Effect of Antimicrobial Exposure on Clostridioides difficile (C. difficile) Colonization of the
Infant Gut Microbiota in the Canadian Healthy Infant Longitudinal Development (CHILD) Birth
Cohort

by

Chinwe Vivien Obiakor

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science
in

Clinical Epidemiology

School of Public Health
University of Alberta

© Chinwe Vivien Obiakor, 2019



Abstract

Introduction: Antimicrobial exposure in early life has been associated with gut microbiota
dysbiosis and development of allergic diseases in childhood. In adults and older children,

C. difficile is the major pathogen responsible for antibiotic-induced diarrhea but the effect of
colonization with this bacterium in infants is unclear. About 30% of infants are colonized with
C. difficile without the presence of clinical symptoms, infection or diarrhea. However,
colonization with this bacterium in infancy has been linked to development of asthma and
allergic diseases later in life. The aim of this study was to determine the separate and cumulative
impact from antibiotics and environmental antimicrobials (household cleaning products) on

C. difficile colonization in infants.

Methods: This study population comprises of a representative sample of mothers and infants
who were successfully enrolled in the Canadian Healthy Infant Longitudinal Development
(CHILD) birth cohort. Infant antimicrobial exposure was obtained from hospital birth chart
(maternal intrapartum antibiotic (IAP) and newborn intravenous antibiotic) and standardized
questionnaires (infant oral antibiotic and household cleaning product use). Exposure to
household cleaning products was based on frequency of use and split at median into lower and
higher use. Fecal samples were collected at 3 and 12 months after home assessment. Analysis of
C. difficile was performed using quantitative polymerase chain reaction (qPCR) with appropriate
primers. Logistic regression analysis was used to determine the crude and adjusted association

between antimicrobial exposure and C. difficile colonization.

Results: In this study, 44% of infants were indirectly exposed to antibiotics via maternal IAP,
8% directly received an oral or intravenous antibiotic and 47% lived in households with higher

cleaning products use by 3 months. Infants were classified into 4 groups depending on



antimicrobial exposure: no antibiotics and lower cleaning products use (NALC), any antibiotics
and lower cleaning products use (AALC), no antibiotics and higher cleaning products use
(NAHC), any antibiotics and higher cleaning products use (AAHC). At 3 months, C. difficile
colonization was significantly higher in AALC, NAHC and AAHC infants compared to NALC
infants. After adjusting for covariates, the increased odds of C. difficile colonization remained
significant in the AAHC infants (aOR 1.50 95% CI 1.03-2.17; p=0.032). At 12 months,

C. difficile colonization was significantly higher in only the AALC and AAHC infants compared
to NALC infants in both crude and adjusted analysis (aOR: 1.36 95% CI 1.02-1.83; p=0.035 for

AALC and aOR: 1.37 95% CI 1.00-1.86; p=0.043 for AAHC)

Conclusion: Colonization with C. difficile as well as antimicrobial exposure in early infancy has
been linked to increased risk of asthma and allergy. Our study suggests that cumulative exposure
to antibiotics and higher household cleaning products use is not without consequence. Hence, the
effect of antimicrobial exposure on the infant gut should be considered because colonization with

C. difficile may be a marker for future health outcomes.



Preface

This thesis is an original work by Chinwe V. Obiakor. This thesis has been written in a paper
format according to the guidelines of the Faculty of Graduate Studies and Research at the

University of Alberta.

This thesis consists of an introduction with literature review (Chapter 1) followed by one study
(Chapter 2) and a concluding chapter (Chapter 3). The statistical analysis and first draft of the

manuscript in Chapter 2 are my own work.

Chapter 1 consists of a literature review on antimicrobial exposure from antibiotics and
household cleaning products, infant gut microbiota and allergic diseases. This is followed by
study objectives, sample size calculation and overview of study. Part of Section 1.2.1.1 and
1.2.3.2 was published as sections in a review paper “The association between early life antibiotic
use and allergic disease in young children: recent insights and their implications” in “Expert
Review of Clinical Immunology” (Obiakor et al. 2018;14(10):841-55. Available from:
https://www.tandfonline.com/doi/full/10.1080/1744666X.2018.1521271). I carried out the

database search for studies on infant antibiotic exposure and development of childhood allergic
diseases and contributed to about 60% of the manuscript. Kozyrskyj AL. was the supervisory

author. All authors contributed to the writing of the manuscript.

In Chapter 2, results of the main research questions are presented. In this chapter, the separate
and cumulative effect of antimicrobial exposure on C. difficile colonization at 3 and 12 months
were examined in the CHILD (Canadian Healthy Infant Longitudinal Development) birth cohort.
A version of this chapter is in preparation for submission to an appropriate Journal as “Early Life

Antimicrobial Exposure is Associated with Clostridioides difficile Colonization in Infants”.

In the final chapter, Chapter 3, general discussion and conclusions are presented. This chapter
highlights an assessment of bias, clinical significance of research findings, general strengths and

limitations of the study and implications for future research.
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Chapter 1: Introduction

1.1 Background

It is interesting that something we never gave much thought to may play a role as
important as other organs in our body. With the advance of modern sequencing techniques, our
understanding of the importance of human microbiome has greatly increased and the perspective
of viewing microbes as only pathogenic has shifted to recognize their significance (1). Previous
culture-based methods for analyzing the microbiome were limited to only a subset of easily
cultured species and limited our ability to identify and analyze many unculturable microbes (2).
Similar to their ubiquitous nature in the environment, microbial populations thrive on various
sites of the body such as the skin, vagina, oral cavity and gastrointestinal tract depending on
conditions such as pH, oxygen level, nutrient availability, humidity and temperature (3).
However, majority of the human microbiome is found in the gut and mostly comprises of several
bacterial species. Under normal conditions, a symbiotic relationship is maintained whereby the
organisms benefit nutrient and protection while aiding humans in digestion, metabolism and
regulation of immune functions. To add complexity, we require these different microbes

performing various functions in the right amount to benefit our body.

The “Hygiene Hypothesis” was first proposed in 1989 by David Strachan when he
observed a negative association between having older siblings and the development of hay fever
1.e. increased exposure to infections from older siblings helped in the development of a healthy
immune system and provided a form of protection against allergy (4). More recently, the
increasing rate of allergic diseases has been explained by the “Microbiota Disappearing
Hypothesis” which suggests that various aspects of modern practices such as clean water,
birthing process, pollution and antibiotic use have all contributed to the disturbance of members
of the gut microbiota (5). The microbiota disappearing hypothesis places more emphasis on
current practices and alteration of the balance of gut microbiota as the probable cause of immune
dysregulation and development of allergic diseases. These practices affect exposures to the right
microbes which in turn results to absence of the symbiotic relationship with our intestinal
occupants and health benefits that we previously enjoyed. Our ability to properly characterize the
gut microbiome and examine factors that affect its development may provide answers to several

unanswered questions in epidemiological research.



1.2 Literature Review
1.2.1 Antimicrobial Exposure

1.2.1.1 Trends in Antibiotic Use from Birth to Childhood

Penicillin was the first antibiotic to be discovered in 1928 and remains effective against
many bacterial infections caused by Staphylococci and Streptococci (6). In addition to penicillin
antibiotics, cephalosporins and macrolides are commonly dispensed to children in modern
medicine practice. Global antibiotic consumption has risen substantially (7), though, in North
America, antibiotic use in infants below 1 year has significantly declined (8,9). Frenk et al. (9)
reported a decrease in antibiotic use from 15.5% to 8.7% between 1999-2002 and 2011-12
mostly due to decline in commonly prescribed antibiotics, but the use of broad-spectrum
antibiotics remains. Broad spectrum antibiotics are commonly administered to preterm neonates
for the prevention and treatment of sepsis. Majority of preterm births occur due to intrauterine
infections; hence intravenous antibiotics are used as a prophylactic measure to prevent morbidity

or mortality (10).

In children, antibiotics are usually prescribed to treat respiratory tract infections such as
otitis media (ear infection), laryngitis, sinusitis, pharyngitis and bronchiolitis even though some
of these are of viral origin or self-limiting. Except in cases of penicillin allergy, clinical practice
guidelines do not recommend broad spectrum macrolide and third-generation cephalosporin
antibiotics as first-line treatment for common childhood respiratory and urinary tract infections
(11,12). Due to increasing antimicrobial resistance and no apparent benefit, prophylactic
antibiotic treatment of urinary tract infections in children is also not recommended (12). Despite
these, Vaz et al. (13) found that respiratory tract infections accounted for more than 75% of
outpatient antibiotic prescriptions for children, of which otitis media was the most common
diagnosis, especially in children between 3 and 24 months of age. Regional differences in
antibiotic treatment of hospitalized children are also of concern and may be a sign of emerging
antimicrobial resistance. Versporten et al. (14) observed that broad-spectrum antibiotics, mainly
third generation cephalosporins, were prescribed for children in Eastern Europe, Southern
Europe, Asia, North America, and Latin America while narrow-spectrum antibiotics like
benzylpenicillin, amoxicillin, and gentamycin were commonly administered in other regions.
Antibiotic stewardship programs and numerous campaigns to improve adherence to prescribing

guidelines have been implemented over the last few decades to promote treatment with narrow
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spectrum antibiotics active against targeted pathogens. Despite their success, antibiotics remain

overprescribed.

1.2.1.2 Maternal Intrapartum Antibiotic Prophylaxis

Maternal intrapartum antibiotic prophylaxis (IAP) is usually administered to pregnant
women during labour or delivery to prevent early onset Group B Streptococcus (GBS) infection
in newborns or to prevent wound infection from caesarean section (CS) in mothers (15).
Streptococcus agalactiae or GBS, a gram-positive bacterium is a significant cause of neonatal
sepsis and mortality worldwide (16). Up to 30% of women are colonized with GBS during
pregnancy and can vertically transmit this bacterium to the newborn during vaginal delivery.
However, most colonized newborns remain asymptomatic with less than 1% developing early
onset GBS disease (17). Presence of two or more risk factors increases the likelihood of neonatal
sepsis from GBS. In addition to maternal intrapartum GBS colonization during pregnancy, other
risk factors include GBS bacteriuria at any time of the current pregnancy, having a previous
infant with invasive GBS disease, prolonged (> 18h) rupture of membrane and maternal
intrapartum fever (>38°C) (18). Worldwide disparity in IAP recommendation and administration
exists. Some countries practice a risk-based approach based on clinical symptoms whereby IAP
is administered during labour if women present with known risk factors, some countries practice
a screening based approach whereby women are screened for GBS after a rectovaginal swab and
given IAP during labour if positive, some countries implement both approaches while other

countries have no recommendations regarding IAP (15).

In Canada, current guidelines recommend screening pregnant women at 35 to 37 weeks
and administering IAP during labour to positive women or those with other risk factors (GBS
bacteriuria or previous infant with GBS disease) (18). Penicillin G or ampicillin is the drug of
choice while cefazolin is given to penicillin allergic women at low risk of anaphylaxis.
Clindamycin, erythromycin or vancomycin may also be used in rare cases of risk of anaphylaxis
to first line drugs. Screening approach for GBS remains controversial as about 30% of positive
women screened at 35 to 37 weeks revert to negative before labor (17). More so, a large
proportion of women colonized in labour have healthy neonates, so this approach increases
antibiotic exposure and places a higher financial burden on the health system. On the other hand,

IAP administration is based on the clinical risk assessment approach in some parts of Europe



which records lower antibiotic exposure. IAP exposure occurs in 13% of vaginal delivery in
Denmark with risk assessment approach (19) while that of Canada is about 27% of vaginal
deliveries (20). A 2014 Cochrane review of 3 randomized controlled trials (RCTs) found no
conclusive evidence for the administration of IAP for GBS. Although ampicillin or penicillin for
IAP reduced the occurrence of early onset GBS in the newborn, there were no differences in

newborn mortality between treatment and no treatment groups (21).

Neonates are also routinely exposed to intrapartum antibiotics during caesarean section
delivery. According to the Society of Obstetricians and Gynecologists of Canada (SOGC),
pregnant women should receive cefazolin antibiotic before emergency or scheduled caesarean
section (22). To achieve adequate tissue and serum level antibiotic concentration, cefazolin is
usually administered prior to skin incision and cord clamping. While this may increase protection
against infections in the mother, it also exposes the newborn to antibiotics. Antibiotic exposure
to an infected neonate has its advantages but may pose some risks in healthy neonates. Early life
antibiotics has been linked to amoxicillin-resistant late onset Escherichia coli infections during
infancy (23), as well as gut microbiota dysbiosis which may affect future health outcomes (24—
26). Some of these antibiotics can cross the placenta to the foetus before and during birth so the
slightly increased benefits to the mother should be weighed against any potential risks of long-

term harm to the newborn.

1.2.1.3 Household Cleaning Products

Discovery of the germ theory and disease transmission in the early 20" century promoted
greater cleaning with soap and water to prevent infection. Standards to cleaning have evolved
over the years and is linked to socio-cultural factors that influence human behaviour. To make
the environment cleaner, emphasis has shifted to the increased use of cleaning products in the
home (27). Like other common household items, cleaning products (hand soap, disinfectants,
detergents, bleach, etc.) are sold in large quantities globally and are frequently used in the home
(28). Disinfectants are active against a broad range of microorganisms while detergents are
mainly used to remove dirt, dust, grease or fats. All-purpose cleaners, bathroom cleaners, glass
cleaners, window and kitchen cleaners are some generalized names of products commonly used
in household cleaning. Some of these products contain active chemical ingredients which can be

inhaled and affect respiratory health (29,30).



Volatile organic compounds (VOCs) are low-molecular-weight organic chemicals found
in air fresheners, insecticides, deodorizers and spray cleaners which are inhaled after the use of
these products (31). In addition, some products contain synthetic compounds which leave toxic
residues on the users, household surfaces or even kitchen utensils. Synthetic chemicals may
mimic natural hormones like oestrogen and either activate or block oestrogen cell receptors
causing significant harm (32). Most of these chemicals have not been properly tested in the real
world while some are known pollutants, irritants and carcinogens (33). While it is important to
wash away dirt, there is evidence showing potential harm in products designed for personal and
home hygiene but many people are unaware of the extent of harm due to use of some chemicals
in the products they use to clean themselves or their homes (34). Altman et al. (35) reported that
women were unaware that the presence of industrial chemicals in their blood stream was linked

to exposure to daily household cleaning products.

1.2.1.4 Antimicrobial Resistance

The persistent misuse and overuse of antibiotics are rendering them less effective as the
targeted bacteria mutate and develop resistance to these drugs. The burden of increasing
antibiotic or in general antimicrobial resistance (AMR) significantly impacts public health,
global development and financial burden (36). Infections resulting from resistant organisms are
harder to treat, more expensive to treat and prolong hospital length of stay. Of concern,
widespread antibiotic overuse increases selective pressure for multi-drug resistant organisms. In
developing countries, resistance to first line antibiotics for sepsis such as ampicillin and
penicillin occurs in about 35% of infants while resistance to second line cephalosporins is
increasing (37). Infants with sepsis from resistant organisms are at an increased risk of morbidity
and mortality because the administered antibiotics may not be effective against the pathogen.
Globally, approximately 214,000 deaths in neonates annually are due to resistant organisms (38).
Antibiotic resistance genes are undesirable even in commensal organisms due to the potential to
transfer these genes to pathogenic organisms. Yassour et al. (39) used whole genome sequencing
(WGS) to identify specific genes in addition to antibiotic resistance genes following exposure to
antibiotics in children aged 2 months to 3 years. They observed an increase in Klebsiella
pneumonia beta-lactamase resistance genes after treatment with penicillin in one infant and the

same trend for Escherichia coli (E. coli) resistance genes in another infant.



Organisms become resistant to the action of antimicrobials either through genetic
mutation or acquisition of resistance genes contained within the chromosomal DNA and in rare
cases plasmids or phages. The genetic factors are usually present for bacteria but acquisition
peaks in the presence of selective pressure from antibiotics. The acquired resistance can then be
transferred via horizontal gene transfer, direct cell-to-cell transfer (conjugation) or uptake of
DNA released during cell lysis (transformation) (40). The resistance genes act by either altering
the proteins targeted by antibiotics e.g. methicillin resistant Staphylococcus aureus (MRSA) or
directly destroying the antibiotics e.g. penicillin resistance E. coli (41). Some bacteria can pump
out antibiotics through the action of efflux pumps thereby preventing the required action on the
body cells (42). Neonates admitted to the neonatal intensive care unit (NICU) have a great risk of
acquiring resistant organisms from the hospital environment. Transmission from health-care
workers, visitors, hospital surfaces and even medical devices have been reported (43). In some
cases, resistance genes are acquired from the mother during labour, delivery or breastfeeding. Of

note, some infants harbor antibiotic resistance even without direct antibiotic exposure.

Infants tend to have more similar antibiotic resistant genes (ARGs) with their mothers so
maternal use of antibiotics which create room for resistance genes transfer should be considered.
Paradoxically, the cessation of breastfeeding before 6 months has been associated with increased
likelihood of ARG in infant gut microbiome (44). One explanation is that breastmilk contains
sugars digestible by specific bacteria like Bifidobacterium that are less likely to carry ARGs and
reduces abundance of Enterobacteriaceae prone to ARG carriage. To support recommendations
by world health organization (WHO) (45), the benefits of exclusive breastfeeding on infant
health also include reducing ARGs that can make infections from bacteria carrying these genes
harder to treat. The high prevalence of antimicrobial exposure from antibiotics and cleaning
products as well as the burden of antimicrobial resistance, coupled with our increasing
understanding of the microbiome role in human health makes it important to understand short-

and long-term effects of repeated exposure on the infant gut microbiota.

