (relative or absolute). All abundance data will be
normalized by total sum scaling (TSS) normalization
(MaAsLin2 default) and then will be transformed by the arc-
sinus transformation (AST, Methods). The user can choose not
to apply the AST transformation on the uploaded data by
unchecking the AST checkbox in Step 3 (model construction).

Users can upload their separator based files (comma, tab)
through the ‘Upload Files’ tab. Once uploaded, all the identified
columns will appear and the user can click the “Submit” button
and continue with the analysis. If there is any problem with
parsing the file, the error will be presented to the user.

Step 1 - Case Study
In this case study, we considered six clinical variables that were
collected in our cohort, and are also known to have an impact on
gut microbiome composition: mode of delivery (vaginal or C-
section), age (at time of visit), use of probiotics in the first year of
life, infant diet at each time point (breastfed, formula-fed,
mixed); and finally the disease status (case/control). In this
study we are searching for microbial features that are
associated with the disease status, taking into account all other
clinical variables (top of this file is presented in Figure 2A).
Clicking on the ‘example’ button loads a sample of the case
study data.

Step 2: Variables Type Definition
After uploading the data, it is necessary to define the type of all
clinical metadata variables (Figure 1). First, the user selects the
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column that represents the unique sample ID. Second, the user
selects the variables that will be used as random effects in the
linear model (see Methods). The model will account for these
variables, but will not search for associations between the
random variables and the microbial features. Next, the user
selects the fixed effect variables, which can be assigned as
either continuous or categorical. All variables that remain
unselected are automatically defined as the microbial features,
thus all clinical variables must be selected as either random or
fixed effect variables.

Categorical variables are automatically sorted alphabetically
(for example, always, never, sometimes), however, if the user has
a specific relevant order, the variable values can include a prefix
to maintain this order (like, a_never, b_sometimes, c_always).
Numeric variables that have four or less unique values will be
treated as categorical variables. Once all variables are defined an
“approve” button will appear at the bottom of the screen.

Step 2 - Case Study
In this case study there were 954 samples from 160 different
infants. We defined the infant ID as a random variable such that
multiple samples from the same infants will be accounted for
together, and not as independent measurements. Next, we
defined delivery mode, disease status, probiotic use and infant
diet as categorical variables. All variables other than diet have
two values, and diet has three (breastfed, mixed or formula).
Finally, we defined the age at the time of visit as a continuous
variable, and all remaining variables are left as the microbial
features (the relative abundance of each bacteria in each of the
samples; Figure 2A).

Step 3: Model Construction
When searching for statistical-significant associations, we first
need to choose the clinical variables that our model should
account for. These variables are usually chosen based on prior
understanding of the clinical situation, and also including factors
that are known to impact the microbial community composition.
Naively, one can include all collected variables in the model,
however, including too many variables would lead to overfitting
the data, and diluting the signal across too many variables,
potentially missing the significant association altogether.
Oftentimes, we choose multiple models, each containing a
different set of examined variables, with the aim to compare
the results across these models. EasyMap was built to enable a
comprehensive comparison across various models, thus
highlighting the strong, consistent associations across
multiple models.

After defining and approving the variables (as described in
step 2) the user will next move to selecting the variables to be
used in the first model (Figure 1). In the case of categorical
variables, the user can also specify the reference value to be used
for each variable. For example, if delivery_mode has two possible
values: “C-section” or “vaginal”, the user can specify that
“vaginal” will be the reference value. By default, the tool sorts
the values alphabetically and the first value is used as reference.
In the example above this would have been “C-section”.
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FIGURE 2 | Defining the variables, constructing the models and comparing the results. (A) Input file example, where column colors represent different variable types
(appear at the top of the table), and the first row is the table’s header. (B–D) Screenshots of the model construction step. Checkbox values next to each variable
indicate if it is included in each model, and the reference value for each variable is selected in the dropbox. The last variable, named ‘visit_age_mo’ is defined as a
continuous variable, therefore its reference is assigned as zero. (E) A heatmap showing the birds-eye view of all significant results across all models, from the
MaAsLin2 analysis. Each box represents a model, rows are microbial features, and columns are model variables. Each entry in the heatmap is colored by the
significance of the association of the specific microbial feature with the specific model variable.
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Additional models can be added by clicking on the “add new
set” button, and repeating this selection step for each model. By
default, the new model is initiated with the selection of variables
of the most recently defined model. While many models can be
added and compared across, it impacts the total running time
and the ease of results viewing in the next step, thus comparing
3-5 models seems ideal.

Example Step 3 - Case Study
In this case study we wanted to find a microbial feature that is
associated with disease status. We wanted to examine the
contribution of a specific clinical variable to the associations
we found. Here, we focused on the impact of infant diet and
probiotics use on the microbial associations with disease status.
Therefore we considered three models: (1) Including the case/
control, mode of delivery and visit age variables as a base model.
(2) model 1 variables + infant diet; and (3) model 2 variables +
probiotic use (Figures 2B–D). We were interested to see whether
associations found in model 1 remained when adding the diet
and probiotic use variables, which will be revealed in the
next step.

Output Description
The output of the EasyMap is composed of two sections: A
heatmap of all significant results and a detailed view of selected
associations (for example using box plots), with the ability to
facet and color the raw data. All the results that are shown on the
screen (heatmap with the detailed plots) can be exported to a
pdf file.

Step 4: A Birds-Eye View of All
Significant Results
The first step in comparing the models is a high-level
comparison of all microbial associations that were found to be
significant in at least one model. Heatmap color represents the
significance, and by default, the FDR q-value threshold is set to
be 0.2 (only associations that pass this threshold appear in color).
The user can further filter the presented microbial features, using
the drop-down menus on the left. The user can select a different
threshold, and also choose which models to include in the
heatmap (Figure 1).

Example Step 4 - Case Study
When examining the bird-eye view of significant results of our
three models (Figure 2E), the first clear observation is that infant
age was strongly correlated with most microbial features
(Figure 2B). When examining the disease variables/column in
the basic model, we found three significant associations (g:
Lactobacillus, g:Finegoldia & g:Anaerococcus). However, in the
two additional models (models 2 & 3), these associations are not
significant anymore, and additional significant associations are
detected (o:Clostridiales_unknwn in models 2 & 3, and g:Blautia
in model 3). To enable a simpler comparison we have subset the
heatmap to display only the microbial features mentioned above
(Figure 3A). Interestingly, in the case of g:Lactobacillus, there
was still a significant association in model 3, only with the
probiotic use variable (Figure 3A). This shift indicated that
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once we added the probiotic use to the model, it better
explains the different g:Lactobacillus abundance across the
disease groups.

Step 5a: Detailed View of
Selected Associations
One unique and useful feature of EasyMap is the ability to toggle
quickly between the bird’s eye view of all associations in the
heatmap and zooming in on specific associations of interest
(Figure 1). When the user hovers on a single cell in the heatmap,
the cell is highlighted, and the relevant microbial feature together
with the selected model, and associated clinical variable appear as
text at the bottom of the panel. When the user clicks on a certain
cell in the heatmap, the bottom panel is populated with a detailed
plot showing the relative abundance (AST, if it was transformed,
Methods) of the selected microbial feature by the selected clinical
variable (this can be either a box plot for a categorical variable or
a scatter plot for a continuous clinical variable). Note that if the
relative abundance values (y-axis) are arc-sinus transformed thus
can exceed 1, and range in [0, 1.57079]. The detailed plot also
displays the q-values that are outputted by MaAsLin2 for all
tested associations in this variable (using brackets comparing
each value to the selected reference). Significance analysis
appears for all possible comparisons between the reference and
other values, with their respective q values, even for the non-
significant comparisons.

Step 5b: Alternating Views of the Raw
Data of Selected Associations
Finally, to include additional metadata to the existing plot, the
user can facet the box plot and/or color the dots, by a specific
variable (Figure 1). When the plot is faceted, the MaAsLin2 q-
values are removed from the plot, and instead a t-test is
performed, and p-values are presented. Finally, the user can
color the dots based on the categorical variables of the model,
and add labels to the dots, based on the random variables of
the model.

Example Step 5 - Case Study
To further examine the case of g:Lactobacillus, we clicked on the
square that corresponds to the g:Lactobacillus row in the disease
column on model 1, which displayed the box plot on the bottom
panel (Figure 3B). The MaAsLin2 q-value was 1.65e-06,
indicating that g:Lactobacillus is highly correlated with disease
status. However, when clicking on the square that corresponds to
the g:Lactobacillus row in the disease column on model 3
(Figure 3C), the presented q-value was 2.44e-01, which did
not pass our default significance threshold (q<0.2), indicating
that adding the probiotic use to our model decreases the
significance of the disease association. Furthermore, we noted
that in model 3, probiotic use was significantly associated with g:
Lactobacillus abundance, suggesting we investigate this
transition further.

Indeed, many of the allergic infants received probiotics in
their first year of life, thus the more significant association of g:
Lactobacillus is with probiotics. To further investigate the
contribution of probiotic use in this case, the user can stratify
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FIGURE 3 | Case study results. (A) A subset of the full heatmap, showing the three tested models with only five selected microbial features (rows). (B, C) Clicking
on the heatmap entries marked with a circle, generates these box plots, displaying the linear association of g:Lactobacillus with the disease variable, in the ‘basic’
model (B) and from ‘basic + diet + pro’ model (C). In the box plots, each dot represents a sample, where the y-axis is the relative abundance of the microbial feature
(AST, see Methods), and the x-axis is the values of the disease variable. (D) Box plot as in (C) stratified by values of the probiotics_use variable (Pro-, Pro+, NA).
NA, Not available.
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the association between disease and g:Lactobacillus by probiotic
use, using the “facet by” option of the boxplot. Once the user
selects probiotics as the faceted variable, the association between
disease and g:Lactobacillus can be studied within the context of
probiotics (with/without; Figure 3D). Once again, note that in
the stratified view, the statistical analysis is using t-test in this
specific context, rather than the MaAsLin2 systematic q-
value (Methods).
DISCUSSION

A common goal of microbial community studies related to
human epidemiology is to identify associations between
microbial features and clinical variables. These studies must
take into account additional factors, of clinical or
environmental nature, that also impact the microbiome
composition. Often, researchers turn to multivariate linear
regression models to find the clinical associations while
accounting for other measured confounding effects. Here, we
present EasyMap, an interactive web-based tool that enables
uploading custom input data, defining multiple such models,
running the linear regression (using MaAsLin2 (Mallick et al.,
2021)) and comparing the results across all tested models.
Comparing the results allows for a better selection of model
variables, without overfitting the data.

EasyMap can be run as an online webtool, and the full code is
also available on github (Dahan, 2021), making the tool useful for
researchers with varying levels of computational backgrounds.
Currently, the web-based tool has a few hard-coded settings
(such as the common data transformation; Methods), which are
helpful in maintaining its ease of use, however user requests from
github will be accommodated upon popular demand.