1.2.2 The Human Gut Microbiome/Microbiota
The human microbiome is the suite of microorganisms and their genes that reside on and
within the human body (2). The complex and dynamic gut microbiome is the most researched

and harbors trillions of mostly bacteria species and their genes which exceed our human genes



more than 100 times (46). The most common and abundant phyla which are from the prokaryotic
domain include Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes and Verrucomicrobia.
Two other domains have been identified; archaea (mostly Methanospera genus) and eukaryote
(mostly Saccharomyces genus or fungi) (47). The gut or intestinal microbiota is involved in the
regulation of several host metabolic pathways, enabling an interactive host-microbiota metabolic,
signaling, and immune-inflammatory axes working to physiologically connect the gut, liver,
muscle, and brain (48). The gut microbiota also assists in digestion — by breaking down food
substances to release nutrients to the host — and provides colonization resistance to prevent
invasion by pathogens. In the absence of disturbances from external factors, beneficial bacteria
remain abundant, occupy most of the microbiological niches, compete for nutrients and keep
pathogens at bay. For example, lactic acid producing bacteria and Bifidobacteria decrease the pH
of the large intestine creating an unfavorable environment for common pathogens (49). Until
recently, the gut microbiota and resistome (collection of antibiotic resistance genes encoded in a
microbial community) was largely characterized by culture or PCR-based experiments (2,50).
The use of modern sequencing techniques has led to a greater understanding of the gut

microbiota and an increasing appreciation of the relationship between gut microbiota and health.

In adults, the gut microbiota is usually stable and exists in harmony with its host, but the
developing infant gut microbiota can be affected by several factors surrounding birth and may
not easily overcome disturbance from external factors. Hence, restoration of the gut microbiota
in adults especially after antibiotic exposure is common (51). In infants, the microbiome is
delicate and unstable so any disturbances that affect gut microbes may lead to partial recovery or
the establishment of microbes that don’t maintain the ideal environment (52). The early
establishment of the gut microbiota also helps in immune stimulation, so disruptions to the less
resilient infant microbiota from external factors may have implications on future health
outcomes. Exposure to antibiotics, caesarean section delivery, formula feeding, and
hospitalization are some factors that affect or delay colonization of the infant gut microbiota
(52,53). Delayed colonization of the infant gut microbiota with the ideal microbes and alterations
interfere with the development of “immunologic tolerance”. When this happens, the
immunosuppressive mechanism by regulatory T cells (Tregs) is disrupted and failure to balance
T helper cells (Th1, Th2 and Th17) predisposes an infant to immune or inflammatory diseases

(54). The importance of the gut microbiota has also been studied using mouse models which



have shown that germ free or antibiotic treated mice possess varying health outcomes or
behaviour compared to their wild-type mice counterparts (55). Cox et al. (56) demonstrated that
low dose penicillin given to mice pups led to gut microbiota alterations and permanent
abnormalities in metabolism and immunity. Murine model experiments have also shown
dysregulated antibody response to common human infant vaccines following early life exposure

to antibiotics (57).

1.2.2.1 Succession of the Gut Microbiota in Early Life

Early life colonization of the infant gut is influenced by several environmental and host
factors (58). The developing infant gut microbiota has been identified as a “critical window” of
development which is constantly changing till about 2-3 years when the microbiota starts
resembling that of an adult. Before attaining an adult like composition by the age of 3, the infant
gut microbiota can be classified into 3 phases; developmental phase (3 to 14 months),
transitional phase (15 to 30 months) and stable phase (31 to 46 months) (59). Colonization of the
infant gut begins with facultative anaerobes and aerotolerant microbes like Enterobacteria from
the Proteobacteria phylum followed by strict or obligate anaerobes like Bifidobacteria and
Bacteroides (58,60). It is suggested that the first colonizers gradually consume the oxygen in the
gut thereby reducing the oxidation-reduction potential which permits the growth and dominance
of strict anaerobes. The initial inoculation of the infant gut microbiota comprises of mostly
commensal organisms that colonize and establish a stable niche, a period which coincides with
the onset of breastfeeding (53). Breastmilk contains human milk oligosaccharides (complex
sugars) which serve as an energy source mostly utilized by Bifidobacteria and few members
from the Firmicutes and Bacteroidetes phyla. The ideal growth trajectory is normally observed in
full-term vaginally delivered exclusively breastfed babies but exposures or interventions such as

antibiotics, formula feeding and caesarean delivery tend to disturb this process (52,60).

The natural acquisition of gut microbes is first compromised by caesarean delivery which
bypasses exposure to microbes in the birth canal and/or maternal antibiotic exposure (61,62).
The next important determinant of infant gut microbiota is diet. In the first 4 months of life,
formula fed infants tend to have a greater diversity albeit lower species richness than exclusively
breast-fed infants because the sugars present in formula can be utilized by more microbes (63).

The cessation of breastfeeding and transition to solids coincides with an increase in alpha



diversity of the infant gut microbiota (64). The complementary introduction of solids provides
different food substrates and nutrients which also promotes increase in Firmicutes and
Bacteroidetes with a concurrent decrease in Proteobacteria and Actinobacteria similar to that of
the adult microbiota (61). In a US based cohort of 43 infants, the gut microbiota from the first
month of life was dominated by facultative anaerobes from the Enterobacteriaceae family
followed by strict anaerobes such as Bifidobacterium, Bacteroides and Clostridium. With the
onset of solid foods at 6 months, more diverse species from the Clostridiales family began to be
observed, with the microbiota finally stabilizing at about 2 to 3 years (60). Other studies have
also reported high levels of Enterobacteriaceae in the first days of life followed by
Bifidobacteria, Collinsella or Bacteroides by 6 months of age (65). Characterization of stool
samples of older infants aged 9 to 18 months revealed more diverse microbiota and increase in
the relative abundance of families in Firmicutes such as Lachnospiraceae, Ruminococcaceae,
Eubacteriaceae, Rikenellaceae and decrease in Actinobacteria (Actinomycetaceae and
Bifidobacteriaceae), Enterobacteriaceae, Lactobacillaceae, Enterococcaceae and
Carnobacteriaceae (64). Generally, the most dominant phyla observed in the colonization of the

infant gut microbiota are Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria.

1.2.2.2 Clostridioides difficile Colonization of the Infant Gut

Clostridiodes difficile (C. difficile) formerly known as Clostridium difficile is a gram-
positive spore forming bacteria which has toxigenic and non-toxigenic strains. Acquisition of
C. difficile usually occurs in the hospital environment but is now common in the community. The
rate of C. difficile colonization ranges from 25 to 30% in neonates below 1 month, 10 to 25% in
infants 1 to 12 months and approaches 5% in children above 1 year, similar to that observed in
adults (66). The spontaneous eradication after infancy is due to competition with other microbes
that are better adapted to the gut environment and can out compete C. difficile. Davis et al. (67)
observed an increase in diversity, Bacteroidetes and Firmicutes in fecal samples collected from
5.5 to 17 months; a period that coincides with weaning and introduction to solids suggesting the

adult like microbiota was able to suppress C. difficile.

In adults and older children, C. difficile is the most common cause of antibiotic-induced
diarrhea and its infection can cause symptoms ranging from diarrhea to life-threatening

inflammation of the colon. In addition, it can progress from asymptomatic colonization to



infection when favourable conditions are present. These conditions include disturbance of
intestinal commensals by external factors, initial colonization with toxigenic C. difficile, and
release of toxins A or B from the toxigenic strains (66). Colonization in infants below 2 years is
usually asymptomatic and not well understood. It has been suggested that many infants do not
manifest clinical symptoms from C. difficile for several reasons: immature or lack of toxin
receptors to bind and activate toxins, protective mechanisms from breastmilk such as toxin
neutralizing antibodies, and colonization resistance from an intact gut microbiota against

C. difficile colonization (68). Although infants do not present with symptoms, colonization in

early life has been associated with development of asthma and atopic diseases in childhood (69).

Evidence on maternal to newborn transmission of C. difficile is limited. C. difficile
colonization is low in adults and even lower in pregnant women (70). One study reported a
colonization rate of 89% in newborns whose mothers were vaginally colonized compared to 56%
in newborns whose mothers were not colonized (71). The risk of fecal-oral transmission of
C. difficile during vaginal delivery is also low. Similarly, only one study has reported evidence of
fecal-oral transmission (72). These findings have not been replicated suggesting that vertical
transmission of C. difficile during vaginal delivery is unlikely. The most probable route of
C. difficile acquisition in neonates is from the home or hospital environment (52) since rectal or
vaginal swabs from pregnant women rarely confirm presence of this microbe (73). Considering
this, inoculation with the ideal microbes during delivery is important because they educate the
immune system and provide colonization resistance against C. difficile and other pathogens.
Compared to vaginally born infants not exposed to maternal IAP, those born to mothers
administered IAP are not exposed to some beneficial vaginal or fecal microbes that have been

depleted due to the antibiotics used (74).

Antimicrobial exposure can diminish competing gut commensals and provide room for
C. difficile colonization, overgrowth and toxin production. Lactobacilli and Bifidobacteria have
been reported to work in reverse to C. difficile by reducing the tendency for developing
antibiotic-induced diarrhea; which is one reason they are considered probiotic (75,76). There is
limited evidence regarding implications of antibiotic or antimicrobial exposure and C. difficile in
infants. Higher abundance of Clostridium and its family Peptostreptococcaceae have been

reported in newborns given intravenous (IV) antibiotics (77). Similarly, Azad et al. (62) reported
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a higher abundance of Clostridium in vaginally delivered and emergency caesarean delivered
infants exposed to maternal IAP at 3 months. A pilot study of 74 full term infants also reported
increased abundance of Clostridium in infants exposed to maternal IAP which was influenced by
duration of IAP administration (78). Very recently, Tapiainen et al. (24) reported differences in
gut microbiota from perinatal antibiotics which were still evident at 6 months. The relative
abundance of Clostridium increased while that of Bacteroides decreased in infants exposed to
direct IV antibiotics, maternal IAP or both compared to infants with no antibiotic exposure.
Hence, altered transmission of beneficial microbes that are depleted due to maternal IAP may

predispose an infant to C. difficile colonization.

1.2.3 Antimicrobial Exposure, Gut Microbiota and Allergic Diseases

Antimicrobials alter the developmental trajectory of the infant gut microbiota. In general,
antibiotics especially broad spectrum affects both commensal and pathogenic bacteria. This lack
of specificity also means disruption of the balance of intestinal microbes, eradication and
unintended loss of keystone taxa for maintaining homeostasis, loss of diversity and blooms of
pathogens (25). Hence, we need to start weighing the benefits against the risks from antibiotic
therapy. Asthma is the most common chronic respiratory disease in young children worldwide
(79). In 2016, 10% of Canadian children and youth were living with asthma (80) with over 6,000
hospitalizations occurring between 2015 and 2016 (81). Atopic dermatitis, the most common
inflammatory skin disease and food allergy which is on the rise also pose significant clinical and
economic burden (82,83). Early life antibiotic exposure has been associated with infant gut
microbiota dysbiosis and increased risk of childhood allergic diseases such as asthma, atopy,
eczema, food sensitization and allergic rhinitis (26,84). Frequent use of environmental
antimicrobials (household cleaning products and hypochlorite bleach) may lead to air pollution
and inhalation of harmful particles associated with persistent wheeze, asthma, allergic rhinitis
and respiratory symptoms in young children (30). Maternal asthma, air pollution and exposure to
cigarette smoke are risk factors that have been associated with childhood asthma (85), but it is
now evident that gut microbiota dysbiosis may be related to asthma development (86). In sum,
reviews of epidemiological studies have suggested that early life colonization of the infant gut is
associated with development of allergic diseases in childhood and gut microbiota dysbiosis may
pave way for allergic diseases, antimicrobial resistant organisms and immunologic diseases

(25,86).
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1.2.3.1 Epidemiological Studies on Antimicrobial Exposure and Infant Gut Microbiota
Randomized controlled trials (RCTs) “the gold standard of epidemiological studies” have
reported on the association between oral antibiotics and infant gut microbiota. A single dose of
oral azithromycin in children who had never received antibiotics was shown to produce
significant changes in the gut microbiota of the treatment group, although, this effect was not
long lasting. Overall, azithromycin led to a decrease in diversity and depletion of more bacterial
genera; which allowed the growth of more gram-positive anaerobes five days after treatment
(87). Another RCT in 6 to 11-month-old Indian infants reported a modest effect from a 3-day
course of oral azithromycin on gut microbiota composition. Fecal samples analyzed on day 14
post treatment showed a decrease in the relative abundance of Proteobacteria phylum (mostly
Escherichia coli) and Akkermansia mucinophila the most abundant member of the
Verrucomicrobia phylum (88). In addition, a double-blind placebo controlled RCT with oral
azithromycin for 3 days found only differences in Bifidobacterium abundance between treatment
and placebo groups which did not have long-lasting effects. Azithromycin produced obvious
effects on the gut microbiota 14 days post randomization which were no longer evident at 4 years

of age (89).

Several cohort studies have also reported on the association between antibiotics and
infant gut microbiota. Fouhy and colleagues were the first to use high-throughput sequencing
techniques and showed that intravenous ampicillin and gentamicin directly administered to
newborn led to gut microbiota dysbiosis in the first weeks of life. Newborns who received
antibiotics had higher proportions of Proteobacteria (mostly genera from Enterobacteriaceae) and
lower proportions of Bifidobacterium and Lactobacillus at 4 weeks compared to those not given
antibiotics. At 8 weeks, Bifidobacterium and Lactobacillus had recovered but Proteobacteria and
Clostridium genus still remained higher in the antibiotic treated newborns (77). In a Japanese
cohort, broad spectrum cephalosporins administered to newborns at risk of infection influenced
the initial development of the gastrointestinal tract microbes. The results showed that diversity
and Bifidobacterium was lower in antibiotic treated newborns at 3 days of age but returned to
similar levels as the non-antibiotic newborns by 1 month whereas the levels of Enterococcus
remained significantly higher in the antibiotic treated newborns up to 1 month of age (90).
Another study showed that intravenous amoxicillin/ceftazidime in 15 preterm infants affected the

gut microbiota composition depending on the duration of antibiotic exposure. Both short and
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long duration were associated with decrease in Bifidobacterium up to 3 weeks while long
duration produced additional effects up to 6 weeks. Members of Enterobacteriaceae family were
sensitive to antibiotic treatment but Enterococcus remained abundant until 2 weeks of cessation

of antibiotic therapy (10).

Maternal antibiotics may also influence the infant gut microbiota through prenatal
exposure during pregnancy, perinatal exposure during labour or postnatal exposure during
breastfeeding. Antibiotics administered especially before or during labour affect non-target
bacterial populations and alter the mother’s microbiota thereby preventing transfer of the ideal
inoculum at birth (78). In a sample of 198 newborns, the gut microbiota profile of those whose
mothers received IAP showed reduction in Bacteroidetes with greater abundance of Clostridium
and Enterococcus; characteristics which have been associated with gut dysbiosis and
development of atopic disease in early childhood (62). The authors also reported reduced
microbiota richness at 3 months in vaginally delivered infants with IAP exposure compared to
vaginally delivered infants without IAP exposure. At 1 year, only infants delivered via
emergency CS with IAP exposure still had reduced abundance of Bacteroidetes as well as
increased abundance of Proteobacteria and Firmicutes compared to vaginally delivered infants
with no IAP exposure (62). On the other hand, Mazzola et al.(91) reported significant differences
between [AP exposed group and control group at 1 week but not at 1 month of age. More so,
these differences were only observed in breastfed infants where the IAP group had lower
abundance of Actinobacteria (Bifidobacterium) and higher abundance of Proteobacteria
(Escherichia). Using a metagenomic approach, Aloisio et al. (92) noted that a decease in
microbial diversity, relative abundance of Actinobacteria (Bifidobacterium) and Bacteroidetes in
addition to an increase in the relative abundance of Proteobacteria (Enterobacteriaceae family)
occurred in newborns of mothers who had received IAP. Members of Proteobacteria phylum are
resistant to many antibiotics and with the depletion of sensitive microbes they can occupy the
open ecological niche. In a prospective birth cohort of 74 infants, those born to mothers given
IAP during labor or delivery had a different microbial profile indicated by a delayed colonization
with Bifidobacterium and persistence of Escherichia in comparison to infants whose mothers did
not receive IAP. At the phylum level, IAP exposure led to a delay in the colonization by

Actinobacteria, Firmicutes and prolonged persistence of Proteobacteria. In fact, longer duration
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of IAP exposure had more impact on gut microbiota composition but did not seem to last past 12

weeks of age in most infants (78).

Research focusing on the association between household cleaning products and the infant
gut microbiota is limited. Depending on their mechanism of action, cleaning products can be
classified into various groups although some of these overlaps (93). In animal models, piglets
exposed to continuous aerosols from disinfectants in their pen have been shown to have
disturbed gut microbiota composition compared to unexposed piglets (94). Tun et al. (95)
reported that frequent use of disinfectants in a cohort of 757 infants was associated with higher
abundance of Lachnospiraceae and lower abundance of Haemophilus while frequent use of eco-
friendly products was associated with lower abundance of Enterobacteriaceae. Increasing
exposure to cleaning products and the harmful chemicals they contain places significant impact
on health and is an emerging public health concern. The production of disinfectants and
detergents usually involves vigorous technological manipulations giving rise to chemical
products which may not be best suited for indoor use. The effect of these chemicals are even
more dangerous to the developing infant that spend most time indoors (96). Many cleaning
products commonly used in the home also contain antimicrobial agents which is concerning

because these products may contribute to the burden of increasing antimicrobial resistance (97).