We developed EasyMap to assist us in analyzing data from our
lab’s studies. It was built as a wrapper for MaAsLin2, with added
visualization and comparison abilities, tailored for microbiome
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8148
studies. However, it can be used in many additional contexts
where multivariate linear models are commonly used, maintaining
all its added value. EasyMap is also extremely useful for sharing
results with collaborators, and enabling all participants to dig
deeper in the analysis of their data.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. These data and scripts can be found here: https://
github.com/yassourlab/EasyMap. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Massachusetts General Hospital Institutional
Review Board (IRB). Written informed consent to participate
in this study was provided by the participants’ legal guardian/
next of kin.
AUTHOR CONTRIBUTIONS

ED developed the tool, VM evaluated the tool, MY guided the
work, and ED and MY wrote the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

Funding for this project is provided in part by the Azrieli
Foundation and the Israeli Science Foundation.
REFERENCES
Aasmets, O., Lüll, K., Lang, J. M., Pan, C., Kuusisto, J., Fischer, K., et al. (2021).

Machine Learning Reveals Time-Varying Microbial Predictors With Complex
Effects on Glucose Regulation. mSystems 6 (1), 1–12. doi: 10.1128/
mSystems.01191-20

Bartolomaeus, T.U.P., Till, B., Bartolomaeus, H., Löber, U., Avery, E. G., Mähler,
A., et al. (2020). Quantifying Technical Confounders in Microbiome Studies.
Cardiovasc. Res. 117 (3), 863–875. doi: 10.1093/cvr/cvaa128

Becattini, S., Taur, Y., and Pamer, E. G. (2016). Antibiotic-Induced Changes in the
Intestinal Microbiota and Disease. Trends Mol. Med. 22 (6), 458–478.
doi: 10.1016/j.molmed.2016.04.003

Belkaid, Y., and Hand, T. W. (2014). Role of the Microbiota in Immunity and
Inflammation. Cell 157 (1), 121–141 doi: 10.1016/j.cell.2014.03.011

Biometry: The Principles and Practice of Statistics in Biological Research (1981).
Bodein, A., Chapleur, O., Droit, A., and Lê Cao, K.-A. (2019). A Generic
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Pregnant women are at high risk of developing subclinical hypothyroidism (SCH), and anti-
thyroid peroxidase antibody (TPOAb) positivity can further inhibit thyroxine synthesis.
Emerging evidence indicates that intestinal flora can modulate metabolic and immune
homeostasis. The characteristics of intestinal flora of TPOAb-positive women with SCH in
their second trimester of pregnancy have not been reported. This single-center
prospective observational cohort study investigated gut microbial composition and
metabolic function using sequencing of the 16S rRNA gene in fecal samples from 75
TPOAb-positive women with SCH and 90 TPOAb-negative women with SCH during their
second trimester of pregnancy. Women were treated with no levothyroxine (LT4), low-
dose LT4 (≤50ug/d), or high-dose LT4 (>50ug/d). Taxonomic analysis showed Firmicutes
and Bacteroidetes were the dominant phyla, followed by Actinobacteria and
Proteobacteria. Faecalibacterium, Bacteroides, Prevotella 9, Bifidobacterium,
Subdoligranulum, Lachnospira, and Megamonas were the predominant genera. The
intestinal flora of TPOAb-positive women with SCH who received no LT4 was
characterized by bacterial amplicon sequence variants (ASVs)/operational taxonomic
units (OTUs) enriched in the genus Subdoligranulum. The intestinal flora of TPOAb-
positive women with SCHwho received low-dose or high-dose LT4 were characterized by
bacterial ASVs/OTUs depleted of the species Ruminococcus sp._or Bacteroides
massiliensis, respectively. A total of 19 metabolic functions of intestinal flora, mainly
involving lipid and amino acid metabolism, discriminated TPOAb-positive and TPOAb-
gy | www.frontiersin.org May 2022 | Volume 12 | Article 7941701150
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negative women with SCH. Our study suggests that there are differences in the
composition and metabolic function of intestinal flora of TPOAb-positive and TPOAb-
negative women with SCH treated with different doses of LT4 in the second trimester of
pregnancy. The findings provide insight into intestinal flora as novel targets for the
treatment of TPOAb-positive women with SCH during pregnancy.
Keywords: subclinical hypothyroidism during pregnancy, anti-thyroid peroxidase antibody, intestinal flora, second
trimester, levothyroxine
INTRODUCTION

Subclinical hypothyroidism (SCH) is diagnosed in patients with
normal free thyroxine (FT4) levels and mildly elevated thyroid-
stimulating hormone (TSH) levels (Alexander et al., 2017). The
prevalence of SCH in pregnancy ranges from 4 to 25%, and varies
according to trimester-specific reference ranges for FT4 and TSH
(Springer et al., 2017; Dong and Stagnaro-Green, 2019; Fan et al.,
2019). The enzyme thyroid peroxidase (TPO) is responsible for
the oxidation and organization of iodine, and for the formation
of FT4 and free triiodothyronine (FT3) (McLachlan and
Rapoport, 1992). Although most women with SCH are
asymptomatic, SCH during pregnancy may be associated with
adverse outcomes, including miscarriage, preterm birth, pre-
eclampsia and gestational diabetes, especially in women who
are anti-thyroid peroxidase antibody (TPOAb) positive (van den
Boogaard et al., 2011; Negro and Stagnaro-Green, 2014;
Alexander et al., 2017; Arbib et al., 2017; Korevaar et al., 2019).
The American Thyroid Association 2017 guidelines recommend
assessing TSH levels in women at high risk of thyroid
dysfunction, when they are seeking pregnancy or are newly
pregnant. Levothyroxine (LT4) may be administered to women
who are TPOAb-positive with TSH levels higher than the
pregnancy-specific reference range, or who are TPOAb-
negative with TSH levels > 10.0 mIU/L (Lazarus et al., 2014;
Alexander et al., 2017).

In humans, intestinal flora are important for maintaining the
integrity of the intestinal mucosal, immune regulation,
metabolism, and nutrition (Yang et al., 2016). Intestinal flora
can affect the absorption of micronutrients linked to the
synthesis and function of thyroid hormones (Virili and
Centanni, 2015). Conversely, intestinal flora may interfere with
the metabolism and storage of thyroid hormones (Virili and
Centanni, 2015). Small intestinal bacterial overgrowth has been
reported in patients with overt hypothyroidism; however, the
identity of these pathogenic strains of bacteria remains to be
elucidated (Lauritano et al., 2007).

To the authors’ knowledge, there are no reports describing the
characteristics of intestinal flora of TPOAb-positive women
with SCH in their second trimester of pregnancy. In this
single-center prospective observational cohort study, we aimed
to identify altered gut microbial composition and metabolic
function using sequencing of the 16S rRNA gene in fecal
samples from 75 TPOAb-positive women with SCH and 90
TPOAb-negative women with SCH during their second trimester
of pregnancy. Findings may identify intestinal flora as novel
gy | www.frontiersin.org 2151
targets for the treatment of TPOAb-positive women with SCH
during pregnancy.
MATERIALS AND METHODS

Study Population
This study was a nested prospective observational cohort study
that was conducted at Beijing Obstetrics and Gynecology Hospital,
Capital Medical University between June, 2020 and March, 2021.
This study was approved by the Ethics Committee of the Beijing
Obstetrics and Gynecology Hospital (No. 2018-KY-003-01, 2018-
KY-003-02). All participants provided written informed consent.
The study was registered in the Chinese Clinical Trial Registry
(registration number ChiCTR2100047175) on June 10, 2021. All
procedures were carried out in accordance with the Declaration
of Helsinki.

Inclusion criteria were: (1) females with a singleton
pregnancy; (2) recruitment at gestational age 6-13+6 weeks; (3)
diagnosis of SCH based on thyroid function testing during the
first trimester; and (4) provided informed consent.

Exclusion criteria were (1) abortion or loss to follow-up; (2)
history of other severe systemic autoimmune disease; (3) history
of severe heart, liver, kidney, lung and/or other organ
dysfunction; (4) random adjustments to the daily dose of LT4;
(5) failure to collect a fecal sample; (6) use of antibiotics or
probiotics one month prior to collection of the fecal sample; (7)
use of medications that affect thyroid function; (8) history of
endemic goiter; or (9) history of mental illness.

Study Design
Pregnant women were screened to assess thyroid function in the
first trimester, according to China’s Guidelines for the Diagnosis
and Treatment of Thyroid Diseases Pregnancy and Postpartum
(Second Edition), 2019. Serum FT4 (enzyme immunoassay),
TSH3UL (enzyme immunoassay), and TPOAb levels were
measured us ing an automat i c chemi luminescence
immunoanalyzer (CENTAUR XP, Siemens, USA). Women’s
clinical chemistry or hemoglobin were monitored with an
automatic biochemical analyzer (CI16200, Abbott, USA) or
blood cell analyzer (XN2000, Sysmex, Japanese), respectively.

TPOAb-positive women with SCH were identified based
on TSH3UL>3.56mIU/L, FT4 11.80pmol/L-18.40pmol/L,
and TPOAb>60.00U/ml. TPOAb-negative women with SCH
were identified based on TSH3UL>3.56mIU/L, FT4 11.80pmol/
L-18 .40pmol /L , and TPOAb 0.00U/ml-60 .00U/ml .
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TPOAb-positive/negative women with SCH were stratified
according to daily dose of LT4 during pregnancy: no LT4,
low-dose LT4 (≤50ug/d), or high-dose LT4 (>50ug/d).

Fecal Sample Collection
Fecal samples were collected at 20-23+6 weeks of gestation using
the PSP® Spin Stool DNA Plus Kit (SARSTEDT, Germany).
Pregnant women collected their fecal samples in clean plastic
bags after urination. Duplicate samples from the middle of the
stool were placed into preservative in individual sterile tubes.
Fecal samples were transported to the hospital on the day they
were collected and stored at -80°C until analysis.

High Throughput 16S rRNA Amplicon
Sequencing and Analysis
The hypervariable V3-V4 regions of the bacterial 16S rRNA
genes were amplified using the following primers: 341F (5′-
C C T A YGGGR BGCA S CAG - 3 ′ ) a n d 8 0 6 R ( 5 ′ -
GGACTACNNGGGTATCTAAT-3′). Total genomic DNA was
extracted using the sodium dodecyl sulfate [SDS] and
cetyltrimethyl ammonium bromide [CTAB] methods,
according to the manufacturer (TaKaRa MiniBEST Bacterial
Genomic DNA Extraction Kit)’s instructions. All PCR
reactions were carried out under the following conditions: 15
µL of Phusion®High-Fidelity PCR Master Mix (New England
Biolabs), 0.2 µM of forward and reverse primers, and
approximately 10 ng template DNA. Thermal cycling consisted
of initial denaturation at 98°C for 1 min, followed by 30 cycles of
denaturation at 98°C for 10 s, annealing at 50°C for 30 s,
extension at 72°C for 30 s, and final elongation at 72°C for
5 min. PCR products were detected on 2% agarose gel
electrophoresis. PCR products were mixed in equidensity ratios
and purified using the Qiagen Gel Extraction Kit (Qiagen,
Germany), according to the manufacturer’s instructions.
Sequencing libraries were generated using the TruSeq® DNA
PCR-Free Sample Preparation Kit (Illumina, USA), according to
the manufacturer’s instructions, and index codes were added.
Library quality was assessed on the Qubit®2.0 Fluorometer
(Thermo Scientific) and Agilent Bioanalyzer 2100 system. The
library was sequenced on an Illumina NovaSeq platform, and 250
bp paired-end reads were generated.

Microbiome bioinformatics were performed with QIIME2
(2021.04) (Bolyen et al., 2019). Sequences were quality filtered,
denoised, merged, and chimeras were removed using the
DADA2 plugin (Callahan et al., 2016). Species annotation was
performed using QIIME2. 16S annotation was performed using
the Silva Database (Release138, http://www.arb-silva.de) (Quast
et al., 2013). Alpha diversity indices (Chao1, Shannon, Simpson,
Abundance-based Coverage Estimator [ACE]) were calculated
with QIIME2 and displayed with R software (Version 3.6.2). Beta
diversity was calculated using unweighted unifrac with QIIME2.
Principal Coordinate Analysis (PCoA) was performed to
visualize similarities and differences in data. A matrix of
unweighted unifrac distances was transformed into a new set
of orthogonal axes, where the maximum variation factor was
demonstrated by the first principal coordinate (PCoA1), and the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3152
second maximum variation factor was demonstrated by the
second principal coordinate (PCoA2). The two-dimensional
PCoA results were displayed using the ade package and
ggplot2 package in R (Version 3.6.2). The linear discriminant
analysis effect size (LEfSe) (http://huttenhower.sph.harvard.edu/
galaxy/; Segata et al., 2011) (LDA score threshold: 2 for
functional prediction or 4 for microbiome taxa) was used for
quantitative analysis of biomarkers. Functional profiling was
performed with Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt2) (https://
github.com/picrust/picrust2; Douglas et al., 2020) with a single
script (PICRUSt2_pipeline. Py).

Statistical Analysis of Clinical Data
EpiData was used for data entry, with double data entry and
validation. SPSS 26.0 software was used for statistical analysis of
clinical data. Normally distributed continuous variables were
reported as mean ± standard deviation, and were compared
using the independent samples Student’s t test. Non-normally
distributed continuous variables were reported as medians and
quartiles, and were compared using the Wilcoxon signed-rank
test. Categorical variables were reported as frequency [n (%)].
The Wilcoxon signed-rank test was used to compare rank
categorical variables. The chi-square test was used when there
was no rank association between categorical variables. P<0.05
was considered a statistically significant difference.
RESULTS

Clinical Characteristics of Subjects
A total of 75 TPOAb-positive women with SCH and 90 TPOAb-
negative women with SCH during pregnancy were included in
this study. Compared to TPOAb-negative women with SCH,
TPOAb-positive women with SCH were more likely to have a
history of thyroid disease (41.3% vs. 14.4%, P<0.0001) and had
significantly higher total cholesterol in the first trimester
(4.34mmol/L vs. 4.06mmol/L, P=0.022). Other clinical
characteristics were not significantly different between
groups (Table 1).

After stratifying according to daily dose of LT4 during
pregnancy, 12 TPOAb-positive women with SCH and no LT4

(A1), 24 TPOAb-positive women with SCH and low-dose LT4

(A2), 39 TPOAb-positive women with SCH and high-dose
LT4 (A3), 30 TPOAb-negative women with SCH and no LT4

(B1), 43 TPOAb-negative women with SCH and low-dose LT4

(B2), and 17 TPOAb-negative women with SCH and high-dose
LT4 (B3). Microbiome bioinformatic information was compared
in TPOAb-positive women with SCH who received no LT4 (A1)
and TPOAb-negative women with SCH who received no LT4

(B1), TPOAb-positive women with SCH who received low-dose
LT4 (A2) and TPOAb-negative women with SCH who received
low-dose LT4 (B2), and TPOAb-positive women with SCH who
received high-dose LT4 (A3) and TPOAb-negative women with
SCH who received high-dose LT4 (B3).
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Composition of Intestinal Flora
Among 165 fecal samples, the effective sequence number was
12,357,737. A total of 8,905,780 high-quality reads were
identified after sequence denoising or clustering. The number
of total/unique/common amplicon sequence variants/operating
taxonomic units (ASVs/OTUs) are shown in Supplementary
Figure 1A. The number of ASVs/OTUs classified to the family,
genus and species levels are shown in Supplementary Figure 1B.
Taxonomic analysis showed Firmicutes and Bacteroidetes were
the dominant phyla, followed by Actinobacteria and
Proteobacteria (Figure 1A). Faecalibacterium, Bacteroides,
Prevotella 9, Bifidobacterium, Subdoligranulum, Lachnospira
and Megamonas were the predominant genera (Figure 1B).
There were no differences in the a-diversity indices between
TPOAb-positive and TPOAb-negative women with SCH who
received no LT4, low-dose LT4, or high-dose LT4 (Figure 2 and
Supplementary Table 1).
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The refraction curve of intestinal flora indicated the number
of ASVs/OTUs analyzed was sufficient, and the distribution and
abundance of species in each subgroup was high and adequate
for data analysis (Figure 3A). On b-diversity, PCoA1 and PCoA2
explained 14.6% and 9.1% of the observed variation in the
taxonomic profiles of intestinal flora across subgroups. The b-
diversity of the intestinal flora in TPOAb-positive and TPOAb-
negative women with SCH who received high-dose LT4 was
significantly different (PCoA1, P=0.047) (Figures 3B–D and
Supplementary Tables 2, 3). There were no differences in the
b-diversity of intestinal flora between TPOAb-positive and
TPOAb-negative women with SCH who received no LT4 or
low-dose LT4 (Figures 3B–D).

Intestinal Flora as Markers of SCH
During Pregnancy
LEfSe analysis of differential species abundance was applied to
identify intestinal flora that served as markers to distinguish
TABLE 1 | Demographic and clinical characteristics of the study participants.

Characteristic TPOAb-positive women with SCH (n = 75) TPOAb-negative women with SCH (n = 90) P value

General information
Han ethnicity, n (%) 69 (92.0) 81 (90.0) 0.656
Education background
(postgraduate and above), n (%)

16 (21.3) 21 (23.3) 0.846

Education background
(undergraduate), n (%)

42 (56.0) 45 (50.0)

Education background
(college and below), n (%)

17 (22.7) 24 (26.7)

Family income
(over 4×105yuan/year), n (%)

22 (29.3) 25 (27.8) 0.925

Family income
(105to 4×105yuan/year), n (%)

44 (58.7) 55 (61.1)

Family income
(less than 105 yuan/year), n (%)

9 (12.0) 10 (11.1)

first pregnancy, n (%) 41 (54.7) 52 (57.8) 0.688
Thyroid disease history, n (%) 31 (41.3) 13 (14.4) 0.000
Natural pregnancy, n (%) 73 (97.3) 86 (95.6) 0.544
Smoking, n (%) 4 (5.3) 6 (6.7) 0.721
drinking, n (%) 5 (6.7) 4 (4.4) 0.531
Indicator in the first trimester
Sickness, n (%) 25 (33.3) 41 (45.6) 0.111
Animals exposure, n (%) 11 (14.7) 16 (17.8) 0.591
Age (year), median (IQR) 33 (30-37) 33 (31-34) 0.623
BMI (kg/m2), median (IQR) 21.6 (20.1-24.6) 21.7 (19.9-25.3) 0.961
SBP (mmHg), median (IQR) 112 (104-120) 110 (101-117) 0.153
DBP (mmHg), mean ± SD 67 ± 11 65 ± 9 0.193
ALT (U/L), median (IQR) 12.20 (9.70-20.60) 12.30 (9.78-17.43) 0.766
AST (U/L), median (IQR) 14.40 (13.00-17.30) 15.05 (12.68-16.93) 0.889
ALB (g/L), mean ± SD 43.96 ± 2.50 43.45 ± 1.91 0.188
GLU (mmol/L), median (IQR) 4.63 (4.49-4.93) 4.65 (4.45-4.84) 0.496
BUN (mmol/L), mean ± SD 3.11 ± 0.69 2.96 ± 0.56 0.116
UA (µmol/L), median (IQR) 214.30 (186.00-255.30) 213.70 (183.05-252.48) 0.973
CRE (µmol/L), mean ± SD 49.37 ± 6.76 48.70 ± 5.76 0.491
TC (mmol/L), median (IQR) 4.34 (3.84-4.85) 4.06 (3.74-4.54) 0.022
TG (mmol/L), median (IQR) 1.02 (0.70-1.40) 1.00 (0.78-1.44) 0.855
HDL-C (mmol/L), median (IQR) 1.54 (1.33-1.76) 1.42 (1.25-1.59) 0.093
LDL-C (mmol/L), median (IQR) 2.28 (1.93-2.79) 2.10 (1.89-2.46) 0.064
HGB (g/L), mean ± SD 130 ± 10 129 ± 10 0.572
May 2022 | Volume 12 | Article
IQR, interquartile range; TPOAb, thyroid peroxidase antibody; BMI, body mass index; SBP, systolicblood pressure; DBP, diastolic blood pressure; ALT, Alanine aminotransferase; AST,
Aspartic acid aminotransferase; ALB, albumin; GLU, blood glucose; BUN, blood urea nitrogen; UA, uric acid; CRE, creatinine; TC, total cholesterol; TG, triglycerides; HDL-C, high-density
lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; HGB, hemoglobin.
P<0.05 was considered a statistically significant difference.
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TPOAb-positive and TPOAb-negative women with SCH during
pregnancy. The intestinal flora of TPOAb-positive women with
SCH who received no LT4 was characterized by bacterial ASVs/
OTUs enriched in the genus Subdoligranulum (Figures 4A, B
and Supplementary Table 4). The intestinal flora of TPOAb-
positive women with SCH who received low-dose LT4 was
characterized by bacterial ASVs/OTUs depleted of the species
Ruminococcussp_N15_MGS_57 (Figures 4C, D and
Supplementary Table 4). The intestinal flora of TPOAb-
positive women with SCH who received high-dose LT4 was
characterized by bacterial ASVs/OTUs depleted of the species
Bacteroides massiliensis B84634_Timone84634_DSM17679_
JCM13223 (Figures 4E, F and Supplementary Table 4). Three
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5154
marker bac te r i a (genus Subdo l i g ranu lum , spec ie s
Ruminococcussp_N15_MGS_57 and Bacteroides massiliensis
B84634_Timone84634_DSM17679_JCM13223) were uniformly
distributed among the subgroups (Supplementary Figures 2A,
B and Supplementary Table 6).