1.2.3.2 Epidemiological Studies on Antimicrobial Exposure and Allergic Diseases

There is ample evidence linking early life antibiotic exposure to the development of
asthma and other allergic diseases. The first meta-analysis to support this association was
published in 2006, where infant antibiotic exposure gave an overall pooled odds ratio (OR) of
2.05 (95% CI 1.41-2.99) with subsequent childhood asthma (98). Two systematic reviews
published in 2011 also reported similar results. Murk et al. (99) found that infant antibiotic
exposure increased the risk of childhood asthma by 52% while Penders et al. (26) reported an
increased risk of 27% for asthma or wheeze. With respect to atopic dermatitis, Tsakok et al.’s
(100) systematic review showed an increased risk of 41% with infant antibiotic exposure in the
meta-analysis of 17 studies published from 1998 to 2010. Two studies from a Swedish birth
cohort reported different results based on asthma phenotype. Perinatal antibiotics increased the
risk of atopic asthma at 8 years (OR: 3.00 95% CI 1.50-6.00) and 12 years (OR: 2.22 95% CI

1.20-4.20). However, this association was not observed for non-atopic asthma (asthma without
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allergic sensitization) (101,102). For food allergy, Batool et al. (103) reported that postnatal
antibiotics was associated with a two-fold likelihood of this allergic condition. In addition, Mitre
et al. (104) analyzed the health-care database records of almost 800,000 children and found
associations between postnatal antibiotics and increased risk of several allergic conditions
ranging from asthma, food allergy, anaphylaxis, atopic dermatitis, and medication allergy.
Timing or duration of antibiotic exposure may also contribute to increased risk. Newborns whose
mothers were exposed to intrapartum antibiotics were found to have an increased risk of atopic
dermatitis only when the exposure lasted more than 24 hours (105). For more detailed review of
early life antibiotic exposure and childhood allergic diseases, refer to section 2 in the Obiakor et

al. (106) publication.

There is increasing evidence associating cleaning products with increasing asthma
prevalence in developed countries (107,108). A large population study showed an increased risk
of new-onset asthma in domestic and professional cleaners which was associated with chemical
ingredients such as chlorine bleach and other disinfectants (107). In their systematic review,
Vincent et al. (108) assessed the association between exposure to occupational and domestic
cleaning products and development of asthma. They found a positive association between the use
of cleaning products and asthma but no report on the implicating ingredients. In a cohort of 400
children, prenatal use of cleaning and scented products was associated with asthma prone
symptoms like nocturnal cough but not current asthma (109). Frequent use of household cleaning
products has also been associated with an increased risk of rhinitis in primary school children. In
a Chinese cohort, increasing use of cleaning products was associated with a 21% increased odds
of occasional rhinitis and 36% increased odds of frequent rhinitis in childhood (30). The
underlying mechanism for this association is unknown but is thought to occur via contact or
inhalation of chemical ingredients (e.g. propylene glycol and glycol ethers, alkyl phenol
ethoxylates, volatile organic compounds, ethylene diamine acetic acid and nitrilotriacetic acid)

contained in the cleaning products.

1.2.3.3 Epidemiological Studies on Gut Microbiota and Allergic Diseases
Gut microbiota composition was first linked to allergic diseases when infants from
Sweden (high prevalence of allergy) and Estonia (low prevalence of allergy) were compared. It

was observed that Swedish infants were more likely to be colonized by C. difficile whereas
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Estonian infants were more likely to be colonized by Lactobacillus and Eubacteria (110). In
Swedish infants, a lower diversity and abundance of Bacteroides at 1 month of age was also
associated with atopic eczema at 2 years (111). More so, investigators from the KOALA birth
cohort reported that higher levels of C. difficile was associated with the development of atopy.
Fecal samples collected from 957 infants when they were 1 month were analyzed using
quantitative real time PCR to identify gut microbes associated with atopic manifestations such as
eczema and wheeze at 2 years of age. Infants colonized with C. difficile had a 40%, 75% and
54% increased odds of developing eczema, recurrent wheeze and allergic manifestations
respectively; implicating C. difficile as a potential biomarker for atopic diseases (112). The same
authors reported an increased risk of eczema, allergy, food sensitization and atopy by age 6 and
7. In their study, colonization with C. difficile at 1 month increased the risk of asthma more than

2 folds (OR 2.06; 95% CI 1.16 to 3.64) at 6 to 7 years of age (69).

The CHILD study has also found that early patterns of gastrointestinal colonization
disturbances predispose a child to higher risk of allergy development i.e. children at high risk of
developing asthma possess reduced abundance of important microbes which may protect against
asthma (113). Using next-generation illumina sequencing to profile the gut of 166 infants,
CHILD authors found a higher ratio of Enterobacteriaceae/Bacteroidaceae at 3 months of age to
predict food sensitization at 1 year (114). In a nested case-control study, asthmatic children
diagnosed by 4 years compared with healthy controls had different microbial phenotype in their
gut microbiota samples collected when they were 3 months. The gut microbiota was
characterised by decreased abundance of Lachnospira and increased abundance of Clostridium
specie in the asthmatic children (115). Similarly, Lee et al. (116) reported that C. difficile
colonization or infection was associated with later childhood development of allergic diseases in
an Asian cohort. The loss of diversity and depletion of beneficial bacteria following exposure to
gut microbiota disturbing factors can promote overgrowth of pathogenic bacteria like C. difficile
and interfere with development of immunologic tolerance. With the current evidence, it is
difficult to establish a cause relation between specific bacterial taxa and development of allergic
diseases due to heterogeneity in study design, different sampling points, methods used to
characterize gut microbiota, inter-individual variability and clinical practices in diagnosing

atopic and allergic conditions.
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1.2.4 Other Factors Affecting the Infant Gut Microbiota
1.2.4.1 Birth Method

Birth method is an important determining factor of gut microbiota acquisition and vaginal
transfer of microbes from the mother to newborn is crucial in microbial succession. During
pregnancy, the vaginal microbiota undergoes changes with other body processes in preparation
for the birth of the newborn. The vaginal tract becomes increasingly colonized with
Lactobacillus and members from the order of Clostridiales, Bacteroidales and Actinomycetales
but decreases in diversity and richness (117). Vaginally born infants are first colonized with
microbes similar to those found in the vaginal tract such as Lactobacillus and Prevotella whereas
caesarean section (CS) delivered infants are first colonized with microbes resembling those
found in the skin such as Staphylococcus and Corynebacterium (118). The fecal microbiota from
vaginally born infants start to resemble their mothers as early as at 3 days old but such
similarities is not observed in CS born infants. In fact, several studies have reported absence or
delayed colonization of Bacteroides as a signature of caesarean birth (60,61,119,120). Infants
delivered via CS also show a reduced complexity and diversity of gut microbiota and are initially
less colonized with health promoting bacteria like Bifidobacterium. More so, CS delivered
infants have been observed to be more frequently colonized by members of Clostridium sensu
stricto (cluster 1) and C. difficile (52,118,119). Bokulich et al. (60) reported notable differences
between caesarean and vaginally born infants characterized by depletion of Bacteroides and
enrichment of Clostridiales and Enterobacteriaceae in CS delivered infants. Backhed et al. (61)
also found less colonization by Bifidobacterium and Bacteroides in caesarean delivered infants
and more colonization by members of the gut species resembling that of an adult microbiota.
Epidemiological studies have also implicated CS delivery as a contributing factor to future health
outcomes. Using mediation analysis, Van Nimwegen et al. (69) showed that long term effects of
CS included development of childhood asthma and was mediated by C. difficile colonization in
early life. The different gut microbiota composition between caesarean and vaginally delivered
babies as well as potential health impacts emphasizes the influence of birthing practices and

protective effect of natural birth.

1.2.4.2 Breastfeeding
Breastmilk is another important contributor to the development of the infant gut

microbiota. Breastmilk is a vital part of nutrition and its absence in an infant’s diet may have

17



implications on future health outcomes (121). According to WHO, breastmilk should be given
exclusively for the first 6 months after which it should be used supplement other food in the first
2 years of life (45). Breastfeeding not only protects the neonate/infant against infections but may
also protect against breast cancer in the nursing mother (121). More so, it contributes to the
positive development of the infant gut microbiota by providing human milk oligosaccharides
(HMOs) which are easily utilized by the earlier gut colonizers and helps to maintain balance of
gut microbes (53). Oligosaccharides are among the most abundant constituents of human milk
after lactose and lipids. Human milk also consists of antimicrobial entities such as secretory
immunoglobulin A (SIgA) which provides passive immunity from the mother to infant to fight
against certain pathogens the mother has encountered as well as lactoferrin and lysozyme (122).
Lactoferrin and lysozyme are glycosylated proteins that act as first line of defence and protect

against pathogen invasion or infection of the gut microbiota.

Human milk was previously thought to be sterile but is now suggested to comprise its
own microbiome in addition to protein, lipids and oligosaccharides necessary for the
nourishment of the suckling infant (122). Characterization of human milk colostrum (first milk
produced) revealed Weisella, Leuconostoc, Staphylococcus, Streptococcus, and Lactococcus,
while breast milk samples collected within the first months showed Veillonella, Leptotrichia, and
Prevotella as the dominant taxa. Several epidemiological studies have reported that breastmilk
plays a vital role in the developing neonatal/infant gut microbiota. In comparison to exclusively
formula fed or mixed fed infants, exclusively breastfed infants have a gut microbiota with lower
diversity because very few microbes can utilize HMOs present in breastmilk (63). Formula
contains a mix of carbohydrates and micronutrients allowing colonization with more
microorganisms like Enterococcus, Clostridium, Enterobacteria and Atopobium cluster which
are not necessarily beneficial in early life (123). In addition, formula feeding may allow for
increased C. difficile, E. coli and Bacteroides fragilis colonization in comparison with exclusive
breastfeeding as reported in 1-month old infants who had never received antibiotics (52).
Bifidobacterium has been consistently reported to dominate the gut of breastfed infants and is
considered a beneficial microbe that protects against pathogen colonization (53,62). Species in
Bifidobacteria (some better than others) can utilize and ferment HMOs to produce lactate and
acetate thereby increasing the acidity of the intestine and inhibiting growth of pathogens that find

the environment unsuitable (124). As Bifidobacteria benefits and utilizes HMOs, it in turn
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produces substrates that can be utilized by other microbes such as Lactobacillus rhamnosus

(L. rhamnosus) through cross-feeding (125). At the species level, higher levels of
Bifidobacterium bifidum, Bifidobacterium breve, L. rhamnosus and lower levels of E. coli,
Ruminococcus torques and Roseburia intestinalis have been reported in breastfed infants (59).
Barely a week after cessation of breastmilk, Davis et al. (67) observed an increased alpha
diversity, fecal pH, relative abundance of Bacteroides, Blautia and Ruminococcus with a
decrease in the relative abundance of Bifidobacterium, Lactobacillus and Enterobacteria. This
implies that the maturation of the gut microbiota may be driven by absence of breastmilk rather

than introduction to other foods.

1.2.4.3 Gestational Age at Birth

The establishment of the infant gut microbiota is also influenced by gestational age at
birth. Preterm infants (less than 37 weeks of gestation) have a different gut microbiota
composition, delayed colonization of Bifidobacteria and higher abundance of Clostridia
compared to term infants (38 to 42 weeks of gestation) (126). More so, preterm infants are faced
with other health challenges related to immune, respiratory and neurological functions. They are
generally more likely to spend longer time in the hospital environment, be put on artificial
respiration and continually exposed to antibiotics to prevent neonatal sepsis (127). Prematurity
affects the gut microbiota composition which is further influenced by perinatal antibiotic use.
Hence, it is difficult to determine if the different gut microbiota composition observed in this
population is from being premature and/or the combination of above factors related to
prematurity. In addition to delayed colonization with Bifidobacteria, preterm neonates have been
observed to have decreased colonization with Bacteroides and increased colonization with
Enterobacteriaceae, Enterococcus and other pathogenic microbes compared to full-term neonates
(128,129). In their study of 36 preterm exclusively formula fed babies, Zhu et al. (127) noted that
Proteobacteria and Firmicutes were the most abundant phylum at 1 week. Enferococcus and
Klebsiella dominated the microbiota of infants administered piperacillin-tazobactam while
Streptococcus and Klebsiella were most abundant in the penicillin-moxalactam group.
Bacteroides; though generally low and Actinobacteria were also more abundant in both antibiotic
groups compared to the antibiotic free group (127). Prematurity which is strongly correlated with
hospitalization also results in higher rates of C. difficile colonization (52). Colonization with

C. difficile was reported to be highest among premature infants, 64% of whom were born before
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36 weeks. This is not surprising as hospital environment is one of the most common places to
acquire C. difficile and other antibiotic resistant organisms (73). The factors associated with
prematurity as well as gut microbiota disturbances makes the premature gut more unstable than
that of full-term infants. This may be associated with a delay in transitioning and establishment

of an adult-like microbiota and further affect future health outcomes (53).

1.2.4.4 Hospitalization and Home Environment

Nosocomial spread of microbes and pathogens is prevalent in the neonatal intensive care
unit (NICU). It is not uncommon to isolate pathogenic bacteria and resistant bacteria (e.g.
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus
(VRE), Pseudomonas, Clostridium) from hospital equipment or even hands and clothing of
hospital staff (130). Approximately 3% of the general population are colonized with the
opportunistic pathogen, Pseudomonas aeruginosa compared to 20% in hospitalized patients
(131). In Canada, most hospital acquired infections (HAI) are due to MRSA or C. difficile
infection. Many populations of C. difficile increase in NICU environment and may increase the
risk of other intractable infections. Infants born prematurely or via CS are even at greater risk
because they often stay longer in the hospital and receive more antibiotics that can select for
resistant organisms. Kato et al. (132) reported that 61% of infants in the NICU were colonized
with C. difficile with almost all isolates from the 30 patients being identical and non-toxigenic.
Penders et al. (52) showed that infants born via caesarean section in the hospital were more
likely to be colonized with C. difficile and less likely to be colonized with Bifidobacterium and
Bacteroides fragilis compared to infants vaginally delivered at home. They also showed that
infants born at home were less likely to develop atopic disease in childhood than those born in

the hospital and this association was mediated by C. difficile colonization (69).

The presence of pets or other children at home have been associated with changes in the
infant gut microbiota. It is usually suggested that the influence of pets and siblings on the gut
microbiota is in line with the “hygiene hypothesis’’ in that they increase exposure to
environmental microbes in early life which primes the immune system and helps in the
development of the infant gut microbiota (123,133). A study in 6-month old infants revealed
lower abundance of Lactobacillus reuteri to be associated with presence of pets or older siblings

(123). A systematic review of 6 studies reported that infants with no older siblings were more
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likely to have a decreased abundance of Lactobacillus and Bacteroides and an increased
abundance of Clostridium (134). In the CHILD cohort, having a pet at home was associated with
increased microbiota richness, diversity, abundance of Clostridiaceae and Veillonella whereas an

opposing trend was observed with having an older sibling (133).

1.2.4.5 Maternal Stress and Depression

Evidence directly linking maternal depression or stress to gut microbiota dysbiosis is
lacking, but a few have observed an association between maternal stress and offspring infection
leading to antibiotic use. In a Danish cohort, women who had experienced stressful life events
such as death of a loved one during pregnancy were more likely to have an offspring developing
infections during infancy and childhood (135). Hence, there may be greater prescribing of
antibiotics in the early weeks of life to treat the infections thereby affecting gut microbiota.
Women distressed during pregnancy also tend to have higher usage of prenatal antibiotics due to
increased susceptibility to infections (136). In another study, Beijers et al. (137) reported that
emotions surrounding pregnancy such as birthing a child with disabilities and increased maternal
prenatal anxiety were associated with respiratory infections in the infant and subsequent use of
antibiotics during infancy. Mechanisms via which prenatal psychosocial distress predispose to
increased offspring infections is unknown but is suspected to be through secretion of cortisol
which is regulated by the maternal HPA axis and the placenta (138). In a Dutch cohort, maternal
prenatal stress was positively correlated with Escherichia, Serratia, Enterobacter and negatively

correlated with Lactobacillus, Lactoccus, Aerococcus and Bifidobacteria (139).

1.2.5 Interventions to Restore Gut commensals / Prevent Dysbiosis

Antibiotics should be prescribed when there is certainty of a bacterial infection; and the
use of narrow spectrum antibiotics that directly target the specific pathogens without affecting
gut commensals should be encouraged. This may not always be feasible especially when there is
risk of mortality or morbidity in life-threatening infections and the causative organism is
unknown. Broad-spectrum antibiotics are usually administered to arrest infection from unknown
or multiple pathogens. In this case, research on interventions such as probiotics and prebiotics to
restore gut commensals or reverse dysbiosis should be considered (125). Due to the potential

detrimental effects of maternal IAP on the neonatal microbiome, more focus should also be
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placed on implementing strategies such as maternal vaccination against GBS to protect

vulnerable newborns from invasive GBS disease (140).

1.2.6 Summary

It is evident that antimicrobial exposure affects the symbiotic relationship between humans
and their microbes. Although lifesaving when treating a potentially fatal infection, antimicrobial
interventions have notable impacts on the infant gut microbiota and more targeted therapy should
be optimized. In addition, antimicrobials may be a contributing factor to the burden of childhood
allergic diseases. In adults and older children, C. difficile is responsible for most antibiotic
associated diarrhea and may progress to more life-threatening infections. Much thought has not
been given to colonization of this microbe in infants because of the absence of clinical symptoms
in this population. However, evidence suggest that this microbe may predispose colonized
infants to future allergic diseases (69). Of concern, the influence of cumulative antimicrobial
exposure from antibiotics and household cleaning products on C. difficile colonization is

unknown.

1.3 Purpose Statement, Objectives and Hypotheses

The purpose of this thesis was to examine the association between early life antimicrobial
exposure and Clostridioides difficile (C. difficile) colonization of the gut microbiota in infants.
The first objective of this study was to determine the separate effect of antibiotics and household
cleaning products on C. difficile colonization at 3 and 12 months. The second objective was to
determine the cumulative effect of antibiotics and household cleaning products on C. difficile

colonization at 3 and 12 months.