Functional Prediction
LEfSe analysis of functional abundance based on the KEGG
pathway map was used to predict the metabolic functions of the
intestinal flora that served as markers to distinguish TPOAb-
positive and TPOAb-negative women with SCH during
pregnancy. A total of 19 metabolic functions of intestinal flora
discriminated TPOAb-positive and TPOAb-negative women
A

B

FIGURE 1 | (A, B) Taxonomic analysis at the phylum or genus level. A1, TPOAb-positive women with SCH and no LT4; A2, TPOAb-positive women with SCH and
low-dose LT4; A3, TPOAb-positive women with SCH and high-dose LT4; B1, TPOAb-negative women with SCH and no LT4; B2, TPOAb-negative women with SCH
and low-dose LT4; B3, TPOAb-negative women with SCH and high-dose LT4.
May 2022 | Volume 12 | Article 794170
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with SCH. The intestinal flora of TPOAb-positive women with
SCH who received no LT4 was characterized by four enriched
metabolic functions (including Histidine metabolism) and two
depleted metabolic functions (including Arginine and Ornithine
metabolism) (Figure 5A and Supplementary Table 5). The
intestinal flora of TPOAb-positive women with SCH who
received low-dose LT4 was characterized by two enriched
metabolic functions and five depleted metabolic functions
(including Alanine, Aspartate and Glutamate metabolism)
(Figure 5B and Supplementary Table 5). The intestinal flora
of TPOAb-positive women with SCH who received high-dose
LT4 was characterized by three enriched metabolic functions and
three depleted metabolic functions (including Linoleic acid
metabolism) (Figure 5C and Supplementary Table 5).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6155
DISCUSSION

In this single-center prospective cohort study, we described the
composition and characterized the metabolic function of
intestinal flora from TPOAb-positive women with SCH in the
second trimester of pregnancy. To our knowledge, this is the first
study to show that women diagnosed with TPOAb-positive SCH
in the first trimester of pregnancy have distinct characteristics of
intestinal flora in the second trimester.

In previous reports, non-pregnant female subjects with SCH
were more likely to have a family history of thyroid disease than
controls (Rafiq-Uddin et al., 2020). Similarly, in this study in
pregnant females, TPOAb-positive women with SCH were more
likely to have a history of thyroid disease or higher total
A B

DC

FIGURE 2 | (A–D) The a-diversity indices (Chao1, ACE, Shannon, Simpson) analysis. A1, TPOAb-positive women with SCH and no LT4; A2, TPOAb-positive
women with SCH and low-dose LT4; A3, TPOAb-positive women with SCH and high-dose LT4; B1, TPOAb-negative women with SCH and no LT4; B2, TPOAb-
negative women with SCH and low-dose LT4; B3, TPOAb-negative women with SCH and high-dose LT4.
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cholesterol in the first trimester than TPOAb-negative women
with SCH. However, total cholesterol of TPOAb-positive and
TPOAb-negative women with SCH in the first trimester were
within the normal range. Evidence suggests that dietary habits
have an effect on gut microbiota composition (Qian et al., 2018).
Thus, our study population was selected from Beijing, to
minimize the influence of varying dietary habits across regions
on intestinal flora. The baseline characteristics that may reflect
the dietary habits of the women participating in this study,
including ethnic, cultural and economic data, were not
significantly different between groups.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7156
The flower chart visually shows the number of common and
unique ASVs/OTUs among the six subgroups of women
included in this study. Taxonomic analysis revealed similar
phyla and genera across the subgroups. a-diversity reflects
microbial diversity in a sample; our boxplots showed no
differences in the a-diversity indices across subgroups. b-
diversity reflects the difference in taxonomic abundance
profiles in different samples; We used unweighted unifrac
algorithm and PCoA analysis to analyze b-diversity. Boxplots
showed significant differences in species diversity at the PCoA1
axis in samples from TPOAb-positive and TPOAb-negative
A B

DC

FIGURE 3 | (A) Refraction curves based on random extraction of sequencing data from fecal samples from the six subgroups. (B–D) b-diversity analysis conducted
with the unweighted unifrac algorithm. Ellipses represent 95% confidence intervals for each subgroup in Figure 3B. *P<0.05. A1, TPOAb-positive women with SCH
and no LT4; A2, TPOAb-positive women with SCH and low-dose LT4; A3, TPOAb-positive women with SCH and high-dose LT4; B1, TPOAb-negative women with
SCH and no LT4; B2, TPOAb-negative women with SCH and low-dose LT4; B3, TPOAb-negative women with SCH and high-dose LT4.
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women with SCH who received high-dose LT4. Interestingly, we
found that median PCoA1 values of TPOAb-positive women
with SCH who received no LT4, low-dose LT4, or high-dose LT4

were smaller than those of TPOAb-negative women with SCH
who received no LT4, low-dose LT4, or high-dose LT4. In
previous studies, immune-mediated diseases, such as type I
diabetes (Gianchecchi and Fierabracci, 2017; Mullaney et al.,
2018) and systemic lupus erythematosus (SLE) (Corrêa et al.,
2017) were associated with a low intestinal microbial diversity
(Rooks and Garrett, 2016; Vatanen et al., 2016; Kriss et al., 2018).
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Consistent with this, we demonstrated low b-diversity (PCoA1)
for TPOAb-positive women with SCH.

Harmful or beneficial bacteria may reflect the severity of
disease. Based on the results of this study, we can infer that the
abundance of the genus Subdoligranulum was associated with
promoting Histidine metabolism, and inhibiting Arginine and
Ornithine metabolism. Thus, the genus Subdoligranulum could
be harmful bacteria associated with disease progression in
TPOAb-positive women with SCH in the second trimester of
pregnancy. Conversely, some previous studies revealed that the
A B

D

E F

C

FIGURE 4 | Intestinal flora as markers in TPOAb-positive women with SCH. LEfSe analysis of differential species abundance. (A, B) TPOAb-positive vs. TPOAb-
negative women with SCH and no LT4; (C, D) TPOAb-positive vs. TPOAb-negative women with SCH and low-dose LT4; (E, F) TPOAb-positive vs. TPOAb-negative
women with SCH and high-dose LT4. LDA value distribution histogram: red bars indicate higher abundance of intestinal flora. Cladograms: circles radiating from the
inside to the outside represent taxonomic levels from phylum to species. A1, TPOAb-positive women with SCH and no LT4; A2, TPOAb-positive women with SCH
and low-dose LT4; A3, TPOAb-positive women with SCH and high-dose LT4; B1, TPOAb-negative women with SCH and no LT4; B2, TPOAb-negative women with
SCH and low-dose LT4; B3, TPOAb-negative women with SCH and high-dose LT4.
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genus Subdoligranulum had beneficial effects on obesity (Dao
et al., 2016; Louis et al., 2016); Based on the results of this study,
we can also infer that the abundance of the species
Ruminococcussp_N15_MGS_57 (associated with promoting
Alanine, Aspartate and Glutamate metabolism) and Bacteroides
massiliensis B84634_Timone84634_DSM17679_JCM13223
(associated with promoting Linoleic acid metabolism) may be
beneficial in SCH. Previous studies showed that the genus
Ruminococcus was a prevalent butyrate-producing gut microbe
(Beaud et al., 2005; Takahashi et al., 2016) that has a crucial role
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9158
in the prevention of metabolic diseases (Arora and Bäckhed,
2016). The species Bacteroides massiliensis belongs to the genus
Bacteroides, which is predominant in the human gut (Wexler and
Goodman, 2017). In a previous report, the species Bacteroides
massiliensis showed an inverse correlation with fecal SARS-CoV-
2 load among patients hospitalized with COVID-19 (Zuo et al.,
2020). To the authors’ knowledge, our findings are the first to
show that the species Ruminococcussp_N15_MGS_57 and
Bacteroides massiliensis B84634_Timone84634_DSM17679_
JCM13223 may have beneficial effects on SCH in the second
A

B

C

FIGURE 5 | Functional profiling performed with PICRUSt2. LEfSe analysis of differential functional abundance based on the KEGG pathway map. (A) TPOAb-positive vs.
TPOAb-negative women with SCH and no LT4; (B) TPOAb-positive vs. TPOAb-negative women with SCH and low-dose LT4; (C) TPOAb-positive vs. TPOAb-negative
women with SCH and high-dose LT4. LDA value distribution histogram: the red and green bars represented metabolic functions with higher abundance. A1, TPOAb-
positive women with SCH and no LT4; A2, TPOAb-positive women with SCH and low-dose LT4; A3, TPOAb-positive women with SCH and high-dose LT4; B1, TPOAb-
negative women with SCH and no LT4; B2, TPOAb-negative women with SCH and low-dose LT4; B3, TPOAb-negative women with SCH and high-dose LT4.
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trimester of pregnancy. Future research should explore the causal
relationship between these marker bacteria in the second
trimester and TPOAb-positivity in SCH women.

Intestinal flora plays an important role in maintaining the
metabolic and immunological balance of the host (Liang et al.,
2018). Previous studies have confirmed that there may be a
reciprocal interaction between gut microbiota and thyroid
disorders (Zhou et al., 2014; Shen et al., 2019; Knezevic et al.,
2020; Shin et al., 2020; Su et al., 2020). The mechanisms of intestinal
flora in pregnant TPOAb-positive women with SCH remain to be
elucidated. Consistent with previous studies that support a role for
the molecular mechanisms of intestinal flora in the development of
autoimmune diseases (Figura et al., 2019), we identified 19metabolic
functions that discriminate TPOAb-positive and TPOAb-negative
women with SCH. The different metabolic functions were mainly
involved in lipid and amino acid metabolism.

In conclusion, this single-center prospective cohort study
described differences in the composition and metabolic
function of intestinal flora between TPOAb-positive and
TPOAb-negative women with SCH treated with different doses
of LT4 in the second trimester of pregnancy. Our data implied
that in the second trimester of pregnancy, TPOAb-positive
women with SCH possessed a gut microbiome abundant in
harmful bacteria (genus Subdoligranulum) that regulated
amino acid (Histidine, Arginine and Ornithine) metabolism
but depleted in two species of beneficial bacteria (species
Ruminococcussp_N15_MGS_57 and Bacteroides massiliensis
B84634_Timone84634_DSM17679_JCM13223) that promoted
amino acid (Alanine, Aspartate and Glutamate) and lipid
(Linoleic acid) metabolism, respectively. Although the dietary
habits of the pregnant women were not recorded, and their
contribution to the gut microbiota of our study population could
not be determined, findings provide insights into intestinal flora
as novel targets for the treatment of TPOAb-positive women
with SCH during pregnancy. Large scale multicenter prospective
cohort studies that include dynamic metagenomics and
metabolomics analyses are required to verify our findings.
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Pregnancy causes physiological and immunological adaptations that allow the mother
and fetus to communicate with precision in order to promote a healthy pregnancy. At the
same time, these adaptations may make pregnant women more susceptible to infections,
resulting in a variety of pregnancy complications; those pathogens may also be vertically
transmitted to the fetus, resulting in adverse pregnancy outcomes. Even though the
placenta has developed a robust microbial defense to restrict vertical microbial
transmission, certain microbial pathogens have evolved mechanisms to avoid the
placental barrier and cause congenital diseases. Recent mechanistic studies have
begun to uncover the striking role of the maternal microbiota in pregnancy outcomes.
In this review, we discuss how microbial pathogens overcome the placental barrier to
cause congenital diseases. A better understanding of the placental control of fetal infection
should provide new insights into future translational research.