With reference from the literature, the first research hypothesis was that infants with higher
antimicrobial exposure will have different C. difficile colonization and gut microbiota
composition compared to those with the least antimicrobial exposure. The second research
hypothesis was that exposure to both antibiotics and higher cleaning products use will produce a

cumulative effect on C. difficile colonization of the infant gut microbiota.
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1.4 Sample Size Calculation

Antibiotic exposure has been previously associated with gut microbiota dysbiosis and
increased Clostridium colonization. To determine the effective sample size for this analysis, a
statistically significant difference in proportions of Clostridium abundance was compared.
p(1-p)

Sample size per group needed based on proportions = n = ZPIZ(W
1~ P2

PI= Power Index

To determine the sample size with a 2-sided a of 0.05 and B of 0.20 (power=80%), the Power
Index (PI) will be: 1.96 + 0.84 = 2.80

p=(p:1+p2)/2
PI=1.96 (0.05a, two-tailed) + 0.84(0.20p, two-tailed) = 2.80
p1 = Clostridium abundance in antibiotic group = 7% = 0.07

p, = Clostridium abundance in no antibiotic group = 2% = 0.02

0.045(1-0.045)

n = 2(2.8)%( (0.07-0.02)2

) = 308 per group

Estimated proportions were obtained from a previous study by Fouhy et al. (77) where
Clostridium abundance was different between newborns exposed and not exposed to intravenous
antibiotics. A colonization rate of 7% was observed for newborns exposed to antibiotics while
that of the reference group was 2%. Based on this, the estimated required sample size assuming
power = 80% and a two-sided alpha = 5% was determined to be approximately 308 infants per

exposure group.

1.5 Overview of Study
1.5.1 Study Population

This study population comprises of a representative sample of mothers and infants who
were successfully enrolled in the Canadian Healthy Infant Longitudinal Development (CHILD)
birth cohort. CHILD cohort is a longitudinal, general population birth cohort composed of 3624
families recruited at four sites across Canada (Vancouver, Edmonton, Manitoba, Toronto), when

the mother was pregnant. Mothers were enrolled between 2008 and 2012. Table 1.1 shows the
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CHILD study inclusion/exclusion criteria. CHILD study participants were recruited from
obstetrics & gynaecology clinic, clinic waiting rooms, booths at trade shows, and media (141).
Additional inclusion criteria for this study was availability of mother’s and infant’s information

on all antimicrobial exposure and infant 3- and 12-month fecal samples collected and sequenced.

Table 1.1. CHILD Study Inclusion/Exclusion Criteria

Inclusion Criteria Exclusion Criteria
» Pregnant women aged 18 years or older » Children born with major congenital
(>19 years in Vancouver) abnormalities or respiratory distress
syndrome (RDS)

» English literacy
» Expecting to move away within one year

» Lives in proximity (<50km) to delivery of recruitment

hospital

) ) ) » Children from invitro fertilization (IVF)
» Plans to give birth at a designated
recruitment centre » Children from multiple pregnancy
» Willing to give informed consent for » Infants born before 35 weeks
study procedures ) )
» Children who didn’t spend at least 80% of
Infants born at 35 weeks or older nights in their study home

» Families able to provide name, address
and contact of two alternate individuals

*Modified from Subbarao et al. (142)

1.5.2  Study Design
Mothers in the CHILD study completed questionnaires during pregnancy and when their

child was 3 and 12 months of age (www.childstudy.ca). Relevant quantitative and clinical data

have been previously and prospectively collected for the CHILD birth cohort. Mothers were
asked to complete comprehensive and validated questionnaires regarding infant use of antibiotics
and the family’s use of household cleaning products post delivery. Data on maternal intrapartum
antibiotic prophylaxis (IAP), newborn antibiotic treatment, infant sex, birth mode, gestational
age, birthweight were obtained from hospital birth chart. Questionnaires were also used to collect
information on family characteristics (e.g. maternal age, maternal mental health, smoke

exposure, siblings), infant characteristics (e.g. health, nutrition) and environmental
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characteristics (e.g. furry pets, location). Infant stool samples at 3 and 12 months were collected

after home assessment.

1.5.3 Study Variables

The exposure variables in this study were antibiotics (maternal intrapartum antibiotic
(IAP) or infant antibiotic) and environmental antimicrobials (postnatal use of household cleaning
products). Maternal IAP and newborn intravenous antibiotic were obtained from hospital birth
chart while infant oral antibiotic and household cleaning product use were obtained from
questionnaires administered at 3 months. Mothers were asked if their offspring had been given
any medications to obtain data on antibiotic use. Mothers were also asked about their use of
household cleaning products from a list of 26 cleaning products such as bleach, detergents,
disinfectants, cleaners etc. Please see Appendix B for a detailed list. The outcome variable in this

study was C. difficile colonization (yes or no) at 3 and 12 months.

Birth method was obtained from hospital birth chart and categorized into vaginal
delivery, elective (scheduled) caesarean section and emergency caesarean section. All caesarean
delivery was with AP according to standard practice in North America. Birthweight (in grams)
and gestational age (in weeks) were obtained as continuous variables but categorized into
clinically important groups where birthweight was grouped as <2500g, 2500-4000g, >4000g
while gestational age was grouped as <39 weeks and > 39 weeks. Infant sex was determined
from hospital birth chart. Breastfeeding status obtained from 3 months home visit was
categorized as exclusively breastfed, mixed fed (breastfeeding and formula) and exclusively
formula fed while breastfeeding at 12 months was left as yes or no. Solid food introduction was
also obtained based on if solid food was introduced before 6 months. Location was defined as the
study cite where participants resided in during enrolment. Furry pet ownership was obtained
from questionnaires about the home environment at 3 months. This was defined as any furry pets
living in the home at or before the 3-month home visit. Having an older sibling(s) was obtained
from questionnaires administered at 18+ weeks gestation and defined as any living children. Any
smoke exposure was a combination of prenatal smoking and smoke exposure after delivery and
was defined as maternal smoking during pregnancy or anyone in the home smoking when the
mother was pregnant or after the delivery of the baby. Maternal age (in years) was obtained as a

continuous variable and categorized into 18-29, 30-39, and >40 due to non-linearity with
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C. difficile. Maternal postnatal antibiotic use was obtained from questionnaire on medication use
after birth till when the child was 3 months. Maternal prenatal and postnatal depression
symptoms were measured using the 20-item Center for Epidemiologic Studies Depression Scale
(CES-D) (143). Women self reported how often they experienced various depressive cognitions
and behaviors during the past week. Responses were given a score ranging from 0 (None of the
time; less than 1 day) to 3 (Most or all the time; 5-7 days). Responses were summed, with higher
scores indicating higher depressive symptoms (min=0, max=60). CES-D scores of 16 or greater
represent significant risk for clinical depression. Maternal stress was determined through a 10-
item version of the perceived stress scale, in which mothers reported various behaviours and
were given a mean score using 17 as the cut off. For this study, both maternal prenatal/postnatal

depression and prenatal/postnatal stress were grouped as binary variables (yes or no).

1.5.4 Ethical Considerations

This study aligns with ethics requirements for research on human subjects: respect for
persons, concern for patient welfare and justice. In addition, this study is a secondary analysis
utilizing data from a previously established cohort study examining multiple research questions

(www.childstudy.ca). Mothers enrolled in the CHILD study agreed to and provided informed

consent at recruitment and follow up. All personal identifying information were treated as
confidential during analysis and the same will be done in publication of study results. This
secondary analysis did not introduce any violation to agreements. During analysis, all study data
were saved on a protected server to prevent loss, alteration and sharing of valuable study data.
The study data were kept for a specified period and then destroyed in accordance to standard
practice. When interpreting the research findings, biased language was not used against persons
for their sex, sexual orientation, ethnicity or racial group. Participation in this study did not place
participants in a position of increased vulnerability. Finally, this study only retrieved necessary
participant information specific to the research questions and the data were not shared with a

third party or utilized for other research purposes.
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2.1 Introduction

Global antibiotic consumption has risen substantially (1). An overlooked source of infant
antibiotic exposure is the administration to mothers during childbirth. According to the Society
of Obstetricians and Gynecologists of Canada (SOGC) guidelines, pregnant women should
receive cefazolin antibiotic before skin incision in emergency or scheduled caesarean section (2).
In addition, current guidelines recommend screening pregnant women at 35 to 37 weeks and
administering intrapartum antibiotic prophylaxis (IAP) during labour to women positive for
Group B Streptococcus (GBS) or those with other risk factors (GBS bacteriuria or previous
infant with GBS disease) (3). In accordance with these recommendations, up to 40% of
newborns are exposed to maternal IAP for prevention of early onset GBS or during caesarean
section delivery (4). Furthermore, about 2 to 5% of vaginally delivered newborns receive
intravenous antibiotics after birth for suspected treatment of neonatal sepsis (4,5). In the first
year, oral antibiotics are mainly prescribed to treat respiratory infections such as otitis media (ear
infection), laryngitis, sinusitis, pharyngitis, bronchitis even though some of these are of viral
origin or self-limiting. Standards to cleaning have also evolved over the years and is linked to
socio-cultural factors that influence human behaviour. To make the environment cleaner,
emphasis has shifted to the increased use of cleaning products in the home, contributing to the

burden of antimicrobial exposure (6).

Antimicrobial exposure during infancy is not without consequences. Epidemiological
studies have shown that early life antimicrobial exposure is associated with disruption of gut
microbiota (7—10) and future asthma and allergic diseases (11,12). In infants, colonization of the
gut microbiota is also strongly influenced by birth method (13,14) and feeding (14,15). Multiple
courses of antibiotics have a greater influence on the composition of infant gut microbiota (16)
but cumulative antimicrobial exposure from additional sources such as household cleaning
products have not been studied. Clostridiodes difficile (C. difficile) formerly known as
Clostridium difficile is a gram-positive spore forming bacteria which has toxigenic and non-
toxigenic strains. In adults and older children, C. difficile is the major pathogen responsible for
antibiotic-induced diarrhea and can cause symptoms ranging from diarrhea to life-threatening
inflammation of the colon. Although the colonization rate is high (about 30%) in infants below 1

year, the role of C. difficile in this age group remains uncertain as most colonized infants do not
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manifest clinical symptoms of infection (17). However, infants colonized with this microbe may

have an increased risk of asthma and allergic diseases later in childhood (18,19).

Antimicrobial exposure can diminish competing gut commensals and provide room for
C. difficile colonization, overgrowth and toxin production. The presence of C. difficile in infants
has also been suggested as a marker for reduced colonization resistance and delayed gut
microbiota maturation (18,20). Previous studies reporting on the association between
antimicrobials and C. difficile in infants is lacking. Fouhy et al. (21) reported a higher abundance
of Clostridium and its family Peptostreptococcaeace in newborns given intravenous (IV)
antibiotics while Azad et al. (10) reported an increased abundance of Clostridium in caesarean
delivered infants exposed to maternal IAP. In a recent study of 149 term infants, the authors
observed an increased abundance of Clostridium in infants exposed to direct IV antibiotics,
maternal IAP or both compared to those without any antibiotic exposure (7). On the contrary,
Tun et al. (9) reported lowered abundance of Clostridium in the gut microbiota of infants living
in homes with higher use of disinfectants. These studies propose clear effects of antimicrobial

exposure in infants but are limited to reporting at the genus level.

Therefore, the aim of our study was to determine the separate and cumulative impact from
antibiotics and environmental antimicrobials (i.e. household cleaning products) on C. difficile
colonization and how these antimicrobial exposures modify the gut microbiota. This area of

research is currently understudied and not fully understood.

2.2 Methods

2.2.1 Study design
This study includes a subsample of 1,429 infants at 3 months and 1,728 infants at 12
months from the Canadian Healthy Infant Longitudinal Development (CHILD) birth cohort of

the Edmonton, Winnipeg and Vancouver sites (www.childstudy.ca). Women were enrolled

during pregnancy from 2008 to 2012. Written informed consent was obtained from the mother at
enrollment. This study was approved by the Ethics Committee of the University of Alberta, the
University of Manitoba Human Research Ethics Board and the University of British
Columbia/Children’s and Women’s Health Centre of British Columbia Research Ethics Board.
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2.2.2  Exposures

Relevant quantitative, clinical and demographic data have been previously and
prospectively collected for the CHILD birth cohort. This study examined antimicrobial
exposures before or at 3 months. Data on maternal intrapartum antibiotic prophylaxis (IAP) and
newborn antibiotic treatment were obtained from hospital birth chart. At 3 months post-partum,
mothers completed validated questionnaires regarding infant use of antibiotics and the family’s

use of household cleaning products (www.childstudy.ca). For the household cleaning products,

mothers were asked about their use of household cleaning products from a list of 26 cleaning
products. Please see Appendix B for a detailed list. The frequency of use for each product was
assigned a score: 0 for never, 1 for less than a month, 2 for monthly, 3 for weekly and 4 for daily.
The score for each respondent was summed to obtain a total score. The total scores were split at
the median into two groups of higher and lower use of household cleaning products in order to
make comparisons of effect sizes during analyses. In order to explore the cumulative effect of
antibiotics and household cleaning products, 4 groups were created: no antibiotics & lower
cleaning products use (NALC), any antibiotics & lower cleaning products use (AALC), no
antibiotics & higher cleaning products use (NAHC) and any antibiotics and higher cleaning
products use (AAHC).

2.2.3 Fecal microbiota analysis

Infant stool samples (fresh or frozen) were collected at approximately 3 and 12 months
after home assessment or brought to the clinic. Samples were stored and transported at -80°C
prior to analysis. Fecal samples were characterized using illumina MiSeq using the bacterial 16S
rRNA hypervariable V4 region, as previously described (22). Analysis of C. difficile was
performed using quantitative polymerase chain reaction (qQPCR) with appropriate primers, as
previously described (10). Universal 16S primers and probes from Nadkarni et al. (23), was used
to quantify total bacterial charge of the samples. Primers and probe efficiency were determined
by standard curve procedure by making five 1:10 serial dilutions of C. difficile ATCC 9689D-5
genomic DNA starting at 1ng/uL. For each plate a non-template control was used. An efficiency
between 90 and 110 % and an R? equal or higher than 0.9 for the primers and probes
combination were used as quality control parameters for each run. QIIME pipeline was used to

group microbiota into taxonomic order and summarize OTU data within infant fecal samples.
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2.2.4 Statistical Analysis

Statistical analysis was conducted using STATA 13 statistical software. C. difficile
colonization at 3 and 12 months was analyzed as a binary variable (yes or no). Pearson chi-
square test was used to determine the association between antimicrobial exposure and
demographic variables. Fisher’s exact test were used to determine the crude association between
demographic variables and C. difficile colonization. Statistical significance was set at p<0.05.
Logistic regression analysis was used to determine the crude and adjusted association between
antimicrobial exposure and C. difficile colonization. Adjusted and stratified analysis were
performed to account for confounding variables and effect modifiers respectively. Purposeful
model building as described by Hosmer and Lemeshow (24) was used to create the final model.
Variables were also purposefully chosen based on prior knowledge from the literature. Variables
were initially selected if significant with C. difficile at p<0.10 using fisher’s exact test or were
clinically important. Confounding variables for the exposure of interest were assessed and kept
in the model if the regression coefficients changed by >15%. Interaction terms were analyzed in
the final model and included at p<0.05. Variables that either changed the regression coefficients
of the exposure of interest by more than 15% or were significant at p<0.05 with C. difficile

colonization in the multiple logistic regression remained in the final model.

2.3 Results
2.3.1 Study Population and CHILD Cohort

Fecal samples were collected from 1,429 infants at 3 months (mean age 3.6 = 1.04
months) and 1,728 infants at 12 months (mean age 12.2 £+ 1.48 months). Of note, the 12-month
sample was larger because more stool samples were easier to collect and analyze at that time
point. Our sample of 1,429 mother-infant pairs at 3 months and 1,728 mother-infant pairs at 12

months did not differ from the overall CHILD cohort (Table 1).
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Table 1. Distribution (%) of Antibiotic Exposure, Household Cleaning Product Use and Other Covariates

at Two Time Points: 3 Months and 12 Months; Compared to the Entire CHILD Cohort at 3 Sites

(Edmonton, Winnipeg, Vancouver)

Column percentages

Any antibiotics*
No

Yes

House cleaning product use
Lower

Higher

Birth method
Vaginal
Caesarean
Breastfeeding
No

Yes

Infant sex

Male

Female

Smoke exposure
No

Yes

3 Month Sample
%
N=1,429

51
49

53
47

78
22

18
82

54
46

82
18

12 Month Sample
%
N=1,728

50
50

54
46

75
25

14
86

52
48

83
17

CHILD Cohort at 3 Sites
%
N=2,150

50
50

53
47

76
24

15
85

52
48

82
18

Notes: *Exposure to maternal intrapartum antibiotic or infant antibiotic by 3 Months

2.3.2  Study Population and Antimicrobial Exposure

In our cohort, 44% of infants were indirectly exposed to antibiotics via maternal IAP and
y exp

8% directly received an oral or IV antibiotic resulting to 49% (705/1,429) of infant antibiotic

exposure by 3 months. 47% (677/1,429) of infants lived in households with higher cleaning

products use by 3 months while direct infant antibiotics increased to 21% by 12 months of age

resulting to 57% (986/1,728) of infant antibiotic exposure by 12 months (Figure 1).

Infants were classified into 4 groups depending on antimicrobial exposure at 3 months:

no antibiotics and lower cleaning products use (NALC; n=406; 28%), any antibiotics and lower

cleaning products use (AALC; n=346; 24%), no antibiotics and higher cleaning products use
(NAHC; 318; 22%) and any antibiotics and higher cleaning products use (AAHC; n=359; 25%)

47



or cumulative exposure. Table 2 describes the population characteristics distribution according to
the 4 groups of antimicrobial exposure. Table S1 (Appendix A) describes the population
characteristics distribution according to antibiotics or household cleaning products use. Overall,
77% of infants were vaginally delivered while 55% of infants were exclusively breastfed at 3
months. Approximately half (49%) of the infants were still breastfed by 12 months. All
caesarean section (CS) deliveries were with antibiotic prophylaxis in accordance with Canadian
practice guidelines leading to greater antimicrobial exposure (p<0.001). A higher proportion of
mixed fed or exclusively formula fed infants lived in homes with higher cleaning products use
and had greater antimicrobial exposure (p<<0.001). Infants of younger mothers were exposed to
higher cleaning products use while infants with no older siblings were more likely to be exposed
to antibiotics and had higher antimicrobial exposure (p<0.001). Differences were also observed
for gestational age, location, having a furry pet at home and smoke exposure according to

antimicrobial exposure (Table 2).

2.3.3 Study Population and C. difficile Colonization
3 Months

In our study, 31% (445/1,429) of infants were colonized with C. difficile at 3 months. In a
subsample of vaginally delivered infants, not exposed to antibiotics, living in households with
lower cleaning products use and exclusively breastfed, C. difficile colonization reduced to 20%
compared to 33% in the other infants (p<0.001) (Figure 2). C. difficile colonization (yes or no)
according to population characteristics is shown in Table 3. C. difficile colonized 24% of NALC
infants, 30% of AALC infants, 32% of NAHC infants and 39% of infants AAHC (Figure 3).
Overall, C. difficile colonization was influenced by antimicrobial exposure (p<0.001). Several
other factors influencing C. difficile colonization at 3 months were birth method (p=0.002),
breastfeeding status at 3 months (p<0.001), having a furry pet at home (p=0.005), having an
older sibling (p=0.034), smoke exposure (p<0.001), maternal age (p<0.001) and maternal

prenatal depression (p=0.001) in the crude analysis.

The crude analysis from both Fisher’s exact test and simple logistic regression showed
that antimicrobial exposure was significantly associated with C. difficile colonization at 3
months. Compared to the NALC infants the odds of C. difficile colonization was 38% higher
(OR:1.38 95% CI:1.00-1.91; p=0.047) in the AALC infants, 52% higher (OR:1.52 95% CI 1.10-
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2.11; p=0.011) in the NAHC infants and 103% higher (OR:2.03 95% CI 1.49-2.78; p<0.001) in
the AAHC infants (Table 4). Multiple logistic regression analysis was performed to identify
variables significantly associated with C. difficile colonization and determine the adjusted odds
of C. difficile colonization (yes/no) in relation to antimicrobial exposure. Variables were selected
to be included in the final model using purposeful model building as described by Hosmer and
Lemeshow (24). The directed acyclic graph (DAG) model was further employed to increase
understanding (Appendix Figure S4) (25). There was an interaction between cumulative
antimicrobial exposure and maternal prenatal depression on C. difficile colonization at 3 months.
The interaction result is reported in section 2.3.4. The crude and adjusted models for 3-month

analysis are shown in table 4.

In model 1, the association between antimicrobial exposure and C. difficile colonization
was adjusted for maternal and birth characteristics such as maternal age, birth method and
gestational age. The odds of C. difficile colonization significantly increased for the NAHC
infants (aOR: 1.48 95% CI 1.06-2.06; p=0.020) and AAHC infants (aOR: 1.67 95% CI 1.16-
2.41; p=0.006) but not AALC infants compared to the NALC infants (Table 4). Individual
adjustment was done for each variable to identify why the odds of C. difficile colonization in the
AALC infants lost significance (Appendix Table S3). Birth method was the confounder
responsible for the observed association with only antibiotic exposure in the crude analysis. In
model 2, the association between antimicrobial exposure and C. difficile colonization was
adjusted for postnatal characteristics such as breastfeeding status at 3 months, location, having a
furry pet at home, having an older sibling and smoke exposure. Compared to the NALC infants,
the odds of C. difficile colonization significantly increased in the AAHC infants (aOR: 1.45 95%
CI1.04-2.03; p=0.027). The increased odds of colonization with C. difficile was marginally
significant in the AALC infants (aOR: 1.37 95% CI 0.97-1.92; p=0.068) while there was no
significant association for infants in the NAHC infants (Table 4). Individual adjustment revealed
breastfeeding as the confounder responsible for the observed association with only higher

cleaning products use in the crude analysis (Appendix Table S3).

In the final model, the association between antimicrobial exposure and C. difficile
colonization was adjusted for variables gotten from purposeful model building i.e. maternal age,

birth method and breastfeeding status at 3 months. Although location was associated with both
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antimicrobial exposure and C. difficile colonization, it was excluded from the final model

because of correlation with maternal age and to prevent over adjustment. The odds of

colonization with C. difficile was significantly higher only for infants in the cumulative exposure
(AAHC) group (aOR: 1.50 95% CI 1.03-2.17; p=0.032) compared to the NALC infants. The
odds of colonization with C. difficile was also higher in the AALC infants and NAHC infants

compared to NALC infants but did not attain statistical significance. In the final model, the odds

of colonization with C. difficile was significantly higher in infants whose mother was younger

(18-29 years), infants born via emergency CS and infants that were not exclusively breastfed by

3 months (Table 4).

% frequency of distribution

% frequency of distribution

Maternal Intrapartum Antibiotic Prophylaxis (I1AP)

60

50

40

56%

no maternal 1AP maternal IAP
Child Oral Antibiotic
97%
84%
16%
-
—
no child abx child abx no child abx child abx
3 months 12 months

% frequency of distribution

% frequency of distribution

100

80
70

50
40
30
20
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Newborn Antibiotic
95%

no newborn abx newborn abx

Household Cleaning Product

53%

lower cleaning higher cleaning

Figure 1. Frequency Distribution by Exposure in this Study Sample (abx: antibiotic)
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3 Months C. difficile Colonization
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M Other infants

20%
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% C. difficile Colonization
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Figure 2. Colonization Rates of C. difficile in Vaginally Delivered Infants, Exclusively Breastfed, not

Exposed to Antibiotics and Lower Cleaning Products Use Compared to Other Infants

Table 2. Population Characteristics According to Antimicrobial Exposure at 3 months (3 Month Sample;

N=1,429)

Column
percentages
Birth mode
Vaginal
CS-elective
CS-emergency

Birthweight
<2500g

2500 — 4000g
>4000g

Gestational age
<39 weeks
>39 weeks

Infant Sex
Male
Female

Breastfeeding at 3
Months

Exclusive

Mixed

Formula

Total®

1,096
134
194

31
1,186
194

372
1,052

766
663

791
384
251

NALC*
N (%)

406 (100%)
0
0

12 (2%)
340 (84%)
55 (14%)

73 (18%)
333 (82%)

206 (51%)
200 (49%)

262 (65%)
98 (24%)
45 (11%)

AALC*
N (%)

211 (61%)
52 (15%)
82 (24%)

8 (3%)
286 (84%)
44 (13%)

107 (31%)
238 (69%)

196 (56%)
150 (43%)

209 (61%)
88 (26%)
48 (13%)

51

NAHC*
N (%)

317 (100%)
0
0

4 (1%)
273 (87%)
38 (12%)

73 (23%)
245 (77%)

161 (51%)
157 (49%)

153 (48%)
85 (27%)
80 (25%)

AAHC*
N (%)

162 (46%)
82 (23%)
112 (31%)

9 (3%)
287 (81%)
57 (16%)

119 (34%)
236 (66%)

203 (57%)
156 (43%)

167 (47%)
113 (32%)
78 (22%)

P value

<0.001

0.402

<0.001

0.172

<0.001



Location

Edmonton 388 94 (24%) 65 (19%) 106 (33%) 123 (34%) <0.001
Vancouver 445 135 (33%) 147 (43%) 58 (18%) 105 (29%)

Winnipeg 596 177 (43%) 134 (39%) 154 (48%) 131 (36%)

Furry pets

No 777 258 (64%) 205 (59%) 258 (48%) 205 (45%) <0.001
Yes 648 146 (36%) 141 (41%) 166 (52%) 195 (55%)

Older siblings

No 712 189 (47%) 194 (56%) 125 (39%) = 204 (57%) <0.001
Yes 712 216 (53%) 150 (44%) 193 (61%) 153 (43%)

Smoke exposure
No 1160 352 (87%) 290 (85%) 251 (80%) | 267 (76%) <0.001
Yes 248 51 (13%) 50 (15%) 62 (20%) 85 (24%)

Maternal age

<30 503 148(36%)  105(30%)  137(43%) 113 (31%)  <0.001
30 -39 874 241 (59%) 220 (64%) 177 (56%) 236 (66%)
>40 52 17 (4%) 21 (6%) 4 (1%) 10 (3%)

Maternal antibiotic

(No IAP)®
No 1250 363 (90%)  295(86%)  282(90%) 310(87%)  0.226
Yes 167 40 (10%) 48 (14%)  32(10%) = 47 (13%)

Maternal prenatal

depression
No 1,072 315 (78%) 258 (75%) 232 (74%) @ 267 (75%) 0.532
Yes 338 86 (21%) 84 (25%) 81 (26%) 87 (25%)

Maternal prenatal

stress
No 542 172 (43%) 130 (38%) 104 (33%) 136 (38%) 0.072
Yes 868 229 (57%) 212 (62%) 209 (67%) 218 (62%)

Notes: *Antimicrobial Exposure (NALC: no antibiotics and lower cleaning products use, AALC: any
antibiotics and lower cleaning products use, NAHC: no antibiotics and higher cleaning products use,
AAHC: any antibiotics and higher cleaning products use); *Total may not add up due to missing data;
Pmaternal postnatal antibiotics after birth till 3 months; IAP: Intrapartum Antibiotic Prophylaxis; P value

calculated using Pearson chi-square test, significant in Bold.
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Antimicrobial Exposure Antimicrobial Exposure
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P=0.011 60 P=0.004
40 39% -
S P=0.047 2% 2 50% 50%
® _ g 50 44%
g 30% e c 41%
230 Lo 2 40
S 24% e S
v L
3 T 30
£20 é
© 3
G G20
£10 ®
10
0 0
NALC (N=406)  AALC(N=346)  NAHC(N=318)  AAHC (N=359) NALC (N=488)  AALC(N=447)  NAHC(N=369)  AAHC (N=424)
Antimicrobial Exposure Antimicrobial Exposure

Figure 3. C. difficile Colonization According to Antimicrobial Exposure

Table 3. C. difficile Colonization at 3 Months & 12 Months According to Population Characteristics

C. difficile Colonization at 3 Months C. difficile Colonization at 12 Months

Total N=1,429 Total N=1,728

Row percentages Total® C. difficile P value Total® C. difficile P value
Yes, N (%) (X2 exact) Yes, N (%) (X%exact)

Any antibiotics”
No 724 200 (28%) 0.004 857 362 (42%) 0.001
Yes 705 245 (35%) 871 435 (50%)
Cleaning products®
Lower use 752 202 (29%) <0.001 935 421 (45%) 0.333
Higher use 677 243 (36%) 793 376 (47%)
Antimicrobial
exposure*
NALC 406 97 (24%) <0.001 488 198 (41%) 0.009
AALC 346 105 (30%) 447 223 (50%)
NAHC 318 103 (32%) 369 164 (44%)
AAHC 359 140 (39%) 424 212 (50%)
Birth mode
Vaginal 1,096 314 (29%) 0.002 1297 584 (45%) 0.248
CS-elective 134 50 (37%) 175 86 (49%)
CS-emergency 194 77 (40%) 252 126 (50%)
Birthweight
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<2500g
2500 — 4000g
>4000g

Gestational age
<39 weeks
>39 weeks

Infant Sex
Male
Female

Breastfeeding at 3
Months

Exclusive

Mixed

Formula

Breastfeeding at 12
Months

No

Yes

Solids before 6m
No
Yes

Location
Edmonton
Vancouver
Winnipeg

Furry pets
No
Yes

Older siblings
No
Yes

Smoke exposure
No
Yes

31
1,186
194

372
1,057

766
663

791
384
251

388
445
596

777
648

712
712

1,160
248

9 (29%)
355 (30%)
75 (39%)

115 (31%)
326 (31%)

255 (33%)
190 (29%)

182 (23%)
142 (37%)
121 (48%)

164 (42%)
97 (22%)
184 (31%)

217 (28%)
226 (35%)

240 (34%)
202 (28%)

332 (29%)
103 (42%)

0.053 42
1,440
225

1.000 455
1,267

0.067 896
832

<0.001 1072
420
435

- 873
822

_ 488
1227

<0.001 406
529
793

0.005 936
787

0.034 884
839

<0.001 1,422
285

54

27 (64%)
670 (46%)
90 (40%)

226 (50%)
566 (45%)

378 (42%)
419 (50%)

488 (46%)
201 (48%)
108 (46%)

415 (46%)
370 (45%)

218 (45%)
572 (47%)

175 (43%)
255 (48%)
367 (46%)

443 (47%)
350 (44%)

462 (52%)
333 (40%)

657 (46%)
128 (45%)

0.011

0.070

0.001

0.717

0.306

0.485

0.300

0.244

<0.001

0.697



Maternal age

<30 503
30-39 874
>40 52

Maternal antibiotic

(No IAP)¢
No 1,250
Yes 167

Maternal prenatal

depression
No 1,072
Yes 338

Maternal postnatal
depression (6 Months)

No -
Yes -

Maternal prenatal

stress
No 542
Yes 868

Maternal postnatal

stress (6 Months)

No -
Yes =

195 (39%)
238 (27%)
12 (23%)

388 (31%)
51 (31%)

307 (29%)
129 (38%)

160 (30%)
276 (31%)

<0.001

0.929

0.001

0.375

576
1,094
58

1,507
207

1329
379

1335
336

706
1002

732
940

268 (47%)
501 (46%)
28 (48%)

685 (45%)
107 (52%)

613 (46%)
173 (46%)

610 (46%)
166 (49%)

326 (46%)
460 (46%)

335 (46%)
442 (47%)

0.916

0.102

0.907

0.245

0.922

0.621

Notes: *Antimicrobial Exposure by 3 months (NALC: no antibiotics and lower cleaning products use,

AALC: any antibiotics and lower cleaning products use, NAHC: no antibiotics and higher cleaning

products use, AAHC: any antibiotics and higher cleaning products use); *Total may not add up due to

missing data; *Exposure to maternal intrapartum antibiotic or infant antibiotic by 3 Months; “household

cleaning product use by 3 months; “maternal postnatal antibiotics after birth till 3 months; IAP:

Intrapartum Antibiotic Prophylaxis; P value calculated using Fisher’s exact test, significant in Bold.
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12 Months

In our study, 46% (797/1,728) of infants were colonized with C. difficile at 12 months. In
a subsample of vaginally delivered infants, not exposed to antibiotics, living in households with
lower cleaning products use and exclusively breastfed, C. difficile colonization reduced to 41%
compared to 47% in the other infants (p=0.078) (Figure 2). The distribution of C. difficile
colonization (yes or no) according to population characteristics is shown in Table 3. C. difficile
colonized 41% of NALC infants, 50% of AALC infants, 44% of NAHC infants and 50% of
AAHC infants (Figure 3). Overall, C. difficile colonization at 12 months was influenced by
antimicrobial exposure (p=0.009). All covariates that were significantly associated with
C. difficile at 3 months were no longer associated at 12 months except for having an older sibling
(p<0.001). Other factors associated with C. difficile colonization at 12 months were birthweight
(p=0.011) and infant sex (p<0.001) in the crude analysis.

The crude analysis from both Fisher’s exact test and simple logistic regression showed
that antimicrobial exposure from antibiotics was significantly associated with C. difficile
colonization at 12 months. In comparison with NALC infants, the odds of colonization with
C. difficile was 46% higher for both AALC infants (OR:1.46 95% CI 1.12-1.88; p=0.004) and
AAHC infants (OR:1.46 95% CI 1.12-1.90; p=0.004). The odds of colonization with C. difficile
was not different for NAHC infants compared to NALC infants showing higher use of cleaning
products alone did not significantly affect C. difficile at 12 months in the crude analysis (Table
5). We also performed multiple logistic regression similar to the 3 months analysis to determine
the adjusted odds of C. difficile colonization at 12 months in relation to antimicrobial exposure.
Variables were selected to be included in the final model using purposeful model building as
described by Hosmer and Lemeshow (24). The DAG model was further employed to increase
understanding (Appendix Figure S5) (25). There was an interaction between cumulative
antimicrobial exposure and infant sex on C. difficile colonization at 12 months. Interaction
between antibiotics as well as cumulative antimicrobial exposure and siblings was also observed.
The interaction results are reported in section 2.3.4. The crude and adjusted models for 12-month

analysis are shown in table 5.

Many covariates were no longer significant with C. difficile colonization at 12 months,

but we included birth method, gestational age, breastfeeding and pet ownership in the initial
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model building because they are factors previously reported to affect the infant gut microbiota
composition (14,26,27). In model 1, the association between antimicrobial exposure and

C. difficile colonization was adjusted for birth characteristics such as birth method and
gestational age. The odds of C. difficile colonization significantly increased for the AALC
infants (aOR: 1.44 95% CI 1.08-1.92; p=0.012) and AAHC infants (aOR: 1.47 95% CI 1.09-
1.99; p=0.012) but not NAHC infants compared to the NALC infants (Table 5). In model 2, the
association between antimicrobial exposure and C. difficile colonization was adjusted for
postnatal characteristics such as breastfeeding at 12 months, having a furry pet at home, having
an older sibling and smoke exposure. Compared to the NALC infants, the odds of C. difficile
colonization significantly increased for AALC infants (aOR: 1.34 95% CI 1.02-1.75; p=0.030)
and AAHC infants (aOR: 1.37 95% CI 1.04-1.80; p=0.023) (Table 5).