Keywords: preterm labor, miscarriage, TORCH, pregnancy complications, microbiome
1 INTRODUCTION

Pregnancy is a critical “formative period” that has a significant impact on an individual’s health
trajectory from fetal life to adulthood (Lash, 2015). Pregnancy is governed by a series of
interconnected physiological and cellular mechanisms that promote maternal homeostasis and
maintain optimal maternal-fetal interface while boosting fetal growth (Ander et al., 2019). These
mechanisms enable the woman’s body to undergo, physiological and immunologic adaptations to
host fetal antigens. From the mother’s immune system perspective, the fetus is an allograft that
contains foreign antigens from the father (Robinson and Klein, 2012). To protect the fetus from
immune rejection, the maternal immune must strike a delicate balance between maintaining
tolerance to the fetal allograft by inducing anti-inflammatory properties at the maternal-fetal
interface and maintaining an elevated inflammatory response with rising levels of pro-inflammatory
cytokines at mucosal surfaces such as the gut to protect against microbial challenges (Koren et al.,
2012; Erlebacher, 2013; PrabhuDas et al., 2015; Nuriel-Ohayon et al., 2016; Marchant et al., 2017).
Concurrently, the transition of the maternal immune system during pregnancy from more
inflammatory states at the start of pregnancy to lower levels of inflammation in mid-pregnancy
makes pregnant women more vulnerable to infections (Mor and Cardenas, 2010) and pregnancy
complications. Although the exact etiology of pregnancy complications remains elusive, the
complex interaction of microbial or other factors with host immune system is thought to be the
underlying pathogenesis of pregnancy complications (Megli and Coyne, 2021).
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The emerging findings from the various pregnancy cohorts
(Piler et al., 2017; Pansieri et al., 2020), as well as many animal
studies, demonstrated that pregnancy complications are
heterogeneous and depend on a variety of factors, including
intra- or extra-uterine infection, microbial dysbiosis, and
aberrant immune system (Romero et al., 2014a; MacIntyre
et al., 2015; Waken et al., 2017; Fettweis et al., 2019; Serrano
et al., 2019; Jehan et al., 2020; Kumar et al., 2021a). During
pregnancy, multiple immune signaling pathways and cytokines
normally act as mediators to promote a healthy and successful
pregnancy and to arbitrate defense against pathogens (Mor and
Cardenas, 2010). However, the complexity of interaction
between multiple host factors, including maternal infection or
aberrant activation of the immune response during pregnancy,
could lead to severe pregnancy complications and have a
negative impact on pregnancy health or the developing fetus
(Kumar et al., 2021a). Indeed, the emerging evidence indicates
that these pregnancy complications may pose significant
challenges to fetal growth and development during pregnancy,
as well as susceptibility to a variety of diseases later in life
(Rahman et al., 2012; Nimeri et al., 2013).

In this article, we review the complexity of the interaction
between various host factors associated with different maternal
infections and dynamic fluctuation of the maternal immune
system in both inducing pregnancy complications and eliciting
detrimental effects on the developing fetus.
2 MATERNAL INFECTIONS
DURING PREGNANCY

Complications from various bacterial, viral, parasitic or fungal
maternal infections can occur at any stage of pregnancy. Indeed,
several studies suggest that pregnantwomen aremore vulnerable to
certain infections as a result of compensatory physiological and
immunologic adaptations. The “TORCH” pathogens including
Toxoplasma gondii, Other agents (syphilis, varicella-zoster,
parvovirus B19), Rubella, Cytomegalovirus (CMV), and Herpes
simplex virus, are known to cause various pregnancy complications
such as congenital infections, abortion, and intrauterine fetal
growth restrictions (Megli and Coyne, 2021). In addition to these
most common infections linked to congenital defects, ZIKA
infection, one of the newest TORCH pathogens, has recently
sparked public concern, resulting in severe pregnancy
complications ranging from fetal growth restriction to
miscarriages in 2015-2017 (Coyne and Lazear, 2016). Most
TORCH pathogens cause mild to moderate morbidity, but
infections during pregnancy can have serious fetal consequences
due to stimulation of systemic or local factors (Table 1). Emerging
studies indicate that various microbial pathogens and neurotropic
viruses can cross the placenta barrier, and an aberrant immune
response to pathogens can cause various pregnancy complications
(Platt et al., 2018), such as:

• Acute maternal infection during pregnancy: may cause
maternal morbidity and/or mortality or a wide range of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2162
obstetric complications, including low birth weight,
stillbirth, miscarriage, and preterm labor.

• Vertical transmission during pregnancy: which can result in
congenital infection, intrauterine death, or permanent
disability.

• Perinatal transmission during delivery: which can lead to
severe neonatal diseases.

To better understand the pathophysiology and consequences
of TORCH pathogens and other maternal infections during
pregnancy, as well as their impact on pregnancy outcomes, we
classified these pathogens into the following categories:

2.1 Bacterial Infections
Acute bacterial infections during pregnancy can increase
pregnancy complications and even have a negative pregnancy
outcome (Table 1). Bacterial infections, such as listeriosis,
bacterial vaginosis, and sexually transmitted infections (STIs),
can be caused by a single bacterial pathogen or by a microbial
dysbiosis and can result in inflammasome signaling at the
maternal-fetal interface and/or severe congenital anomalies in
the developing fetus.

2.1.1 Listeriosis
Listeriosis is a foodborne bacterial infection caused by Listeria
monocytogenes (Wang et al., 2021). Although this infection is
uncommon in healthy people, pregnant women are particularly
vulnerable to L. monocytogenes infection, possibly due to their
altered immune status (Wang et al., 2021). Once transmitted
through contaminated food, L. monocytogenes can cross the
intestinal barrier to reach the placenta causing pregnancy
complications such as preterm birth, stillbirth, congenital
diseases, and sepsis (Mateus et al., 2013). A recent listeriosis
outbreak in South Africa reported exceptionally high mortality
rates among infected infants (>28%) and pregnant women
(Thomas et al., 2020). Although the pathophysiology of L.
monocytogenes placental transmission is still largely unknown,
emerging studies show that the bacterium binds to E-cadherin on
primary trophoblasts via the internalis protein InIA and InIB or
InIP (Disson et al., 2008; Faralla et al., 2018), to survive in a hostile
environment, suggesting that the bacterium uses trophoblast-
specific virulence factors for placental colonization and fetal
tissues infection (Bakardjiev et al., 2006). Concurrently, bacterial
colonization in placental tissues leads to abscess development,
innate immune cells recruitment, and aberrant IFN-g secretion at
the maternal-fetal interface (Charlier et al., 2020; Maudet et al.,
2021) and subsequently stimulates inflammasome signaling and
increases severity of neonatal outcomes. A.

2.1.2 Bacterial Vaginosis
Bacterial vaginosis (BV) is characterized by the loss of healthy
vaginal microbiome composition and an increase in the
abundance of pathogenic microbes (Isik et al., 2016). BV is the
most common gynecological infection among women during
reproductive age and pregnancy (Isik et al., 2016; Kumar et al.,
2021a), resulting in serious pregnancy complications such as
miscarriage and preterm birth (Table 1) (Leitich et al., 2003).
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TABLE 1 | Pathogens associated with pregnancy complications and their pathological role in adverse pregnancy outcomes.

Pathogen Transmission Maternal symptoms Immune
response

associated with
infection

Pregnancy complications Reference

Bacteria
Listeria
monocytogenes

Consumption of
contaminated food

Fever, Flu-like symptoms,
headache, vomiting

IFN-g, IL-1b, IL-10 Vertical transmission, congenital
disease, Miscarriage, stillbirths, fetal
death

(Teixeira and
Kaufmann, 1994;
Thomas et al., 2020)

Brucella species Consumption of
contaminated food or contact
with infected animal

Fever, join and muscle pain IL-6, IL-8, MCP-1 Spontaneous abortions, preterm
birth, chorioamnionitis

(Fernandez et al.,
2016; Bosilkovski
et al., 2020)

Chlamydia
trachomatis

Sexual contact with infected
person

Vaginal discharge, pelvic or
abdominal pain

IL-1a, IL-6, IL-8,
TNF-a, IFN-g,

Premature rupture of membrane,
Preterm, fetal eye infection

(Brunham and Rey-
Ladino, 2005; Adachi
et al., 2016)

Neisseria
gonorrhoeae

Sexual contact with infected
person

Vaginal discharge and bleeding,
Painful urination, painful bowel
movements

IL-1b, IL-6, IL-8,
TNFa, MCP-1

Premature rupture of membrane,
Preterm birth, low birth weight

(Lenz and Dillard,
2018; Vallely et al.,
2021)

Treponema
pallidum/Syphilis

Sexual contact with infected
person

Fever, Swollen lymph nodes,
headache and joint pains

IL-2, IFN-g,TNFa Vertical transmission, still birth,
pregnancy loss, low birth weight

(Wicher and Wicher,
2001; Cerqueira
et al., 2017)

Streptococci
group B
S. pneumoniae

Commensal
Contaminated air

Normally no symptoms, but
some women can have low
grade fever, fast or slow heart
rate and breathing rate, lethargy,
Urinary tract infection

IL-1b, IL-8, IL-10,
TNF-a

Vertical transmission (rare), Vertical
transmission during delivery, preterm
birth, neonatal sepsis

(Patras and Nizet,
2018; Flaherty et al.,
2019; Phillips and
Walsh, 2020)

Bacterial
vaginosis
E. coli

Commensal Diarrhea, abdominal cramps,
vomiting, fatigue, Urinary tract
infection

IL-1b, IL-8, IL-10,
TNF-a, IFN-g

Preterm rupture of membranes,
preterm birth, still birth

(Sacerdoti et al.,
2018; Wilkie et al.,
2019; Glaser et al.,
2021; Megli and
Coyne, 2022)

Gardnerella
vaginalis

Sexual contact with infected
person

Vaginal discharge, infection with
fishy odor

IL-1b, IL-6, TNF-
a,

Vertical transmission (no evidence),
Preterm rupture of membranes, low
birth weight, preterm birth

(Wong et al., 2018)

Trichomonas
vaginalis
Ureaplasma
urealyticum
Mycoplasma
hominis

Sexual contact with infected
person

Vaginal discharge, itching in the
genitals

IL-1b, IL-6, IL-8 Premature rupture of membrane,
Preterm birth, low birth weight

(Cauci and Culhane,
2007; Capoccia et al.,
2013; Margarita et al.,
2020)

Viruses
Cytomegalovirus
(cmv)

Ingestion of infected body
fluids (blood, saliva, urine,
breast milk, feces)