In the final model, the association between antimicrobial exposure and C. difficile
colonization was adjusted for variables gotten from purposeful model building i.e. birth method,
breastfeeding at 12 months and having an older sibling. The odds of C. difficile colonization
remained significantly higher in both the AALC infants (aOR: 1.36 95% CI 1.02-1.83; p=0.035)
and the AAHC infants (aOR: 1.37 95% CI 1.00-1.86; p=0.043) compared to the NALC infants.
In order to account for antibiotics given after 3 months to 12 months we performed sensitivity
analysis by adjusting for infants who received antibiotics after 3 months up to 12 months as well
as excluding infants that received antibiotics after 3 months up to 12 months. Similar results
were obtained (Appendix Table S4). In the final model, the odds of colonization with C. difficile
was significantly lower in infants with older siblings. There were no other significant association

with C. difficile colonization at 12 months (Table 5).
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Table 4. Crude and Adjusted Logistic Regression for Antimicrobial Exposure and C. difficile colonization at 3 months

Antimicrobial
Exposure*
(ref=NALC)
AALC

NAHC

AAHC

Block 1: Maternal
and birth
characteristics
Maternal age
(ref=30-39)

18-29

>40

Birth method
(ref=vaginal)
CS-elective
CS-emergency
Gestational age

(ref<39weeks)
>39 weeks

Crude (unadjusted)

OR P value
(95% CI))

1.38 0.047
(1.00-1.91)

1.52 0.011
(1.10-2.11)

2.03 <0.001
(1.49-2.78)

1.60 <0.001
(1.34-2.13)

0.80 0.513
(0.41-1.55)

1.42 0.039
(1.02-2.15)

1.63 0.002
(1.19-2.24)

1.00 0.979
(0.77-1.29)

Model 1 (adjusted for
maternal and birth

characteristics

aOR P value
95% CI)

1.23 0.238
(0.86-1.76)

1.48 0.020
(1.06-2.06)

1.67 0.006
(1.16-2.41)

1.79 <0.001
(1.41-2.27)

0.79 0.505
(0.40-1.55)

1.44 0.095
(0.93-2.22)

1.54 0.022
(1.06-2.24)

1.08 0.550
(0.83-1.41)

Model 2 (adjusted for

postnatal

characteristics)

aOR P value
95% CI)

1.37 0.068
(0.97-1.92)

1.13 0.481
(0.79-1.60)

1.45 0.027
(1.04-2.03)
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Model 3 (adjusted for
maternal, birth and

postnatal characteristics)

aOR
95% CI)

1.25
(0.86-1.81)
1.15
(0.81-1.63)
131
(0.89-1.93)

1.54
(1.19-2.01)
0.88
(0.44-1.76)

1.26
(0.80-1.99)
1.49
(1.01-2.21)

P value

0.226

0.417

0.159

0.001

0.720

0.309

0.044

Final Model

aOR P value
(95% CI)

1.21 0.293
(0.84-1.73)

1.27 0.166
(0.90-1.78)

1.50 0.032
(1.03-2.17)

1.71 <0.001
(1.34-2.18)

0.86 0.688
(0.43-1.71)

1.28 0.251
(0.83-1.99)

1.49 0.038
(1.02-2.18)



Block 2: Postnatal
characteristics
Breastfeeding®
(ref=Exclusive)

Mixed

Formula

Location

(ref=Vancouver)

Edmonton
Winnipeg
Furry pet

(ref=No)
Yes

Older sibling

(ref=No)
Yes

Smoke exposure

(ref=No)
Yes

1.96
(1.50-2.55)
3.11
(2.31-4.19)

2.62
(1.94-3.55)
1.60
(1.20-2.12)

1.38
(1.10-1.73)

0.77
(0.62-0.97)

1.77
(1.33-2.35)

<0.001

<0.001

<0.001

0.001

0.005

0.030

<0.001

1.81
(1.37-2.39)
2.57
(1.87-3.54)

2.41
(1.74-3.33)
1.40
(1.03-1.90)

.12
(0.88-1.43)

0.75
(0.58-0.95)

1.38
(1.02-1.87)

<0.001

<0.001

<0.001

0.029

0.343

0.021

0.036

1.81
(1.37-2.39)
2.50
(1.81-3.44)

2.21
(1.59-3.07)
1.25
(0.91-1.72)

0.81
(0.63-1.05)

1.33
(0.98-1.80)

<0.001

<0.001

<0.001

0.155

0.119

0.065

1.88
(1.43-2.46)
2.71
(1.99-3.69)

<0.001

<0.001

Notes: *Antimicrobial Exposure by 3 months (NALC: no antibiotics and lower cleaning products use, AALC: any antibiotics and lower cleaning

products use, NAHC: no antibiotics and higher cleaning products use, AAHC: any antibiotics and higher cleaning products use);*Breastfeeding

status at 3 months; OR: odds ratio, aOR: adjusted odds ratio; Significant P value in Bold.
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Table 5. Crude and Adjusted Logistic Regression for Antimicrobial Exposure and C. difficile colonization at 12 months

Antimicrobial
Exposure*
(ref=NALC)
AALC

NAHC

AAHC

Block 1:

Birth
characteristics
Birth method
(ref=vaginal)
CS-elective

CS-emergency

Gestational age
(ref<39weeks)
>39 weeks

Block 2: Postnatal
characteristics
Breastfeeding®
(ref=Yes)

No

Crude (unadjusted)

OR P value
(95% C))

1.46 0.004
(1.12-1.88)

1.17 0.256
(0.89-1.54)

1.46 0.004
(1.12-1.90)

1.17 0.305
(0.86-1.61)

1.22 0.148
(0.93-1.59)

0.81 0.067
(0.66-1.01)

1.10 0.297

Model 1 (adjusted for

birth characteristics)

aOR
(95% CI)

1.44
(1.08-1.92)
1.16
(0.88-1.53)
1.47
(1.09-1.99)

0.90
(0.63-1.28)
0.97
(1.71-1.33)

0.85
(0.68-1.06)

P value

60

0.012

0.272

0.012

0.575

0.892

0.170

Model 2 (adjusted for

postnatal characteristics)

aOR
(95% CI)

1.34
(1.02-1.75)
1.13
(0.85-1.51)
1.37
(1.04-1.80)

1.09

P value

0.030

0.371

0.023

0.369

Final Model

aOR P value
(95% CI)

1.36 0.035
(1.02-1.83)

1.11 0.442
(0.84-1.48)

1.37 0.043
(1.00-1.86)

1.13 0.511
(0.78-1.63)

0.86 0.374
(0.63-1.18)

1.08 0.399



Furry pet
(ref=No)
Yes

Older sibling
(ref=No)
Yes

Smoke Exposure
(ref=No)
Yes

(0.91-1.34)

0.89
(0.73-1.07)

0.60
(0.49-0.72)

0.94
(0.73-1.22)

0.236

<0.001

0.690

(0.89-1.33) (0.89-1.32)

0.84 0.091
(0.68-1.02)

0.60 <0.001 0.59 <0.001
(0.49-0.73) (0.48-0.73)

0.91 0.533
(0.70-1.19)

Notes: *Antimicrobial Exposure by 3 months (NALC: no antibiotics and lower cleaning products use, AALC: any antibiotics and lower cleaning

products use, NAHC: no antibiotics and higher cleaning products use, AAHC: any antibiotics and higher cleaning products use);*Breastfeeding at

12 months; OR: odds ratio, aOR: adjusted odds ratio; Significant P value in Bold.
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2.3.4 Stratified Analysis and Modification of Antimicrobial Effects on C. difficile Colonization
We performed stratified analysis by important covariates to reduce heterogeneity and
further explore the effect of antimicrobial exposure on C. difficile colonization as well as identify

potential effect modifiers.

2.3.4.1 Antimicrobial Effect on C. difficile Colonization at 3 Months is Independent of Birth
Mode and Modified by Maternal Prenatal Depression

In a subset of vaginally delivered infants, the odds of colonization with C. difficile was
higher for AAHC infants (aOR: 1.59 95% CI 1.06-2.38) compared to NALC infants. The effect
of any antibiotic exposure could not be examined in caesarean delivered infants because all were
exposed to antibiotics via maternal IAP. Another analysis examining the additional effect from
only direct infant antibiotics and household cleaning products use in caesarean delivered infants
showed no association with C. difficile colonization at 3 months (Figure 4). Although the global
interaction between antimicrobial exposure and prenatal depression was not significant (p=0.11),
stratified analysis was done because of marginal significance with only antibiotics (p=0.08)
(Appendix Table S5). In infants whose mothers experienced prenatal depression, those with
cumulative exposure from antibiotics and higher cleaning products use (AAHC) had a 133%
increased odds of C. difficile colonization (aOR: 2.33 95% CI 1.11-4.83; p=0.024) compared to
those with no antibiotics and lower cleaning products use (NALC). This association was not

observed for infants whose mothers did not experience prenatal depression (Appendix Figure S1)

2.3.4.2 Antimicrobial Effect on C. difficile Colonization at 12 Months is Modified by Infant
Sex and Having an Older Sibling

Similar to 3 months, analysis in a subset of vaginally delivered infants showed increased
odds of C. difficile colonization at 12 months for AAHC infants compared to NALC infants
(aOR: 1.62 95% CI 1.15-2.29; p=0.005) (Figure 5). The effect of any antibiotic exposure could
not be examined in caesarean delivered infants because all were exposed to antibiotics via
maternal intrapartum antibiotics. Another analysis examining the additional effect from only
direct infant antibiotics and household cleaning products use in caesarean delivered infants
showed no association with C. difficile colonization at 12 months. Significant differences were
observed in the stratified analysis by infant sex. Of note, significant interaction with

antimicrobial exposure was not observed in the global test (p=0.21) but was observed between
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any antibiotics and infant sex (p=0.042) (Appendix Table S5). In males, the odds of C. difficile
colonization at 12 months was higher for AALC infants (aOR: 1.49 95% CI 0.99-2.24; p=0.055)
and AAHC infants (aOR: 1.56 95% CI 1.01-2.24; p=0.044) compared to NALC infants. This

association was not observed in females (Appendix Figure S2). Antimicrobial effect on

C. difficile colonization also varied between infants having an older sibling or not. In infants
without an older sibling, the odds of colonization with C. difficile was 58% higher (aOR: 1.58
95% CI 1.07-2.35; p=0.021) and 77% higher (aOR: 1.77 95% CI 1.16-2.70; p=0.008) for the

AALC and AAHC infants respectively. This association was not observed in infants with an

older sibling (Appendix Figure S3).

Vaginally Delivered Infants (N=1093)

1.16
e
1.29~
———
—e—AALC
1.59% e NAHC
R — o AAHC
Ref: NALC
0 1 2 3 4
Odds Ratio

Adjusted for Breastfeeding, maternal age
~p=0.10; *p<0.05

Caesarean Delivered Infants (With IAP; N=308)

1.37
1.01
—
—e—AALC
1.44 ® NAHC
- AAHC
Ref: NALC
1 2 3 4 5

Odds Ratio

Adjusted for Breastfeeding, maternal age
~p=0.10; *p<0.05
Note: Only direct Child Antibiotics

Figure 4. Stratified Analysis by Birth Method for Antimicrobial Exposure and C. difficile Colonization at

3 Months
Vaginally Delivered Infants (N=1272)
1.19
—
1.12
—
—e—AALC
- e NAHC
e ® AAHC
Ref: NALC
o 1 2 3 4
Odds Ratio

Adjusted for Breastfeeding, Siblings
~p=0.10; *p<0.05; **p<0.01

Caesarean Delivered Infants (With IAP; N=391)

1.53
0.80
——

—e—AALC
1.08 e NAHC
< ®- AAHC
Ref: NALC

1 2 3 4

Odds Ratio

Adjusted for Breastfeeding, Siblings
~p=0.10; *p<0.05; **p<0.01
Note: Only direct Child Antibiotics

Figure 5. Stratified Analysis by Birth Method for Antimicrobial Exposure and C. difficile Colonization at

12 Months
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2.3.5 Antimicrobial Exposure and C. difficile Colonization is Associated with Other Gut
Microbes

Infant gut microbiota composition differed across groups of antimicrobial exposure at 3
months and to a lesser extent at 12 months. Of note, the most changes occurred in the cumulative
exposure group (AAHC) where the highest risk of C. difficile colonization was observed. At 3
months, the relative abundance of Bifidobacteriaceae and Bacteroidaceae decreased while the
relative abundance of Clostridaceae, Lachnospiraceae, Veillonellaceae and Enterobacteriaceae
increased in the AALC and AAHC infants compared to the NALC infants. In the NAHC infants,
the relative abundance of Lachnospiraceae and Ruminococcaceae increased compared to NALC
infants (Appendix Figure S4). At 12 months, the most obvious changes were lower abundance of
Bacteroidaceae in the AALC and AAHC infants compared to NALC infants, although
Clostridaceae, Lachnospiraceae, Veillonellaceae and Enterobacteriaceae were still higher. In the
NAHC infants, the relative abundance of Bifidobacteriaceae and Clostridaceae reduced

compared to NALC infants (Appendix Figure S6).

2.4 Discussion

2.4.1 Main Findings

In our study, Clostridioides difficile (C. difficile) colonization of the infant gut microbiota
differed according to antimicrobial exposure and was greatest in the cumulative exposure group
compared to the reference group unexposed to antibiotics with lower cleaning products use.
Increased colonization at 3 months persisted till 12 months but was mainly due to indirect
(maternal IAP) antibiotic exposure. C. difficile was specifically chosen because of its reported
association with asthma and allergic diseases. This microbe has also been identified as a marker

for reduced colonization resistance and delayed gut microbiota maturation (18,20).

2.4.2 Interpretation

In our study, we examined and compared the separate and cumulative effect of antibiotics
and household cleaning products on C. difficile colonization of the infant gut microbiota
according to 4 groups: no antibiotics and lower cleaning products use (NALC), any antibiotics
and lower cleaning products use (AALC), no antibiotics and higher cleaning products use
(NAHC), any antibiotics and higher cleaning products use (AAHC). Infants were considered

exposed to antibiotics if their mothers received intrapartum antibiotics (IAP) during vaginal or
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caesarean delivery, or the infant directly received oral or intravenous (IV) antibiotics. Exposure
to household cleaning products was based on frequency of use and split at the median into higher

and lower cleaning products use.

Previous studies have evaluated the separate effect of maternal IAP or postnatal
antibiotics on the infant gut microbiota (7,10,14,21). Fouhy et al. (21) were the first to use next
generation sequencing techniques to examine the gut microbiota impact of IV ampicillin and
gentamicin given to newborns. Differences in gut microbiota observed at 4 weeks persisted till 8
weeks and were driven by higher abundance of Clostridium and Proteobacteria, which is similar
to our results. Likewise, researchers from the Baby & Mi cohort reported increased Clostridium
abundance before 12 weeks in infants of mothers who received IAP (28). They also noted lower
alpha diversity, delayed colonization and decreased Bifidobacterium abundance in the same
infants which was influenced by length of IAP administration. The recently published study by
Tapiainen et al. (7) reported differences from both IAP exposure and IV antibiotics in the infant
gut microbiota compared to control group which were still observed at 6 months. The relative
abundance of Clostridium was increased while Bacteroides was decreased in infants exposed to
antibiotics. Consistent with what others have reported (7,21,28-30), our sub analysis of the gut
microbiota at the family level showed reduction of Bifidobacteriaceae and Bacteroidaceae with
antibiotic exposure as well as increase in Clostridaceae, Lachnospiraceae, Veillonellaceae and
Enterobacteriaceae at both 3 and 12 months. Colonization of more Proteobacteria (a member of
Enterobacteriaceae family) may be a signal for gut dysbiosis and inflammation (31), while

reduction of important gut microbes provides room for C. difficile colonization and overgrowth.

Evidence on household cleaning products and the infant gut microbiota is limited. Many
household cleaning products contain harmful chemicals with active ingredients ranging from
alcohols, peroxides and halides to antimicrobial chemicals like triclosan and quaternary
ammonium compounds (QAC) (32). In this study, we observed differences in C. difficile
colonization at 3 months in infants exposed to higher cleaning products use which did not persist
till 12 months. The CHILD cohort previously reported increasing abundance of Lachnospiraceae
and Ruminococcus at 3 months associated with frequent use of household cleaning products and
in particular those classified as disinfectants (9). In this study, analysis of gut microbes at the

family level revealed higher abundance of Lachnospiraceae and Ruminococceae at 3 months in
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infants exposed to higher cleaning products use which did not persist till 12 months. In addition
to antibiotic exposure, continuous sublethal concentrations of cleaning disinfectants can give rise
to resistant bacteria. Our results further demonstrate the combined effect of any antibiotic
exposure and additional antimicrobial exposure from household cleaning products on C. difficile
colonization of the infant gut microbiota. The effect of cumulative antimicrobial exposure on

C. difficile colonization at 3 months which persisted till 12 months; though not as strong
demonstrates that the collateral damage inflicted on the gut microbiota is not rapidly repaired.
Our results support ongoing efforts to reduce antimicrobial exposure during infancy and
especially in the neonatal period and find restorative or alternative interventions (e.g. probiotics,
prebiotics, maternal GBS vaccination) to avoid harmful effect of antimicrobials on gut

microbiota and future health.