High fever, aching muscles, skin
rash, sore throat

CXCL-10 (blood)
TNF-a, IL-1b, IL-
10, IL-12, IL-15,
IL-17, CCL-2,
CCL-4, CXCL-10
(amniotic fluid)

Vertical transmission, congenital
disease, preterm birth, Fetal hearing
loss, vision loss, intracranial
calcifications

(Cannon et al., 2011;
Scott et al., 2012; Liu
et al., 2021)

Herpes simplex
virus

Sexual or oral contact with
infected person

Genital herpes, rash, cold sores
on lips, gums

Anti-HHV-IgG,
IgM

Vertical transmission during delivery,
Spontaneous abortion, miscarriage,
chorioretinitis, intracranial calcification
in neonates

(Pinninti and
Kimberlin, 2013;
James et al., 2014)

Rubella Contaminated respiratory
droplets

Low-grade fever, headache,
sore throat, conjunctivitis

Anti-rubella-IgG,
IgM

Miscarriage, still birth, vertical
transmission, fetal ocular disorder,
auditory or speech disorder and
autism

(Wilson et al., 2006;
Arora et al., 2017;
Yockey and Iwasaki,
2018)

HIV Sexual or contaminated
material

Weight loss, chronic diarrhea,
night sweats, rash and
increased susceptibility of
infections

IL-1b, IL6, IL10,
CD4+ ↑
IFNa ↓

Vertical transmission, congenital
disease, neonatal high mortality and
lifelong devastating effect,
cardiovascular diseases and
increased risk to infections

(Maartens et al.,
2014; Johnson and
Chakraborty, 2016;
Moncunill et al., 2020)

Zika virus Aedes species, sexual, blood
borne

Fever, joint and muscle pain,
rash

IL-6, IL-15, IL-17,
IFN-g, IFN-a, TNF-
a (blood)

Pregnancy loss, still birth, congenital
disease, neurological defects
including intracerebral calcifications,
enlarged ventricles and collapsing
brain, echogenic bowel,

(Ornelas et al., 2017;
Maucourant et al.,
2019)

(Continued)
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Vaginal infections caused by group B Streptococcus (GBS),
Escherichia coli, Bacteroides species, C. trachomatis, and N.
gonorrhoeae can ascend to the genital tract and intraamniotic
fluid causing chorioamnionitis (Galinsky et al., 2013; Jain et al.,
2022). Infections caused by ascending genito-urinary tract
pathogens are typically polymicrobial (Mendz et al., 2013) and
often associated with microbial biofilm and antimicrobial
cervical mucous plug to reach the intra-amniotic fluid or
maternal-fetal interface and induce inflammation locally,
which then endangers the fetus due to aberrant inflammation
at the fetal membrane (Ayala et al., 2019). There is no clear
evidence of how dysbiotic flora crosses the maternal barriers to
reach the fetus, but GBS and E. coli are the most common
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4164
pathogens found in the placenta and late-onset sepsis in neonates
(Wilkie et al., 2019; Glaser et al., 2021). GBS and E. coli can both
adhere to the fetal membrane via various virulence factors and
stimulate neutrophils and macrophages to produce
inflammatory cytokines and potentially develop extracellular
traps to cause premature fetal membrane rupture (Armistead
et al., 2020; Coleman et al., 2021; Deshayes de Cambronne
et al., 2021).

2.1.3 Sexually Transmitted Infections
Changing the vaginal microenvironment during pregnancy may
increase vaginal susceptibility to opportunistic STIs, which are
frequently asymptomatic, but can cause severe pregnancy
TABLE 1 | Continued

Pathogen Transmission Maternal symptoms Immune
response

associated with
infection

Pregnancy complications Reference

SARS-CoV2
MERS

Respiratory or contact with
infected material

Fever, cough, tiredness, loss of
taste or smell

IL1, IL2, IL-7,
IL10, TNF-a

Vertical transmission (no evidence),
maternal mortality, preeclampsia,
preterm birth

(Alfaraj et al., 2019;
Kumar and Al
Khodor, 2020;
Saadaoui et al., 2021;
Villar et al., 2021)

Hepatitis C virus Ingestion of infected material Cholestasis, itching, yellow eye
or skin

CXCL-11, CXCL-
12

Vertical transmission (rare), Vertical
transmission during delivery, low
birth weight, preterm birth, neonatal
chronic liver disease

(Chudnovets et al.,
2020)

Varicella-zoster
virus

Contaminated respiratory
droplets

Red rash, blisters, itching IL-1a, IL-6,
CXCL10, TGF-b

Vertical transmission (rare), Vertical
transmission during delivery, Limb
and gastrointestinal abnormalities

(Chudnovets et al.,
2020; Nanthakumar
et al., 2021)

Parvovirus B19
(Fifth disease)

Contaminated respiratory
droplets

Mild fever, sore throat, red rash IL-2, IL-12, IL-15,
IFN-g

Anemia, still birth, pregnancy loss (Isa et al., 2007;
Adams Waldorf and
McAdams, 2013)

Influenza Contaminated respiratory
droplets

Fever with chills, cough, sore
throat, runny or stuffy nose,
body aches, headache

TNF-a, IL-1b, IL-
6, IL-15, IFN-g

Low birth weight (Le Gars et al., 2016)

Enterovirus Ingestion of infected material Diarrhea, conjunctivitis or rash Increased risk of type 1 diabetes in
childhood

(Adams Waldorf and
McAdams, 2013)

West Nile virus Bite of infected mosquito
Arbovirus (Culex species)

Fever, vomiting, neck stiffness,
or seizures

IL-2, IL-4, TNF-a,
IFN-g

Meningitis/encephalitis, possible
lissencephaly

(Stewart et al., 2013;
Zidovec-Lepej et al.,
2021)

Protozoa
Taxoplasma
gondii

Ingestion of contaminated
food or oocysts

Usually cause no symptoms, but
some infected people show
symptoms, such as, Fever,
aching muscles, tiredness, sore
throat

IFN-g, IL-12, IL-17
(blood)
IL-4, IL-10, TGF-b
(placenta)

Miscarriage, stillbirth, vertical
transmission, congenital
toxoplasmosis (blindness, deafness,
intracranial calcifications)

(Abou-Bacar et al.,
2004; Zhang et al.,
2015)

Plasmodium
falciparum
Plasmodium
vivax

Arthropod vector (Anopletes
species)

Fever, shaking chills, headache,
muscle aches, vomiting, diarrhea

IFN-g, TNF-a, IL-
10

Severe hypoglycemia, Fetus growth
restriction, low birth weight,
miscarriage, preterm, vertical
transmission (rare)

(Artavanis-Tsakonas
et al., 2003; Nasr
et al., 2014; Romero
et al., 2021; Chua
et al., 2021)
(Nasr et al., 2014;
Briand et al., 2016;
Cutts et al., 2020;
Romero et al., 2021;
Lee et al., 2021)

Fungi
Candida albicans
Candida
parapsilosis

Normal vaginal flora, but
during pregnancy Candida
can cause infection due to
microbial dysbiosis or vaginal
hormonal fluctuation

Itching, burning, thick, white
vaginal discharge

IL1b, IL8 Low birth weight, fetal candidiasis,
premature rapture of membrane

(Maki et al., 2017;
Ardizzoni et al., 2021)
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complications if left untreated. Ascending transmission of
Chlamydia trachomatis and Neisseria gonorrhoeae can lead to
pelvic inflammatory disease and endocarditis, as well as serious
pregnancy complications like ectopic pregnancy, preterm birth,
and low birth weight (Adachi et al., 2016; Heumann et al., 2017).
Syphilis is another common STI (caused by Treponema
pallidum). Although the pathophysiology of T. pallidum
ascending transmission is unknown, it may be dependent on
both the gestational age of the fetus and the maternal stage of
infection (Kimball et al., 2020; Primus et al., 2020). Vertical
transmission of this bacterium can cause excessive inflammation
at the maternal-fetal interface resulting in mild to severe
pregnancy complications such as low birth weight, preterm
birth, congenital anomalies, and sometimes fetal loss (Primus
et al., 2020; Megli and Coyne, 2021).

2.1.4 Maternal Microbiome
The maternal microbiome undergoes significant changes during
the course of pregnancy and has been suggested to play an
influencing role in the health of pregnant women and their
neonates during pregnancy and beyond (Prince et al., 2015;
Fettweis et al., 2019). The maternal microbiome consists of
distinct microbial communities dominated by different
bacterial taxa. For example, a vaginal microbial community
dominated with Lactobacillus species are suggested to be
associated with a healthy pregnancy, whereas the abundance of
a complex vaginal microbial community of CST-IV including
Gardnerella, Prevotella, Chlamydia and bacterial vaginosis (BV)-
associated bacterium-I (BVAB-I) are associated with increased
risk for adverse pregnancy outcomes and fetal infection (Ravel
et al., 2011; Kumar et al., 2021a; Saadaoui et al., 2021). The gut
and oral microbial communities, like the vaginal microbiome,
undergo significant changes during pregnancy, including a
significant decrease in alpha diversity and a significant
enrichment in Actinobacteria and Proteobacteria species in the
gut and oral environment (Figure 1A) (Offenbacher et al., 2006;
Aagaard et al., 2012).

To ensure healthy pregnancy outcomes, this delicate balance
between microbial communities and immune tolerance or
immune response must be maintained (Figure 1B). Numerous
studies have suggested that microbial dysbiosis is linked to a
variety of pregnancy complications and fetal development
(Seong et al., 2008; Han et al., 2010). For example, abnormal
changes in the oral microbiota during pregnancy, such as a
decrease in Lactobacillus species or an increase in the abundance
of Porphyromonas gingivalis, may lead to further infections and
the production of pro-inflammatory cytokines, which is thought
to be a contributory factor to various pregnancy complications
such as early labor, pregnancy loss, and low birth weight, among
others (Aagaard et al., 2012; Koren et al., 2012; de Weerth et al.,
2013; Romero et al., 2014b; DiGiulio et al., 2015; Goltsman et al.,
2018). While the link between microbial dysbiosis and pregnancy
complications is clear, the exact nature of these interactions is
unknown. It is unclear whether dysbiosis impairs the maternal
immune system or influences other mechanisms (Zhang et al.,
2015; Kumar et al., 2020) to promote pregnancy complications
and fetal development. These findings suggest that intra- or
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5165
extra-uterine infection or vaginal dysbiosis induces an abnormal
immune response in pregnant women and may be an important
predictor marker for adverse outcomes of congenital infections.

2.2 Viral Infections
The human microbiome has a significant virome component,
which includes a diverse collection of endogenous retroviruses,
eukaryotic viruses, and bacteriophages (Wylie et al., 2012), and is
increasingly recognized as an orchestrator of bacterial diversity
and functionality (Mills et al., 2013; Barr, 2017). Although the
majority of viruses are harmless, some pathogenic viruses can
cross the maternal-fetal interface and influence placental
functions, potentially causing fetal disease (Table 1).

2.2.1 Cytomegalovirus
Cytomegalovirus (CMV) is a DNA virus that belongs to the
Herpesviridae family. CMV is the most common viral infection
transmitted vertically in utero, causing a wide range of congenital
disorders such as hearing and vision loss, intracranial
calcifications, microcephaly, organ dysfunction, and intellectual
disability (Liu et al., 2021). CMV is typically transmitted from
person to person via infected bodily fluids such as blood, saliva,
urine, and breast milk (Cannon et al., 2011). Once infected, the
virus can live in bone marrow hematopoietic cells for the rest of
one’s life (Collins-McMillen et al., 2018). However, it is a
primary infection during pregnancy, rather than a reactivation
of a persistent infection, that causes adverse pregnancy outcomes
(Boppana et al., 2001; Maidji et al., 2006). Although the exact
pathophysiology of CMV is unknown, the severity of the
infection and fetal consequences are dependent on gestational
age at the time of maternal infection, implying that changes in
maternal immune status and the maternal-fetal interface play an
important role in CMV vertical transmission. According to new
research, CMV may first infect placental pericytes before
infecting the fetus (Aronoff et al., 2017). Additionally, CMV
infected pregnant women have elevated level of cytokines
including TNF-a, IL-1b, IL-10, IL-12, IL-15, IL-17, and
CXCL10 which may cause various pregnancy complications or
serious health problems to the baby, such as preterm birth or low
birth weight, or hearing loss at birth or later in life, depending on
the pregnancy (Scott et al., 2012).

2.2.2 Herpes Simplex Virus
Herpes simplex virus (HSV) infections are often asymptomatic
or cause mild symptoms in adults; however, the changing
maternal immune system from higher inflammatory status at
the beginning of pregnancy to a lower level of inflammation in
mid-pregnancy may predispose the pregnant women to different
viral infections, including HSVs (Straface et al., 2012). Although
the mechanism of its transplacental transmission is unknown,
vertical transmission via direct contact with viral lesions in the
genital tract during delivery is a more common route of neonatal
infection (James et al., 2014). As a result, maternal HSV infection
near the time of delivery increases the risk of vertical
transmission, which can result in herpes simplex encephalitis,
chorioretinitis, and intracranial calcification in neonates, with a
June 2022 | Volume 12 | Article 873253
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50-80% mortality rate in untreated cases (Pinninti and
Kimberlin, 2013).

2.2.3 Rubella Virus
Rubella virus is a contagious virus in the Togaviridae family. Rubella
virus is primarily transmitted via respiratory droplets, and in healthy
adults, the infectioncausesmild illnesswitha low-grade fever;however,
pregnant women who acquire rubella infection are 85 percent more
likely to have a miscarriage or stillbirth, and the virus can induce
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6166
necrosis in the syncytiotrophoblasts allowing it to cross the placental
barrier (Lambert et al., 2015; Arora et al., 2017). The neonatal infection
can cause severe birth defects with devastating, lifelong consequences
such as ocular disorder, auditory problems, cardiovascular defects,
speech disorder, and autism (Lambert et al., 2015).

2.2.4 Human Immunodeficiency Virus
Despite the availability of effective anti-HIV therapies,
approximately 38 million people are still infected with HIV;
A

B

FIGURE 1 | General microbial dynamics during health pregnancy and complicated pregnancy. Known changes in the microbial composition: changes in a specific
taxonomy (green) and changes in community diversity (red) (A). Immune response during pregnancy: double-edged sword (B). During pregnancy, the maternal
immune system has to balance between sustaining the growth of the fetus and protecting both mother and fetus from pathogens.
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among these 53% are women (Data, 2020). HIV can be
transmitted through the placenta, perinatally (from direct
contact to maternal vaginal fluids or blood during delivery), or
postnatally (from breast milk or other sources) (Milligan and
Overbaugh, 2014). As a result, congenital HIV transmission
remains the leading cause of neonatal infections and the
associated neonatal mortality or life-long devastation.
Although it is unknown how HIV crosses the placental barrier,
neonates born to HIV-infected women are always at a
significantly high risk of vertical transmission (25 percent in
the absence of antiretroviral therapy) (Bernstein and Wegman,
2018), which predispose them to serious health consequences,
including developing acquired immunodeficiency syndrome
(AIDS) and cardiovascular diseases (Maartens et al., 2014).
Additionally, HIV infection is often associated with
opportunistic infections, further increasing the risk of adverse
pregnancy outcomes or vertical transmission (Johnson and
Chakraborty, 2016).

2.2.5 Zika Virus
Zika virus (ZIKV) is an emerging arbovirus that is endemic in
Africa, America, Asia, and Europe (Khaiboullina et al., 2018).
ZIKV is primarily transmitted by the bite of an infected
mosquito (Khaiboullina et al., 2018). Though ZIKV infection
in adults causes mild symptoms with low-grade fever, headache,
rash (Javanian et al., 2018), infection during pregnancy can cross
the placenta and increase the risk of adverse pregnancy outcomes
and postnatal developmental sequelae, such as miscarriage or
stillbirth, or surviving infants show lifelong neurological defects
such as enlarged ventricles, collapsing brains, and microcephaly.
Emerging studies indicate that ZIKV can selectively infect
decidual fibroblasts and macrophages, trophoblasts, hofbauer
cells (fetal macrophages), and umbilical cord (Quicke et al.,
2016; Tabata et al., 2016) and can significantly induce cytokine
levels of IL-6, IL-15, IL-17, IFN-a, CXCL10 and IFN-g at the
maternal-fetal interface and in amniotic fluid, which may result
in severe fetal neurological abnormalities (Ornelas et al., 2017;
Maucourant et al., 2019). Accumulating evidence shows a link
between ZIKV infection and congenital microcephaly (Tang
et al., 2016; Gladwyn-Ng et al., 2018). ZIKV infection during
gestation can trigger endoplasmic reticulum stress in the
embryonic brain, which may perturb physiological unfolded
protein response in the cerebral cortex and lead to
microcephaly in the babies born from mothers infected with
ZIKV (Mlakar et al., 2016; Gladwyn-Ng et al., 2018).

2.2.6 COVID-19
The most recent COVID-19 pandemic, caused by the Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
infected over 308 million subjects, and killed 5.5 million people
worldwide, highlighting the importance of focusing on women’s
health. SARS-CoV2 is primarily spread through close contact
with an infected person, as well as through aerosols and
respiratory droplets (Saadaoui et al., 2021) and can severely
impact a variety of physiological and immunological processes,
including pregnancy health and outcomes (Kumar and Al
Khodor, 2020; Saadaoui et al., 2021). SARS-CoV-2 binds to
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host cells through the angiotensin-converting enzyme 2
(ACE2) receptor (Yan et al., 2020), which is expressed on the
surface of various trophoblasts including, cytotrophoblast and
syncytiotrophoblast cells at the maternal-fetal interface (Gengler
et al., 2021). Although the virion genome has been observed in
placental and vaginal samples (Dong et al., 2020), but the
majority of recent reports show no evidence of vertical
transmission (Saadaoui et al., 2021), suggesting that SARS-
CoV2 cannot cross the placental barriers even in severely
infected women. Despite the magnitude of the pandemic,
pregnant women do not appear to vertically transfer the SARS-
CoV2 to the fetus, but the inflammatory storm during SARS-
CoV2 infection might indirectly induce pregnancy complications
and even fetal developmental obstacles. For example, increasing
levels of inflammatory cytokines during infection, such as IL-1,
IL-2, IL-7, IL-10, and TNF-a in the maternal blood, at the
maternal-fetal interface may lead to adverse pregnancy
complications, including maternal mortality, preeclampsia, and
preterm birth (Villar et al., 2021).

2.3 Parasites
Despite the fact that emerging knowledge and practices on
prevention of mosquito-borne diseases have significantly
reduced parasitic infections worldwide (Nguyen-Tien et al.,
2021), some parasitic infections are still common during
pregnancy due to the living conditions (Brummaier et al.,
2019) or decreased host immunity. Due to reduced maternal
immunity during pregnancy, parasitic infections are common
among pregnant women living in low resource settings
(Brummaier et al., 2019) and therefore can influence maternal
and fetal health (Table 1).

2.3.1 Toxoplasmosis
Toxoplasmosis is caused by Toxoplasma gondii resulting in more
than 200,000 cases of congenital toxoplasmosis worldwide each
year (Bigna et al., 2020). T. gondii can be vertically transmitted
during pregnancy to cause toxoplasmosis and can lead to a high
risk of congenital diseases (Bigna et al., 2020). Although, vertical
transmission of toxoplasmosis can occur only in 30-40% of
patients, but T. gondii infection during pregnancy could lead to
an aberrant immune response in blood to control the infection
(Sasai and Yamamoto, 2019). Immune response toward the T.
gondii infected cells leads to aberrant production of IFN-g, IL-12,
IL-17 which can result in miscarriage and stillbirth (Smith
et al., 2021).

2.3.2 Malaria
Malaria parasites, mainly Plasmodium falciparum and
Plasmodium vivax, are other pathogens associated with an
elevated risk of pregnancy complications, including fetal growth
restriction and preterm birth (Briand et al., 2016; Romero et al.,
2021). Malaria parasite-infected erythrocytes during pregnancy
can adhere to placental receptors and trigger placental
inflammation and subsequent damage, causing harm to both
mother and her infant (Chua et al., 2021). Emerging evidence
suggests that malaria parasite-infected women have significantly
higher systemic levels of pro-inflammatory cytokines and
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chemokines, including TNF-a, IFN-g, IL-10, which appear to be a
keymediators of pregnancy complications (Nasr et al., 2014). IFN-
g response during pregnancy is a double-edged sword. It plays
both protective and pathological roles during malaria infection
(Nasr et al., 2014). IFN-g response in malaria parasite-infected
women is crucial for parasite clearance in both the liver and blood
stages (Inoue et al., 2013), however high levels of IFN-g may also
exacerbate the disease severity, including cerebral malaria and
other pregnancy complications such as embryotoxicity or
abnormal placenta as shown in Figure 3 (King and Lamb, 2015).

2.4 Fungal Infections
The vast majority of fungi are harmless, and serious fungal
infections are uncommon during pregnancy; however, they
may occur with higher frequency in pregnant women, which
potentially can increase maternal complications, including
prematurity or, in some cases, even fetal loss (Rasti et al., 2014).