Future health impacts from antimicrobial exposure in infancy has been reported but the
mechanisms via which these exposures act are yet to be understood. In experimental models,
mice exposed to antibiotics before weaning have disturbed fecal microbiota compared to mice
not given antibiotics while germ free mice have impaired immune function and increased levels
of immunoglobulin E (IgE) than their wild type counterparts (33,34). Previous epidemiological
studies have shown that antimicrobials are associated with gut microbiota dysbiosis and shown
that children with allergic diseases have different gut microbiota colonization compared to those
without allergy (19,35,36). In addition, colonization with C. difficile has been associated with
increased risk of atopic manifestations in childhood (18,37,38). In the KOALA birth cohort,
colonization with C. difficile at 1 month was associated with an increased risk of wheeze, eczema
and asthma at 7 years (18). Lee et al. (37) also reported that infants presenting with C. difficile
colonization or infection have a higher risk of developing allergic diseases in early childhood.
The CHILD study previously reported that colonization with another Clostridium specie;

C. neonatale at 3 months was associated with development of preschool age asthma (38).

In our sub analysis of vaginally delivered infants, the cumulative effect of antimicrobial
exposure on C. difficile colonization persisted even after adjusting for other covariates, showing
the association was independent of caesarean section effect. We performed this analysis because
the high correlation between birth method and maternal IAP may create bias towards the null

when adjusting for birth method. In Canada, IAP is recommended for all CS deliveries so it is
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difficult to determine if gut microbiota dysbiosis observed in CS born infants is from lack of
exposure to vaginal microbes or lack of exposure to beneficial microbes sensitive to the
antibiotics or both. Caesarean delivery and maternal IAP may have independent or additive
effects on the infant gut microbiota (39). Our results examining effect of only direct infant
antibiotics showed that it did not significantly affect of C. difficile colonization at both 3 and 12
months. Analogous to what others have reported (13,40,41), we found that infants born via
caesarean section (CS) had an increased risk of C. difficile colonization. Penders et al. (41)
showed that infants born via CS are more frequently colonized with C. difficile compared to
vaginally delivered infants. However, we observed this association in only infants born via
emergency CS. Most women undergoing emergency CS delivery planned to give birth vaginally
and may have been positive for GBS. Hence, combined exposure to antibiotics for GBS and CS

delivery may have increased the amount or duration of antimicrobial exposure to the newborn.

Several epidemiological studies have identified breastfeeding as an important contributor
to the infant gut microbiota (14,15,41). In our study, exclusively breastfed infants were less
likely to be colonized with C. difficile at 3 months than mixed fed infants or exclusively formula
fed infants. This is in line with what we and other studies that reported on lower abundance of
Clostridiales in breastfed infants (10,42). Fecal samples from breastfed infants are also
characterized by enrichment of Bifidobacteria which is reported to be negatively correlated with
Clostridium (10,43). Although the gut microbiota of exclusively breastfed babies is less diverse
than mixed fed or exclusively formula fed babies before 6 months, it is dominated by more
health promoting microbes which utilize HMOs (natural prebiotics) (15,44). Nogacka et al. (45)
found that the effects of maternal IAP were more evident in formula fed than exclusively
breastfed infants. Their population of formula fed infants probably comprised of mixed fed and
exclusively formula fed since they were only specific for exclusive breastfeeding. In contrast,
Mazzola et al. (30) reported greater effects from maternal IAP on C. difficile colonization in
exclusively breastfed infants compared to mixed fed infants. We did not observe effect
modification of antimicrobial exposure on C. difficile colonization by breastfeeding. Introduction
to solids which correlates with cessation of breastfeeding increases the diversity of the infant gut
microbiota to resemble that of an adult. Introduction of solids has been shown to be protective

against C. difficile colonization (46), but we did not observe this association in our study.
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We observed that antimicrobial exposure increased the likelihood of C. difficile
colonization at 3 months in infants whose mothers experienced prenatal depression, suggesting
prenatal depression modifies the relationship. It is still unclear if maternal depression directly
influences infant gut microbiota composition, but some studies have linked stressful life events
during pregnancy to increased risk of infections in women and their offspring (47,48). Hence,
prenatal depression or stress may not be directly linked to gut microbiota acquisition but
subsequent use of antibiotics to treat infections will have effect on the gut microbiota. In
addition, one study showed that maternal prenatal stress was positively correlated with
Escherichia, Serratia, Enterobacter and negatively correlated with Lactobacillus, Lactoccus,
Aerococcus and Bifidobacteria (49). Depression also affects maternal mental health status and
depressed mothers have been reported to be less likely to breastfeed which may predispose an

infant to greater risk of infections (50).

Antimicrobial effect on C. difficile colonization at 12 months differed according to infant
sex and according to if the infant had an older sibling or not. In the stratified analysis by infant
sex, antibiotics alone and in combination with higher household cleaning products use increased
the risk of C. difficile colonization in males but not females. Sex effect on gut microbiota
composition is rarely studied but males have been reported to have higher bacterial colonization
while females are first colonized by Lactobacillus ruminis, Lactobacillus gasseri and
Lactobacillus reuteri (15). Infant sex might also play a role in C. difficile colonization before 1
year, however, evidence is lacking. In our study, having an older sibling significantly influenced
C. difficile colonization at 12 months, where infants having an older sibling were less likely to be
colonized. In accordance with our results, a systematic review of 6 studies reported a decreased
abundance of Clostridium in infants with an older sibling (51). Having an older sibling also
influenced the association between antimicrobial exposure and C. difficile colonization at 12
months. In infants without an older sibling i.e. firstborns, antibiotics alone and combined with
higher cleaning products use increased the likelihood of C. difficile colonization at 12 months. In
infants with an older sibling, antimicrobial exposure had no effect on C. difficile colonization at
12 months, suggesting a protective effect from having an older sibling. The presence of other
children at home have been associated with changes in the infant gut microbiota. The influence

of siblings on the infant gut microbiota is suggested to be in line with the “hygiene hypothesis”
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in that they increase exposure to early gut colonizers that prime the immune system and provide

colonization resistance against pathogens and C. difficile (10,15).

2.4.3 Strengths and Limitations

Our study has several strengths, including the application of high throughput sequencing
and qPCR to profile gut microbiota C. difficile colonization, in a prospective birth cohort with
representative and large sample size. To the best of our knowledge, this study is the first to
examine the influence of household cleaning products and their cumulative effect with
antibiotics on C. difficile colonization of the infant gut microbiota. Unique to our study is the

capture of both perinatal IV and postnatal oral antibiotics.

Our findings should be interpreted considering some limitations. Exposure status to
cleaning products were dependent on self-reported questionnaire and we were not able to
determine specific ingredients contained in the cleaning products or perform analysis based on
chemical composition. We did not also report on the transient nature or stable colonization of

C. difficile since our sample collection was limited to two time points.

2.5 Conclusion

In Canada, oral antibiotic use in infants is low but exposure to intrapartum antibiotics given
to the mother is increasing, owing to current recommendations for GBS and growing prevalence
of caesarean delivery (4). Our study suggests that cumulative exposure to antibiotics and higher
household cleaning products use is not without consequence. Previous studies have linked early
life antimicrobial exposure to development of childhood asthma and allergic diseases but the
mechanism for this association is unknown; C. difficile colonization and/or gut microbiota
composition may or may not be a pathway. Further studies are required to replicate these
findings in other populations and determine the impact on future health outcomes. It is also
important to develop interventions to replenish beneficial infant gut microbiota, such as the use
of probiotics and prebiotics (52) to minimize adverse effects of antimicrobials when they cannot

be avoided.
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Chapter 3: General Discussion and Conclusion

3.1 Assessment of Bias

3.1.1 Selection Bias

Selection bias occurs when the sample is not representative of the population due to the
way participants were enrolled or followed up in a study. This bias is reduced because CHILD
cohort is a prospective birth cohort where participants were recruited from multiple sites using
various means such as clinics, booths at tradeshows, fax and by phone calls. However, most
CHILD study participants were from urban residences, educated and had higher allergy rates
than the general population (22.2% vs 9.2%) which may limit generalizability of study (external
validity). CHILD study also has high retention rate at study sites of approximately 92% at 12
months of age (1). Attrition bias, a type of selection bias may arise from missing data leading to
poor adjustment for some variables; however, comparisons between this study samples and the
overall CHILD cohort showed no differences (Table 1). One limitation in sample collection is
that breastfed infants tend to have more watery stool samples; which made it difficult to obtain
enough quantity from diaper and limited our ability to use all breastfed infant samples in
microbial profiling assays. This resulted in sequencing of more stool samples from formula and
partially breast-fed infants. However, qPCR doesn’t require large sample and was enough for the

C. difficile assays.

3.1.2 Measurement Bias

Measurement bias occurs from poor measurement or inconsistencies of the study
outcome between groups of interest. It deals with the validity of information obtained on study
participants. This bias is minimized because CHILD study used the same validated
questionnaires, database source and sample collection methods to obtain information on all
participants. Another strength of this study is the prospective collection of study data which
minimizes problems associated with retrospective collection. Recall bias from errors in
measuring exposure variables was also avoided due to the retrieval of birth method, maternal
IAP and newborn antibiotic from hospital charts. However, using hospital chart or database to
retrieve information increases chances of non-differential misclassification which leads to bias

toward the null. An internal validity test was done for the questionnaire on household cleaning
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products by the research assistant to look at products reported by the mothers during the home

visit and has also been used in Seattle Healthy Homes study.

Measurement bias in using questionnaires may arise when interviewer or participants are
aware of study exposures and outcomes. Demographics such as maternal smoking status and
certain socioeconomic status indicators may be under-reported or misreported due to societal
pressures but is not expected to be differential in study groups. Questionnaires collected at
multiple time points were also assessed for changes in response. Miscommunication and
language barriers can also lead to inaccurate reporting. CHILD exclusion criteria involved
exclusion of participants that were unable to read or write in English to minimize errors from
language barriers. Microbiota sequencing in CHILD involves using a mixture of qPCR and 16S
rRNA measurements to make findings more robust. For this study, bias from real time qPCR
methods is a possibility but is reduced due to the way results were analyzed. C. difficile was
quantified from the 16S region and one lab technician ran the qPCR using specific primers and
probes to reduce measurement bias. False positives (below a specified level of detection) were

removed and C. difficile genomes that exceeded total bacteria were identified as errors.

3.1.3 Confounding Bias

Confounding bias is one of the most important issues with establishing causality especially
in observational studies. Confounding occurs when an association between the exposure and
outcome is masked by or partially or totally accounted for by a third extraneous variable. This
bias was addressed by establishing an a priori hypothesis to effectively determine the association
between antimicrobial exposure and C. difficile colonization of the infant gut microbiota.
Covariates were collected in CHILD validated questionnaires and adjusted for when performing
statistical analysis. Given that CHILD was not primarily designed to answer this study’s research
question, some covariates such as maternal microbiome (stool and vaginal) and maternal
infection status were not collected. Important covariates for this research question were obtained
and those related to both exposure and outcome in the final model were adjusted for using
multiple logistic regression analysis. To reduce heterogeneity, account for variables not properly
adjusted due to collinearity and identify effect modifiers, stratified analysis was also performed.
Although, birth mode was adjusted for, another analysis in only vaginal delivered infants showed

that cumulative antimicrobial exposure from antibiotic and household cleaning products affected
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C. difficile colonization independent of CS. However, due to the study design and because the
proposed study is a secondary analysis, residual confounding specific to the previously outlined

research questions are of concern.

3.2 Strengths and Limitations of the Study

3.2.1 Strengths

Our study has several strengths, including the application of high throughput sequencing
and qPCR to profile gut microbiota C. difficile colonization in a birth cohort with a
representative and large sample size. High throughput sequencing is desirable for complete
identification of bacterial taxa but is limited to genus while qPCR enables identification up to
species level. This study is the first to examine the influence of household cleaning products and
their cumulative effect with antibiotics on C. difficile colonization of the infant gut microbiota.
Although C. difficile has been reported in relation to antibiotics, most studies are in the adult
population while those in infants are of smaller sample size. Our large sample enabled us to
examine separate and cumulative effect on C. difficile colonization from antibiotics and
household cleaning products as well as perform multivariable adjustment and stratified analysis
to identify confounders and effect modifiers. We first examined effect of maternal IAP and direct
infant antibiotics before classifying infants as exposed to any antibiotics or not. Exposure to
household cleaning products was based on frequency of use where participants were grouped
into higher or lower cleaning products use. Our unadjusted and adjusted analysis showed that

antimicrobials influenced C. difficile colonization of the infant gut microbiota.

Temporality is a strength of our study in relation to C. difficile colonization at 12 months,
since exposures were assessed at 3 months. CHILD study design enables prospective collection
of information from the same people over time to measure changes in outcome associated with
the exposure. Our exposures for this study occurred before or at 3 months, and maternal IAP;
which had the strongest effect on C. difficile colonization occurred at birth. We were also able to
collect and adjust for antibiotics given after 3 months which did not significantly change the
results. We analyzed C. difficile as our main outcome because it has been previously identified as

a biomarker for gut dysbiosis in infants and subsequent development of allergic diseases.
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3.2.2 Limitations

Our findings should also be interpreted considering some limitations. Study exposure
variables (household cleaning products use, infant oral antibiotics) and some important
covariates (breastfeeding, having an older sibling) were measured by self-administered
questionnaire. Household cleaning products use, and infant oral antibiotics use were obtained at
3 months during stool collection so recall and measurement bias may be a problem. The cross-
sectional nature of household cleaning products use, infant oral antibiotics and C. difficile
colonization at 3 months makes it difficult to determine direction. However, while it is possible
for C. difficile colonization to have been altered by another factor, it is unlikely that C. difficile
colonization altered these exposures. In addition, we were not able to determine specific
ingredients contained in the cleaning products and perform analysis based on chemical

composition.

Our study results may not be generalizable to the whole Canadian population because
CHILD study participants were predominantly recruited from urban area. However, 80% of
Canadian population lives in urban area (1). We did not report on the transient nature or stable
colonization since our sample collection was limited to two time points. We were not able to
differentiate toxigenic and non-toxigenic strains due to nature of methods used for sequencing.
We did not report on the class or spectrum of direct antibiotic prescribed because only a small
proportion (8%) of infants were exposed before 3 months. In addition, previous studies in
Canadian cohort have shown most prescription for infant antibiotics are ampicillin/amoxicillin

while maternal IAP for GBS is penicillin and antibiotic for CS is cefazolin (2—4).

3.3 Knowledge Translation

This study will benefit the study participants and global community by contributing to the
body of knowledge surrounding antimicrobial exposure and potential health impacts. The results
will also be useful to many researchers and physicians. The findings have been reported in a
thesis manuscript that will be published to contribute to the limited literature on this topic; and
the results will be available to the public. Other goals include presenting results at various
research conferences and in the media/news. By understanding the effect of early life
antimicrobial exposures, we can determine the impact of these factors on gut microbiota; and

identify potential microbes that can predict future allergic diseases in children.
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3.4 Clinical Relevance

Early life colonization of the infant gut microbiota is crucial for the maturation of the
immune system and is influenced by environmental and host factors. Exposure to antibiotics,
method of birth and infant diet are the most common factors known to affect infant gut
microbiota acquisition. There is little evidence showing the additional antimicrobial effect from

the use of household cleaning products on the infant gut microbiota.

Significant associations between antimicrobials and C. difficile colonization in this study
support evidence of early life factors that influence infant gut microbiota. The impact of these
factors and consequential changes may influence development of allergic diseases in childhood.
Hence, our results add to the existing literature to help inform physician and parent decisions
around the use of antibiotics and household cleaning products and would be beneficial in clinical

practice.

3.5 Implications for Future Research

Many questions are yet to be answered. The infant gut microbiota is increasingly
appreciated as an important contributor to immunity and health development. Further research is
needed to explore the relationship between antimicrobials, gut microbiota and health outcomes
(e.g. allergic and immunologic diseases). Studies are also required to assess the mechanisms and
interrelationship between antimicrobial exposure, C. difficile and other important gut species in
relation to gut microbiota dysbiosis. These questions could be first explored under controlled
experiments using animal models; however, the challenge is extrapolating results to humans due
to differences in physiology and growth trajectory. In addition, studies that explore alternate
interventions to maternal IAP (e.g. GBS vaccination) or replenishment of gut microbiota (e.g.

probiotics and prebiotics) are needed.

3.6 Conclusion

Early life development is critical and factors that affect development may have irreversible
impacts on future health. In this thesis, the separate and cumulative effect of antibiotics and
household cleaning products on C. difficile colonization was reported in relation to composition
of infant gut microbiota. Our results showed increasing colonization with C. difficile with higher

antimicrobial exposure. Findings from this thesis will provide a population-based evidence and
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contribute to the literature on antimicrobials and their effect on infant gut microbiota

composition.
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Appendix A

APPENDICES

Table S1. Population Characteristics According to Antibiotics and Household Cleaning Products Use (3
Month Sample; N=1,429)

Column
percentages
Birth mode
Vaginal
CS-elective
CS-emergency

Birthweight
<2500g

2500 —4000g
>4000g

Gestational age
<39 weeks
>39 weeks

Infant sex
Male
Female

Breastfeeding at 3
Months

Exclusive

Mixed

Formula

Location
Edmonton
Vancouver
Winnipeg

Furry pets
No
Yes

Total®

1,096
134
194

31
1,186
194

372
1,052

766
663

791
384
251

388
445
596

777
648

Any Antibiotics

(Maternal IAP and Direct Infant)

No
N (%)

723 (100%)
0 (0%)
0 (0%)

11 (2%)
613 (86%)
93 (13%)

146 (20%)
578 (80%)

367 (51%)
357 (49%)

415 (57%)
183 (25%)
125 (17%)

200 (28%)
193 (27%)
331 (46%)

410 (57%)
312 (43%)

Yes
N (%)

373 (53%)
134 (19%)
194 (28%)

20 (3%)
573 (83%)
101 (15%)

226 (32%)
474 (68%)

399 (57%)
306 (43%)

376 (53%)
201 (29%)
126 (18%)

188 (27%)
252 (36%)
265 (38%)

367 (52%)
336 (48%)

98

P value

<0.001

0.141

<0.001

0.026

0.288

<0.001

0.089

Household Cleaning Products Use

Lower
N (%)

617 (82%)
52 (7%)
82 (11%)

18 (2%)
626 (84%)
99 (13%)

180 (24%)
571 (76%)

402 (53%)
350 (47%)

471 (63%)
186 (25%)
93 (12%)

159 (21%)
282 (38%)
311 (42%)

463 (62%)
287 (38%)

Higher
N (%)

479 (71%)
82 (12%)
112 (17%)

13 (2%)
560 (84%)
95 (14%)

192 (29%)
481 (71%)

364 (54%)
313 (46%)

320 (47%)
198 (29%)
158 (23%)

229 (34%)
163 (24%)
285 (42%)

314 (47%)
261 (53%)

P value

<0.001

0.758

0.053

0.915

<0.001

<0.001

<0.001



Older siblings

No 712 314 (43%) 398 (57%) <0.001 383 (51%) 329 (49%) 0.396
Yes 712 409 (57%) @ 303 (43%) 366 (49%) @ 346 (51%)

Smoke exposure

No 1160 603 (84%) 557 (80%) 0.069 642 (86%) 518 (78%)  <0.001
Yes 248 113 (16%) = 135 (20%) 101 (14%) @ 147 (22%)
Maternal age

<30 503 285 (39%) 218 (31%) 0.002 253 (34%) 250 (37%) 0.006
30-39 874 418 (56%) 456 (65%) 461 (61%) 413 (61%)

>40 52 21 (3%) 31 (4%) 38 (5%) 14 (2%)

Maternal antibiotic

(No IAP)®

No 1,250 645 (90%) = 605 (86%) 0.048 658 (88%) 592 (88%) 1.000
Yes 167 72 (10%) 95 (14%) 88 (12%) 79 (12%)

Prenatal depression

No 1,072 547 (77%) = 525 (75%) 0.618 573 (77%) = 499 (75%) 0.318
Yes 338 167 (23%) 171 (25%) 170 (23%) 168 (25%)

Prenatal stress

No 542 276 (39%) 266 (38%) 0.870 302 (41%) = 240 (36%) 0.079
Yes 868 438 (61%) 430 (62%) 441 (59%) 427 (64%)

Notes: *Total may not add up due to missing data; "maternal postnatal antibiotics after birth till 3 months;

IAP: Intrapartum Antibiotic Prophylaxis; P value calculated using Fisher’s exact test, significant in Bold.

Table S2. Population Characteristics According to Antimicrobial Exposure at 3 months (12 Month

Sample; N=1,728)

Column Total®
percentages

Birth mode

Vaginal 1,297
CS-elective 175
CS-emergency 252
Birthweight

NALC* = AALC* NAHC*  AAHC* P value
N (%) N (%) N (%) N (%)
488 (100%) 245 (55%) 368 (100%) 196 (47%)  <0.001
0 77 (17%) 0 98 (23%)
0 125 (28%) 0 127 (30%)
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<2500g
2500 — 4000g
>4000g

Gestational age
<39 weeks
>39 weeks

Infant sex
Male
Female

Breastfeeding at 3

Months
Exclusive
Mixed
Formula

Breastfeeding at 12

Months
No
Yes

Solids before 6
months

No

Yes

Location
Edmonton
Vancouver
Winnipeg

Furry pets
No
Yes

Older siblings
No
Yes

Smoke exposure
No

42
1,440
225

455
1,267

896
832

1,072
420
235

873
822

488
1,227

406
529
793

936
787

884
839

1,422

8 (2%)
407 (84%)
67 (14%)

86 (18%)
402 (82%)

246 (50%)
242 (50%)

348 (71%)
101 (21%)
39 (8%)

198 (41%)
282 (59%)

151 (31%)
336 (69%)

93 (19%)
157 (32%)
238 (49%)

300 (62%)
185 (38%)

224 (46%)
263 (54%)

424 (88%)

12 (3%)
380 (86%)
50 (11%)

142 (32%)
303 (68%)

241 (54%)
206 (46%)

296 (66%)
102 (23%)
48 (11%)

198 (45%)
240 (55%)

151 (34%)
292 (66%)

82 (18%)
190 (43%)
175 (39%)

273 (61%)
174 (39%)

264 (59%)
181 (41%)

378 (85%)

100

6 (2%)
315 (87%)
44 (12%)

88 (24%)
281 (76%)

188 (51%)
181 (49%)

202 (55%)
92 (25%)
75 (20%)

230 (64%)
132 (36%)

74 (20%)
292 (80%)

110 (30%)
64 (17%)
195 (53%)

165 (45%)
203 (55%)

154 (42%)
214 (58%)

291 (80%)

16 (4%)
338 (81%)
64 (15%)

139 (33%)
281 (67%)

221 (52%)
203 (48%)

226 (53%)
125 (29%)
73 (17%)

247 (60%)
168 (40%)

112 (27%)
307 (73%)

121 (29%)
118 (28%)
185 (44%)

198 (47%)
225 (53%)

242 (57%)
181 (43%)

329 (79%)

0.158

<0.001

0.729

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001



Yes 285 58(12%)  65(15%)  74(20%) = 88 (21%)

Maternal age

<30 576 171 35%) 124 (28%) 142(38%) 139(33%)  <0.001
30 -39 1,004 296 (61%) 298 (67%) 222 (60%) 278 (66%)
>40 58 21 (4%) 25 (6%) 5 (1%) 7 (2%)

Maternal antibiotic

(No IAP)?
No 1,507 438 (91%) 384 (86%) 323 (89%) 362 (86%)  0.110
Yes 207 46 (10%) 60 (14%) 41 (11%) 60 (14%)

Maternal prenatal

depression
No 1,329 387 (80%) 345 (78%) 282 (77%) 315 (75%) 0.356
Yes 379 95 (18%) 98 (22%) 83 (23%) 103 (25%)

Maternal prenatal

stress
No 706 209 (43%) 179 (40%) 153 (42%) @ 165 (39%) 0.654
Yes 1,002 273 (57%) | 264 (60%) 212 (58%) @ 253 (61%)

Maternal postnatal

depression
No 1,335 376 (79%) | 364 (84%) 292 (81%) 303 (75%) 0.012
Yes 336 100 (21%) | 69 (16%) 67 (19%) | 100 (25%)

Maternal postnatal

stress
No 732 204 (43%) 189 (44%) 172 (48%) 167 (41%) 0.311
Yes 940 273 (57%) | 244 (56%) 187 (52%) @ 236 (59%)

Notes: *Antimicrobial Exposure (NALC: no antibiotics and lower cleaning products use, AALC: any
antibiotics and lower cleaning products use, NAHC: no antibiotics and higher cleaning products use,
AAHC: any antibiotics and higher cleaning products use); *Total may not add up due to missing data;
Pmaternal postnatal antibiotics after birth till 3 months; IAP: Intrapartum Antibiotic Prophylaxis; P value

calculated using Pearson chi-square test, significant in Bold.
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Table S3. Individual Adjustment for Covariates on Antimicrobial Exposure and C. difficile Colonization

CRUDE OR

ADJUSTED FOR

Maternal age

Maternal antibiotic
(No IAP)?

Birth method

Gestational age

Infant sex

Breastfeeding at 3
Months

Breastfeeding at 12
Months

Antimicrobial
Exposure*
(Ref=NALC)
AALC
NAHC
AAHC

AALC
NAHC
AAHC

AALC
NAHC
AAHC

AALC
NAHC
AAHC

AALC
NAHC
AAHC

AALC
NAHC
AAHC

AALC
NAHC
AAHC

AALC
NAHC

C. difficile colonization

(3 months)
Odds Ratio

1.38 (1.00-1.91)
1.52 (1.10-2.11)
2.03 (1.49-2.78)

1.45 (1.04-2.01)
1.47 (1.05-2.04)
2.11 (1.54-2.89)

1.33 (0.96-1.85)
1.49 (1.07-2.07)
2.01 (1.47-2.75)

1.21 (0.85-1.71)
1.53 (1.10-2.12)
1.67 (1.17-2.40)

1.38 (1.00-1.92)
1.53 (1.10-2.12)
2.02 (1.47-2.77)

1.37 (0.99-1.89)
1.52 (1.10-2.12)
2.01 (1.47-2.75)

1.34 (0.96-1.87)
1.29 (0.92-1.80)
1.76 (1.28-2.43)
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P value

0.047
0.011
<0.001

0.026
0.022
<0.001

0.080
0.016
<0.001

0.284
0.011
0.005

0.048
0.011
<0.001

0.055
0.011
<0.001

0.076
0.138
<0.001

C. difficile colonization
(12 months)

Odds Ratio

1.45 (1.12-1.88)
1.17 (0.89-1.54)
1.46 (1.12-1.90)

1.45 (1.12-1.88)
1.17 (0.89-1.54)
1.46 (1.12-1.90)

1.47 (1.13-1.90)
1.17 (0.89-1.54)
1.45 (1.11-1.89)

1.47 (1.10-1.96)
1.17 (0.89-1.54)
1.49 (1.10-2.01)

1.40 (1.08-1.83)
1.16 (0.88-1.52)
1.41 (1.08-1.84)

1.47 (1.14-1.91)
1.17 (0.89-1.54)
1.47 (1.13-1.92)

1.46 (1.12-1.89)
1.17 (0.88-1.54)
1.45 (1.11-1.89)

1.41 (1.09-1.84)
1.09 (0.82-1.44)

P value

0.004
0.256
0.004

0.004
0.256
0.004

0.004
0.253
0.005

0.008
0.242
0.008

0.009
0.286
0.010

0.003
0.249
0.004

0.004
0.265
0.005

0.009
0.529



AAHC - - 1.42 (1.08-1.85)  0.010

Location
AALC 1.49 (1.07-2.07) 0.017 1.44 (1.11-1.87) = 0.005
NAHC 1.37 (0.98-1.91) 0.063 1.20 (0.91-1.58)  0.194
AAHC 1.92 (1.40-2.64) <0.001 1.49 (1.14-1.93)  0.003
Furry pet
AALC 1.36 (0.98-1.88) 0.061 1.47 (1.13-1.90)  0.004
NAHC 1.45 (1.04-2.02) 0.026 1.19 (0.90-1.58) = 0.197
AAHC 1.90 (1.39-2.61) <0.001 1.49 (1.14-1.95)  0.003
Older sibling
AALC 1.34 (0.97-1.86) 0.073 1.38 (1.06-1.79)  0.015
NAHC 1.54 (1.11-2.15) 0.009 1.18 (0.90-1.56) @ 0.224
AAHC 1.95 (1.43-2.67) <0.001 1.38 (1.06-1.80)  0.016
Smoke exposure
AALC 1.37 (0.99-1.90) 0.055 1.44 (1.11-1.87)  0.006
NAHC 1.44 (1.03-2.01) 0.029 1.15(0.87-1.52) = 0.295
AAHC 1.90 (1.38-2.61) <0.001 1.46 (1.12-1.90)  0.005

Notes: *Antimicrobial Exposure by 3 months (NALC: no antibiotics and lower cleaning products use,
AALC: any antibiotics and lower cleaning products use, NAHC: no antibiotics and higher cleaning
products use, AAHC: any antibiotics and higher cleaning products use); *maternal postnatal antibiotics
after birth till 3 months; IAP: Intrapartum Antibiotic Prophylaxis; P value calculated using logistic

regression, significant in Bold.

Table S4. Sensitivity Analysis for Antimicrobial Exposure and C. difficile Colonization at 12 Months

Adjusted OR¥} P value Adjusted ORZ P value

(95% CI) (95% CI)

Antimicrobial Exposure*

(ref=NALC)

AALC 1.35 0.043 1.41 0.034
(1.00-1.83) (1.02-1.94)

NAHC 1.12 0.438 1.06 0.694
(0.84-1.49) (0.78-1.44)

AAHC 1.35 0.057 1.33 0.095
(0.99-1.85) (0.95-1.88)

Notes: *Antimicrobial Exposure by 3 months (NALC: no antibiotics and lower cleaning products use,
AALC: any antibiotics and lower cleaning products use, NAHC: no antibiotics and higher cleaning
products use, AAHC: any antibiotics and higher cleaning products use); T Adjusted for antibiotics after 3
months and variables in final model, } Excluding any infant that received antibiotics after 3 months and
adjusted for variables in final model; Significant P value in Bold.
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Table S5. Analysis for Interaction Between Exposures of Interest and Covariates in the Final Model for

C. difficile Colonization at 3 and 12 Months

Interaction P value (3 Months)
Antibiotics & cleaning products 0.91

Antibiotics & breastfeeding 0.17

Antibiotics & birth mode -

Antibiotics & maternal age 0.22

Antibiotics & prenatal depression 0.08

Antibiotics & Infant sex 0.14

Antibiotics & siblings -

Cleaning products & breastfeeding 0.97
Cleaning products & birth mode 0.16
Cleaning products & maternal age 0.13
Cleaning products & prenatal depression 0.94
Cleaning products & infant sex 0.68

Cleaning products & siblings -

Antimicrobial exposure & breastfeeding 0.58
Antimicrobial exposure & birth mode 0.15
Antimicrobial exposure & maternal age 0.32

Antimicrobial exposure & prenatal depression  0.11
Antimicrobial exposure & infant sex 0.52
Antimicrobial exposure & siblings -

P value (12 Months)
0.58
0.73

0.04
0.28

0.82
0.09

0.87
0.12

0.98
0.07

0.18
0.30

Notes: Antibiotics: exposure to maternal intrapartum antibiotic or infant antibiotic by 3 months;

Significant P value in Bold.
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Figure S1. Stratified Analysis by Maternal Prenatal Depression for Antimicrobial Exposure and

C. difficile Colonization at 3 Months
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Adjusted for Breastfeeding, birth mode, siblings;
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Figure S2. Stratified Analysis by Infant Sex for Antimicrobial Exposure and C. difficile Colonization at

12 Months



Infants Without an Older Sibling (N=868) Infants With an Older Sibling (N=819)
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Figure S3. Stratified Analysis by Siblings for Antimicrobial Exposure and C. difficile Colonization at 12
Months
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Figure S4. Schematic Representation of Early Life Factors Associated with Antimicrobial Exposure or

C. difficile colonization at 3 Months
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Figure S5. Schematic Representation of Early Life Factors Associated with Antimicrobial Exposure or
C. difficile colonization at 12 Months
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Figure S6. Stacked Bar Plots of Mean Relative Abundance of Dominant Taxa (Family Level) According
to Antimicrobial Exposure; Comparisons were performed using Kruskal-Wallis test with Dunn’s post hoc

test. Positive false discovery rate (FDR) was used to adjust P values for multiple testing.
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Appendix B

Table A1l. Covariates Collected or not Collected/Unattainable

Covariates (collected)
» Birth mode
Birthweight
Gestational age
Infant sex
Infant diet
Infant age at stool collection
Maternal age
Maternal smoking
Maternal postnatal antibiotics
Location
Breastfeeding status
Furry pets
Siblings
Prenatal/postnatal stress
Prenatal/postnatal depression

VVVYVYYVYVYVVVYYVYYVYYVYVY

Questionnaire examples
i)

Child Birth Chart Data

133 Antibiotics given? Yes

13.38  If Yes, name:
13.3b  And, indication:

13.3¢  QOther antibiotic, name:

13.3d  And, indication:

Other antibiotic, name:

And, indication:

39.1  Was baby given any non-routine
medications in the hospital?

If Yes, enter info into Child Medications-Birth.

ID

Yes

Covariates (not collected/unattainable)
» Maternal Microbiome (vaginal, stool)
» Maternal diet
» Maternal Infection

Maternal intrapartum antibiotic and newborn antibiotic

Y20

No

No
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ii)

iii)

50.

Infant postnatal antibiotics

Child Medications - 3 Months

1.

i

Generic or Brand Name:

1 DIN number:

Type of Medication:

(e.g., tablets, liquid, aeroscl inhaler,
cream, injection, etc.)

-3 Total Dose:

(e.g., 10 mg, 250 mcg, etc.)

1.4 Frequency:

(e.qg., once a day, twice a day, or
when needed, etc.)

] Start Date: Y R|2/0
-6 Quantity:

(e.q., total number of tablets, total

volume)
7 Stop Date: Y R|2/0
8 Reason for use:

Household cleaning products

Which of the following products have been USED in your home since your baby was born?

(Day=daily, Wk=weekly, Mth=monthly, <Mth=less than monthly, No=not used)

50.1
50.2
50.3
50.4
50.5
50.6
50.7
50.8
50.9
50.10
50.11
50.12
50.13
50.14
50.15
50.19
50.20
50.21
50.22
50.23
50.24
50.25
50.26
50.27
50.28

50.29

Liquid or solid air freshener:
Spray air freshener:

Plug-in deodorizer/air freshener:
Floor Cleaner:

Furniture polish:

Floor polish:

Dusting polish or spray:

Drain cleaner:

Hand dishwashing detergent:
Dishwasher detergent:

Bleach:

Multi-surface cleaner:

Silver or brass polish:
Disinfectant in bedrooms:
Disinfectant in home in general:
Eco & organic cleaning product:
Glass cleaner:

Chemical hand cleaner (e.g., for grease):
Purell-type hand cleaner:
Unscented laundry detergent:
Scented laundry detergent:
Fabric softener:

Toilet bowl cleaner:

Oven cleaner:

Bathroom tile cleaner:

Solvents (e.g. nail polish/paint remover):
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Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day
Day

2

Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth
Mth

<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth

<Mth

) <Mth

<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth
<Mth