2.4.1 Candidiasis
Candidiasis is the most common cause of infection worldwide
and is caused by Candida, an opportunistic yeast (Manolakaki
et al., 2010). Under normal conditions, most Candida species are
commensals or endosymbionts, but some species, such as
Candida albicans and Candida parapsilosis, can cause
candidiasis (AN and Rafiq, 2021). Vaginal candidiasis is the
most common gynecological infection during reproductive age
and pregnancy. According to emerging studies, up to 40% of
women have vaginal colonization with Candida spp. during
pregnancy (DiGiulio, 2012), which can easily transmit to the
maternal-fetal barrier and progress to intra-amniotic infection
which may lead to severe pregnancy complications including low
birth weight or fetal candidiasis (Siriratsivawong et al., 2014;
Drummond and Lionakis, 2018).
3 PREGNANCY COMPLICATIONS
ASSOCIATED WITH MATERNAL
INFECTIONS

Although complications caused by maternal infections or
extrinsic abnormalities can occur at any stage of pregnancy,
the first trimester is critical for placental development and the
formation of a selective barrier between maternal and fetal tissue
(Burton et al., 2016). The placental barrier, which is made up of
multiple layers of maternal and fetal tissues, serves as a strong
barrier against human pathogens reaching the fetus (Burton
et al., 2016). Syncytiotrophoblasts (SYNs) are multinucleated
cells that form a strong barrier between maternal and fetal blood
within the placenta (Ander et al., 2019). Despite the fact that
SYNs are highly resistant to bacterial or viral infections and
produce type III IFNs (Ander et al., 2019), some pathogens can
still cross these barriers and reach the fetus (Figure 2). Although
the mechanism(s) by which pathogens breach the strong barriers
remains unknown, intrauterine infection and associated
inflammation are significant contributors to pregnancy
complications. Surprisingly, approximately 25% of preterm
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births are microbially induced, either through intrauterine
infection or maternal extrauterine infection (Agrawal and
Hirsch, 2012).
4 PREGNANCY COMPLICATION
AS A RESULT OF ABERRANT
IMMUNE RESPONSE

According to the findings of recent pathological and advanced
metagenomic studies, which have been supplemented by cellular
and experimental animal studies, a significant amount of
pathogens can bypass the placental barrier integrity and
modulate an abnormal immune response at the maternal-fetal
interface or in the amniotic fluid (Megli and Coyne, 2021).
Microbial pathogens commonly associated with periodontal
disease or found in the lower genital tract can cross the
placental barrier and react to amniotic fluid in women who
had preterm labor, possibly via hematogenous dissemination via
the transplacental passage or ascending microbial invasion into
the amniotic fluid (chorioamnionitis) from the urinary tract
(Cobb et al., 2017). Normally, microbial-induced pregnancy
complications are mediated by an aberrant inflammatory
process. Many studies have revealed an elevated level of
proinflammatory cytokines such as IL-1, IL-6, IL-8, and TNF-
a in cervicovaginal lavage or amniotic fluid of women
experiencing pregnancy complications (Agrawal and Hirsch,
2012; Romero et al., 2014a; Gee et al., 2021). Interestingly,
emerging evidence suggests that microbial infection or
injection of microbial products such as PAMPs or recombinant
inflammatory cytokines in pregnancy mice could lead to adverse
pregnancy complications, including preterm birth or even fetal
demise (Romero et al., 2014a). Microorganisms or their ligands
such as LPS, CpG, Poly (I:C) are recognized by toll-like receptors
(TLRs), to induce the production of chemokines (e.g., IL-8, and
C-C motif legend 2 (CCL2), cytokines (e.g., IL-1b, and TNF-a),
which act on the prostaglandins and proteases to induce the
common pathway of parturition (Figure 3, Table 2) (Racicot
et al., 2016; Yockey et al., 2018). Indeed, murine models revealed
that microbial ligands or recombinant cytokines are likely to
elicit miscarriage and preterm labor (Gonzalez et al., 2011), and
can be used as a predictive biomarker of the onset of preterm
labor (Romero et al., 2014a), emphasizing the role of microbial
induced inflammation in pregnancy complications. These
studies, when taken together, highlighted the role of microbial-
induced inflammation in pregnancy complications and
congenital disease.
5 FUTURE DIRECTIONS

Although technological advances over the past decade have made
significant advances on multiple fronts, including a better
understanding of molecular mechanisms, more precise diagnostics,
and significantly improved therapeutic outcomes, the increasing
incidences of pregnancy-related complications continue to pose
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daunting challenges in understanding their underlying pathogenesis,
host-pathogen interaction at the maternal-fetal interface. As the
incidence of maternal infections and associated pregnancy
complications rises, a better understanding of the developmental
events that result in host-pathogen interaction at the maternal-fetal
interface and aberrant immune response is critical for the
development of rational intervention strategies. With the help of
advanced molecular techniques, the TORCH pathogens and their
ability to cross the maternal-fetal barrier to cause congenital fetus
disease, which was first proposed decades ago, have now been
expanded to include emerging maternal infections and the effects of
microbial dysbiosis.

Despite the progress made, there are still many unanswered
and widely debated questions. For example, how the placental
barrier remains uncompromised to multiple microbial
pathogens that cause maternal systemic illness and bacteremia,
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such as methicillin-resistant Staphylococcus aureus, E. coli, SARS-
CoV2 virus, while other pathogens have mastered a variety of
evasion mechanisms leading to serious maternal and fetal
complications? Another controversial question is the whether
the placenta harbors its own microbiome or not? (Aagaard et al.,
2014), and how/when does the priming of the fetal immune
system with the maternal microbiome occur? (Wampach et al.,
2018; de Goffau et al., 2019). The intriguing question now is,
what levels of proinflammatory cytokines are required
systematically or locally at the maternal-fetal interface to
modulate placental integrity and allow vertical transmission of
pathogens? Finally, how does maternal dysbiotic microbiota
influence the maternal-fetal interface or immune response to
cause pregnancy complications? While emerging multi-omics
have provided us with comprehensive information about the
maternal microbiome (Jehan et al., 2020; Kumar et al., 2021a),
FIGURE 2 | Mechanism of placental physical and immune defense and possible mechanism of vertical transmission of TORCH and other pathogens during
pregnancy. The human placenta has evolved several layers of defense including antimicrobial effectors such as exosomes, antimicrobial peptides, and/or innate
immune response to infection by release of cytokines and/or highly integrated syncytiotrophoblast. Syncytiotrophoblast is the placental barrier between maternal
and fetal blood that allows selective exchanges in nutrients and gases between the embryo and the mother but inhibits the microbial invasion. Although the exact
mechanisms by which TORCH pathogens cross the placental barrier are still unclear. However emerging studies indicates these pathogens reach the fetus through
infected maternal decidua, infected extracellular trophoblasts (EVTs) and/or through direct infection of the syncytium, while the vaginal pathogens gain access to the
amniotic cavity via ascending transmission. Following the amniotic cavity infection, toll-like receptors (TLRs) at the fetal-maternal interface get activated and induce
pro-inflammatory cytokines and chemokines, leading to further immune cells recruitment. Switching of maternal immune response from tolerogenic to inflammatory
state leads to the premature activation of cervical ripening proteins and onset of labor. Common STDs and BVs infections are C. trachomatis, N. gonorrhoeae, T.
pallidum, GBS, E. coli etc. Dysbiotic microbiota infections are GBS, E. coli, C. trachomatis, Gardnerella, Prevotella etc. EVTs: Extravillous trophoblasts, GBS: Group
B Streptococcus, SYNs: syncytiotrophoblast.
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FIGURE 3 | Adverse pregnancy outcomes induced by aberrant cytokine response. Aberrant levels of IL-1b, IL-6, IL-17, TNF-a, IFN-a and IFN-g in amniotic fluid can
induce multiple organ development failure in fetus or induce premature activation of cervical ripening proteins and onset of preterm labor.
TABLE 2 | Roles of cytokines in human pregnancy complications.

Cytokines Pathological roles in pregnancy References

IFN-a • Secreted as part of the immune response to modulate associated molecular patterns
(DAMPs) or pathogen associated molecular patterns (PAMPs)

• Contributes to the establishment and maintenance of successful pregnancy, mediating
endometrial vascular remodeling and angiogenesis at the maternal-fetal interface

• Overexpression correlates with viral infection or influence the placental development after
ZIKV infection

• Overexpression toxic to early embryo development

(Chesler and Reiss, 2002; Mogensen, 2009; Murphy et al.,
2009; Yockey and Iwasaki, 2018; Ni and Lu, 2018)

IFN-g • Initiates endometrial vasculature remodeling and contributes to the normal health of the
decidua

• Secreted in the uterus during early pregnancy.
• Overexpression prevents implementation and are toxic to the embryo
• Induce the placental damage after Malaria or Toxoplasma infection

(Murphy et al., 2009)

IL-1b • Sufficient to induce smooth muscle contraction in the uterus and preterm labor
• Induces abnormal lung and neurological development

(Sadowsky et al., 2006; Hogmalm et al., 2014)

IL-2 • Overexpression modulates the pregnancy complication such as preeclampsia (Hamai et al., 1997)
IL-6 • Mediates embryo implantation and placental development

• Overexpression can mediate abnormal brain development
(Prins et al., 2012)

IL-10 • Plays a pivotal role in the maternal immune tolerance for survival of an allogeneic fetus. (Murphy et al., 2005)
IL-15 • Convert decidual NK cells and macrophages to decidual phenotypes, including reduced

cytotoxicity and secretion of angiogenic factors
(Ashkar et al., 2003; Chavan et al., 2016)

IL-17 • Modulates the production of other pro-inflammatory cytokines
• Overexpression can mediate abnormal brain development

(Choi et al., 2016)

TNF-a • Key cytokine to modulate responses against infection
• TNF-a concentrations increase as gestation progresses albeit not excessively and may

support the increased metabolic needs associated with pregnancy.
• Important regulator of normal cell function, influencing vital biological processes including

cell proliferation, apoptosis, and the production of other cytokines such as IL-6
• Overexpression can induce preterm labor and neural tube defects
• Overexpression also toxic to early embryo development

(Baud and Karin, 2001; Waters et al., 2013; Spence et al.,
2021)
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their translational impact on women’s health is still far from
being achieved and requires more research.

Future research into the mechanism of host-pathogen
interaction at the maternal-fetal interface, as well as how these
interactions modulate immune responses and placental integrity,
will have broader implications in understanding the mechanism
of adverse pregnancy complications, such as miscarriage,
preterm birth, and vertical transmission of pathogens.
Additionally, it may lead to future therapeutic strategies to
improve maternal health and prevent vertical transmission of
pathogens. Advanced, cutting-edge statistical models, as well as
high-throughput molecular multi-omics techniques, can be used
to integrate various datasets for assessing their role in biological
processes (Kumar et al., 2021b). It should be noted that
numerous specific microbial therapies, such as bacteriophage
or narrow-spectrum therapies that kill the specific pathogen
without affecting other health microbes, are being developed
and proving to be effective (Kumar et al., 2018; Brives and
Pourraz, 2020). Studies are currently being conducted to
determine whether these strategies will be effective for TORCH
(Rodriguez-Melcon et al., 2018). Next-generation mRNA
vaccines to control different maternal infections are being
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11171
actively explored (Healy et al., 2019; Kumar and Al Khodor,
2021). These efforts can ultimately facilitate the design of
targeted strategies to engineer the vaginal microbiota to lead to
antibiotic-sparing strategies to modulate and restore a robust
vaginal micro-environment, which may ultimately improve the
reproductive health of women and their children.
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